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ABSTRACT

Unrelated families of repetitive DNA were identified in the genome of Atlantic
salmon (Salmo salar) and characterized.

1) A segment of DNA containing a single Bg/l repeat tandem array was isolated
from a genomic library. Bgll repeats comprise 2.3% of the S. salar genome and were
found in the vicinity of rDNA genes. Southern blot hybridization detects a homologue
of the Atlantic salmon Bgll repeat in the brown trout (Salmo truita) genome but not in
other salmonids. However, a DNA fragment with sequence homology to part of the
Bgll repeat has been isolated from Arctic charr (Hartley and Davidson 1994). The Bgll
repeat also detects RFLPs in Atlantic salmon.

2) Tel transposon-like sequences are present in salmon, trout, and charr specics
and may belong to several families that do not follow phylogenetic lines. As many as
15,000 copies reside in the Atlantic salmon haploid genome. The complete DNA
sequence of one transposon-like element (SALT1) in Atlantic salmon is 1535 basc pairs
long. It contains terminal inverted repeats and a degenerate open reading frame of 1273
nucleotides whose inferred amino acid sequence shares homology with transposases
from Caenorhabditis sp. and Drosophila sp.  Zoo blot analysis indicates that Tel
transposon-like sequences are present in other lower vertebrates including several fish
species and amphibians but the copy number can vary significantly in different lincages.

3) Members of the Nhel family share a great deal of sequence similarity with
one another and with corresponding elements present in brown tiout (over 95%
identity). These elements, which comprise more than 1.2% of the Atlantic salmon
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genome, do not exist in long tandem arrays as is typical of satellite DNA. Subfamily
structure exists and there is evidence that members of the same subfamilies are found
in both Salmo species. Sequences homologous to the Nhel repeat are located within a
1424-bp segment inserted immediately downstream of the 5’ end of a Tcl transposon-
like sequence isolated from Atlantic salmon (Radice et al. 1994).

4) Various minisatellite and other short tandem repeat loci were characterized.
Southern blot analysis of the phylogenetic distribution of a subset of the minisatellites
indicates one sequence to be pervasive among vertcbrates, others present only in
Salmoninae or Salmonidae species, and one selectively amplified in Atlantic salmon.
Their value as probes for detecting variable number tandem repeat loci is assessed.

Evidence exists for ion of

and minit ite arrays at some loci.



LIST OF ABBREVIATIONS
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electrophoresis; PCR, polymerase chain reaction; rDNA, DNA coding for ribosomal

RNA; RAPD, randomly amplified p phic DNA; RFLP, iction-fragment length

polymorphism; SDS, sodium dodecyl sulfate; SSC, 0.15 M NaCl/0.015 M Na,citrate,

pH 7.6; SSM, slipped-strand mispairing; VNTR, variable number tandem repeats.



ACKNOWLEDGEMENTS

First and foremost, | would like to cxpress my gratitude to my supervisor, Dr.
William 8. Davidzon. Past and present members of his lab, have been helpful in many
ways, especially S. Bartlett, T. Birt, M. Cutler, V. Drover, V. Friesen, C. Hurst, C.
McGowan, H. McVeigh, and S. Sullivan. Technical assistance was provided by S.
Rahal and S. Shin. Members of my supervisory committee, Dr. P. Allderdice and Dr.
B. Younghusband, gave generously of their time. My special appreciation also to Dr.
S. Carr, Dr. K. Egger, and Dr. M. Mulligan for invaluable advice.

Tissue and DNA samples were provided by S. Hartley, V. Pepper, J. Taggart,
and F. Yamazaki. The Atlantic salmon genomic library was a gift of J. Wright (Marine
Gene Probe Lab., Dalhousie University, Halifax). The pDM238 rDNA probe from
Drosophila melanogaster was a gift of J. Hancock, Cambridge University, U.K.

Funding for this rescarch was from a National Sciences and Engineering
Rescarch Council strategic grant to W.S. Davidson. I am also grateful both to the
Faculty of Medicine and the School of Graduate Studies of Memorial University for
financial support during the period of this rescarch.

Special appreciation also to my mether for her enduring support and

encouragement,



TABLE OF CONTENTS

Page

ABSTRACT" i« w wopvssnsonn sisseiarsin a6 vow oo/ aiedissn e w68 SHminsm ive s5b essmiumso ii
LIST OF ABBREVIATIONS ......... ... ..o, iv
ACKNOWEEDGEMENTS i3 csaiivis o i s o &% Falvieasns o & v v
TABLE/OFCONTENTS :  sson comiscusssuin w6 siraisitoots s amiseiassin &3 i e vi
LIST OF TABLES AND FIGURES  ...........c0iiiinnnnnnnnnnnnns xi
CHAPTER 1 INTRODUCTION:  woiws i & oo die w70 ¥0 0000 900,00 o0 550 o & 1
1.1 Repetitive DNA in cukaryotes ................oiiiunannn. 1

1.2 Interspersed elements ... o ieoe i i e e b e s 2

1.3 Satellite DNA

1.3.1 Types
1.3.2 Methods of maintenance and proliferation  ............. 7

1.3.2.1 Replication slippage

1.3.2.2 Unequal crossing-over

1.3.2.3 Amplification

1.3.2.4 Gene conversion  .............c.iiiaan 12

1.3.2.5 Selection .. ..viiieiniiesii i 13

1.4 Repetitive DNAinfish ....... ..oy 14
14.1 Satellite DNA ... ..ooniiniiniinninreienenns 14

1.4.2 Interspersed single copy DNA . ...y 15

1.4.3 Interspersed tandemly repeated DNA  ............... 15

vi



1.5 Practical applications for the study of repetitive DNA in fish ..... 1Y)

1.5.1 Gene-mapping . ... .. i R T AR 17
1.5.2 Identification of populations  ..................... 21

1.5.2.1 Salmonids and Atlantic salmon ............. 23

CHAPTER 2. OBJECTIVES AND APPROACH FOR THE STUDY ....... 26
CHAPTER 3. MATERIALS AND METHODS ..............oovununn 32

3.1 DNA isolation

3.2 Electrophoresis and Southern blot transfer

3.3 Cloning and sequencing of repeat fragments

3.3.1 Cloning ofthe Bgll repeats  ........oovvuivunnenns 33
3.3.2 Cloning of the Nhel and Psil repeats . .............. 35
3.3.3 Isolation of a complete SALTI repeat  .............. 35

3.3.4 Isolation and sequencing of the mini- and

microsatellites loci . ..ovoviiivireriincnierieons 36
3.4 PCRcoditions ...o..ovvevarooivinnasocasssossannans 37
3.4.1 PCR of tDNA genes associated with Bgll repeats ... ... 37
342 Inter-SALTI PCR  ...coniivnnnerrinnonsinvanss 37
3.4.3 Single-loous DNAPCR ... ... oviiiniiininnnn 39
3.5 Determination of the phylogenetic distribution of

repeat clements

3.6 Fingerprint analyses

3.7 DNA sequence analysis

vii



3.8 Determination of repeat copy numbCr . ...\t 42

3.9 Cytogenetic techniques . ............coviruneeeinnnnnnn 44

3.9.1 Chromosome preparations directly from embryos ....... 44

3.9.2 Chromosome preparations from tissue cultures ........ 45

3.9.3 Chromosome preparations from blood .............. 46

3.9.4 Chromosome banding ..............o0iviiiiinn 47

3.10 Pulsed field gel electrophoresis (PFGE) ................... 47
CHAPTER 4. THE BGLI REPEAT - RESULTS AND DISCUSSION  ...... 49
4.1 Cloning of the repeat SEQUENCE . ...\ vvvvvvvieernnnernn..ns 49

4:2 'Sequencing oFPASBEI22 & o sermmne o s e w s 54

4.

w

Genomic organization of the repeat

4

S

Species distribution of the Bgll repeat

4.

»

The repeat as a polymorphic population marker

4.6 Summary

CHAPTER 5. THE SALTI REPEAT, A Tcl TRANSPOSON-LIKE

ELEMENT - RESULTS AND DISCUSSION

5.1 Isolation of a repetitive element identificd by Psfl  ............ 83

5.2 Characterization of a full-length salmon Tcl

transposon-like element ... ... 87
5.3 Species distribution of SALTI clements  ................... 99
5.4 The genomic distribution of SALTI clements  .............. 107
55 Summary ... ieiee it s 113



CHAPTER 6. THE NHEI REPEAT - RESULTS AND DISCUSSION ... .. 115

6.1 Sequences of Atlantic salmon Nhel repeats (ASNHES) .. .... .. 115
6.2 Genome organization of the Atlantic salmon Nhel repeat ....... 118
6.3 Intraspecific variation of the Nhel repeat .. ................ 121
5.4 Species distribution of salmon Nhel-like sequences ........... 126
6.5 Scquence analyses of Salmo Nhel repeats ... .............. 126
G0 SUMIIET  come o sie sovmmmmnmimpmptome 58 St 50 SERT SN SE 5 136

CHAPTER 7. MINISATELLITE FAMILIES - RESULTS

AND DISCUSSION . oo wavieans 88 6 o admitontiiatang e 140
Tt THEOAMCHONT w4 voe v simimrns mmnsviosions win wie sts wominsmimicssnins ssuminss 140
7.2 The isolation of microsatellite arrays . .................... 143

7.3 Different minisatellite families

7.4 The junctions of minisatellite arrays - association with

other repeat types

7.5 Characterization of SsPStILA8 . ........oooviviiuiiiinnn, 155

7.6 T genetic Distribution of the Mini: ite Sequences . ....... 159

7.7 Use of SsBglllU.20 as a probe for the analysis

of population structure ... .. ... e 169

T8 SUmMMAry L.l it 180
CHAPTER 8. CYTOGENETIC MAPPING OF REPEAT SEQUENCES ... 182
8.1 Infroduction 35 45 55 ©5 OV S GEEHOREEL SN B A WAR S 182

8.1.1 Chromosome banding ......................... 182

ix



8.1.2 In situ hybridization . ... ... ... ... 184

8:2 'Resalts and discussion. ; s enimwasne 5 5 06 T R 185
CHAPTER 9.. CONCEUSION o s sviivsssvairaanon s v a6 siors o arwte ot 194
9.1. Implications of repetitive DNA for species evolution .......... 195

9.2. Organization of repetitive DNA familics in salmonids . ....... 199

9.3, Filfe difectiohs s g prervmaness oo o i R s 201
REBERENCES  cosoveiomn vis av smeuvesvee o v 50 onaganaass oassisnsss wis w56 0058 207



Table 3.1 PCR primer scquences used in the study.

LIST OF TABLES AND FIGURES

“Tuble 7.1, British and Canadian Atlantic salmon genotypes detected

Vig. 2.1,

Vig. 4.1,

Fig. 4.2,

Vig. 4.3,

Fig. 4.4,

Fig. 4.5,

with the minisatellite probe SsBglllU.20. ..............

Southern transfer of PFGE analysis of Atlantic salmon DNA,

probed with the insert of pRH3, a plasmid containing a full

length copy of the HindIIl tandem repeat (Moir 1988).
Ethidium bromide stained 1.2% agarose gel of Atlantic
salmon DNA digested with restriction endonucleases that
produce bands over the background smear.
A, left) Atlantic salmon DNA digested with Bgll, Alul,
BstEH, Hpall, and Mspl, and electrophoresed in a 0.8%

agarose gel. B, right) Southern blot analysis of gel

in A), probed with the 923-bp Bgll band isolated from

BIEHTONE H6le  sowonos v mmeaimeniie WS B G W 08 O IAEIESE

Map of subclonc pASBgl22.9, showing the location of

the Bgll repeats, ..., ...

Southern blot analysis of Bg/l partial digests of the

salmon DNA insert of subclone pASBgl22.9. ............

A) Scquence of Bg/l repeat variants in pASBgl22.9,

xi

. 179




Fig. 4.6.

Fig. 4.7.

Fig. 48.

Fig. 49.

obtained from M13mpl18 or M13mp19 subclones. B) 5°

flanking region of pASBgI22.9. C) 3’ flanking region

OF PASBEIZZ.0!  vione sy ssmsememmrs s bss o ORI SIS 428 HSIRES 59
Hybridization of the inscrt of pDM238 with Bgll repeat

phage clones (ASBgl scrics). A) Intact phage DNA from

clones identified as containing Bgll repeats, clectrophoresed

in a 0.8% agarose gel. B) Southern transfer of gel in

A) hybridired with the pDM238 insert. C) Fragments excised

from the phage of A) and separated in a 0.7% agarosc gel.

D) Southern transfer of gel in C) hybridized with the pDM238

Amplification of selected i AEMBL3 phage DNA

(ASBglll, 16, 18, 20, 22) and genomic DNA by primers specific

to rDNA cistron sequence conserved among cukaryote species. . 66
PFGE analysis of Newfoundland Atlantic salmon DNA. A) Ethidium

bromide-stained aparose gel. B) Southern transfer of gel

in A) hybridized with the insert of Bg/l subclonc mpi18AlI8. ... .. 69
Zoo blot analysis of the distribution of Bgll elements

in Salmoninae species, Arctic grayling, and northern pike. ........ 72

Fig. 4.10. Sequence similarity of the Atlantic salmon Bgll repeat

(nt 216 to nt 399 of Variant-1, Fig. 4.5) with the Arctic
charr Dral repeat (ChD:7; Hartley and Davidson 1994). .......... 75

xii



Fig. 4.11. Comparison of Bgll repeat regions isolated from the

Atlantic salmon genomic library. ............ ...y 78
Fig. 4.12. Analysis of genomic DNA from a brown trout (lane 1)

and Atlantic salmon from North America (lanes 2 to 13),

Scotland (lanes 14 to 17) and Ircland (lanes 180 21). ........... 80

Fig. 5.1.  Sequences of Pst1 fragments of SALT] repeat elements
from various Salmonidae species. . ........ ... 84
Fig. 5.2, Sequence of the full length SALT1 element (SSall)

isolated from an Atlantic salmon genomic library, and

comparison of its deduced putative transposase coding

region with those of homologous elements. . .................. 88

Y

Fig. 5.3.  Comparison of homologous sequences within the 5 and 3’
inverted repeat sequetices of SALT1-SSall and analogous

5’ sequences from the salmon ependymin gene element. .91

Fig. 54. C ison of of the inverted 5’

and 3’ repeat sequences flanking fish Tcl-like elements. ......... 94

Fig. 5.5.

[

Alignment of the 5* and 3' flanking sequences of

A) ZefTrana, Tcl-transposon-like sequence from Danio

rerio, B) SALT1-SSall, and C) SmoTcllt (Radice et al.

C1994)y; BLI220G).. secnsommemmninsooinsmsss si s wpsi wie v st sosmommisasel 97
Fig. 5.6. Zoo blot analysis of the distribution of SALT1-like

clements in fish and anuran species. . ........... ... ...l 100

xiii



Fig. 5.7. Relationships of the SALTI-like sequences isolated
from different Salmonidae species analyzed with the
phylogenetic package PHYLIP. The tree in A) was
generated with a nearest neighbour-joining  algorithm
(program NEIGHBOR), and in B) with Fitch-Margoliash
and least squares methods (program FITCH).
Fig. 5.8. Sequence similarity of SALT1-SSall (nt 1201 to nt
1262, Fig. 5.2) with the Arctic charr Mbol repeat (ChMb12;
Hartley and Davidson 1994; GenBank Ace. #L01073).
Fig. 5.9. Autoradiograph of inter-SALT1 PCR of genomic DNA from
Atlantic salmon (lanes 1 to 10), other salmonids (lancs
11 to 15), and non-salmonid species (lanes 16 to 23).
p-labelled primer a was used alone in the PCR reactions. ... ...
Fig. 5.10. Autoradiograph of inter-SALT1 PCR of genomic DNA from
Atlantic salmon (lanes 1 to 17), other salmonids (lancs
18 to 22), and non-salmonid species (lanes 23 to 30).
2p-Iabelled primer c was used alone in the PCR reactions.
Fig. 6.1. Comparison of the nucleotide sequences of 16 cloned
Nhel Atlantic salmon repeats (ASNHE) and their
corresponding consensus sequence (AS Cons).
Fig. 6.2. Genomic organization of the Nkel repeat. Atlantic
salmon DNA from a single individual was digested with

xiv

. 102

. 105

108

.

. 116



Fig. 6.3.

Fig. 6.4.

Fig. 6.5.

Fig, 6.6.

Fig. 6.7.

Fig, 6.8.

the restriction enzymes shown and subjected to Southern
blot analysis using ASNHEG as the probe.  ...........
Southern blot analysis of partial digests of salmon

genomic DNA probed with the DNA insert from ASNHES6.
Southern blot analysis of salmon DNA from Newfoundland
(NF), Nova Scotia (NS), Scotland (SCOT), and Ireland
(IRE) digested with Hindlll, Sau3A, Rsal and Hinfl

and probed with the insert of brown trout clone BTNHE68.
Zoo blot analysis of the taxonomic distribution of

Nhel elements. Genomic DNA was digested with Nhel

and the insert from clone ASNHEG was used as the probe.

C ison of the nucleotids of 7 cloned

Nhel Brown trout salmon repeats (BTNHE), their

corresponding consensus sequence (BT Cons) shown

above, and the ASNIIE consensus (AS Cons). ........

Relationships of the ASNHE and BTNHE sequences
analyzed with the phylogenetic package PHYLIP. The
tree in A) was genecrated with a nearest neighbour-joining

algorithm (program NEIGHBORY), and in B) with Fitch-

Margoliash and least squares methods (program FITCH). .

Comparison of the sequences of part of the Tcl
transposon-like sequence identified by Radice et al.

XV



Fig.

Fig.

Fig.

Fig.

Fig.

&
»

e
X

=
w

=
n

bl
)

7.8.

(1994)(SmoTellt, GenBank Ace. #1.12206). the Tel-like

clement upstream of the Atlantic salmon ependymin

gene (Ssepd; Miiller-Schmid et al. 1992), and two

copies of the ASNHE consensus sequence. ..................
Southern blot analysis of Atlantic salmon DNA digested

with the same enzymes as il Fig. 3.1 and probed with

the insert of BINHEG8. . .................. BT S04 e
Sequences of minisatellite arrays isolated from

Atlantic salmon.

Sequences of repetitive elements isolated from
Atlantic salmon,  ............. e e
Two similar repetitive elements isolated from Atlantic

salmon and ini (ACGT), i

and pyrimidine dinucleotide repeats (shown in bold). ...........
Sequence of clone SsPstIL.48, isolated from Atlantic

salmon. Other similar sequences are shown. ... .. 4 E T GRS
PCR amplified alleles of the SsPstIL.48 locus in

salmon of Newfoundland, Ircland, and Scotland. . .............

Zoo blot analysis for SsBglllU20 ............... S R R
Zoo blot analysis of the distribution of SsBgllIL.6 in

fish and other vertebrate species. . ... ... e
Zoo blot analysis for SsSaclU.44 oligonucleotide probe,

xvi

137

141

144

148

150

157

166

163

165



Fig. 7.9.  Southern blot analysis of Atlantic salmon DNA digested

Fig. 7.10. Zoo blot analysis for SsAlull6.70

Fig

Fig.

with the same enzymes as in Fig. 4.1 and probed with

the oligonucleotide probe of SsSaclUdd.  ...................

. Zoo blot analysis for SsPSUL.26.  .............uuueiui...

. Analysis of genomic DNA from Atlantic salmon of Eastern

Canada and Ireland. A) DNA was digested with A/ul and

probed with SsBglllU.20. B) DNA of Atlantic salmon

digested with Pall and probed with SsPStIL.26. ... ............

Fig. 7.13. Analysis of genomic DNA from F1 offspring (lanes 2 to

Fig.

Fig.

Fig. 8.

N

i

13) and parents of a female Atlantic salmon X male

brown trout hybrid cross. DNA was digested with Alul

and probed with the insert of SsBglllU.20. ..................

Stained metaphase chromosomes from a single primary

embryonic tissue culture harvested at 26 days post-

fertilization. .. ...l

Stained metaphase chromosomes from A) a single
whole embryo, 15 days after fertilization. B) from

a single primary tissue culture of a fry 4 months

post-fertilization, harvested at 24 days. .....................

Stained metaphase chromosomes from a single whole

cmbryo, 14 days after fertilization. ............... ... ..., ..

xvii



CHAPTER 1. INTRODUCTION
1.1 Repetitive DNA in eukaryotes
A large portion of the eukaryote genome is comprised of repetitive, non-coding

DNA ranging in ity from two to of i (nt) and

existing as both tandem arrays and dispersed copies (Singer 1982). Systems for
classifying repetitive DNA are based in part on repetition frequency. Often it is
difficult to establish true copy number for a repeat family and it is common to
categorize them as of high (in the case of the human genome, 10° copies), moderate
(10> to 10° copies) and low (less than 100 copies) repetitiveness. Repetitive
components were traditionally studied by reassociation kinetics (C,t curve
analyses)(Britten and Kohne 1968) and isopycnic centrifugation (Waring and Britten
1966). These provide only rough estimates of copy number. Many families have
highly divergent members and sequences with less than 70% sequence identity would
not be detected under most hybridization conditions. The members permitted in a
family therefore will vary according to the hybridization stringency used in the DNA
reassociation analyses.

Families of repeat elements are also identified by their sequence complexity and

genome di i When the identi ion is based upon restriction analyses and

direct sequence data, a more realistic picture of genome organization is possible than

include the ing:

from C,t curve analyses. Ct
1) multi-copy coding genes such as rDNA and histone gene clusters.
2) short arrays of simple motifs, often found in the flanking regions (such as in

1



promoters and enhancers) or introns of coding genes.
3) dispersed repetitve elements, found as isolated copies flanked by non-related DNA.

Included are DNA including, in the inol of

Singer (1982), LINES, long i d leotid (including
SINES, short interspersed nucleotide sequences) and processed pseudogenes. It is

believed that ition events d ine the proliferation of these These

may involve a) direct excision of an element followed by reinsertion into a new
location, or b) reverse transcription of an RNA copy of the element.

4) highly repeated sequences existing in tandem arrays. In the case of humans, this
group represents at least 10% of the genome (Willard 1989). It includes a) "classical"
satellite DNA, and b) short sequence repeats, existing as arrays interspersed throughout

the genome, the minisatellites and microsatellites.

1.2 Interspersed elements

The discovery of mobile genetic elements radically altered the view that

genomes were static entities passing it d from one ion to the

next. Transposuble elements have been classified depending upon whether their

movement within the genor-e requires an RNA i iate and reverse

(class 1, or oraDNA i diate (class II, p

(Finnegan 1985, 1989).
Unlike retroviruses, retrotransposable elements do not appear capable of
transmission between cells, probably because they lack the env gene able to encode

2



envelope glycoproteins. (An env-like sequence may exist in the 17.6 clement of
Drosophila; King 1992). Although structurally quite diverse, three major classes have
been recognized: 1) those containing long terminal repeats (LTRs) flanked by short
inverted repeats of constant size characteristic of each element and resulting from target
site sequence duplication. Two main groups have been identified and named after their
original Drosophila members: the Copia-like elements, include Ty of yeast and are also
present in flowering plants, and Gypsy-like elements, harboured by slime mold, yeast,
plants, insects and vertebrates (Xiong and Eickbush 1990; King 1992); 2) those lacking
LTRs, and having target site duplications of varying size and an A-rich 3’ region (e.g.
F, G, Doc, Jockey and I elements of Drosophila, ingi of Trypanosoma, Tx! of Xenopus,
the Cin4 element of maize, and the LINE-1 family of mammals). For reviews sec
Weiner et al. (1986), chapters in Berg and Howe (1989), and Singer and Berg (1991);
3) some fungal group II mitochrondrial introns and a green algae plastid (Lambowitz
1989, Perlman et al. 1989, for review). Doolittle et al. (1989) and Xiong and Eickbush
(1990) have explored the phylogenetic relationships and evolution of retrotransposons
based on sequence analysis of their reverse transcriptase genes.

The ism of ition for or is unclear, as they

themselves do not encode reverse transcriptase and, for mobilization, may require it
supplied in trans by retroviruses or retrotransposons. This group includes processed
pseudogenes which may be copies of mRNAs or, as with the SINE-like elements, small
nuclear RNAs such as tRNA or 7SL RNA (Deininger 1989).

Class Il mobile elements, or transposons, support their own transposition, but do

3



not encode reverse transcriptase and probably move through a DNA intermediate.
These are typically flanked by short inverted repeats and contain one or more open
reading frames (ORFs); included are the insertion (IS) elements of bacteria, P, hobo,
and mariner of Drosophila species, Activator-Dissociation (4¢c-Ds), Spm and Mu
elements of maize, Taml, Tam2 and Tam3 elements in Antirrhinum majus, and Tcl,
Tc2 and Tc3 elements in C. elegans. Some class Il members, generally known as
“"foldback" elements, are almost entirely inverted repeats: FB elements of Drosophila,
TU elements of sea urchins, and Tc4 elements of nematodes (see chapters in Berg and
Howe 1989; Finnegan 1985, 1989). Although common in bacteria, plants and
invertebrates, transposons until recently were unknown in vertebrates. Elements related

to the Tcl family of in and phila have now been found

in the genomes of a primitive Agnathan fish (Heierhorst et al. 1992) and modern teleost
fish (Henikoff 1992; Radice et al. 1994). It is this group of interspersed repeats which
are the concern of Chapter 5.

Although transposable elements have been found in representatives of every
order of organism, the distribution of a particular mobile element does not always
follow the expected phylogenetic pattern (Robertson 1993). This has complicated
classification schemes, which tended to define many small families within class I and
class 11 transposable elements based on the structure of their terminal repeats, their
hosts, and their mechanisms of transposition.

Transposons, for example, must encode an enzyme that is required for the
integration of the clement into the genome. This has provided another means of

4



classification that is based on a comparison of the genes for the transposases and
integrases.  For example, sequence similarities among the transposases of the Tcl
elements of Caenorhabditis, the mariner transposons of Drosophila, and 18630 of
Shigella, indicated that the members of these familics of transposons were part of a
superfamily (Henikoff 1992). Similarly, the identification of conserved essential amino
acids in transposases and integrases allowed familics of retroviruses, retrotransposons
and IS elements to be linked (Kulkosky et al. 1992). The "D,D35E" motif appears to
exist in every integrase and transposase examined to date (Doak et al. 1994), but
whether this is evidence for a common ancestor of all transposable elements or
convergent evolution of enzyme function is still open for debate.

The obscrvation that a transposable element found in one organism may be
absent from closely related organisms but present in organisms that are evolutionarily

distantly related is an enigma. This is the case for some transposable elements in

insects and these observations have implicated both vertical ission and hori:

transfer in the evolution of transposons (Daniels et al. 1990; Houck et al. 1991; Flavell

and Smith 1992; Robertson 1993; Clark et al. 1994).

1.3 Satellite DNA

13.1 Types
Tandemly repeated elements of eukaryote genomes fall into two classes. The
first, satellite or "maxi"-satellite was named for its original mode of isolation as bands
of different bouyant density segregating from the main body of genomic DNA during
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isopycnic centrifugation (Kit 1961). Cross-contamination between bands can occur,
however, and the identity of repetitive DNA isolated through centrifugation is best
confirmed by sequencing analyses. Six human satellite groups have been obtained and
partially characterized (satellite I-IV, o and B; see review in Vogt 1990).

Satellite DNA includes long arrays of sequence arising from the expansion of
monomeric units of considerable length, some over 2 kb (Miklos and Gill 1982). These
tend to be concentrated in heterochromatin regions, such as at centromeres and

telomeres. Human a-satellite DNA, for example, has arisen from the expansion of a

171-bp basic repeat and is present at the of all (

1978; Willard and Waye 1987). It should be realized that not all heterochromatin is
composed of tandemly repeated satellite DNA, nor is all satellite DNA found only in
heterochromatin. Satellite DNA is also defined in many sources as being typically late-
replicating and non-coding. However, stable RNA transcripts from satellitt DNA of
species as diverse as newts and humans have been isolated (Epstein et al. 1986; Neuer-
Nitsche et al. 1988).

Satellite DNA. is usually classified into hierarchies of families and their
subfamilies. The complexity can become bewildering; the decision to call a new repeat
variant a distinct family by virtue of small sequence divergences, rather than a
subfamily of some other group, is often arbitrary. For example, eight centromeric
bovine satellites are recognized, although sequence analysis has shown them to be
interrelated and possibly evolved from one or two progenitor sequences (Plucienniczak
et al. 1982). Some repeat classes are more pragmatic than realistic.

6



The second class of tandemly repeated elements comprises much shorter arrays
of simpler units interspersed throughout the genome. For convenience, this class has
been divided into minisatellite DNA (<10-100 bp) and simple sequence repeats or
microsatellite DNA (1-6 bp)(Tautz 1993), but the division between the two is arbitrary.
Many different motifs have been identified at many chromosomal positions. Simple
sequence repeats seem to be more evenly distributed along chromosomes, whercas in

humans mini; ites are ially located near

(Royle ct al. 1988).

Simple sequence or mi ite: DNA, by definition, is distinguished from

other repetitive DNA by its shorter and more homogenous sequence motifs, and lack
of higher order structures common in satellitt DNAs. Some simple sequence DNA
(GATA and GACA microsatellites, (CA),(GT),and (GA),(CT), arrays, etc.) arc found
in a wide variety of genomes. It is believed that many arose independently, possibly
through errors in replication (see below; Hamada et al. 1982; Levinson ct al. 1985).

Short sequence and satellite repetitive DNA elements form a large percentage
of the genome of some organisms (over 40 percent in Drosophila virilis and
approximately 70 percent in the kangaroo rat; Maio 1976). As discussed below, diverse

forces may have been involved in their amplification within these genomes.

1.3.2 Methods of maintenance and proliferation
Neither the amount nor the sequence of satellite DNA is well conserved in
evolution. In fact, within a single species, chromosome specific subfamilies have arisen
through sequence mutation, Superimposed on the basic monomer units of some satellite
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DNA families is the "higher-order repeat unit", a large-scale hierarchical organization
evolving from the monomers and amplifying through long tandem arrays (a concept
proposed originally by Southern (1975), and reviewed for human a-satellite by Willard
and Waye (1987)). Different subfamily arrays can often be detected by signature loss
or gain of tandem restriction sites from specific blocks of the repcat family. The
chromosome specificity of at least some of these arrays, studied extensively in humans

(Willard 1989), is presumably a feature of other genomes.

Both human X and Y contain a-satellit with "higher-
order repeat units" of approximately 2 kb in length based on repeated multimers of a
171-bp prototype sequence (Laursen et al. 1992). Possibly each human chromosome
has a distinct a-satellite super-repeat, as defined by restriction-site organization and
DNA sequences (Jorgenson et al. 1986; Willard and Waye 1987; Choo et al. 1991).
The challenge to biologists is to explain how such "unity in diversity ™ has arisen. A

number of explanations have been offered, but no satisfactory unifying hypothesis has

yet been achieved.

1.3.2.1 Replication slippage
The copy number of minisateltite and microsatellite DNA can vary greatly both
between species and between individuals of a single species. (Such variation is the
cause of the many restriction fragment length polymorphisms (RFLPs) detected first in
humans and then in many other organisms, and forms the basis of the techniques of
DNA profiling or DNA fingerprinting (see below; Jeffreys et al. 1985b). Some



researchers (Tautz et al. 1986; Levinson and Gutman 1987) propose that the major
mechanism involved in the evolution of microsatellite DNA is slipped-strand mispairing
(SSM) at replication. There is direct evidence that slippage operates on microsatellites
(Schistterer and Tautz 1992).

Short runs of simple sequence will often occur by chance in a genome. Initial
amplification by replication strand slippage will expand the substrate and hence the
chance that S$SM will occur in the future. Single nucleotide substitutions, deletions or
insertions may convert one simple sequence to another. Human satellite II, for
example, is a degenerate form of the pentameric repeat 5’-TTCCA-3’, which is also the
basic unit of Satellite III (Prosser et al. 1986). The latter is the older in evolutionary
time, being present in man and higher primates, while the former is unique to humans

(Mitchell et al. 1981).

1.3.2.2 Unequal crossing-over
Once localized duplications of short stretches of DNA have occurred, they may
be amplified or dispersed through the genome by recombination events involving non-
allelic homologous repeats. This unequal crossing-over may occur between repeals on

sister ids or Occurring at meiosis or pre-meiotic

mitosis, unequal recombination increases or decreases copy number in progeny. New
array lengths may eventually become fixed in a population by genetic drift. In fact,
computer models have shown that tandem repeats undergoing unequal recombination
will tend to evolve toward higher order periodicities (for example, Smith 1976; Stephan
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1989). At high rates of recombination short repeats similar to minisatellites arise with
little higher order structure. When recombination rates are maintained at a low level,

however, long and more heterogeneous repeat patterns are generated.

Itis idered that ch pecifi tellit ilies arose through
homogenization induced by unequal exchange between homologous chromosomes

(Willard and Waye 1987). On the other hand, satellitt DNA of the centromere and

short arms of the human

are not chi specific, and

show consi i 1 ity (Waye and Willard 1989). This
observation suggests that homologous recombination may be restricted to certain regions

of the or that ! bination may occur

(Choo et al. 1991; Vissel and Choo 1992).
It is probable that some families of satellite DNA derive from a single "founder"
sequence. Invoking hypotheses of SSM and unequal crossing-over alone, it is difficult

to explain the i ion at distant locations of related subfamilies.

Futhermore, although unequal crossing-over alone will not alter the overall number of
repeat copies within a population (each cross-over event results in a gain of repeats on
one strand and accompanying loss on another), intrastrand exchange will always result
in a decrease in copy number. Mathematical models presented by Walsh (1987) show
that, in the absence of selection or amplification, arrays will be lost over time. He
reviews experimental evidence for actual loss by intrastrand exchange, including the

attrition of alphoid satellite DNA from human fib as

observed in certain species, and loss of satellite sequences from plasmids replicating in
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Escherichia coli. Furthermore, the existence of h circular

of alphoid DNA, strongly suggests in vivo of i

(Jones and Potter 1985; Okamura et al. 1987; Rossi et al. 1990).

1.3.23 Amplification
A scenario of extensive and continued unequal recombination events building
large and complex repeat families is at variance with the genotypic stability, the low
rate of recombination of heterochromatin (the domain of much satellite DNA), and the

low mutation and ion rates ¢ istic of ian genes and genomes.

Some researchers, therefore, have suggested that saltatory amplification events have
played a more important role in the evolution of some satellite and simple sequence
DNA families. Amplification is defined here as the increase in copy number of a DNA

sequence in a single replication event. Gene amplification is a normal process in some

and suggests by which tandem arrays may be created and
expanded. In Xenopus, for example, extrachromosomal rDNA copies arise in the germ
cell and are amplified many-fold by rolling circle replication (Dawid et al. 1970).
Circular plasmids of repetitive DNA (noted above), if they possess an origin of
replication, could be candidates for rolling circle replication. Homologous
recombination could then reintegrate the amplified repeats into a chromosome. Another
mechanism of amplification might begin with multiple "firing" of a nearby replication
origin, amplifying an array of repeats in a manner analogous to the "onion-skin model”

of Drosophila chorion gene amplification (Wakimoto et al. 1986). Subsequent
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recombination could weld the different strands into a single long tandem array.

1.3.2.4 Gene conversion

Within some repeat families, both tandemly repeated and interspersed, the
variation expected to occur between members as a result of non-selective, chance
mutations and that actually observed are quite different. For example, LINE-1
sequences are found in most mammalian species and retain considerable homology to
each other over much of their length (Singer and Skowronski 1985),

The fixation of repeat units within a species is part of a process called
"molecular drive" (Dover 1982). It seeks to define mechanisms which preserve relative
sequence homogeneity of repeated sequence families. One such mechanism is gene
conversion.  Gene conversion is defined as a non-reciprocal transfer of genetic
information: sequence from one region o the genome is used as a template to replace
a similar sequence at ancther location. Molecular studies have shown the phenomenon
to occur within a single chromosome and between homologous and nonhomologous
chromosomes and to involve up to several kilobases of DNA (reviewed in Dover 1982).
‘While ciearly demonstrated for interspersed elements (Kass et al. 1994, and references
therein), the occurrence of gene conversion within tandem and high-copy repeat families
is still speculative. However, if the process in a repeat family is biased toward a small

number of donor or drivers", ing a large number of

recipients, homogenization of the family could occur.
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(O. nerka; Borkhsenius and Chernov 1988), and includes an 800-bp repeat

characteristically cut by HindIIl and well conserved in salmonids (Moir 1988).

1.4.2 Interspersed single copy DNA
Interspersed elements have been isolated predominantly from the genomes of
salmonid fish. These harbour several types of retroposon-like sequences, including
retroviral LTR homologues (Moir and Dixon 1988), a long repeat from rainbow trout

identified by BamHI and i ian LINE (Moir 1988; Winkfein

et al. 1988), and tRNA-derived SINE-like elements from Pacific salmonids (Kido ef al.
1991). Several studies have reported retroviral particles in fish (summarized in Hedrick
and Wingfield 1991, and Stuart ct al. 1992). The first characterization of
retrotransposon gene sequences was by Stuart et al. (1992) of a pol gene fragment from

trout, and Flavell and Smith (1992) who in amplifying by p chain

reaction (PCR) a portion of a reverse transcriptase gene characteristic of the Ty1-Copia
retrotransposon group. The recent discovery in fish of elements similar to Tcl
transposon-like sequences hitherto found only in nematodes and Drosophila will be

dealt with in Chapter 5.

1.4.3 Interspersed tandemly repeated DNA
Much attention has focussed on the characterization of microsatellite loci and the
design of flanking primers for PCR analysis. Sequence information has been obtained
for microsatellites from zebrafish (Goff et al. 1992), Atlantic salmon (Slettan ct al.
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1993), brown trout (Estoup et al. 1993), and Atlantic cod (Gadus morhua) and rainbow
trout (Brooker et al. 1994). Minisatellites have received less attention. DNA
fingerprinting studies have depended largely on mammalian, Drosophila, or M13
bacteriophage DNA probes which detect certain pervasive variable number tandem
repeat (VNTR) families (Wright (1993) for review).

Many human minisatellite loci have been isolated and their nucleotide sequences
determined (Inglehearn and Cooke 1990; Armour et al. 1992). Additional sequence
data have been obtained from primates (Royle et al. 1994), mouse (Kominami et al.
1988; Kelly et al. 1989), cattle (Kashi et al. 1990), pig (Coppietiers et al. 1990; Brenig
and Brem 1991; Kitazawa et al. 1994), bird (Gyllensten et al. 1989), insects (Bianchetot
1991; Jacobson et al. 1992; Paulsson et al. 1992; Hankeln et al. 194), plants (Broun
and Tanksley 1993; Winberg et al. 1993), and some fish. The sequence of a single
locus has been described for tilapia (Oreochromis niloticus; Bentzen et al. 1991). A
second from Atlantic salmon has been characterized (Bentzen et al. 1991; Bentzen and
‘Wright 1993), while Taggart and Ferguson (1990a) report the isolation of four
minisatellite loci from S. salar and Proddhl et al. (1994) five from brown trout (S.
trutta), but provide no sequence analysis. All of these were isolated by screening
genomic libraries with the human-derived DNA fingerprinting probes, 33.15 or 33.6
(Jeffreys et al. 1985a,b). Brenner et al. (1993), using a random sequencing strategy,
identified 16 minisatellite types from the tetraodontoid pufferfish (Fugu rubripes), but
the sequence of only one of these is available. This repeat is 118 bp, longer than that
typically classed as "mini"-satellite DNA.
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1.5 Practical applications for the study of repetitive DNA in fish

Despite the many questions which remain concerning the origin and genomic
function (if any) of non-coding repetitive DNA, its study is providing population
geneticists and evolutionary biologists with some powerful (ools. In the case of fish,
hypervariable simple sequence satellite DNA sequences have been used for testing of
parentage and mating strategics (Rico ct al. 1991: Schartl et al. 1993; Gross et al. 1994),
identification of species markers (Heath et al. 1993), and monitoring the success rate
of gynogenesis induction (Carver ct al. 1991). Satellitc repeat sequences have been
found to be sex-linked in certain fish, and so may prove usclul in aquaculture
(Borkhsenius and Chernov 1988; Lloyd ct al. 1989; Nanda ct al 1990; Devlin et al.
1991). Sequence data of more conserved repetitive clements are being applied to
phylogenetic reconstruction in salmonids (Kido ct al. 1991; Murata ctal. 1993; Phillips

and Pleyte, 1991; Phillips et al. 1992: Franck ct al. 1994). Recently the possibility that

repetitive may facilitate i ion and mapping of transgenes
has been studied (He ct al. 1992).

‘The application of repetitive DNA to problems of gene mapping and the analysis
of population structuring holds special promisc. It was to develop DNA probes for

ultimate use with salmonids in these arcas that the present project was initiated.

1.5.1 Gene mapping
The human genome project will have several spin-offs, among them being the

pi of new and that will allow other vertebrate genomes
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to be examined. Comparative biochemical studies have always been recognized as the

means for ining what and i are shared by groups of
organisms and what is unique to a particular species. Such studies allow unifying
theories in biology to be developed. So will it be with comparative genome mapping.

Fish are the most primitive of the vertebrate classes. As such, an investigation
of fish genome organization and construction of fish genetic maps will provide a more

realistic data base with which the genomes of higher vertebrates can be compared. In

addition, genetic mapping of i important species should
increase the efficiency of breeding programs through the use of marker-assisted

selection (Lande and Thompson 1990). This dure involves

derived from genetic polymorphisms (marker loci) with results of phenotypic variation
and then detecting associations between certain marker loci and quantitative trait loci
(e.g. disease resistance, increased growth rate, late maturation). Considerable progress
has already been made in plants by this means (Paterson et al. 1991). Moreover, the
detection of polymorphic loci, a step that is essential for gene mapping, will provide the
tools for discriminating between different populations of fish and for assessing the
impact of domesticated escapees on wild populations (see below).

Significant progress in gene mapping has only occurred in fish from four orders:
Cyprinidontiformes (mummichog of the family Cyprinodontidae (genus Fundulus),
medaka of the family Oryziidae (genus Oryzias), and livebearers of the family

Poeciliidae which include common aquarium fish such as guppies and mollies (genus

Poecilia), and platyfish and ils (genus Xiphoph ), and the ilial genus
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Poecilipsis); Cypriniformes (zebrafish, family Cyprinidac); Salmoniformes (salmon,
trout and charr); and Perciformes (represented by sunfishes, family Centrarchidae) (for
review see Goodier and Davidson 1993a).

May and Johnson (1990) have constructed a composite “salmonid gene map",
involving more than fifty loci, by combining all the linkage analyses derived from
breeding studies involving intra- and inter-specific crosses of several species in three
genera (Salmo, Oncorhynchus, and Salvelinus). Most of the loci that have been mapped
in fish were positioned by traditional genetic linkage analysis and encode enzymes
detectable by histological activity stains (with the exception of the tumor-inducing and
pigment loci of Poeciliid fish). Polymorphisms in these enzymes are usually identified
by starch gel electrophoresis and much of the gene mapping in fish species is an
extension of studies on their population structure. Continued studies based solely on
protein coding loci will not greatly increase the srturation of the poeciliid and salmonid

gene maps. Many previously untested enzymes are difficult to resolve or detect by

of protein is. Silent alletes, duplicate loci, and tissue specific
expression confound the mapping of some genes. In some fish groups, such as
salmonids, the heterozygosity of protein loci is low (Gyllensten 1985; Ryman 1983).

Nevertheless, current maps of poeciliid and salmonid genomes now provide
sufficient anchor loci for rapidly assigning new sites. The mapping of genes in
mammalian systems increased in rapidity with the use of nuclear RFLPs as markers.

The analysis of RFLPs usually invoives digestion of genomic DNA with restriction

ion of the fi by agarose gel ek is, followed by
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Southern blotting and hybridization with a DNA probe, usually a cloned fragment.
Useful DNA probes will detect ditferences in restriction fragment lengths arising from
loss or gain of enzyme recognition sites or from deletions or insertions of stretches of
DNA between sites (Botstein 1980).

The use of multiple allelic markers, involving repetitive genomic DNA
sequences are proving more useful than diallelic RFLPs in mammalian studies. These
include variable number of tandem repeats (VNTR) sequences as well as interspersed
repeats, such as mammalian LINE and SINE elements. These have been applied with
much success to mepping new loci in the mouse genome using inter-specific
backcrosses (Cox and Lehrach 1991). Some approaches have employed RFLP analysis
and Southern blotting with low copy number gene probes that identify multiple allelic
loci, the segregation of which could be followed through familial generations
(Nakamura et al. 1987; Siracusa 1991).

RFLP analysis, however, is not without its drawbacks. It requires significant

amounts of DNA, usually necessitating small organisms be sacrificed. Analysis by

Southern blotting is til ing and the identification and isolation of informative
probes is often tedious. Gene mappers are, therefore, showing increasing interest in the
powerful PCR technology which permits amplification of any sequence of interest from
nanogram amounts of a DNA sample. One area of application seem especially

promising: PCR amplification of genomic "hypervariable" repetitive elements, notably

llite loci. Two hes involve use of 1)

simple sequence mini- and
primers designed to amplify specific VNTR regions from unique flanking sequences
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(Love et al. 1990), or 2) primers directed outward from interspersed repeats which
amplify intervening single copy sequence. In cither case, PCR products may be directly
visualized as bands on ethidium bromide-stained gels. Interspersed repetitive sequence
PCR (IRS-PCR) has used primers homologous to SINE and LINE sequences:  Alu
repeats in humans (Ledbetter et al. 1990; Sinnet et al. 1990) and B1, B2 and LI
repeats in the mouse (Cox and Lehrach 1991; Cox et al. 1991).

A third approaci, applies the discovery that short randomly gencrated PCR
primers can be used to reproducibly amplify segments of DNA from a large number of
species (Welsh and McClelland 1990; Williams et al. 1990). Unlike VNTR-PCR
mapping, no prior knowledge of genome sequence is required. The randomly amplified
polymorphic DNA (RAPD) products may be separated on an agarose or polyacrylamide

gel and directly visualized by ethidium bromide staining or by radiolabelling and

P phic segments are detected. Using 401 RAPDs

and 13 simple sequence repeats, Postlethwait et al. (1994) have generated a 5.8

centiMorgan (cM) linkage map for the zebrafish.

1.5.2 Identification of populations

The use of repetitive DNA sequence holds potential value for fine scale

or ion-l In the case of maxi-satcllite and

interspersed repetitive DNA, the united action of unequal crossing-over, gene

conversion and, in some instances, replicati iti i known as

"molecular drive", can act to homogenize members of each repeat family in a non-
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random, non-Mendelian manner (Section 1.3.2.4). This phenomenon of "concerted
cvolution" (Arnheim 1983) has been most evident at the species level. Such intra-
specific homogeneity would not be expected if repeat elements were evolving
independently.

Recent evidence suggests that the processes of "molecular drive" can also act at
the population level. Sequence-based studies of pupfish by Elder and Turner (1994)
and Turner et al. (1991) involved gel isolation and cloning of anonymous maxi-satcllite
DNA. The average sequence divergence of a number of monomer units of a satellite
DNA family was assessed at the intra-population level and found to differ significantly
between known populations. Sequence variation in maxi-satellite DNA has also been
applied to population studies of cetaceans (Amos and Dover 1991). The possible
existence of subfamilies, however, demands that a large number of individual repeat

units be ined in order that a ive sample of the whole repeat family may

be obtained (Pascale et al. 1993). If paralogous loci are excluded from the analysis, and
orthologous loci only (perhaps amplified by PCR from flanking sequence) are compared
between putative populations, fewer sequences may be examined with increased
reliablity of the results.

Not only the degree of sequence similarity, but also the overall unit copy number
of some sateliite repeat types (as determined by dot blot hybridization studies) can vary
between populations and hence be diagnostic. For example, both the Sau3A repetitive
element and rRNA gene cistrons differ in copy number between anadromous and dwarf
forms of sockeye salmon of the Lake Dalneye, Kamchatka population (Borkhsenius and
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Chernov 1988).
The high mutation rates of simple sequence repetitive DNA has been scen to

limit the of VNTR it as ion markers. Laughlin and

Turner (1994) point out that most studies to date have been limited to smalil or inbred
populations with very little gene flow (including invertebrates (Hauser et al. 1992), fish
(Turner et al. 1990; Wirgin et al. 1991), and mammals (Varvio and Kaukinen (1993);
Buchanan et al. 1994)). However, as Laughlin and Turner (1994) demonstrate for
sailfin molly (Poecilia latipinna), by judicious choice of VNTR probes showing
sufficiently low levels of variation, multilocus DNA fingerprinting may be applied to

the analysis of pervasive outbred populations.

1.5.2.1 Salmonids and Atlantic Salmon
Approximately 70 species of salmonids are contained within three different

C i T inae, and Salmoni inae are divided into

seven genera: i Salmoth Hucho, O
Salmo (Atlantic salmon and brown trout), and Salvelinus (Nelson 1994). Salmonid
taxonomy was originaily defined by studies of morphology and meristics, and more
recently by karyology, DNA-DNA hybridization, protein allozyme variablity, und
mitochondrial DNA sequence variablity (Thomas and Beckenbach 1989; Grewe ct al.
1990, and references therein).

The ancestor of present day salmonids (salmon, trout and charr) underwent a
genome duplication event between 25 and 100 million years ago (Ohno 1970; Ohno et
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al. 1969). The genomes of extant ids have become i y three-quarters

diploidized but retain evidetce for the double complement of chromosomes in the
expression patterns of many of their duplicated genes (Allendorf and Thorgaard 1984).
The economic importance of these species coupled with evolutionary interest in how
they have adapted their duplicated genome has resulted in many genetic studies on
salmonids. Many of these studies involved population genetic analysis using allozyme
markers which confirmed the tetraploid hisiory and led to the use of protein
polymorphisms in linkage analysis.

More pragmatically, the economic importance of Atlantic salmon in commercial

fisheries, as a sport fish and in has sti a i number of

genetic studies. The main drive has been to obtain genetic markers that can distinguish

and monitor different ions (Hall and 1988). The ability to do

so would have i i p i Prior to a ium imposed in 1993, fleets

from several nations participated annually in the valuable sea fishery off the coast of
West Greenland, with Atlantic salmon from both Europe and North America
contributing to the harvests. It is important for both political and conservation reasons,

therefore, that the relative ibution of ions from the two i be

considered when allocating optimal harvest quotas.

In aquaculture beiter genetic markers are needed for two reasons: 1) to monitor
the effects that escapees from culture pens might have on nativ. ropulations, and 2) to
monitor loss of genetic variation within hatchery stocks. It is a now a basic tenet of
conservation ecology that genetic diversity is important to the health of a species. This
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demands that different genetic lineages within a species be monitored and maintained.
Until recently the techniques that were used to search for these population
markers concentrated on scale ageing, meristics, protein electrophoresis, mitochondrial

DNA RFLP analysis, and more recently mi iel DNA ing ( ingt

et al. 1991; Davidson et al. 1989). Lave d on the low
level of heterozygosity in Atlantic salmon detectable by these methods. Three main
groups of Atlentic salmon are indicated: one in North America, another in western
Europe, and a third in the Baltic (Stahl 1987; Bermingham et al. 1991). However, there
is evidence to suggest that even these groups are not clearly defined and the delincation

of local population substructuring remains elusive (McVeigh et al. 1991). Power (1981)

has estimated that more than 500

(or stocks) of Atlantic salmon
exist along the shores of Newfoundland and the Quebec-Labrador peninsula alone.
Salmon have recolonized the North Atlantic only since the last glaciation 8,000 to
10,000 years ago, and therefore population-specific markers have had a very short time
in which to evolve.

In an attempt to obtain more discriminating markers, several rescarchers have
turned their attention to repetitive elements in the salmon genome. Thesc have included

the genes for ribosomal RNA (Cutler et al. 1991), and mini- and microsatellites

(Taggart and Ferguson 1990a,b; Bentzen et al. 1991, 1993; Slettan et al. 1993).
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CHAPTER 2. OBJECTIVES AND APPROACH FOR THE STUDY
The objectives of this study were to isolate and characterize as many types of

repetitive elements as possible from the genome of Atlantic salmon. In the process,

genomic ization in this species were to be made. It was

also anticipated that the different repeat types would provide a set of tools which might

eventually be turned to solving questions ing salmonid p
structuring, and gene mapping. With this in mind, certain preliminary tests of the
efficacy of these repeats were conducted, but it was considered that detailed studies
were outside the scope of this project.

As determined by reassociation kinetics, it is estimated that 60% (Gharrett et al.
1977; Hanham and Smith 1980) or more (Schmidtke et al. 1979) of the salmonid
genome is composed of repetitive DNA, but highly repeated or satcllite DNA has not
been identified by isopycnic gradient centrifugation (Bernardi and Bernardi 1990). A

useful approach for revealing repetitive DNA involves digesting genomic DNA with a

the in an agarose gel, and staining with
ethidium bromide. A bright band against the background smear indicates the presence
of a repeat element, either tandemly arrayed and containing a single recognition site,
or interspersed and containing two sites.

In the present study, the above approach was used for the initial isolation of
repetitive DNA from the genome of Atlantic salmon. Some individual loci were also
isolated from an Atlantic salmon DNA genomic library cloned in bacteriophage
AEMBL3 vector. All methods and materials used to isolate and characterize the
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different elements are presented in Chapter 3. Each type of repeat element is alloted

its own combined Results and Di ion section as ized in the following chapters.

These precede a final concluding chapter. Much of the work in Chapters 4 to 7 has

been published or is currently under review, as follows:

Chapter 4: A tandemly arrayed element identified by Bgll with basic monomer unit
over 400 bp long with some copies found near rDNA genes (Goodier and
Davidson 1993b);

Chapter 5:  An interspersed element (designated SALT1-SSall, SALmonid Transposon
of S. Salar) with an internal sequence fragment identified by Pstl, and showing
similarity to the Tcl family of transposons, originally described in ncmatodes
and Drosophila (Goodier and Davidson 1994a);

Chapter 6: A repetitive element identified by Nhel, possibly existing in short tandem
arrays rather than the long tracts typical of satellite DNA (Goodier and Davidson
1994b);

Chapter 7:  Various minisatellite and microsatellite loci isolated either incidentally
from the background of visible restricted DNA bands (eg. those generated by
Bglll, Pstl, and Sacl) or from the genomic library (Goodier and Davidson

1994c).

As part of the original aims of this project, it was anticipated that information
about the large-scale genomic organization of the different repeat types might be

27



provided by two different techniques:
1) Chromosomal distribution would be directly visualized by fluorescent in-situ
hybridzation (FISH) of biotin-labelled repetitive DNA probes to salmon metaphase

chromosomes. By this technique, amplification and detection of the probe signal is

enhanced  during. i icati of avidi j in  and

{ ti-avidin.  The b are i with

propidium idodide, and visualized under a fl i Chi
appear red, and the site of the hybridized probe yellow.

Success was predicated on the ability to consistently obtain fresh metaphase
preparations of reasonably high mitotic index. Failure to accomplish this prevented
application of the in-situ protocol. An initial feasibility study did test a variety of
procedures for preparing mitotic chromosomes and for chromosome banding (Section
3.9). Chapter 8 reviews literature dealing with chromosomal banding and gene
localization in fish, followed by a brief discussion of results and problems encountered
during the present study.

2) Pulsed field gel electrophoresis (PFGE) permits the separation of very large
fragments of DNA in agarose gels placed within an alternating electrical field (see
Cantor et al. (1988) for a review of the principles involved). Preliminary studies
suggested that the technique might be used to infer spacing between interspersed repeats
and different tandem repeat arrays. For example, I examined patterns of hybridization
of the probe pRH3, a plasmid containing the HindlII repeat of Atlantic salmon (a gift
of R. Moir; see section 1.4.1). Salmon DNA was digested with various rare-cutting
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enzymes and subjected to PFGE and Southern blotting. The enzymes Mlul and Xhol
generate a high molecular weight smear without obvious bands (Fig. 2.1). This smear
is not seen for Kpnl and Nhel, although in the case of Kpnl, a few distinct high
molecular weight bands show RFLP variation between individuals. These likely
represent allelic variants of individual loci.

It became apparent, however, that in addition to claborate sample preparations
and very long electrophoresis times, the time required for optimization of the PFGE
protocol might prove considerable. PFGE, therefore, was not extensively used in this

project. Procedures are briefly described in Section 3.0.
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Fig. 2.1. Southern transfer of PFGE analysis of Atlantic salmon DNA, probed with the
insert of pRH3, a plasmid containing a full length copy of the HindIIl tandem repeat
(Moir 1988). Electrophoretic conditions were 40 hr at pulse intervals ramped from 60
sec to 100 sec, with a constant temperature of 12.5°C and current of 105 V. Restriction
enzymes were: lane 1, unrestricted DNA; lane 2, unrestricted DNA, incubated in
restriction buffer; lanes 3 to 8, Kpnl; lane 9, Nkel; lane 10, Mul; lane 11, Xhol.
Atlantic salmon were from: lanes, 1 and 2, N.E. Placentia, NF; lanes 3 to 5, Gambo
Pond, NF; lane 6, Exploits R., NF; lane 7, N.E. Placentia, NF; lane 8, St. John R., New
Brunswick; lanes 9 to 11, N.E. Placentia, NF. Hybridization was at 42°C as described

in section 3.3.1, and washing was at high stringency at 55°C. Sizes of markers shown

at left are h 37 isiae whole DNA.
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CHAPTER 3. MATERIALS AND METHODS

3.1 DNA isolation

Much of the DNA used in this project was drawn from a large multi-species
collection previously extracted in the W.S. Davidson lab and stored in distilled water
or TE buffer (10 mM TrisCl, pH 8.0/lmM EDTA, pH 8.0) at 4°C. Atlantic salmon
genomic DNA was extracted from whole blood, liver, or muscle as described in Cutler
etal. (1991). DNA from other species was obtained by standard procedures (Sambrook
et al. 1989; Miller et al. 1988). DNA extractions made specifically for this project

were according to Taggart et al. (1992).

3.2 Electrophoresis and Southern blot transfer

. Electrophoresis of DNA was carried out in 1x TBE buffer (0.89M Tris-
borate/ImM EDTA, pH 8.3). All electrophoresis intended for the purpose of fragment
isolation used 1x TAE buffer (0.04M Tris-acetate/lmM EDTA, pH 8.0). After staining
with ethidium bromide (Sigma), and in preparation for Southern transfer, gels were
treated three times in 1.5 M NaCl/0.5 M NaOH for approximately 30 min each time at
room temperature. The transfer solution was 1.5 M NaCl/0.25 M NaOH. Gels were
blotted overnight by capillary action to Hybond N (Amersham) or BioDyne (Pall) nylon
membranes. Membranes were baked at 80°C for at least 1 hr and stored at room

temperature,
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3.3 Cloning and sequencing of repeat fragments
3.3.1 Cloning of the Bgll repeats

To isolate the Bgll repeat, genomic DNA from a single Newfoundland Atlantic
salmon individual was digested with the restriction endonuclease Bg/l according (o the
manufacturer’s  instructions (Pharmacia) and the fragments were separated by
electrophoresis in a 0.8% agarose gel in TAE buffer. The 923-bp Bg/l band was
extracted (Geneclean, Bio/Can Scientific, Ontario), labelled with [o-"2PJdCTP
(Amersham) and a Random Primers DNA Labeling System kit (Bethesda Rescarch
Lab., Ontario), and used as a crude probe to screen an Atlantic salmon DNA genomic
library cloned in AEMBL3 vector (gift of J. Wrighi, Marine Gene Probe Lab, Dalhousie
University, Halifax). To accomplish this, £ coli NM539 cclls were infected with
library phage, mixed with 8 ml of 0.7% top agarose, and poured onto 137 mm diameter
culture plates containing 1.5% agar in LB medium (1.0% bacto-tryptone (Difco)/0.5%
bacto-yeast extract (Difco)/1.0% NaCl). Circular Hybond N nylon membrancs with
plaque replicates were sealed in plastic freczer bags together with 10 ml of 6x SSC/50%

formamide/5x Denhardt’s solution (0.02% bovine serum albumin/0.02% Ficoll/0.02%

polyvi i mM buffer, pH 6.5/0.5% SDS and prehybridized
for 3 to 5 hr at 42°C in a water bath. Each membranc was then hybridized in 5 ml of
the same solution and 2 x 10°dpm of denaturcd probe for 20 hr at 42°C. (A Sephadex
G-50 (Pharmacia) column was uscd to remove unincorporated nucleotides from all
labelled probes used in this project). Washing was at high stringency (twice in 2x SSC
for 20 min at room temperature; 4 times in 0.ix SSC/0.1% SDS for 20 to 25 min at
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55°C). The filter was subjected to autoradiography was for 24 hr at -70°C with one

dentified.

intensifying screen, i plaques were i removed as plugs from the

agar plate to 1 ml SM solution (0.1 M NaCl/10 mM MgSO,7H,0/50 mM Tris-HCI, pH
7.5/0.01% gelatin), and their titres determined. Each was used to reinfect NM539 cells
and plates were incubated overnight to the point of confluence. Phage stocks were
collected from the plate lysates following diffusion into overlaid SM solution, and their
DNA isolated by the method of Davis et al. (1980). Southemn blot analysis under high
stingency conditions, again using the 923-bp Bgll repeat probe, confirmed 27
recombinant phage to contain repeat loci.

Ten phage clones were selected and their DNA inserts were released from the
phage arms by single or double digestion with 6-bp recognition site restriction
endonucleases (BamHI, EcoRl, Hindlll, Sall, or Sacl). Restricted fragments shown by
Southern blot analysis to contain repeats were isolated from the gel (Geneclean) and
subcloned into pTZI8R. The genomic insert from one subclone, pASBgI22.9, was

digested to completion with Alul, Haelll or Hpall. Fragments were ligated (using T4

ligase, i im) into the replicative forms of M13mp18 and/or M13mp19

and used to transform competent E. coli MC1061 cells, followed by cotransfection of

IM109 cells. llowing isolation brook et al. 1989), singl ded DNA was

to the dideoxy chai inating method (Sanger et al. 1977) using
the Sequenase Version 2.0 sequencing kit (USB Corp., Cleveland, Ohio) and -40

universal and reverse primers. ing reactions were i d on 6% or 8%

polyacrylamide (20:1, bis-acrylamide, Bio-Rad)/7 M urea (Sigma) gels using a
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SequiGen sequencing apparatus (Bio-Rad) and constant power of 40 W.

3.3.2 Cloning of the Nkel and Psil repeats
The 380-bp Nhel band of a single salmon individual was isolated from a gel,
ligated into Xbal cut, phosphatase-treated pUC18 and used to transform competent E.
coli DH5a. cells. The 570-bp PsI band was similarly cloned into Psil cut pUCIS.
Recombinant clones were identified by colony hybridization using Hybond N or
Biodyne nylon membranes and, as probes, the isolated gel fragments radioactively
labelled as above.

Homologous Nkhel fragments from a brown trout individual and Psil fragments

from ives of various idae species were isolated in the same manncr,
except that Atlantic salmon clones ASNHEG (see Section 6.1) and SALTI-SSal28 (sce
Section 5.1), respectively, were used as probes for their identification. Plasmid DNA
was isolated either by protocols of Sambrook et al. (1989) or with the aid of the Magic

Minipreps DNA Purification System (Promega). The double-sttand DNA was

d using T7 pol; (P ia) or (USB Corp.) kits.

33.3 Isolation of a complete SALT! repeat
The AEMBL3 Atlantic salmon genomic library was screened by plaque
hybridization as described in section 3.3.1 using clone SALTI-SSal28 as probe. A
single recombinant phage clone (SALT1-SSall) containing the repeat element was
selected and following isolation its DNA was cut with Stul and blunt-end ligated into
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pUCIS. Two plasmid subclones were isolated which permitted sequencing in both
directions from a Stul site within the repeat. Primers (designated a, b, and ¢, Table 3.1)

used for sequencing were synthesised with a Milligen oligonucleotide synthesizer.

33.4 Isolation and sequencing of the mini- and microsatellite loci

In the course of isolating UV-fluorescent bands of Bglll, Pstl, and Sacl-digested
DNA from agarose, gels, a number of clones were found to contain micro- or
minisatellite arrays.

The AEMBL3 genomic DNA library was also screened by plaque lift
hybridization as described in Section 3.3.1 using as probe the salmon minisatellite DNA
insert of plasmid clone SsPStIL.26 (Section 7.1) or poly(dA-dC)poly(dG-dT)
(Pharmacia). Then, in order to isolate and sequence the minisatellite loci identified
within the genomic library, DNA from each of the positive phage clones was digested
with Alul or Haelll, ligated into Smal digested, phosphatase-treated pUC18, and used

to transform competent E. coli DH5a cells. Colonies of recombin int bacteria were

transferred to gridded plates, and those ining salmon mini/mi tellite DNA
sequence were identified by duplicate colony hybridization using Hybond N nylon
membranes and SsPstIL.26 and poly(dA-dC) poly(dG-dT) as probes. Plasmid DNA was

d with either T7 ( i or fmol DNA Sequencing

System (Promega) kits.
The names of all simple sequence repetitive DNA loci are prefixed with the
letters Ss (8. salar). Clones derived from fragments purified from ethidium bromide-
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stained agarose gels are further identified by restriction enzyme (Bg/Il, Pstl, or Sacl),
band excised (Upper, Middle or Lower), and clone number (e.g.. SsBgli[U.20). Salmon
sequences isolated from the genomic library are named by A/ul or faelll and include
phage clone and plasmid subclone numbers (eg. SsAlul16.70). SsHpall.24 (Section 7.3)
is a subclone of pASBgl22.9 (see Section 3.3.1), while the sequence of SsStul6.62

(Section 7.2) is from the 3’ end of a Stul fragment of SALTI-SSall (Section 3.3.3).

3.4 PCR conditions
3.4.1 PCR of rDNA genes associated with Bgl/l repeats

In order to confirm the proximity of Bgll repeats to rDNA genes, DNA from
recombinant AEMBL3 or pTZI8R clones was included in PCR reactions containing
oligonucleotide primers derived from conserved eukaryote rDNA gene sequence
(primers are described in White et al. (1990) and Egger and Sigler (1993), and shown
in Table 3.1). Reactions were carried out in 25 pl volumes with 10 pmole of primer
in a cocktail containing 10mM Tris-HCI, pH 9.0/50 mM KC1/0.1% Triton X-100/2 mM
MgCl,/0.5 mM each of dATP, dCTP, dGTP, and dTTP (Pharmacia), and 1.5 U Taq
DNA polymerase (Promega). A Perkin-Elmer Cetus DNA Thermal Cycler and the
following conditions were used: initial denaturation I min 15 sec; 30 cycles: 94°C,
1 min; 42°C, 1 min; 72°C, 2 min, increased 1 sec per cycle). PCR products were

separated on a 2% NuSeive, 0.5% SeaKem (FMC BioProducts) agarose gel.
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TABLE 3.1. PCR primer sequences used in this

Primer Name

A. AMPLIFICATION OF rRNA
Section 4.3)

T'TS9mun
1TS10mun
1TS1
1755
1784
NLSmun

NL10mun

K

L

» o A

w

GTA GTC
GGC TGC
GAG GCA
TCC GCA
TGT ACA
GCT GCG
TCC GTA
GGA AGT
TCC TCC

GCA TAT

B. SEQUENCING OF SALT1-SSall

C. SINGLE-LOCUS VNTR

50

GCT CAA
CGG TCA

ccc TAA

Sequence

ATA
TGG
ATA
GGT
cAC
TTC
GGT
AAA
GcT
CAA

TTT

AND
TTT
GeT

GCA

cac
ACA
™A

cec

GAA

AGT

TAT

cee

GENE REGIONS IN

TTG
cAG
GGT

ccr

cAc

THE

GAT

ace

AAC

TAT

GAG

TTC

INTER-SALTL

CGA GTC TCA

CTA TGA AGA

CAC AGC CAA

study

size

BglI CLONES
c 19mer
TGC 21mer
TGA TGC 24mer
GA 20mer
18mer
18mer
[ 19mer
AAG G 22mer
Gc 20mer
GA 20mer
18mer

PCR

PCR OF THE SsPstIL.48 LOCUS

GAC CTT CTG TTT AGT GAA T

CAC ATG CGA AGA TCA TCC G

(section 5.4)
19mer
19mer

20mer

(section 7.4)
19mer

19mer



342 Inter-SALT! PCR
Primers a or ¢ (Table 3.1 and Section 5.4), directed outwards from the SALT1

element, were end-labelled with pol 1

kinase (F ia) and [y-"P|ATP
(Amersham) in a buffer prepared according to Sambrook ct al. (1989). Primers were
used singly in PCR amplifications of approximately 100 ng of genomic DNA and
reactions were prepared as described in section 3.4.1. The following amplification
conditions were used: initial denaturation 95°C, 5 min, followed by 37 cycles: 92°C,
45 sec; 55°C, 45 sec; 72°C, 90 sec. Sixteen pl of stop dye (Sequenase, USB Corp.) was
added to each reaction. Products were denatured at 70 °C for 5 min and scparated on
a 6% denaturing polyacrylamide gel at a constant power of 40 W for 4.5 hr.

Autoradiography was at -70°C with one intensifying screen.

343 Single-locus DNA PCR
Primers complementary to sequences flanking the repeats within clone
SsPstIL.48 (Table 3.1 and Section 7.4) were synthesized. One primer was 5' cnd-
labelled and reactions were prepared as described in section 3.4.1. PCR conditions
were: initial denaturation 95°C, 5 min, followed by 30 cycles: 92°C, 45 scc; 55°C, 45
sec; 72°C, 90 sec. Products were denatured and separated on a 6% polyacrylamide

denaturing gel as above.

3.5 Determination of the phylogenetic distribution of repeat elements
For all zoo blot analyses, approximately 7 to 12 pg of genomic DNA from
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selected species was digested with restriction endonuclease, separated in 0.8% to 1.0%
agarosc gels and transferred to Pall Biodyne nylon membranes. Hybridization with the
appropriate radio-labelled probe was at 37°C and otherwise as described in section
3.3.1, followed by washing at low stringency (twice in 2x SSC for 20 min at room
temperature; twice in 2x SSC/0.1% SDS, twice in 1x SSC/0.1% SDS for 20-25 min
cach time at 50°C).  Autoradiography was at -70°C with one intensifying screen for
varying lengths of time.

In the case of the salmon Bg/l repeat, hybridization studies were carried out
using the insert from pASBgI22 subclone mpAlul8 as the probe. Detection of the
taxonomic distribution of the Tcl-like element employed, variously, inserts from clones
SALTI-SSal9, -SSal28, and -SSal44. In determining the intraspecific variation of the
Nhel repeat, Atlantic salmon clone ASNHE6 and a brown trout locus, BTNHE68 (94%
identical to ASNHESG, Section 6.5), were employed as probes.

In the case of the mini-satellite sequences, plasmid inserts from clones noted in
Seclien“ 7.5 were used as probes, with the exception of SsSaclU.44. This clone due to

probe was i (5~

mismanagement was lost, so a 37-mer
GAGCTGACAACAGTCAGTCAGTGTTTTCCCTACTATTA-3") and end-labelled with

[y-*P]ATP as described in Section 3.4.1.

3.6 Fingerprint analyses
In preparation for DNA fingerprint analyses using minisatellite probes
SsBgll1U.20 and SsPstIL.26 (Section 7.6), approximately 4 pg of genomic DNA from
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Atlantic salmon of populations in Canada, Ireland, and Scotland were digested with
either Pall (an isoschizomer of HaellI) or Alul, ethanol precipitated, redigested a sccond
time with the same enzyme, and subjected to clectrophoresis in 1.0% agarose gels, A
modified DNA hybridization protocol originally devised at the Central Forensic
Laboratory of the Royal Canadian Mounted Police, Ottawa (R. Fourney, pers. comm.)
was used. Briefly, nylon membranes were prehybridized 2 to 5 hr and hybridized with
the radiolabelled DNA insert of clone SsBgllIU.20 or SsPstIL.26 (Fig. 1A,E) for 20 hr
in 1.5x SSPE (150 mM NaCl/8.7 mM NaH,PO,-H,0/ImM Na,EDTA-2H,0, pH
8.0)/10% polyethylene glycol/7.0% SDS at 60°C, followed by high stringency washing
(twice in 2x SSC for 10-20 min at room temperature, followed by twicc in 2x
SSC/0.5% SDS, twice in 0.2x SSC/0.5% SDS, and twice in 0.1x SSC/0.1% SDS at
60°C for 20-25 min each time). The blots were then briefly rinsed twice in 2x SSC at
rooin temperature. Hybridizations for all of the DNA fingerprinting and some of the
200 blot analyses were performed in a Robbin’s Scientific Model 400 Hybridization
Incubator. Washing of the nylon membranes was performed either directly in the roller

bottles or in pyrex dishes in a heated shaking water bath.

3.7 DNA sequence analysis

The relationships of the ASNHE and BTNHE repeat scquences and of the
salmonid SALT1 homologues were examined with the aid of PHYLIP (Phylogenctic
Inference Package, ver. 3.4, Felsenstein 1991). One hundred multiple data scts were
generated by the program SEQBOOT, and distance measures were then calculated by
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the program DNADIST under the Kimura 2-parameter model (Kimura 1980). Distance
matrices were analyzed by nearest neighbour-joining (program NEIGHBOR) or Fitch-
Margoliash and least squares (program FITCH) methods. For each analysis unrooted
majority-rule consensus trees were constructed using the CONSENSE program.

were d with the NCBI/NIH GenBank database

using the BLAST E-mail server (Altschul et al. 1990), and the EMBL database using
FASTA (the FastA sequence search server) (Pearson and Lipman 1988). The translated
amino acid sequence of the predicted transposase region of SALT1-SSall was compared
with the SWISS-PROT and PIR protein database using BLITZ, ver. 1.4 (MPsrch protein
sequence search server) (Sturrock, S.S and Collins, J.F., Biocomputing Research Unit,
University of Edinburgh) and FASTA. Original sequences were annotated using the
Authorin program (Intelligenetics, Inc.) and submitted to the GenBank database.

The editing and ali of were with the aid of ESEE,

ver 2.0 (Cabot and Beckenbach 1989). The programs AlIAll of the Darwin server
(Computational Biochemistry Research Group, Swiss Federal Institute of Technology,
E.T.H., Zurich) (Gonnet ~t al. 1992) and MultAlin ver 3.0 (Corpet 1988) were useful
in optimizing sequence alignments. Programs available in the PCGENE (Intelligenetics,
Inc.) package also were useful for aligning sequences and searching for repeats and

restriction enzyme recognition sites.

3.8 Determination of repeat copy number
Three methods were used to determine repeat copy number:
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1) To quantify the relative amount of DNA represented by the ethidium bromide
staining bands on agarose gels, 35mm polaroid negatives of the gel were scanned with
a LKB 2222-020 UltroScan XL densitometer. In addition to the lane containing
digested DNA, a neighbouring lane containing no DNA was scanned to provide a
measure of background signal. With the aid of the GelScan XL software package

(Ph ia), this b d was sut wom the DNA signal, and the total

integrated area under the peak representing the bright band was then calculated. That
area of the peak above a tangent drawn to the scan plot was assumed to represent
repetitive DNA. Limitations of the software required that this arca be estimated by
cutting the region out of a paper plot and, using a Mettler AE166 analytical balance,
estimating the area under the peak to the tangent as a weight percentage of the total
area under the peak to the background baseline. It was assumed in calculating copy
number that the *c’ value for the salmonid haploid genome is 3.0 pg (Hinegardner and
Rosen 1972).

2) When the AEMBL3 genomic library was screened with a repeat probe, the number
of positive plaques as a percentage of the total number of recombinant clones was
calculated. Knowing the sequence length of a single repeat unit, and assuming the
average length of a phage insert to be 15 kb, it was then possible to estimate the
number of unit repeat copies in the entire genome.

3) Dot blot hybridization has been used in other studies (Franck and Wright 1993; He
et al. 1992; Elder and Tumer 1994; Garrido-Ramos et al. 1994) as a means of
estimating repeat copy number in fish. Atlantic salmon genomic DNA samples of
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known concentrations were serially diluted 1:10 each time. Known concentrations of
purified repeat DNA (the Bg/l 923-bp band, pASBgl22 subclone mpAlul8, SALTI-
SSal28, and SALT1-SSal44) were diluted in a similar manner. All DNA was denatured
for 15 min at room temperature in 2.0 M NaOH/20 mM EDTA (and in the case of
SALT1-SSal44 only, neutralized with an equivalent volume of ice-cold 2M NH,Ac) and
placed on ice. Ten to 25 pl volumes of each aliquot were slowly pipetted onto a nylon
membrane using a vacuum dot blot apparatus (constructed by Technical Services,
Memorial University). The membrane was rinsed in 2x SSC and baked at 80°C for at
least one hour. Probing was at high stringency using as probes inserts from the repeat
clones. Several problems were encountered including poor reproducibility, uneven
hybridization of the probe to the dotted DNA and, in some cases, variation in
hybridization intensity between sequential dilutions which did not appear to correspond
to the actual declining DNA concentrations. For these reasons, reliability of the dot
blotting results was in doubt and they were not considered when quantifying repeat

copy numbers.

3.9 Cytogenetic techniques
3.9.1 Chromosome preparations directly from embryos
Chromosome preparations were made directly from whole salmon embryos
duwing the second to fourth week post-fertilization by a modification of the "chopping
method" of Yamazaki et al. (1981). Briefly, whole eggs were immersed in water

0.1 mg/ml colchicine (Fisher Scientific) or 0.1 pg/ml colcemid (Gibco/BRL)
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for periods of time ranging from 2 to 8 hr. The egg chorion was then removed, and the
embryo extracted in saline solution (0.134 M NaCl/3.8 mM KCI/3.2 mM CaCli(2H,0))
and immersed in hypotonic solution (0.075 M KCI or 0.8% Na-citrate) for 20 to 25
min. The embryo was then transferred to Carnoy fixative solution (75% methanol/25%
acetic acid) for 15 min at 4°C, followed by three changes of Carnoy for 30 min each
at -20°C. A single whole embryo was transferred to a drop of water on a slide,
chopped to a paste of cells with the blade of a scalpel, and flooded with several drops
of Carnoy solution. The slide was then flamed over a Bunsen burner and dried on a

slide warmer set to 42°C.

3.9.2 Chromosome preparations from tissue cultures

Tissue cultures were prepared from liver or whole embryos. The tissuc was
dissected in saline solution and minced with a sterile scalpel. Tissue was cultured in
sealed Ambitubes (Fisher) in 2 ml of Minimum Essential Medium (MEM) with Hank’s
salts and L-glutamine (Gibco\BRL) or RPMI Medium 1640 with 25mM HEPES buffer
and L-glutamine (Gibco\BRL). Medium was augmented with 16% Fetal Calf scrum
(Gibco\BRL) and 80 pg/ml Gentamycin. To some tubes 1 to 5% of the mitogen
phytohemagglutinin (PHA-M, Gibco\Brl) was added. Medium was changed once a
week and prior to confluence the cells were harvested either for chromosome
preparation or subculturing.

Prior to harvesting of cells, 0.1 pg/ml colcemid was added to cach tube and
allowed to sit for 5 to 8 hr. One ml of 1x Trypsin-EDTA (Gibco\BRL) was then
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dispensed to each 2 ml of culture media and allowed to sit with occasional shaking for
1 min. This solution was discarded and replaced by a further 1 ml of Trypsin-EDTA
solution. The tube was gently shaken for 5 to 10 min until cells had dislodged from
the wall of the culture flask. Five ml of hypotonic solution were then added and
allowed to sit for 20 min, followed by centrifugation at 1000 rpm for 5 min and fixing
with three changes of cold Carnoy solution. The cell suspension was dropped on to a

prewarmed slide and dried on a slide warmer.

3.9.3 Chromosome preparations from blood
Blood was collected from the caudal blood vessels of adult Atlantic salmon and

dto3 ml i ining Na-heparin (Becton Dickson). Either whole

blood or enriched leukocytes were used for short-term blood culture. Leukocytes were
collected in a buffy layer by centrifugation twice at 350 rpm and once at 800 rpm for
10 min at room temperature. White cells and plasma were removed each time by
pasteur pipette, pooled, and 0.5 ml was inoculated into 5 ml of MEM, RPMI or 199
(Gibco\BRL) medium, prepared as above. In addition to adding 5% PHA-M to some
cultures, effects on cell proliferation of pokeweed mitogen and lipopolysaccharide
(Sigma) were also tested.

Cells were harvested following 5 to 14 days incubation at 37°C and normal
atmosphere. At least 5 hr prior to harvesting, 0.1 pg/ml colcemid was added to each
tube. Cells were concentrated by centrifugation and subjected to hypotonic trcatment
and fixation as described in Section 3.9.2.

46



3.9.4 Chromosome banding
To induce restriction enzyme banding, slides were pretreated with 15 to 30 units
of Alul, Bgll, Haelll, Hpall or Mbol in 30 pl of restriction buffer for at least 5 hr and
stained with 0.3% Wright’s stain (1:4 dilution with Gurr buffer, pH 6.8) for 60 sec. For
G-banding the slide was heated at 90°C for 30 min, and treated with 0.008% trypsin in
Hank’s buffered saline solution, pH 7.4 (Gibco\BRL) for 45 to 90 sec, followed by
washing twice in 0.9% saline solution. Staining was with 2% Giemsa for 45 scc to 5

min.

3.10 Pulsed field gel electrophoresis (PFGE)

High molecular weight DNA was isolated in agarose plugs by the following
procedure. Ten pl of freshly drawn blood cells were washed twice in Hank’s buffered
saline, resuspended to a final volume of 200 pl, and counted using a haemocytometer.
Blood cells diluted to 8 x 107 cells/ml were mixed with an equal volume of 1.6% low
gelling temperature agarose (Sigma Type VII) and pipetted into 10 cm lengths of silicon
tubing (I.D. 0.238 cm; Cole-Parmer Instrument Co., Chicago). When hardencd, the
column of agarose was blown from the tubing and cut into lengths suitable for inscrtion
into individual wells of an agarose gel. These were placed in a Falcon tube containing

10 ml lysis buffer (250 mM EDTA/55 mM Tris-HCI/1.1% Sarkosyl) made 0.25 mg/ml

with i K (Sigma). Following overnight ii ion at 50°C, the lysis/p
K solution was replaced and the plugs were left for 2 more days at 50°C, Plugs werc
stored in lysis buffer at 4°C (Sambrook et al. 1989).
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Prior to restriction enzyme digestion, all plugs were washed twice in 1 mM
phenylmethylsulfonyl fluoride (Sigma) for at least 2 hr each time, and then 5 times in
TE buffer. Whole plugs were digested overnight in 100 pl of restriction buffer

containing 500 pg/ml nuclease-free BSA (Sigma) with 30 units of enzyme. Sample

DNA plugs, together with plugs ini oY isiae  whole
chromosomal DNA (Bio-Rad), were pushed into wells and covered with a drop of

molten agarose. El is was d in ci ing 0.5x TBE buffer chilled

to between 14°C and 17°C, using a CHEF-DR II pulsed field electophoresis system with
Pulsewave 760 Switcher (Bio-Rad). Various ramping times and pulse rates were tested.
DNA in PFGE gels was depurinated in 0.25 M HCI for 20 min prior to preparation for

Southern blot transfer as described in Section 3.2.
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CHAPTER 4. THE BGLI REPEAT - RESULTS AND DISCUSSION

4.1. Cloning of the repeat sequence

The Atlantic salmon genome was screened for the presence of repetitive
elements by digestion of nuclear DNA with over 40 restriction enzymes, followed by
electrophoresis of the DNA through agarose gels and cthidium bromide-staining. In
addition to the tandemly arrayed HindIIl element previously identified by Moir (1988),
Alul, Avall, Bgll, Bglll, BstEll, EcoRV, Haelll, Hpal, Hpall, Nhel, Pstl and Sacl

+ digestion revzaled repetitive DNA in the Atlantic salmon genome (Fig. 4.1). In this
chapter, I describe a previously uncharacterized, highly repetitive clement existing in
tandem arrays and identified by the restriction enzyme Bgil.

In the case of Bgll, two bright bands were visible upon ethidium bromide-
staining: one 923 bp and the other more diffuse but centred at 430 bp (shown in Fig.
4.1, and more clearly in Fig. 4.2A). When the 923-bp Bg/l band was isolated and used
as a probe, cross hybridization was detected to bright bands visible upon restriction
digestion of DNA with Alul, Hpall, and BstEIl bands (Fig. 4.2B). It is notable that
when the restriction enzyme Mspl was used, the two bands visible with Hpall virtually
disappeared (Fig. 4.2A), and when hybridized to the 923-bp DNA band yielded a fainter

signal. Mspl, an i i of Hpall, also izes the sequence CCGG but is not

inhibited by methylation of the second cytosine residue. It is not clear how methylation

might yield this digestion pattern, and the phenomenon was not investigated further.
The radiolabelled 923-bp Bg/l band was also used to screen an Atlantic salmon

DNA genomic library cloned in AEMBL3. Following autoradiography for 24 hr, 43
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Fig. 4.1. Ethidium bromide stained 1.2% agarose gel of Atlantic salmon DNA digested
with restriction endonucleases that produce bands over the background srhear. Such
bands indicate the presence of repetitive elements. The size markers in kb pairs are
derived from the migration of A DNA cut with Hindlll and $X174 DNA cut with

Haelll,
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Fig. 42. A, left) Atlantic salmon DNA digested with Bgll, Alul, BstEll, Hpall, and
Mspl, and electrophoresed in a 0.8% agarose gel. Sizes of the markers shown at left
are A DNA cut with HindIIf and ¢X174 DNA cut with Haelll. B, right) Southern blot
(Hybond N) analysis of gel in A), probed with the 923-bp Bg/l band isolated from an
agarose gel. Hybridization was at 42°C as described in section 3.3.1, and washing was
at high stringency (twice in 2x SSC for 25 min at room temperature, 4 times in 0.1x

8SC/0.1% SDS for approximately 30 min each time at 60°C).
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strongly positive plaques were detected out of a total of 7000 screened. DNA from
stocks of recombinant phage was isolated, and 27 inserts were confirmed by Southern
blot analysis to contain salmon DNA inserts with the Bg/l rcpeat. Using 6-bp

site icti DNA was trimmed from the flanking regions

of selected phage inserts, and the shortened fragments were subcloned into pTZ18R.
The shortest plasmid insert, pASBg122, was 5.3 kb. Restriction mapping (Fig. 4.3),
partial digestion of the insert with Bg/l (Fig. 4.4), and sequencing (sece below) indicated
that the repeat elements occupied about 2.9 kb of the subcloned DNA. These repeats
were arranged in tandem, although as indicated by partial digestion of the plasmid
insert, multimer as well as monomer repeat units were present (Fig. 4.4). The insert of
PASBgl22.9 was digested with Alul, Haelll, or Hpall and "shotgun” subcloned into

MI3 vector for the purpose of sequencing its Bgll repeat units.

4.2 Sequencing of pASBg122

Sequences of the pASBgl22.9 Bg/l repeats, beginning at their Alul sites, are
shown in Fig. 4.5. Their tandem nature is confirmed by several Haelll and Hpall
subclones which traverse 4/ul sites and continue into adjoining repeats. Four variant
sequences were found among 18 subcloned repeats. Variant-2 is 403 bp in length,
consisting of two related dimerized subunits of 212 and 191 bp. The recognition sites
for Bglf and Hpall are located in a unique G+C-rich region near the beginning of the
second subunit. Variant-2 corresponds to the 430-bp band visible in restriction enzyme-
digested DNA, minus a deleted 26-bp stretch between nt 189 and 215. These 26 nt are
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Fig. 4.3. Map of subclone pASBgI22.9. showing the location of the Bgil rej

5.3 kb fragment from phage clone ASBgl22 of the genomic library was subcloned into
the Sacl and HindIIl sites of the plasmid cloning vector pTZ18R. Assuming that the
average Bgll repeat unit is less than 430 bp, 7 would be expected to reside within the
2.9 kb repeat array. Restriction enzyme recognition sites in the 5° region were
determined by sequencing from the plasmid cloning site (sec Fig. 4.5B). Distance to
the 5° start point of the repeat array is uncertain. Restriction sites in the 3" flanking
region were determined by sequencing (Fig. 4.5C) and restriction mapping by single-

and double-digests of the plasmid insert.
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Fig. 44. Southern blot analysis of Bg/l partial digests of the salmon DNA insert of

subclone pASBgl22.9. i DNA was el through a 0.8% agarose
gel, blotted to Hybond-N nylon membrane, and probed with the genomic insert of M13
subclone mpl8Alul8 (see Fig. 4.5A). Hybridization was performed under high
stringency conditions (see section 3.3.1). Lanes from left to right: 0, 9.0, 4.5, 2.2, 1.1,
0.56, 0.28, 0.14, 0.07, 0.035, and 0.018 units of Bgll. Aliquots in lanes 3 to 11 were
digested for 1 hr at 37°C. Those in lanes 1 and 2 were digested for 9 h. Sizes of

markers shown at left are HindIII digested A DNA.
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Fig.4.5. A) Sequence of Bgll repeat variants in pASBg|22.9, obtained from M13mp18
or M13mp19 subclones. Some Alul fragments were cloned in reverse orientation (rev).
Sequences of the three variants were obtained from the following subclones: Variants
1) mpl8Alul, mpl8/mpl9Alu6, mpl8AIu20, mpl8/mpi9Aluld, mpl8/mpl9Alu7,
mpl8Hae3(rev), mpl8Hael9; 2) mpi8Alul(rev), mpl8Alud4, mpl8Alulé6,
mpl8Alu8(rev), mpl8Alul3(rev), mpl8AIu23, mpl8Hpa24; 3) mpl8Hpa20,
mpl9Hpa9, mpl18Hael3. Stretches of repeated nt within the two subunits of Variant-1
are underlined twice (). Those repeated within Variant-2 are underlined once ().
Variant-4 (not shown) is the same as Variant:1, with the exception of a deletion of nt
190 to 215. Variant-3 was isolated as a Hpall subclone commencing at nt 263; after
100 bp it degenerates into flanking sequence unrelated to the repeat (16 nt of this arc
shown in lower case). Identical nt are defined by ".", missing nt by "-". A portion of
the Bgll repeat is also compared with the sequence from human Hinfl family repeat
DNA (HUMRShinf; Shimizu et al., 1983, GenBank Acc. #K00580). Identity is 65%
in a 122-nt overlap. B) 5’ flanking region of pASBgI22.9. Double-stranded plasmid
sequencing was accomplished using the M13 reverse primer. Sequence between the
two Alul sites was obtained from a partially overlapping M13 subclone (mp18Alu22).

C) 3 flanking region of pASBgl22.9. The M13 universal primer was used.
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varient  Alur HasIIT Ddex Ddex
1  AGCTATATAATTCCCTCTTGCTGTATCTCATTGAGTTGGGCCCTTAGGATGGTGCTCTAA

T RS B R O D LT T s N
1
2
3
1
2
3 TAAAACCAGG’I‘GCCCGTTTGG T ctctgaagcgaactga
1 MCCGA’HTTCTGAGAN‘AAAAACATAG TATT;T TGMQATT@%
R L E e Tt D ——t it
HUMRS “
Bglr m:-n
Hao111
1 CT- TCg;ATﬂTCI\GCCA uuL_Luhu.LLLATTGAL.L TGGGCCC GGGTGCTGTC
2 . .
3
HUMI

#3 continues at nt 105

(GG..CA.AT..T.....

6y :TA.TA.GA A..GA..GAA. .GT.C...
S

1 CCTGGTAACC! CTACGGACACGTCCCCAC AATATTTTCTGAGA
2 a...._d_‘_g_._...._._u_._._,_.aﬁ

MboIT

% S}AAAAAAQATAQQCGAT :2TCTGAGAAGAAAAAASATBQAATATTTTCAGAGGATTTPT
2 . TTTTTTGAAA (AGCT)

rat

1  AAARACTTCCATAAAARACACTCATTCTTCATCCACTGACAT AGCAGT T
HaeIII Drat oraz

GAAAC. 'CC CTTTAAAAGTAATTTAGAGCCTTTTAAAAAT

Ddex
1 GTCIACCCCTGGTAAGCCAAATGCTACGGACACGTCCCCAgCAAAACATAGTGCAATTTCT

Hbo11

1 GAGAAG; MQQTAGQTA’I‘T ; TCALGGATTT’I’TAAAAAQ ‘TTCCATAAARACACTCA

3z TFCTTCATCCCACTGACTTGGGACCAF T TGAAAC TGTCC
1 w‘s,_g&gg;__JTM TCACCCCTGGTAACCCARATG
3 TACQG&QAQ SSQCAQQAAAACATAQTGCAAT gzg& MC&T&GC&I!

1 TTCTGACAAGAAAAAACATAQTCATTTTTCTGAAGATT'I'I‘TTGAAA (AGCT)
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SacI MboT
GAGCTCAATATCCTCCCACCACCAAGCTGGGAAAATCGGATCAATACTTAGGACCAATCG

Real
GGCGCCAGAGGGATATGGTCCAAGTACCCACGGTTCTGAGGGGCTTGTAACCCTCAAAGT
Alul

GTCCGTAAAGCTCTCCCTATTCGGCATGAGTAGTAATCATCAATAGGTCGCCGAGGGGAT

NeoT

ATGGACCGAACTACCATGGTTCCGAGGGACAAGCAACCCTCAGAAGTGTCCGTTTCGCAT
Alul

TTATTTAATCGGAC TTGCCACTATCCCCGAGCT

HpaIl Alul  Haelll
CCTCCTGTGETCCTGCTTGCCCACTCTCTCTCTGGGCTCCGGACTCTAGCTCCTGGCCCT

TCTCTGTACACCCTGGTAACCCGTTATAAAATA GACGCCTTC
HindIII
CGTCCCGACAAAAGCTT
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present in two tandem copies in Variant-1, which consequently possesses extra Ddel
and Mbol restriction recognition sites. A duplication event such as this may be the
result of slipped-strand mispairing during a round of DNA replication. One T to A
transversion between variants 2 and 1 has also resulted in the Joss of a Ddel site at
position 160.

Variant-1 and Variant-4 (the latter not shown, but identical to Variant-1 without
the 26 bp duplication) are 923 and 897 bp, respectively, A+T-rich (61%). and may have
arisen from a partial duplication of the first 403 bp unit with extensive loss of
homology, including the sites for Alul, Bgll and Hpall. Variant-3 has resulted from the
fusion of portions of two repeats and is degenerate at its 3' end. The nucleotide
sequence of Variant-1 has been submitted to GenBank and assigned accession number

L01505.

4.3 Genomic organization of the repeat

To estimate the prevalence of the Bg/l repeat element in the salmon genome,
Bgll-digested DNA was electrophoresed, and photographic negatives of the ethidium
bromide-stained gel (Fig. 4.2A) were scanned by densitometry. The integrated areas
under the peaks for the 430-bp and 923-bp fragments represented 1.2% and 1.1%,
respectively, of the total DNA. Since 'c’ values for salmonid fish are 3.0 pg
(Hinegardner and Rosen 1972), the haploid genome contains approximately 8.1 x 10*
and 3.4 x 10 copies of the two repeat lengths.

Plaque lift membranes, used originally to isolate the Bg/l repeat from the
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AEMBL3 library, were reprobed with a plasmid (pDM238) insert spanning the 18S and

28S regions of the rDNA repeat of Drosophila melanogaster (gift of J. Hancock,
Cambridge University, U.K.). Under low stringency hybridization conditions, one-
quarter of the plaques positive for the Bgll element were also positive for the rDNA
gene probe. This suggested that some Bgll repeats are near rDNA genes. Fig. 4.68
shows unrestricted DNA from ten phage clones hybridized with the insert of pDM238,
Some signal may be non-specific hybrization due to the large amounts ol
electrophoresed phage DNA. However, by further screening of recombinant phage
fragments known to contain Bgll repeat loci (see scction 3.3.1), unequivocal
identification of at least two with adjoining rDNA related sequences was possible (Fig
4.6D).

To test this observation, DNA from the 27 recombinant phage isolated from the
salmon library was screened by PCR analysis using three sets of primers derived from
conserved eukaryote rDNA sequences (White et al. 1990; Egger and Sigler 1993) and
designed to amplify portions of (1) the 5 end of the 18S subunit; (2) the 3" end of the
18S subunit, across the internal transcribed spacer region to the 5’ end of the 288
subunit; and (3) an intemal portion of the 28S subunit (Table 3.1). Of ten successfully
amplified phages, 9, 6 and | were identified by the three primer sets (Fig. 4.7),
respectively. The primers did not amplify host E. coli or AEMBL3 DNA (not shown).
It would appear that the Bgll element is upstream of the 185 rDNA subunit, probably
in the intergenic spacer (IGS) region. Recently, using two-colour FISH labelling, a

DNA fragment obtained by PCR amplification of the Bgll repeat sequence identified
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Fig. 4.6. Hybridization of the insert of pDM238 with Bgll repeat phage clones (ASBgl
series, as marked on the figures). Plasmid pDM238 contains portions of the 188 and
28S regions of the rDNA repeat of D. melanogaster. Hybridization was at 37°C and
washing was twice in 2x SSC for 25 min at room temperature, 2 times in 2x SSC/0.1%

SDS, and 2 times in 1x SSC/0.1% SDS for 30 min each time at 50°C. A) Intact phage

DNA from clones identified as ining Bgll repeats, in a 0.8%
agarose gel. Phage clone numbers are shown. B) Southern transfer of gel in A)
hybridized with the pDM238 insert. C) Fragments excised from the phage DNA of A)
and scparated in a 0.7% agarose gel. In the case of clones 2, 4 and 8, multiple
fragments were isolated and pooled. (Fragments were identified as containing Bgll
repeats by digesting phage DNA with 6-bp recognition site restriction endonucleases
and, following electrophoresis and Southern transfer, probing the fragments under high
stringency conditions with the 923-bp Bgil band isolated from an agarose gel). D)

Southern transfer of gel in C) hybridized with the pDM238 insert.
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Fig. 4.7 i ion of selected i AEMBL3 phage DNA (ASBgll1, 16,
18, 20, 22) and genomic DNA (from LaHavc R., Nova Scotia, sample C9) by primers
specific to rDNA cistron sequence conserved among eukaryote species. Although all
phage samples were selected from among those which had previously yielded PCR
products, not all have been successfully amplified here. Control samples (amplification
reactions without DNA) are marked as C. Primers are described in section 4.3 and
shown in Table 3.1. A Perkin-Elmer Cetus DNA Thermal Cycler and the following
conditions were used: initial denaturation 1 min 15 sec; 30 cycles: 94°C, 1 min; 42°C,
1 min; 72°C, 2 min, increased ! sec per cycle). PCR products were separated on a 2%

NuSeive, 0.5% SeaKem agarose gel.
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by the present study was confirmed to cohybridize with a rDNA probe to the NOR-
bearing pair of chromosomes in Atlantic salmon (Pendés et al. 1994c).

Evidence from pulsed-field gel electrophoresis also offers insight into the
genomic distribution of the Bgll element. Agarose-embedded salmon DNA was
fragmented with the enzymes Nhel, Kpnl and Sacl and separated by PFGE. Following
Southern blot analysis with the insert of mpAlu18 (Fig. 4.8B), the presence of very high
molecular weight bands (> 800 kb) predicts a higher-order periodic organization of
some Bgll repeats. Bands were not apparent on the ethidium bromide-stained gel (Fig.
4.8A). RFLP variation between individuals is also seen, most obviously for the Nhel
digests, but this may be an artifact caused by nonconsistent amounts of DNA. The

phenomenon of subrepeats present within rDNA spacer regions occurring as

ind d tellite-like DNA elsewhere in the genome has been shown for other
organisms (Schmidt 1984; Unfried et al. 1991). In the case of humans, ten percent or
more of the IGS regions of rDNA is occupied by Alu SINE sequences, and the
rihosomal gene complexes themselves sit within large tracts of satellite DNA (Kaplan
et al. 1993).

Phillips and Pleyte (1991) and Zhou et al. (1994) report several salmonid species
showing both inter-individual and inter-population differences in the lengths of spacer
regions of different rDNA repeat units. They suggest that such polymorphisms may
prove useful in differentiating fish stocks. RFLPs of the rDNA complex have been
used to distinguish populations of mice (Suzuki et al. 1986) and Drosophila (Williams
ct al, 1985). Cutler et al. (1991) detected an RFLP near 18S subunit genes capable of
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Fig. 48. PFGE analysis of Newfoundland Atlantic salmon DNA. Electrophoretic
conditions were 43.2 hr at a pulse interval of 150 sec, followed by 22.5 hr at an interva
of 250 sec, with a constant temperature of 14°C and current of 105 V. A) Ethidium
bromide-stained agarose gel. B) Southern transfer of gel in A) hybridized with the
insert of Bgil subclone mpI8Alul8. Hybridization was at 42°C as described in section
3.3.1, and washing was at high stringency at 55°C. Restriction enzymes used for DNA
digestion were: lanes 1 to 3, Nhel; lanes 4 to 6, Kpnl; lanes 7 to 9, Sacl. Atlantic
salmon were from: lanes, 1, 4, and 6, N.E. Placentia; lanes 2, 5, and 7, Exploits R.;
lanes 3, 6, and 8, Gambo Pond (nonanadromous variety). Sizes of markers shown at

left are those . cerevisiae whole chromosomal DNA.
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distinguishing Atlantic salmon from Newfoundland and Scotland. It is not known if'

this polymorphism is related to the presence of the Bgll repeat.

4.4 Species distribution of the Bg/l repeat

In order to ascertain the phylogenetic distribution of the Bg/l repeat element,
DNA from Salmonidae fish species other than Atlantic salmon (brown trout; Arctic
charr; Japanese white-spotted charr, S. leucomaenis; brook trout, S. fontinalis; rainbow
trout; chum salmon, Oncorhynchus keta; chinook salmon, O. tshawytscha; pink salmon,
O. gorbuscha; coho salmon, O. kisutch; masu salmon, O. masou; Arctic grayling,
Thymallus arcticus) and a non-salmonid species (northern pike, Esox lucius) were
digested with Hpall, electrophoresed, and Southern blots were hybridized with the ?P-
labelled insert of a Variant-4 subclone. When low stringency conditions were used, the
repeat element was strongly represented in the genomes of Atlantic salmon and brown
trout following autoradiographic exposure of 24 hr (Fig. 4.9, lanes 1 and 2), but showed

no hybridization with DNA of the other species. After exposure for 9 days (lanes 3 to

13), weak signals were mainly as pecifi but with very
faint bands apparent for Arctic charr, Japanese charr, and pink salmon. The Bgll repeat
element, if present in species other than those of the genus Salmo, retains scquence
identity too low for positive detection by Southern hybridization techniques. However,
Hartley and Davidson (1994) isolated an Arctic charr repeat fragment (GenBank Acc.
#L00991) approximately 180 bp long and flanked by Dral sites, and now shown to be
a homologue to a portion of the salmon Bg/l repeat (Fig. 4.10). The presence of Bgll
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Fig. 4.9. Zoo blot analysis of the distribution of Bg/l elements in Salmoninae species,
Arctic grayling, and northern pike. Approximately 7 to 12 ug of DNA from an
individual of each species was digested with Hpall and separated in a 0.8% agarose gel.
Following Southern blotting, hybridization was to the insert of MI13 subclone
mpl3Alul8 (see Fig. 4.5) at 37°C under low stringency conditions (see section 3.5).
Lanes 1 to 2, 24 hr autoradiographic exposure; lanes 3 to 13, 9 day exposure. Lanes
1, Atlantic salmon; 2, brown trout; 3, Arctic charr; 4, rainbow trout; 5, chum salmon;
6, chinook salmon; 7, pink salmon; 8, coho salmon; 9, masu salmon; 10, white-spotted

(Japanese) charr; 11, brook trout; 12, Arctic grayling; 13, northern pike.
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repeats in Pacific salmon is unconfirmed. Based on limited fossil evidence,
Oncorhynchus is believed to date from at least 6 million years ago (Ma) (Stearley and
Smith 1993; Nelson 1994), so it is possible that amplification of the Bgll element to
significant copy numbers in salmonines occurred in more recent times.

The 923-bp Bgll sequence was submitted to GenBank. Although no sequence
of obvious homology was found, the highest score as determined by the FASTA search
algorithm (opt score 169) belonged to a human satellite DNA repeat element (Shimizu
et al. 1983, Fig, 4.5A). The human Hinfl family occurs in tandem arrays of 319-bp
units, comprised of two related subunits. 122 bp of the first 172-bp subunit of the
Hinfl repeat is 65% identical with a region of the salmon Bg/l repeat beginning at nt
237 (the start of the second subunit of Variant-2). Similarity between the two
sequences was found to be statistically significant according to the computer program

RDF2 (Pearson and Lipman 1988; Pearson 1990).

4.5 The repeat as a polymorphic population marker

Population specific markers have not been found for Atlantic salmon. Atlantic
salmon show unusually low levels of genetic variation when assessed by techniques
such as protein electrophoresis and RFLP analysis or direct nucleotide sequencing of
a portion of the mitochondrial DNA cytochrome B gene (Davidson et al. 1989;
McVeigh et al. 1991). On the other hand, simple sequence minisatellite probes show
high levels of heterozygosity between salmon individuals (Taggart and Ferguson

1990a,b and Section 7.6).



Fig. 4.10. Sequence similarity of the Atlantic salmon Bgll repeat (nt 216 to nt 399 of
Variant-1, Fig. 4.5) with the Arctic charr Dral repeat (ChDr7; Hartley and Davidson
1994; GenBank Acc. #L00991). Identical nt are defined by "|", missing nt by "-".

Identity is 64% in a 183 nt overlap.
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Single-digest restriction mapping of Bgll repeat clones isolated from the Atlantic
salmon genomic library detects intra-individual variation in the organization of repeats
at different loci (Fig. 4.11). Variation in the length of individual repeats supgested that
the Bgll element might be used to detect restriction fragment length polymorphisms
when Bgll was used as the DNA hydrolyzing enzyme. Certain of these RFLPs might
be fixed within different populations. To test this possibility, preliminary studies were
carried out using a Variant-4 subclone as a probe in Southern blot analyses of DNA
from Atlantic salmon of Scotland, Ireland and Newfoundland. Several bands show
"allelic" variation between individuals within the same population (Fig. 4.12). Discrete
population markers have not yet been identified, although the number of salmon tested
was small. The Bg/I repeat could be useful for assessing the extent of genetic variation

between different stocks.

4.6 Summary

(1) Sequence data from one tandem array of Bgll repeats showed threc variants
of 403, 897, and 923 bp in length, and one variant truncated at its 3’ end. The 403 bp
unit is comprised of two related dimerized subunits.

(2) In Atlantic salmon, some repeats are found near rDNA gencs, probably
upstream from the 18S subunit in the IGS region.

(3) The Bgll repeat is also strongly represented in the genome of brown trout,
the only other Salmo species, but was not detected by Southern blotting DNA of other
salmonids.
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Fig. 4.11. Comparison of Bgll repeat regions isolated from the Atlantic salmon
genomic library. The segment that contained the Bg/l repeat clement of each
recombinant phage clone was subcloned into pTZ18R. Shown are Bg/l complete
digests of DNA inserts from selected plasmid subclones (ASBgl serics) scparated on
a 1.0% agarose gel. (All clones were first identified as containing portions of rDNA
genes by PCR analysis, as shown in Fig. 4.7 and described in Section 4.3). Lanc |
contains size markers, and lane 2 a control PCR reaction containing no DNA. The
subclones differ in the organization of their Bgll repeat units. Length variants of the
923-bp band are seen. Also, the lowest band varies in intensity between samples,

implying a difference in copy number.
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Fig. 4.12. Analysis of genomic DNA from a brown trout (lane 1) and Atlantic salmon
from North America (lanes 2 to 13), Scotland (lanes 14 to 17) and Ircland (lancs 18 to
21). Approximately 3 pg of DNA were digested with Bgll, clectrophoresed in a 0.7%
agarose gel, Southern blotted and probed with the insert of a Variant-4 subclone. Lane
Brown trout; lane 1. Atlantic salmon: lanes 2 to 5, Bay D'Espoir, Newfoundland (NF);
lane 6, LaHave R., Nova Scotia; lane 7, nonanadromous salmon, Gambo Pond, NF;
lanes 8, 9, anadromous salmon, Gambo R., NF; lanes 10, 11, Black Brook, NF: lanes
12, 13, Grand Codroy R., NF. Lanes 14, 15, Almond R., Scotland; lane 16, Scouric
Hatchery, Scotland; lane 17, Kames Fish Farm, Scotland; lancs 18. L. Melvin, Ireland;
lanes 19 to 21, Swilly R., Donegal, Ireland. The markers arc A DNA cut with Hindlll
and labelled with [a-"?P]dCTP. Hybridization was under high stringency conditions,

using the insert of subclone mpAlul8 as probe.
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(4) The Bgll repeat, when used as a probe in Southern blot analyses, detects

restriction fragment length polymorphisms between individual fish.



CHAPTER 5. THE SALT1 REPEAT, A Tcl TRANSPOSON-LIKE ELEMENT -
RESULTS AND DISCUSSION

5.1 Isolation of a repetitive element identified by Pstl

When Atlantic salmon DNA is digested to completion with Ps] and fractionated
on an agarose gel, two bands of approximately 580 bp and 800 bp are faintly visible
upon staining with ethidium bromide (Fig. 4.1). In order to determine the nature of the
corresponding repetitive element, DNA from the 580-bp band was isolated, ligated into
pUCI8 and the recombinant clones were screened by using the 580-bp band DNA as
probe. When sequenced, 5 out of 16 hybridization positive, Atlantic salmon
recombinant clones were found to contain similar sequences (Fig. 5.1). These are over
85% percent identical, although one clone, S8al100, has undergone a long 5° deletion.

Partial Pstl restriction digests of salmon genomic DNA and Southern analysis
using the insert from clone SSal28 as probe failed to gererate a ladder pattern of
hybridization fragments, evidence that these repeats are not tandemly linked (data not
shown). Rather, these segments probably derive from dispersed repeats possessing two
internal Pstl sites.

The repeat sequences were compared against the EMBL. DNA database using
the FASTA sequence search server. Significant sequence similiarity was found to a
region encoding the carboxy-terminal of the putative transposases of the nematode
transposable elements Tel of Caenorhabditis elegans (Rosenzweig et al. 1983) and
Tcbl (Barney) and Tcb2 of C. briggsae (Harris et al. 1990; Prasad et al. 1991).
Similarity was also detected with Drosophila Tcl-like elements, Uhu (Brezinsky et al.
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Fig. 5.1. Sequences of Pstl fragments of SALTI repeat elements from various
Salmonidae species: SSal, Atlantic salmon; OKis, Coho salmon (Oncorhvnchus
kisutch); OMyk, rainbow trout (O. mykiss); OMas, masu salmon (O. masou); SAlp,
Arctic charr (Salvelinus alpinus); CLav, whitefish (Coregonus lavaretus). Nucleotides

identical with the consensus are defined by ".", deletions by "-".
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1990), Minos (Franz and Savakis 1991), and Bari-1 (Caizzi et al. 1993).

Until recently transposons flanked by short inverted repeats were unknown in
vertebrates. However, elements homologous with Tcl-transposons have been identified
within an intren of a vasotocin gene in the primitive Agnathan hagfish (Eptatretus
stouti; Heierhorst et al. 1992) and within an intron separating the transmembrane
domains of the IgM locus of a teleost, the channel catfish (Jcralurus punctatus; Wilson
et al. 1990; Henikoff 1992). Recently, homologous elements in the genomes of Atlantic

salmon, rainbow trout and zebrafish have been sequenced by Radice et al. (1994).

5.2 Characterization of a full-length salmon Tcl transposon-like element

The sequence of a complete Tcl-like element (designated SALTI1-SSall,
SALmonid Transposon of S. Salar) was obtained from one clonal isolate of an Atlantic
salmon genomic library. This sequence, together with flanking sequence (not shown
here), has been deposited in the GenBank data base as accession #L22865. The
predicted transposase (TclA) coding region is compared with that of the C. briggsae
element Tcbl (Harris et al. 1990) and the hagfish Tcl-like element, Tesl (Heierhorst
et al. 1992) in Fig. 5.2. The ORF predicted from SALT1-SSall begins at nt 207 with
a second potential inframe start codon at nt 261. As with Tesl, the putative SALT1-
SSall ORF contains a number of stop codons and is, therefore, probably defective.
Ignoring these, and by forcing reading frame shifts at positions 769 and 1331, a 385-
residue protein homologous to and terminating at the same position as the
Caenorhabditis Tcl-like transposases is predicted. The longer ORF for Tesl may have
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Fig. 5.2. Sequence of the full length SALT1 element (SSall) isolated from the Atlantic
salmon genomic library, and comparison of its deduced putative transposase coding
region with those of homologous elements from £. stouti (Tesl; Heierhorst et al. 1992),
C. briggsae (Tcbl; Harris et al. 1990), and the 5' flanking region of the S. salar
ependymin gene (Ssepd; Miiller-Schmid ef al. 1992). Regions of similar inverted
nucleotide sequence, designated ITR-A and ITR-B in the text, arc underlined.
Frameshifts have been introduced to the SALT1 sequence at nucleotides 769 and 1331
to maximize alignment of the amino acid sequences. Inserted gaps are indicated as "-",
stop codons with "*", and conserved amino acid residues are in bold type. The intron
region identified for Tcl by Vos ef al. (1993) and proposed for Tebl by Prasad et al.
(1991) has been translated and is shown in lower case ietters. The primers (a, b, and
c) used for sequencing and for inter-SALT1 PCR (see Figs. 5.7 and 5.8) are indicated
by lines above their sequence. A potential polyadenylation signal (Poly A) is shown.
The complete sequence of SALT1-SSall has been deposited in the GenBank data base

(accession #L.22865).
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resulted from a mutation of the opal stop codon seen in SALT1-SSall. In Tesl a
potential TATA box (TATAAAT) sits 47 bp upstream of the start codon. The only
consensus TATA motif in SALT1-SSall is at position 80 (AATAAAT). There is a
polyadenylation signal (AATAAA) at position 1490,

The existence of two exons encoding the TcA protein has been demonstrated
empirically for Tcl (Vos et al. 1993) and inferred for Tcbl and Tcb2 (Prasad ct al.
1991). The spliced transcript of Tcl codes for 343 amino acids. For comparison wiih
homologous regions of the fish Tcl-like elements, the presumptive intron sequence of
Tebl has been translated in Fig. 5.2 and its encoded 20 amino acid residues and 3 stop
codons are shown in lower case letters. It is unclear if the fish clements contain
introns.

SALTI1-SSall is flanked by imperfect inverted terminal repeats (ITRs), cach
commencing with 5°-TA-3". This dinucleotide sequence has been identified as a target
site for Tcl-like elements (Rosenzweig et al. 1983; Moerman and Waterston 1989) and

is duplicated at the time of insertion. I ingly, i diately flanking the

ORF is a short stretch of inverted repeat sequence (designated ITR-B) which has partial
homology with sequence (ITR-A) near the very ends of the SALT1 element (Fig. 5.3,
and described in Goodier and Davidson 1994a).

Very recently Z. Izsvak, Z. Ivics, and P.B. Hackett (unpublished) have entered
in the GenBank database (Acc. Nos. L33469 to L33473) sequences of five Tcl
transposon-like loci from zebrafish (Danio rerio). Their entries of June 16, 1994 note
the presence of unusually long inverted terminal repeats (<200 bp) in these Tcl-like
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Fig. 5.3. C ison of within the 5’ and 3’ inverted repeat
sequences of SALT1-SSall, (SSall-ITR-A, flanking the element, and SSall-ITR-B,
flanking its open reading frame), and analogous 5’ sequences from the salmon
ependymin gene element (Ssepd-ITR-A and Ssepd-ITR-B). Identical nucleotides are

shown by "|", and inserted gaps by
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clements, cach flanked at its 3’ and 5* ends by 12 bp of similar sequence (Fig. 5.4A).
This observation prompted a closer examination of the inverted repeat sequences from
Atlantic salmon. The SALTI-SSall element also appears to contain long inverted
repeats, but these are degenerate in their central portions. Thus, ITR-A and ITR-B are
not separate repeat regions, as first inferred in Goodier and Davidson (1994a), but the
termini of a single pair of long imperfect inverted repeats extending from the ends of
the element as far as the predicted amino acid coding region.

A search of the EMBL data library has revealed a portion of the 5’ flanking
region of an ependymin gene of Atlantic salmon sharing homology with the SALT1
sequence. The published sequence (Miiller-Schmid et al. 1992) includes the first 972
bases of a SALTI1-like element inserted in an inverse orientation 295 bp from the
anticipated transcription start point of the ependymin gene (Fig. 5.2). The SALTI-like
element commences with 36 nucleotides having similarity with the ITR-A sequence
flanking SALT-SSall; these are imperfectly repeated about 100 bases downstream (the
5" ITR-B; Fig. 5.3). The absence of known transcription elements upstream of the the
TATA box in this S. salar ependymin gene locus, together with its "very specific spatial
and temporal expression" (Miiller-Schmid et al. 1992), prompt speculation that
expression of at least one salmon ependymin gene may be influenced by an inserted
transposable element.

The ependymin gene element shows considerable similarity with salmonid Tcl-
like elements isolated by Radice et al. (1994): over 81% amino acid sequence identity
with three loci from Atlantic salmon (GenBank accession nos. L12206 to L12208) and

93



Fig. 5.4. Alignment of the 5’ and 3" flanking sequences of A) ZefTrana, Tel-
transposon-like sequence from Danio rerio (Z. lzsvak, Z. lvies, and P.B. Tlackett,
unpublished, GenBank Acc. #133470), B) SALT1-SSall, and C) SmoTellt (Radice et

al. (1994); #1.12206).
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78% identity with one locus of rainbow trout (Oncorhynchus mykiss; accession no.
L12209). SALTI-SSall, on the other hand, is less than 32% identical with the amino
acid sequences predicted for these four other salmonid elements. These complete
salmonid elements, like SALT1-SSall, are flanked by long degenerate inverted repeats
which contain homologous ITR-A and ITR-B regions, and these are very similar to the
corresponding 5’ repeats of the ependymin gene element. The ITR sequences from one
element (acc. #L.12206) of Radice et al. (1994) is shown in Fig. 5.4C

The CAGTGY consensus sequence, noted by Henikoff (1992; see also Collins
and Anderson 1994) as present in the inverted terminal repeats of members of the Tel~
family, is also found in the SALT1-5Sall ITRs, However, this motif varies both in
sequence and position between different fish species. Those elements identified by
Radice et al. (1994) carry a variant CAGTTGA sequence, while the motif may be
missing entirely from the hagfish inverted repeats (the sequence CAGTTT is present).
The 85-bp ITRs of the catfish element, identified by Henikoff (1992) as a Tcl-like
homologue, are the most divergent. The CAGTGY motif is present, but internal to the
ITR rather than at its extreme 5’ end. The catfish transposon has, in fact, inserted into
an A-T rich region naking identification of its termini uncertain.

C i of h )t within the inverted repeat regions of

known fish Tcl-like elements identifies a consensus sequence (Fig. 5.5). Nucleotides
at certain positions are highly conserved. Sequence in the ITRs of some transposable
elements have been shown to be required in cis for excision and transposition (Karess
and Rubin 1984). A domain mapped within first 63 residues of the amino-terminal end
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Fig. 5.5. C i of h of the inverted 5’ and 3’ repeat

sequences flanking fish Tcl-like elements in the channel catfish [gM locus (IpTel-ITR-
A; Wilson et al. 1990) and the hagfish vasotocin gene (Tesl-ITR-A; Heierhorst et al.
1992), SALTI-SSall (SSall-ITR-A) and its open reading frame (SSall-ITR-B), the
salmon ependymin gene element (Ssepd-ITR-A and Ssepd-JTR-B; Miiller-Schmid ef al.
1992), and elements isolated by Radice ct al. (1994) from several fish species: zebrafish
(ZefTelltd), Adantic salmon  (SmoTcllt, #L12206; SmoTecllta, #L12207; and
SmoTelltb, #L12208), and rainbow trout (SmoTclltd, #L12209). Inserted gaps are

indicated as
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of de Tcl il binds to ITR sequence (Vos et al. 1993).

5.3 Species distribution of SALT1 elements

To ine the p ic distribution of the SALT! Tcl-like element,

genomic DNAs from salmonid and other fish species, frogs (Anura), bird, and mammal
species were digested to completion with Psil and subjected to Southern blotting.

These were probed with clones 5Sal9, SSal29, or SSal44 to examine the phylogenetic
distribution of the Psil repeat (Fig. 5.6). Blots hybridized and washed at high
stringency showed strong hybridization to all salmonids but to no other species; the
pattern of hybridization was similar in each case. The ethidium bromide staining 580-
bp Pstl bands from selected Salmo, Salvelinus, and Oncorhynchus species were isolated
and sequenced as described above for Atlantic salmon (Fig. 5.1). Surprisingly, intra-
individual sequence variation of element copies was no less than inter-species variation.
Based on phylogenetic analysis of the sequence data set using the sequence analysis
program PHYLIP, no species specific sequence markers could be detected nor were any
subgroupings of sequences obvious (Fig. 5.7). Some of the sequenced fragments shown
in Fig. 5.1 are interrupted by long internal deletions. (In the case of Drosophila P
elements, Engels et al. (1989) have suggested that internal deletions arise from
inefficient repair of double-strand breaks occurring at the time of excision). None
contain a complete ORF. They derive from elements probatly incapable of autonomous
transposition and therefore it is unlikely that they have been under selective constraint
to retain sequence homogeneity. In the case of the SALT1 elements, rates of ’concerted
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Fig. 5.6. Zoo blot analysis of the distribution of SALTI-like elements in fish and
anuran species. Clone SALT1-8Sald4 was the probe. Lanes 1, Atlantic salmon; 2,
masu salmon; 3, rainbow trout; 4, whitefish. Lanes 1 to 4, autoradiography was for 6
h. Lanes 5, sea lamprey; 6, dogfish shark; 7, skate; 8, Atlantic cod; 9, winter flounder;
10, capelin; 11, cunner; 12, Xenopus laevis; 13, Rana sp. Lanes 5 to 13,
autoradiography was for 7 d. Hybridization was at low stringency (see Section 3.4).
Other salmonid species showed hybridization patterns similar to lanes 1 to 4, and
included brown trout, Arctic charr, chinook salmon, pink salmon, coho salmon, chum
salmon, Japanese charr, brook trout, and Arctic grayling. Other animal specics tested
and showing no DNA hybrization included gannet, quail, chicken, rabbit, moose,

caribou, black bear, mouse, baboon, and human.
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Fig. 5.7. Relationships of the SALT1-like sequences isolated from different Salmonidac
species analyzed with the phylogenetic package PHYLIP (sce Fig. 5.1 for symbols).
Sequences with deletions of over 65 bp were omitted from the analysis (SSall00,
SSal40, OKis83, OMas46, and Clav5). The tree in A) was generated with a ncarest
neighbour-joining algorithm (program NEIGHBOR), and in B) with Fitch-Margoliash
and least squares methods (program FITCH). Numbers above the branches refer to the

number of times each branch was supported after 100 bootstraps (program SEQBOOT).
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evolution’ (Arnheim 1983), processes which encourage homogenization of the members
of a repeat family within a single species, appear to have been low. The sampling
reporied here was limited, however, and more extensive sequence data are required if
the existence of different element lineages or of phylogenetic relationships is to be
assessed (see Batzer et al. (1993) and VanderWiel et al. (1993) for discussion of this
point).

Under low stringency conditions, hybridization with DNA of Atlantic sturgeon
(Acipenser oxyrhynchus; not shown in Fig. 5.6), skate (Raja sp.), and Rana sp. was
detected after 6 hr autoradiographic exposure. After exposure for 7 days a much fainter
signal also was visible as a series of bands within the lanes for winter flounder
(Pleuronectes americanus), capelin (Mallotus villosus) and cunner (Tautogolabrus

__adspersus)A In contrast to the strong signal of Rana, probe hybridization to Psil-
digested Xenopus laevis DNA occurred primarily as two faint bands, approximately 4.8
kb in length, that were also visualized by ethidium bromide staining. Hybridization

with DNA of the Agnathan sea lamprey (F marinus), the CI

dogfish (Squalus sp.) and Atlantic cod appeared to be non-specific.

In Arctic charr, immediately 5’ of a locus containing a Mbol repeat family
element (ChMb12; GenBank Acc. #L01073) characterized by Hartley and Davidson
(1994), there is sequence unrelated to the Mbol repeat and having 89% identity to a 61-
bp stretch of SALT1-SSall (commencing at nt 1200). Members of the Mbol family are
tandemly repeated and consist of a 33-mer doublet (Fig. 5.8). Interestingly, this repeat
has been found to be missing from an isolated population of S. alpinus from Wester
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Fig. 5.8. Sequence similarity of SALT1-SSall (nt 1201 to nt 1262, Fig. 5.2) with the
Arctic charr Mbol repeat (ChMbl2; Hartley and Davidson 1994; GenBank Acc.
#L01073). Identity is 92% in a 61 nt overlap. Identical nt are defined by "|", missing
nt by "-". Also shown is the alignment pattern of the two Mbol repeats present in

ChMbI2.
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Ross, Scotland, but present in other Scottish populations (noted in Hartley and Davidson
(1994) as unpublished data). One may conjecture that the precursor Mbol repeat
sequence, prior to its amplification in Arctic charr, was lost from the ancestral genome
of the Wester Ross population, perhaps as a consequence of excision during a

transposition event involving a SALT1 element.

5.4 The genomic distribution of SALTI1 elements

The technique of human A/u PCR utilizes a single primer directed outwards from
the Alu repeat sequence to amplify DNA between elements inversely oriented with
respect to one another (Nelson et al. 1989). In an analogous fashion, SALTI primer
aor ¢ (Fig. 5.1) was end-labe!led for use individually in PCR-based amplifications of
genomic DNA from Atlantic salmon of both North American and European populations,
and from other salmonid species. Amplified products were resolved on a denaturing
polyacrylamide sequencing gel. Following autoradiography, a large number of products
were detected, generating patterns similar to those of DNA fingerprinting gels, and
indicating close proximity of SALT! elements at some loci (Fig. 5.9). Bari-1, a recently
characterized Tcl-like element from D. melanogaster, has been found to be largely
clustered in regions of heterochromatin (Caizzi et al. 1993).

Interspecific variations in inter-SALT1 PCR banding patterns were numerous
with primer a, but only a single fragment length polymorphism was detected among 16
Atlantic salmon individuals chosen from Canada, Ireland and Scotland (Fig. 5.9).
Similar results were obtained with primer c, although single band shifts were detected
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Fig. 5.9. Autoradiograph of inter-SALT1 PCR of genomic DNA from Atlantic salmon
{lanes 1 to 10), other salmonids (lanes 11 to 15), and non-salmonid species (lanes 16
to 23). *?P-labelled primer a was used alone in the PCR reactions. One sample,
containing degraded DNA was not included in this figure (between lanes 7 and 8).
Amplification products in lanes 1 to 10, and lanes 11 to 23 were resolved on separate
gels. Atlantic salmon: lane I, Bay d’Espoir, Newfoundland; lanes 2, 3, LaHave R.,
Nova Scotia; lane 4, St. John’s R., New Brunswick: lane 5, Black Brook,
Newfoundland; lanes 6, 7, Ungava Bay, Quebec; lanes 8, 9, Almond R., Scotland; lane
10, Swilly R., Donegal, Treland. Brown trout, lane 11; chum salmon, lane 12; Japanese
charr, lane 13; masu salmon, lane 14; rainbow trout, lane 15; sea lamprey, lane 16;
dogfish shark, lane 17; skate, lane 18; sturgeon, lane 19; winter flounder, lane 20; Rana
sp, lane 21; mouse, lane 22; human, lane 23; control sample containing no DNA, lane
24. A fragment length polymorphism of approximately 460 bp is seen in Atlantic

salmon. Fragment sizes were i by i with a ing reaction

electrophoresed at the same time.
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in several individuals (Fig. 5.10). These results are consistent with the hypothesis that
extant Atlantic salmon populations are recently derived from a common population and
have colonized their present habitats since the last ice-age (see Davidson ct al, 1989),
These results also suggest that either insufficient time has elapsed for new transpositions
to have become fixed in the different populations or else these transposons are rarely
active.

Using primer a, inter-SALT1 PCR amplification products were obtained from
non-salmonid species including some other fish, an amphibian, mouse, and human. No
products were detected for dogfish shark, while those of lamprey and sturgeon were
faint and are not discernable in Fig. 5.9. However, primer ¢ generated products ranging
in number from 3 (lamprey) to over 20 (mouse), for every non-salmonid species
examined (Fig. 5.10). Some of these results are at variance with Southern blot analysis.
Although one cannot rule out the possibility that these primers may be generating
RAPDs (see Section 1.5.1) in some instances, the length of the primer and the high
annealing temperature of the PCR suggest that SALTI-related elements arc being
detected. Tcl-like elements appear, therefore, to be widespread in vertebrate genoines.

SALT! elements have achieved high copy number in salmonids. As shown by
densitometric analyses of ethidium bromide-stained gels, the two bands visible when
Atlantic salmon genomic DNA is digested with Ps/I (Fig. 4.1) account for over 0.2%
of the genome. Furthermore, when 3,600 recombinant clones of the AEMBL3 genomic

library were screened using Ssal28 as probe, 335 positive plaques were detected

ing 4 days of di ic exposure. If the average length of a phage insert
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Fig. 5.10. Autoradiograph of inter-SALT1 PCR of genomic DNA from Atlantic salmon
(lanes 1 to 17), other salmonids (lanes 18 to 22), and non-salmonid species (lanes 23
to 30). **P-labelled primer ¢ was used alone in the PCR reactions. Atlantic salmon:
lanes 1, 2, Bay d’Espoir, Newfoundland; lanes 3, 4, LaHave R., Nova Scotia; lanes 5
to 7; Gambo, Newfoundland; lanes 8, 9, Black Brook, Newfoundland; lane 10, Grand
Codroy, Newfoundland; lane 11, Scotland; lane 12, Lussa R., Scotland; lane 13, Scourie
fish hatchery, Scotland; lane 14, Scotland; lane 15, Owentogher R., Ireland; lane 16,
Swilly R., Donegal, Ireland; lane 17, L. Melvin, Ireland. Brown trout, lane 18; masu
salmon, lane 19; Arctic charr, lane 20; grayling, lane 21; whitefish, lane 22; sea
lamprey, lane 23; dogfish shark, lane 24; skate, lane 25; sturgeon, lane 26; winter
flounder, lane 27; Rana sp, lane 28; mouse, lane 29; human, lane 30. Lanes 1-15 and
lanes 16-30 were run on separate gels under the same conditions. A control sample
containing no DNA was also included and showed no signal (not shown in this figure).
Fragment length polymorphisms are indicated with arrows. The highly variant fragment
lengths in lanes 2, 7, and 17 may be artifacts caused by insufficient DNA being
included in the PCR reaction. Fragment sizes were determined by end-labelling HindIII

digested A DNA and X174 DNA cut with Haelll.
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is taken as 15 kb, and one assumes that there is only one SALT1 homologue per
positive clone, then SALT] elements comprise 0.9% of the Atlantic salmon DNA in
this library. These results translate into approximately 15,000 copies of the Tcl-like
element per haploid genome (based on a "c" value of 3.0 pg for salmonid fish;
Hinegardner and Rosen 1972). The high copy number in salmonids could have arisen
through chromosome duplication (Ohno et al. 1969; Ohno 1970), as well as
transposition.

The inferred amino acid sequence of the transposase of SALT1-SSall is more
similar to that of nematode Tcbl than to the corresponding sequence of hagfish Tesl
(32% and 26% identity, respectively). This observation, together with the uneven

of as d ined by Southern blot hybridization might suggest

that horizontal transmission to some fish species has occurred. On the other hand, Tcl-
like transposons may be pervasive in vertebrates, and only elements which have become
differentially amplified in some lineages have been detected. Interpretation of the
evolution of this group of transposons is further complicated by the possible existence

of several subfamilies, as seems to be the case in fish.

5.5 Summary

(1) A full length imzrsl;ersed element (designated SALT1-SSall), having
internal homology to the transposase (TclA) coding region of the Tcl family of
transposons, was isolated and characterized. The element is 1535 bp long and flanked
by degenerate inverted repeats whose 5’ and 3’ ends are similar in sequence to each

13



other.

(2) Homologous Psil fragments within the putative transposase coding regions
were isolated from an Atlantic salmon and individuals of other salmonid species. There

was

1 as well as i ies sequence variation in these Tcl
transposon-like elements.

(3) The full-length S. salar element described here is surprisingly divergent
from three other salmon Tcl-like sequences independently isolated by Radice et al.
(1994).

(4) Preliminary data suggest that this family of repeats is distributed among
many members of several diverse vertebrate lineages. Selective amplification or loss

of elements in certain lineages appears to have occurred.
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CHAPTER 6 THE NHEI REPEAT - RESULTS AND DISCUSSION

6.1 Sequences of Atlantic salmon Nhel repeats (ASNHESs)

This chapter presents the characterization of a 380-bp repetitive element that is
flanked by the recognition sequence for the restriction enzyme Nhel and is prevalent
within the genomes of the two species in the genus Salmo, Atlantic salmon and brown
trout. Members of this repeat family were cloned into pUCI8, and the sequences of 16
representative Atlantic salmon loci (ASNHEs) are shown in Fig. 6.1. The consensus
sequence (entered in GenBank as Acc. #125409) is 378 bp in length, but individual
variants range from 367 bp (ASNHES) to 388 bp (ASNHE23). The Nhel repeats
contain three perfect (1D, 3D, 4D) and two imperfect (2D, 5D) direct subrepeats, and
two perfect (11, 41) and four imperfect (21, 31, 51, 6]) inverted subrepeats. The latter
include palindromes and quasipalindromes (repeats separated by a short spacer) which
could potentially form cruciform structures. Short internal repeats have often been
reported in satellite DNA (Miklos and Gill 1982) and in SINE-like repeats (Kido et al.
1991). Several major deletion or insertion events have occurred and all are located at
internal subrepeat sites. The role of repeats in promoting local sequence excision has
been investigated in detail in prokaryotes (Collins 1980; Trinh and Sinden 1993) and
postulated to be a source of genetic instability in eukaryotes, possibly due to slipped-
strand mispairing between stretches of homologous sequence (Gordenin et al. 1993;
Ruskin and Fink 1993, and references therein).

The ASNHEs are A+T-rich (64%) and this is similar to satellitt DNA from carp
(63%; Datta et al. 1988) and pollock (65%; Denovan and Wright 1990). Individual

s



Fig. 6.1. C ison of the nucleotids of 16 cloned Niel Atlantic salmon

repeats (ASNHE) and their corresponding consensus sequence (AS Cons) shown above.
Nucleotides identical with the consensus sequence are shown by ".". Inserted gaps are
indicated as "-". The symbols 1I to 61 and 1D to 5D marked above the ASNHE
consensus sequence identify inverted and direct repeats, respectively. Recognition sites
for restriction enzymes are indicated above the consensus sequence, and those that are

present in only some variants are shown in brackets.
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copies are very similar to one another and 95% to 98% (the average is 96.3%) identical
to their consensus sequence (deletions or insertions being counted as single events).
This too appears to be a characteristic of DNA repeats from other fish species: pollock
(94% identity for 6 copies, Denovan and Wright 1990); zebrafish (95% identity for 13

copies, Ekker et al. 1992); and tilapia (98% identity for 7 copies, Wright 1989).

6.2 Genome organization of the Atlantic salmon Nkel repeat

Densif ic analyses of ph phic negatives of ethidium bromide stained
agarose gels indicated that the DNA constituting the Nhel 380-bp band peak accounted
for an average of 1.2 (£0.2)% of the total genomic DNA of three different salmon from
western Newfoundland rivers. Assuming a "c" value of 3.0 pg (Hinegardner and Rosen
1972), this suggests that there are approximately 10° copies of this repeat in the haploid
genome of Atlantic salmon.

Single sites for the restriction endonucleases Dral and Haelll and two sites for
Hpall, while present within the consensus sequence, have been lost from some copies
due to point mutations. Nhel and Dral, together with Ddel and Mbol (found in zll 16
copies), Rsal (found in only a small number of copies), and Hinfl, HindIIl and Bglll
(absent from all 16 copies sequenced) were used in a Southern blot analysis of genomic
DNA from a single Atlantic salmon. In the case of maxi-satellite DNA and tandemly
arranged repeats, one would expect to see a long ladder pattern of fragments due to
random loss of restriction sites from some monomer units. In Fig. 6.2, such a pattern
was clearly evident «nly for the Rsal digest, although the bands were not multimers of
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Fig. 6.2. Genomic organization of the Nhel repeat. Atlantic salmon DNA from a
single individual was digested with the restriction enzymes shown and subjected to
Southern blot analysis using the insert of plasmid clone ASNHE6 as the probe. The

size markers in kb are derived from the migration of A DNA cut with HindIII.
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380 bp. Southern blot analysis of partial Nkel digests of salmon DNA similarly failed
to generate hybridization patterns typical of tandemly repeated "satellite-like" DNA
(Fig. 6.3). Following long exposure of the Southern blots depicted in Figs. 6.5 and 6.9
(see below), faint hybridization bands above the Nhel monomer can be seen against an
intense background hybridization smear. Nevertheless, it appears that Nhel repeats arc
either arranged in very short tandem arrays or else represent internal fragments of a

longer, as yet unidentified, interspersed repeat.

6.3 Intra-specific variation of the Nhel repeat

As repeats have proven useful for detecting polymorphisms in fish DNA (see
Section 1.5.2), | tested for intraspecific genetic variation detectable by the Niel element.
Genomic DNA from a total of 22 Atlantic salmon originating from the LaHave R. in
Nova Scotia, six river systems of Newfoundland, four river systems of Scotland, and
five of Ireland was digested with the restriction enzymes HindIll, Hinfl, Mbol or Rsal
and subjected to Southern blot analysis. No variation in banding patterns of the Nhel
element was observed in these individuals from widely distributed populations (Fig.
6.4). On the other hand these individuals show considerable RFLP variation when
analyzed with probes from the Bg/l multi-locus repetitive DNA (see Section 4.5) and
from two minisatellite loci of Atlantic salmon (Sections 7.5 and 7.6). The Nhel repeat,
therefore, does not appear to be useful for population genetic studies in Atlantic

salmon.
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Fig. 6.3. Southern blot analysis of partial digests of salmon genomic DNA probed with
the DNA insert from ASNHE6. Aliquots in lanes 2 to 10 were digested for | hr at
37°C, with varying concentrations of Nhel, while digestion for lane | DNA was
permitted to continue overnight. Samples were electrophoresed in a 1.0% agarose gel,

and blotted to Biodyne nylon idization was under high

stringency conditions using the modified DNA hybridization protocol of the RCMP,
Ottawa (conditions were as described in Section 3.5, with the exception that washing
was at 65°C). Lanes from left to right: 20, 10, 5, 2.5, 1.25, 0.62, 0.31, 0.16, 0.08, and

0.04 units of Nhel.
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Fig. 6.4. Southern blot analysis of Atlantic salmon DNA from Newfoundland (NF).
Nova Scotia (NS), Scotland (SCOT), and Ireland (IRE) digested with Hindlll, Sau3A,
Rsal and Hinfl and probed with the inscrt of brown trout clone BTNHE68: A) lanes
1 to 23, HindlIl; lanes 24, 25, Sau3A; lanes 26, 27, Rsal; lanc 28, degraded DNA; B)
lanes 1 to 19, Rsal; lanes 20 to 28, Hinfl; C) lanes | to 10, Hinfl; lanes 11 to 28,

Sau3A.  Hybridization was under high stri iti using the

modified DNA hybridization protocol of the RCMP, Ottawa (conditions were as
described in Section 3.5, with the exception that washing was at 55°C). A) Lanes 1,2,
Bay D’Espoir, NF; lanes 3,4, LaHave R., NS; lanes 5 to 7, Gambo, NF; lane 8, Black
Br., NF; lane 9, Little R., NF; lane 10, Grand Codroy, NF; lanes 11, 12, East Placentia,
NF; lanes 13, SCOT; lane 14, Lussa R., SCOT; lane 15, Scourie Fish Hatchery, SCOT;
lane 16, SCOT; lane 17, Owentogher R., Donegal, IRE; lanc 18, Keewagh R., Donegal,
IRE; lanes 19, 20, Swilly R., Donegal, IRE; lane 21, L. Melvin, IRE; lane 22, Swilly
R., IRE; lane 23, Glen R., Donegal, IRE ; lanes 24 to 27; East Placentia, NI. B) Lanc
1, Bay D’Espoir, NF; lane 2, LaHave R., NS; lanes 3 to 5, Gambo, NF; lanc 6, Black
Br., NF; lane 7, Little R, NF; lane 8, Grand Codroy, NF; lanes 9, 10, East Placentia,
NF (DNA was degraded); lane 11, SCOT; lane 12, Lussa R., SCOT; lane 13, Scourie
Fish Hatchery, SCOT; lane 14, Owentogher R., IRE; lane 15, Keewagh R., IRE; lanes
16 to 17, Swilly R., IRE; lane 18, L. Melvin, IRE; lane 19, Glen R., IRE (DNA was
degraded); lanes 20 to 28, same as lanes | to 9. C) lanes 1 to 10, same as A) lanes
10 to 19; lanes 11 to 28, same as A) lanes 1 to 19. Size markers are HindIIl-cut A
DNA.
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6.4 Species distribution of salmon Niel-like sequences

The distribution in other fish species of DNA scquences related to the Atlantic
salmon Nkel repeats was determined by Southern blot analysis. There was strong
hybridization of the probe to DNA from brown trout. A weak signal was detected
(after low stringency washes) with DNA from other Salmoninae species but this was
more intense than the faint, and probably non-specific, background hybridization
exhibited by DNA from the non-Salmoninae fishes, including the Salmonidac specics
grayling and whitefish (Fig. 6.5). Therefore, it appears that this repetitive clement is

found primarily in the genus Salmo.

6.5 Sequence analyses of Salmo Nhel repeats

Seven hybrid recombinant plasmids containing Nhel repeats from brown trout
were isolated and the sequences of the inserts were determined (Fig. 6.6). The
relationships among the sequences of the sixteen ASNHEs and the seven brown trout
Nhel repeats (BTNHES) were examined using the PHYLIP package. Fig. 6.7 shows the
results of this analysis and indicates that the individual repeats do not fail into species-
specific groups. Rather, it appears that there arc subfamilics of Nhel repeats and these
families are found in both species of the genus Sa/mo. This result, taken with the
observation that the Nhel repeat is not a major element in Oncorhynchus or Salvelinus
species, suggests that there was an cxpansion of the Nhel family of scquences in the
arcestor of Atlantic salmon and brown trout after the split between Salmo and the other
genera in the Salmonidae.
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Fig. 6.5. Zoo blot analysis of the taxonomic distribution of Nhel elements. Genomic
DNA was digested with kel and the insert from clone ASNHE6 was used as the
probe. Lanes 1, Atlantic salmon; 2, brown trout; 3, coho salmon; 4, chum salmon; 5,
masu salmon; 6, rainbow trout; 7, Arctic charr; 8, Japanese charr; 9, brook trout; 10,
grayling; 11, whitefish; 12, sea lamprey; 13, dogfish shark; 14, Atlantic cod; 15, cunner;
16, Rana sp.; 17, gannet; 18, caribou; 19, human. The restriction enzyme has failed to
hydrolyze brook trout DNA (lane 9). Hybridization was at low stringency (see Section

3.5).

127



123456 78 91011 121314151617 18 19

23.1

-
2.4 "
6.6

4.4

2.3 ~=
20 -

06 =

128



Fig. 6.6. C ison of the i of 7 cloned Nhel Brown trout salmon
repeats (BTNHE), their correspunding consensus sequence (BT Cons) shown above, and
the ASNHE consensus (AS Cons; see Fig. 6.1). Dots indicate that the sequence is

identical to that of the BTNHE consensus and dashes indicate deletions.
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Fig. 6.7. Relationships of the ASNHE and BTNHE sequences analyzed with the
phylogenetic package PHYLIP. The tree in A) was generated with a nearest néighhour-
joining algorithm (program NEIGHBOR), and in B) with Fitch-Margoliash and least
squares methods (program FITCH). Numbers above the branches refer to the number

of times cach branch was supported after 100 bootstraps (program SEQBOOT).
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A comparison of the ASNHE consensus sequence with DNA sequence databases
revealed the presence of similar sequences immediately downstream of the 5 inverted
repeat of a Tcl transposon-like element from Atlantic salmon (Radice, Bugaj and
Emmons, unpub. data, GenBank Acc. #L.12206) (see Fig. 6.8). This Tcl-like transposon
is markedly similar (93% over the 972 bp for which the sequence is available) to the
Tel-like sequence inserted upstream from the anticipated transcription start site of an
Atlantic salmon ependymin gene (Miiller-Schmid et al. 1992; see Section 5.2). The
main difference between the Tcl-like sequences of the ependymin gene and #L12206
is an insertion of 1424 bp into the 5° terminus of the #1.12206 sequence. It is within
this insert that the sequence showing similarity to the ASNHE consensus is found. The
location of the 5° end of the Tcl-like eleraent, as ‘dentified in this GenBank entry,
appears to be incorrect. The reason for believing this is that the inverted repeat, as
shown in Fig. 6.8, is duplicated at the 3’ end (Fig. 6.3) and it also shows homology
with the inverted repeats of two other Tcl-like elements from Atlantic salmon isolated
by the above researchers (GenBank Acc. #L12207 and #L12208, and Fig. 5.4) and of
SALT1-SSall (Section 5.2). Precedents exist for tandem repeass contained within
inverted repeats or within the body of mobile elements (Martienssen and Baulcombe
1989, Hankeln et al. 1994, and references therein).

There is one complete copy and part of another ASNHE-related sequence within
the 1424-bp insert of #L12206. The first copy is about 70% identical to the ASNHE
consensus sequence. Adjoining this first copy is part of a second ASNHE-related
sequence that is 67% identical over the first 150 bp; from there the similarity ends.
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Fig. 6.8. Comparison of the sequences of part of the Tel transposon-like sequence
identified by Radice et al. (1994)(SmoTcllt, GenBank Acc. #1.12206). the Tel-like
element upstream of the Atlantic salmon ependymin gene (Ssepd; Miiller-Schmid ct al,
1992), and two copies of the ASNHE consensus sequence. The reverse complement
sequences of the two Tcl-like elements are shown. Dots indicate indentical bases and
dashes indicate deletions. The two inverted repeats flanking the 1424-bp fragment
inserted into SmoTcllt (A and B) and the inverted repeat at the 5* end of the Tcl-like
element (C) are underlined. The 6-bp palindrome sequence (GTTAAC) at the point of

insertion has been underlined a sccond time.
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The 1424-bp inserted fragment is flanked by 30-bp imperfect inverted repeats having
the palindromic sequence GTTAAC at their terminal ends. GTTAAC is the recognition
sequence for Hpal and when Atlantic salmon DNA is reacted with this enzyme it yiclds
a band of approximately 1470 bp (Fig. 4.1) that hybridized to ASNHE6 (Fig. 6.9).
Only one copy of this palindrome is found at the corresponding site in the Tcl-like
sequence in the salmon ependymin gene (Fig. 6.8). Short inverted terminal repeats and
duplication of the sequence at the point of insertion are characteristics of Class I
transposable elements. No sequence similarity was found between the 1424-bp insert

and any known Class II element. Furthermore, it seems unlikely that this sequence

encodes a usually i with these as the longest open
reading frame is less than 60 amino acids. 1f the 1424-bp sequence is a relic of a once
active transposon, and a member of the ASNHE family of repeats happened to become
inserted in this transposon when it was active, this could account for the expansion and

spread of these sequences in the ancestor of the Atlantic salmon and brown trout.

6.6 Summary

(1) The genomes of the two species in the genus Salmo contain a 380-bp
repetitive element flanked by the recognition sequence of Nhel. Repeat copics comprise
more than 1.2% of the Atlantic salmon genome and do not exist in long tandem arrays
as is typical of maxi-satellite DNA.

(2) A comparison of the sequences of 16 salmon and 7 trout elements revealed
that subfamily structure exists and there is evidence that members of the same
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Fig. 6.9. Southern blot analysis of Atlantic salmon DNA digested with the same
enzymes as shown in Fig. 4.1 and probed with the insert of BTNHE68. No specific
hybridization has occurred to the bright bands evident in Fig. 4.1, with the exception

of the 380-bp band of Nhel and the 1470-bp band of Hpal (shown by arrows).
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subfamilies are found in both species.

(3) A scarch of the GenBank database indicated that sequences homologous to
the Nhel repeat are located within a 1424-bp segment inserted near the 5” end of a Tcl-
like sequence from Atlantic salmon (Radice et al. 1994). The segment is flanked by
inverted repeats and there appears to have been a target site duplication at the point of

insertion.
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CHAPTER 7. MINISATELLITE FAMILIES - RESULTS AND DISCUSSION

7.1 Introduction

Due to the high degree of variablity of VNTR loci and their potential value as
genetic markers for stock and individual identification and for gene mapping (see
Section 1.5), I sought to identify representatives of mini- and microsatellite repeat
families from Atlantic salmon. These were isolated by means not dependent upon the
use of mammalian minisatellite. DNA probes. Some were obtained while isolating
fluorescent-bright bands as described in previous chapters. While a majority of clones
obtained from the bands included either monomer units of tandemly repcated DNA, or

sequence fragments internal to interspersed repetitive elements, a minority of

clones contained unrelated d DNA. Some of this DNA includcd
minisatellite arrays and simple sequence (microsatellite) repeats. The present study
represents the first detailed study of different families of minisatellite-like repeats in a
lower vertebrate.

To further investigate these interspersed tandem repeat loci, a total of 1620
plaques of the Atlantic salmon AEMBL3 genomic DNA library were screened with the
salmon DNA insert of a previously isolated minisatellite clone, SsPstlL.26 (Fig. 7.1E).
Following 6 days of exposure, hybridization to almost 700 (43%) of the plaques was
detectable. Assuming the length of a phage insert is 15 kb and that there was only one
locus per insert, this would indicate approximately 85,000 minisatellite loci related in
sequence to SsPstIL.26 per haploid genome. It is possible, however, that the probe is
detecting some similar sequence in otherwise divergent repeats.
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Fig. 7.1. Sequences of minisatellite arrays isolated from Atlantic salmon. Dots indicate
that the sequence is identical to that of the consensus (in bold), and dashes indicate
deletions.  Dircct repeats are shown above the consensus sequences and restriction

endonuclease recognition sites are indicated. Palind are i q was

not obtainable for stretches of SsBglllU.20 and SsSaclU.44. GenBank accession
numbers are shown beside cach sequence name. One clone, SsBglIIL.6, is a dimeric
repeat, its (wo units aligned here, and designated as 6a and 6b (1D). A homologous

clone, SsBgllIL.27, contains a single monomer unit.
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©) SsaluIl6.70 (KL31535)

A) §sBgLIIU.20 (#L31537)

~oor Hasirt
Gaec

D) SsBglIIL. (#L31533)

E) $sPstIL.26 (HL31534)

B) SsSaclU.4d4 (#L31536)
CTOTAGGTGGAGGTATAGAGGTATGGGA
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Next, duplicate plaque were d with radiolabelled poly(dA-

dC)poly(dG-dT) DNA (Pharmacia), but positive plaques were much fainter and difficult
to discern following a similar exposure time. Nevertheless, 46 recombinant plaques
were detected, and 24 of these had previously been detected by the SsPstIL.26 probe.
DNA from 14 of these 24 phage clones was isolated and confirmed to be positive for
both probes by Southern hybridization analysis. The DNA was next digested with Alul
or Pall and the fragments subcloned into pUCI8. In this way, four repeat loci were
identified and sequenced: two (SsAlul16.62, Fig. 7.2D and SsAlul11.37, Fig 7.2H)
were identified by both probes, and two (SsAlul17.5, Fig. 7.2A and SsHaelll14.20, Fig.

7.2C) only by the poly(dA-dC)poly(dG-dT) DNA.

7.2 The Isolation of microsatellite arrays

It has been estimated that the Atlantic salmon haploid genome contains 31,000
(Slettan et al. 1993) to 100,000 (Hamada et al. 1982) (GT), microsatellite loci, assuming
ahaploid genome size of 3x10° bp (Hinegardner and Rosen 1972). Estoup et al. (1993)
estimated 109,000 copies to be present in the genome of brown trout. The relative
abundances of different simple sequence repeat motifs in fish are not known.
Dinucleotide arrays isolated in the present study were either of the form (CA),(GT),
or (GA),(CT),. Surveying the EMBL and GenBank databases, Beckmann and Weber
(1992) also found (CA),(GT),, fellowed by (GA),(CT), sequences, to be most prevalent
in rats. (For humans, however, (A),(GT), and (CA),(GT), arrays were the most
common).
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Fig. 7.2. Sequences of repetitive elements isolated from Atlantic salmon. Microsatellite
arrays arc shown in bold. Identical nucleotides arc shown by "|", and dircct repeats are
indicated by a line above the sequence. Palindromes arc underlined. For SsBgllIM.26
(2G) inverted repeats are shown above the sequence. Scquence was not obtained for

internal sections of SsSaclU.24 (2B) and SsBgll[U.48 (2E).
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A) SoALuIl7.5  (#U10048)

CGCACCAGETGTAT

111 ! TTTTIT 11
I

GTCGTTTGTTGCTATGACTGTAAGAGCT

B) SsSacIU.24  (#1110049, $U10468)

A
GTGG

.. gap of
approx. 220 nt..

©) SsllaeIII14.20 (KU10050)

ANTCACACAGTCAAGATGAC

AACTTCATTATTAARATGTC

11171 1

TTAAATCCAAAAGTGACATCAGGCC
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D) SsAlull6.62 (#U11503)

AT
ML LTLEL T
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ARAGTAGTGCACTA'
TTGAACACAGAGGC

GGTATTTAAAAATAGTATTTGAAATAAGTATTTGARAATACTGTCAAATACAATTTGGTAGTCTATTTGTATTTTTANTT
TGTTACTAAAAACCATTTARATACTTAAACAARAGTACTTATTTTGGGCTTATAGETTTATTTATTTATCANTTTCATCC

3

SsBglIIU.48  (#U10052, #U10469)

T LI

CAGAD

|
STCTGANTTCTCA?
AAAARATGTACCCGATTTANTCTGGTTACTAATCCTACCCAGT

approx. 650 nt

F) SsHpaIl.2d (#U11502)

LTI 1Tl

16EEEET

G) SsBgl1IM.26 (HUL0051)

G ACTTGACTGAGTT,
T1C




Imperfect arrays of tetranucleotide motifs were also detected in Atlantic salmon.
Short clusters of (GACA),/(GGCA), are in the 3’ region of the complementary strand
of SsAlul16.62 (Fig. 7.2D). Clone 3sStul6.62 (Fig. 7.3A) contains a degenerate array
of the (AGCT), quartet close by a pyrimidine-rich region. An analogous repeat
environment exists in a stretch of DNA downstream of the . salar growth hormone

gene [ (Fig 7.3B, GenBank Acc. #X61938; R. Male et. al., unpub.).

7.3 Different minisatellite families

The sequences shown in Fig. 7.1 are internal portions of longer tandem arrays.
Their cloning was made possible by fortuitous mutations in some monomer units. On
the other hand, sequences presented in Figs. 7.2 to 7.4 include short tandem arrays
together with flanking sequence. It is possible that these are precursor units which

could eventually be expanded into longer arrays through mechanisms of replication

slippage, or unequal ing- . Certain sequence features suggest
modes of evolution of these tandem arrays.

Repeat units of the tandem arrays range in size from 28 nt (SsPstIL.26, Fig.
7.1E) to 59 nt (SsBglllU.48, Fig. 7.2E). 1 search of the EMBL and GenBank
databases using FASTA (Pearson and Lipman 1988) and the BLAST network service
(Altschul et al. 1990) failed to find sequences with significant similarity to any of the
cloned repeats. The repeats were examined for the presence of core sequences
characteristic of many other eukaryote minisatellites. The presence of a core region

(GGGCAGGAXG) within minisatellite monomer units having similarity to the E. coli
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Fig. 7.3. Two similar repetitive elements isolated from Atlantic salmon and containing

(ACGT), leotide and pyrimidine di ide repeats (shown in
bold). A) SsStul6.62, sequence from the 3’ end of a cloned Stul fragment containing
a portion of the SALTI-SSall transposon-like elernent (see Section 3.3.3). B) SSGGH,
sequence downstream of the 3’ end of the S. salar growth hormone gene | (GenBank

Acc. #X61938; R. Male et al., unpub).
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Acc. #%61938)
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Fig. 7.4. Sequence of clone SsPstIL.48, isolated from Atlantic salmon. Other similar
sequences shown are: Tesl, a portion of a Tcl transposon-like element from hagfish
(Heierhorst et al. 1992); SALT1-SSall (see section 5.1); sequence immediately 3" of
a SINE element present in the genome of coho salmon (Hpa(OK)-51), but absent from
the same locus in kokanee salmon (Hpa(ON)-51)(Murata ct al. 1993): Bufo bufo B13.2,
sequence downstream of a microsatellite locus in European toad (GenBank Acc.

#U05292, Scribner et al. 1994).
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"Chi" recombination signal prompted Jeffreys et al. (1985a) to propose that thesc
repeats are "hotspots” for recombination. As summarized by Wright (1993), the motif
C/GAGG is shared by many of the minisatellites isolated to date. As the original
sequences (33.6 and 33.15) of Jeffreys et al. (1985a) were most often used as probes
for their isolation this is to be expected. The C/GAGG motif is present in SsAlul16.70,

SsBgllIL, SsPstIL.26, SsAlull7.5, SsAlull6.62, SsHpall.24, and SsPstlL48. A

of the of the other Atlantic salmon tandem repeat
sequences does not reveal a common core region similar to that of Jeffreys et al.
(1985a) or similar to other types of minisatellites, including those with (AT)-rich units,
which have been isolated from human and murine genomes (sce Vogt (1990) for
review). I conclude that some of the salmon sequences represent previously
uncharacterized repeat families.

All repeat arrays contain internal short direct repeats 2 to 6 nt in length.
Deletions within the monomer units of arrays shown in Fig. 7.1 tend to be localized at
these short repeats. Short direct repeats have been associated with deletions in a variety
of organisms, both prokaryote and eukaryote (Thacker et al. 1992; Trinh and Sinden
1993, and references therein). The presence of short tandem repeats within longer

repeats such as SsSaclU.44, SsBglIIL.6, and SsPStIL.26 also implicates slipped-strand

asa ism i in ion of their unit sequence (Levinson and

Gutman 1987).
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7.4 The junctions of minisatellite arrays - association with other repeat
types

The fact that SsPstiL.26 and poly(dA-dC)poly(dG-dT) DNA cohybridize to
recombinant phage of the salmon genomic AEMBL3 library, together with sequencing
results presented in Figs. 7.2 to 7.4, suggests that microsatellite dinucleotide arrays are
associated with short, tandem repeats at many loci in salmon. Bentzen and Wright
(1993) have also identified a cryptic microsatellite present near the 3’ end of a
minisatellite array in Atlantic salmon,

Evidence for the iation of mi ites with mini . in

other organisms is anecdotal and involves, for the most part, minisatellite repeat units
harbouring short stretches of simple sequence. One family of interspersed tandem
repeals in cattle possesses a 29-bp core sequence ending in variable (GT), arrays (Kashi
et al. 1990), a phenomenon enalogous to that of the SsAlul17.5 element (Fig. 7.2A).
Human VNTR alleles with internal di- and tri-nucleotide arrays have been characterised
(Armour et al. 1992; Iwasaki et al. 1992).

Levinson and Guiman (1987) propose a process of rounds of slipped-strand

rounds of

mispairing for the initial ion of mi ites and then

SSMi d with ional events for the production of mini: ites. It has also

been suggested that unequal crossing-over plays a role in the evolution of longer
tandem repeat motifs from simpler short ones when a minisatellite tandem array has
reached a particular size. Wright (1994) has also presented a case for microsatellites
as the progenitors of minisatellites. The presence of simple sequence muotifs within the
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monomer units of minisatellite arrays would support this scenario. It is not
unreasonable to suggest that the repeat units of SsAlul17.5 (Fig. 7.2A) or SsSaclU.24
(Fig. 7.2B) have been amplified from d(GT)d(CA) dinucleotides. It is less clear that
the long microsatellite arrays shown in Figures 7.2B-D and Fig. 7.4 have becn involved
in the birth of their minisatellite-like neighbours. In this case, one might expect to see
a zone of transition through which microrepeats are gradually cxpanded. Rather, 1
failed to detect simple sequence arrays contiguous with minisatellite repeats, the two
being separated instead by unique sequence. While SSM may be involved in the
generation of short sequence repeats, recombination may act to bring unrclated repeat
types into juxtaposition. The power of d(GT), dinucleotide tracts to promote
homologous recombination through the ability to form lefi-handed Z-form DNA has
been demonstrated (Treco and Arnheim 1986; Wahls et al. 1990).

Furthermore, in Figures 7.2 to 7.4, palindromes and quasipalindromes (repeats
separated by a short spacer) tend to be found near the junctions of tandem arrays and
their flanking DNA. The minisatellite array from Atlantic salmon described by Bentzen
and Wright (1993) also has imperfect inverted repeats near its 5’
(CGACCAGAAGGTCG) and 3’ (AGAAAACTACACCTAGCAGTTGTCT) cnds
capable of forming cruciform structures. Palindromes have been variously associated
with increased recombination, DNA amplification, and local sequence excision
(reviewed in Reed et al. 1994). Other studies have detected palindromes at sites of
recombination in satellite DNA (Kiyama et al. 1987; Plohl and Ugarkovié 1994). It has
been proposed that these could form cruciform structures which might be involved in
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recognition by some recombination enzyme (Hyrien et al. 1987, and references therein).

7.5 Characterization of SsPstIL.48

and

In humans it is not unusual to find
adjacent to other interspersed repeats (Das et al. 1987; Armour et al. 1989, Rogaev
1990). By searching the DNA databases, Beckmann and Weber (1992) identified many
human microsatellite sequences close to A/u repeats. In the case of Atlantic salmon,
several repeat types were found to be juxtaposed at the SsPstll.48 locus (Fig. 7.4).

As discussed in Chapter 5, digestion of Atlantic salmon genomic DNA with Pstl
produces two visible bands of 58 pand 800 bp following electrophoresis and staining
with ethidium bromide. DNA n these bands corresponds to regions internal to the Tcl
transposon-like SALT1 e’ :ent. Clone SsPstiL.48 (Fig. 7.4) was isolated from the
580-bp band. A ser . of the GenBank database revealed that 220 bp at its 3’ end
showed greatest « uence identity with a portion of the Tc1-like element (Tes1) isolated

from Pacific hagfish (65%; Heierhorst et al. 1992) and to lesser degree with the Uhu

posos of Drosophila (54%; i et al 1990). Similarity with the SALT1-
SSall homologous sequence was 58 percent.
Unrelated sequence appears to have been inserted into the coding region of
SALT 1-related sequence of SsPstiL.48, perhaps by means of recombination between
non-orthologous repeat loci. The 5* end contains an imperfect (CT), microsatellite
followed by three 48 bp tandem repeats. A quasipalindrome exists at the junction of
these two repeat types.
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Unexpectedly, a43-nt stretch between the last tandem repeat and the start of the
SALT! homologous region of SsPstIL.48 is 95% identical with sequence immediately
3’, but not part of a SINE element (Hpa OK-51) of coho salmon (Oncorhynchus
kisutch). (An orthologous locus, Hpa ON-51, in kokanee salmon (0. nerka) is missing
the SINE (Murata et al. 1993)). There also exists close similarity with a region 65 bp
from the start of a (GT), microsatellite locus in the European toad (Bufo bufo; Scribner
et al. 1994; GenBank Acc. #U05292). No explanation can be offered for the
convergence of these three taxonomically diverse sequences.

To investigate intraspecific variation in the SsPstIL.48 locus, two oligonucleotide

primers were synthesized, one upstream of the 5° mi ite, and the other

within the SALT1 homologous region (Table 3.1 and Fig. 7.4). The latter primer was
end-labelled with [y-?PJATP, and both primers were used for PCR amplification of
DNA from salmon of Canada, Ireland and Scotland (see Section 3.4.3). Dimeric bands
differing in size by only a few nucleotides were resolved in some individuals (Fig. 7.5).
These individuals may be heterozygous for this locus, having lost one or two
dinucleotide repeats from a single allele. Single bands differing in size by mere than
30 nt were also generated for a few individuals, heterozygotes with longer allelic
deletions. In all cases the upper bands were longer than the PCR product generated by
amplification of plasmid DNA (Fig. 7.5, lane 1). Itis unclear if this discrepancy is due

to a deletion artifact generated during cloning of SsPstIL.48.
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Fig. 7.5. PCR amplificd alleles of the SsPstIL.48 locus in salmon of Newfoundland,
Ircland, and Scotland. SsPstIL.48 plasmid DNA: lanc | (and size indicated by an
arrow). Atlantic salmon: lanes 2 to 4, Hatchery Brook. Newfoundland; lane 5, Conne
R., Newfoundland; lanes 6 to 8, LaHave, Nova Scotia; lanes 9, 10, Black Brook,
Newfoundland; lanes 11, 12, Little R., Newfoundland; lanes 13, 14, Grand Codroy R.,
Newfoundland; lanes 15 to 17, Gambo R., Newfoundland; lanes 18 to 22, Scotland;
lane 23, Owentogher R., Donegal, Ireland; lanes 24, 25, Ray R., Donegal, Ireland; lanes
26 10 28, Swilley R., Doncgal, Ireland; lane 29, L. Melvin, Ireland. The 564-bp marker
shown was derived from the comigration of end-labelled Hindlll digested A DNA.
Under these PCR conditions (see Section 3.4.2) no amplification products were detected
for brown trout, masu salmon, Arctic charr, chum salmon, grayling, whitefish, sea
lamprey. shark, skate, sturgeon, winter flounder, Rana sp., mouse, or human DNA, nor
were products detected for a control reaction from which DNA was excluded (not

shown).
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7.6 P ic Distribution of the

To ine the phylogenetic distribution of the mini: ite elements shown
in Fig. 7.1 and so provide evidence for their relative times of amplification and their
organization within salmonid genomes, restriction enzyme digests of genomic DNA
from salmonid and other fish species, together with Rana sp., bird and human were
subjected to Southern blot analysis under low stringency conditions.

In Fig. 7.6A, Atlantic salmon DNA was digested with different restriction
endonucleases and probed with the insert of SsBglIIU.20. Pall completely digests each
array at a site internal to the monomer units (lane 1); these have run off the gel and no
hybridization is seen. Sau3Al, on the other hand, cut infrequently within the repeat
array generating a multi-banded fingerprint pattern (lane 3). When digested with AZul,
which does not cut within the repeat units of SsBgllIU.20, a small number of bands
were detected (lane 5).

Hybridization bands for SsBgllIU.20 were found for other species of the
Salmoninae subfamily, including brown trout, Arctic charr, rainbow trout, masu salmon,
and chum salmon (the latter appearing as an intense smear), but not Japansse charr or
brook charr. (Small molecular weight fragments from the latter two species could have
been lost from the bottom of the gel). SsBglIIU.20 repetitive DNA was not detected
in whitefish or Arctic grayling and must, therefore, have appeared subsequent to the

i of the Salmoni: ily from the rest of the Salmonidae species,

probably prior to the Pliocene period. Fossil records for Salmonidae in general are
sparse, but a fossil of the genus Salvelinus dating from 10 million years ago (Ma) has
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Fig. 7.6. Zoo blot analysis for SsBglllU.20. Lanes t to 5. Atlantic salmon, digested
with Pall, Rsal, Sau3A, Sacl, and Alul; 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 to 12 was digested with Alul. Other species tested and showing no DNA
hybrization included sea lamprey, dogfish shark, skate, Atlantic sturgeon, Atlantic cod,

winter flounder, Rana sp., gannet, and human. Hybridization was at low stringency.
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been identified (Smith et al. 1982). The Oncorhynchus lineage arose more than 6 Ma
(Behnke 1992; Stearley and Smith 1993).

A typical multi-banded fingerprint pattern was produced when the insert of
SsBglIIL.6 was hybridized to S. salar DNA cut with Alul (Fig. 7.7, lanc 2); Pall
digestion yielded strongly hybridizing bands of low molecular weight (lane 1). The
presence of these two restriction sites in some SsBgllIL.6 repeats (sec Fig. 7.1D) would
tend to increase the number of hybrization bands by dissecting repeat arrays. Faint
hybridization bands were also detected for Arctic charr, sea lamprey, Atlantic cod, and
winter flounder, but the probe may be detecting unrelated repeats having some internal
sequence similarity in these distantly related fish species.

An oligonucleotide probe based on the sequence of SsSaclU.44 strongly
hybridized to Atlantic salmon high molecular weight DNA. remaining in the well and
to a Pall fragment greater than 23 kb in length (Fig. 7.8, lane 1). Several fainter and

shorter fragments were also seen both for Atlantic salmon and some other species of

the i i The continued presence of high molccular weight bands

using other restriction endonucleases confirmed that SsSaclU.44 exists in very long
tandem arrays at a small number of loci (Fig. 7.9). Alul appeared to cut all monomer
units; no probe hybridization was detected when genomic DNA was cut with this
enzyme (data not shown). Hybridization to DNA of brown trout was not detected,
although very faint bands were seen for other species of the Salmonidae, including
whitefish.  Therefore, amplification of both SsBgllIL.6 and SsSaclU.44 repeat
sequences to high copy number and long arrays has occurred within the genome of S
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Fig. 7.7. Zoo blot analysis of the distribution of SsBglIIL.6 in fish and other vertebrate
species. DNA was digested with Pall (lane 1) and Alul (lanes 2-19). Lanes 1, Atlantic
salmon; 2, Atlantic salmon; 3, brown trout; 4, chum salmon; 5, masu salmon; 6,
rainbow trout; 7, Arctic charr; 8, grayling; 9, whitefish; 10, sea lamprey; 11, dogfish
shark; 12, skate; 13, Atlantic sturgeon; 14, Atlantic cod; 15, winter flounder; 16, Rana

sp.; 17, gannet; 18, mouse; 19, human.
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Fig. 7.8. Zoo blot analysis for SsSacIU.44 oligonucleotide probe (seec Table 3.1).

Hybridization was under low stril itions (see Section 3.5). Only

species of the subfamily Salmoninae are shown. 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. Other species tested and
showing no DNA hybridization included sea lamprey, dogfish shark, skate, Atlantic
sturgeon, Atlantic cod, winter flounder, Rana sp., and human. All DNA was digested

with Pall.
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Fig. 7.9. Southern blot analysis of Atlantic salmon DNA digested with the same
enzymes as in Fig. 4.1 and probed with the oligonucleotide probe of SsSaclU44.
Hybridization was performed under high stringency conditions using the modified DNA
hybridization protocol of the RCMP, Ottawa (conditions were as described in Section
3.6. Washing was at 60°C). Because Alul cut within each monomer unit no probe

hybridization was detected in lane 1.
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salar following its divergence from that of S. trutta.

The insert from clone SsAlul16.70 yielded distinct hybridization bands for all
charr, trout and salmon species tested (Fig. 7.10). Detection in whitefish suggests the
presence of this repeat prior to the Salmoninae subfamily split. Eosalmo of the Eocene

period (45 Ma) is the most primitive salmonine known (Wilson 1974; Stearley and

Smith 1993). Hybridization (o DNA of Imonid appeared as smears without

discernible banding; it is not certain if the signal derived from non-specific binding.

SsPst[L.26 (Fig. 7.11) generated strong multi-; ints in all
species; following long exposure of 6 days, hybridization was detected for almost all
other species tested. However, significantly weaker signal indicates considerable
sequence divergence of the repeat loci being detected in the non-Salmoninae lineages.
Among the greater than 35 bands visible for Atlantic salmom, there is considerable

intrapopulation VNTR variation, even under hybridizati itions of high

(Fig. 7.12B, and data not shown). This repeat sequence, therefore, promises to be

valuable as a general multilocus fingerprinting probe for salmon and charr species.

7.7 Use of SsBgHIU.20 as a probe for the analysis of population structure

Under high stringex.c; hybridization conditions, BgllTU.20 will not hybridize to
non-Salmo species. Furthermore, in brown trout only two or fewer fragments are
detected, each less than 3 kb in size (Fig. 7.12A, lanes 10 and 11, and data not shown),
indicating selective amplification of this repeat sequence to higher copy number and
longer arrays within the genome of S. salar following its divergence from S. trutta.
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Fig. 7.10. Zoo blot analysis for SsAlul16.70. Lanes I, 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; 10, whitefish; 11, sea lamprey; 12, dogfish shark; 13, skate;
14, Atlantic sturgeon; 15, Atlantic cod; 16, winter flounder; 17, Rana sp.; 18, human.
All DNA was digested with Pall. Although no hybridization is apparent for grayling
(lane 9), it should be noted that comparatively less DNA was used. The markers shown

are A DNA cut with HindIll and *P-labelled.
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Fig. 7.11. Zoo blot analysis for SsPstIL.26. Lanes 1, Japanese charr; 2, Atlantic
salmon; 3, brown trout; 4, Arctic charr; S, brook charr; 6, rainbow trout; 7, masu
salmon; 8, chum salmon; 9, grayling; 10, whitefish; 11, sea lamprey; 12, dogfish shark:
13, skate; 14, Atlantic sturgeon; 15, winter flounder; 16, Rana sp.; 17, gannct; 18,
human; 19, Atlantic cod. All DNA was digested with Pall. Hybridization was at low
stringency. No hybridization is seen for gannet (lane 17), but the DNA from this

sample was degraded.
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Fig. 7.12. Analysis of genomic DNA from Atlantic salmon of Eastern Canada and
Ireland.  A) DNA was digested with 4lul and probed with SsBgllIU.20. Atlantic
salmon: lane 1, Little R,, Newfoundland; lane 2, Grand Codroy R., Newfoundland:
lanes 3 to 5, LaHave R., Nova Scotia; lanes 6 to 7, Owentogher R., Doncgal, Ireland:
lane 8, Ray R., Donegal; lane 9, Swilley R., Donegal; lanc 10, brown trout,
Newfoundland; lane 11, brown trout, Ireland. B) DNA of Atlantic salmon digested
with Pall and probed with SsPstIL.26. Lanes 1, 2, Lalave, Nova Scotia: lane 3, Little
R., Newfoundland; lane 4, Grand Codroy, Newfoundland; lane 5, Owentogher R.,
Donegal; lane 6, Ray R., Donegal. Hybridization was at high stringency (sce Scction

5.6).
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The segregation of loci detected by SsBglllU.20 was examined in family
pedigrees of female Atlantic salmon and male brown trout parents and their F1 hybrid
offspring (McGowan and Davidson 1992). The results of all crosses were as predicted
for Mendelian inheritance. Germline stability of the minisatellite loci was demonstrated
by all crosses tested. Results for one cross are shown in Fig. 7.13. Since the
SsBgllIU.20 probe would not hybridize to the DNA of the particular brown trout
individual shown here, all bands observed in the offspring are derived from the S. salar
mother. However, strong linkage between DNA hybridization fragments detects
clustering of repeat arrays at some loci.

Hybridization of the SsBgllIU.20 probe to DNA of Atlantic salmon digested
with Alul generates from one to over ten polymorphic bands (most greater than 2.5 kb
in length, but a second tier of fainter and more diffuse bands less than 1.5 kb may be
seen; Fig. 7.12A). It was considered, therefore, that this probe might detect
ponulation-level markers in a species which reveals only limited genetic variability with
isozyme or mitochondrial DNA analysis (Davidson et al. 1989) and rDNA RFLPs
(Cutler et al. 1991). To test this idea, DNA of 56 salmon from Ireland and 7 from
Scotland, and 87 salmon from Newfoundland and 14 from mainland Canada was
digested with Alul and subjected to Southern blot analysis under high stringency
conditions. A "genotype" was assigned to each individual fish based on its overall
composite multilocus banding pattern (bands less that 1.5 kb in length were ignored as
difficult to score). Most of the genotypes of British salmon were individual-specific.
With one exception, no Canadian genotype was found in fish of British origin (Table
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Fig. 7.13. Analysis of genomic DNA from F1 offspring (lanes 2 to 13) and parents of
a female Atlantic salmon (16342, lane 1) X male brown trout (1619d. lane |4) hybrid
cross (samples were a gift from C. McGowan). DNA was digested with A/ul and

probed with the insert of SsBgllIU.20. Hybridization was at high stringency.
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Number of

Individual-
SAMPLE SITE GENOTYPE NUMBER Specific
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 Genotypes
IRELAND
Donegal, Owentogher R. i 6
Keewagh R. 1 2 2
Ray R. g B i 5
Glen R. 3 1 1 2 2
swilly R. 1 1 7
L. Melvin 2 1 1 2 4
Antrim, Glenarm R. 1. 3
SCOTLAND
Four locations & B
NEWFOUNDLAND
East Coast, Avalon Peninsula 7 A4 2
Northeast Coast, Gambo R. System 1 3 1 1 2
Black Br. 2 3 2
Indian Br. 4 1 2
South Coast, Hatchery Br. 8 3
Little R. 8 1 2 1
Conne R. 1 3
Grey R. 1 a4 2
West Coast, Grand Codroy R. 13 1 5
MAINLAND CANADA
Nova Scotia, LaHave R. 1 4
New Brunswick 1 5 ¢
Quebec, Ungava Bay 11



1). One measure of genotypic diversity is given by the nucleon diversity index, 4 = (1
- Z(x))(n)/(n-1), of Nei and Tajima (1981), where x is the proportion of each genotype
and # is the total number of individuals. Variability was much lower for Canadian (4

= 0.78) than British (4 = 0.98) salmon; in fact, 72% of the fish tested were classed as

having one of three genotypes. Mitochondrial DNA haplotypes also may be used to
predict continent of origin for Atlantic salmon, although "European” haplotypes have
been detected in Newfoundland (Bermingham et al. 1991; Birt et al. 1991; McVeigh
et al. 1991). It remains to be seen if use of the SsBglIIU.20 probe will prove more

sensitive than previous methods for distinguishing regional i i It

is noteworthy, however, that the two predominant genotypes (nos. 14 and 15) of fish
from the Avalon Peninsula of Newfoundland were not detected in fish from the west

coast of the island or from mainland Canada. A more thorough investigation of

1 at the indivi or ion levels should involve statistical analysis of

shared band fractions (Lynch 1988). This was not attempted here.

7.8 Summary

(1) Minisatellite and microsatellite loci were isolated from both agarose gels and
the genomic salmon library and characterized.

(2) Southern blot analysis of the phylogenetic distribution of a subset of the
minisatellites indicates one sequence to be pervasive among vertebrates, others present
only in Salmoninae or Salmonidae species, and two selectively amplified to higher copy
numbers and longer arrays in Atlantic salmon as compared to brown trout.
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(3) There is evidence for the close iation of mi 1lite and

arrays at many loci. Furthermore, one tandem repeat appears to have been inserted into
the transposase coding region of a SALTI element.

(4) Two of the minisatellite loci were shown to detect VNTR loci and should
prove useful for finding individual or population level markers. One reveals a greater

degree of genotypic variability among Irish than among North American salmon.
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CHAPTER 8. CYTOGENETIC MAPPING OF REPEAT SEQUENCES

8.1 Introduction

The development in the early 1970s of high resolution banding techniques for
mammalian chromosomes was critical to the rapid development of gene mapping
strategies. The ability to achieve reliable structural karyotypes permitted somatic cell

hybridization and, more recently, in situ hybridizati to

assume prominent positions in low resolution human gene mapping. In fact, of the
human autosomal loci mapped by 1990, 38% and 22% had been mapped by these
procedures, respectively (McKusick 1991).

In his detailed review of fish cytogenetics, Ojima (1983) published karyotype
descriptions of about 350 fish species, summarizing a data base maintained at Japan’s
Kwansei Gakuin University (Fujii and Ojima 1983). The application of cytogenetics to
fish species has been slow due to difficulties of maintaining cells in culture, obtaining
good metaphase preparations, and rehably staining chromosomes. This is exacerbated
in groups such s salmonids which have large numbers of small chromosomes.

Techniques able to elongate fish could improve

banding resolution (Liu 1986).

8.1.1 Chromosome banding
Fish chromosomes have generally proven refractive to standard high resolution
chromosome banding techniques. Most published reports have dealt with C
(Centromere)- or N (NOR)-banding only. Linear banding patterns, similar to the G
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(Giemsa)- and R (Reverse)-banding patterns of higher vertebrates, have been reported
in a very small number of fish species, including European cel (Anguilla anguilla;
Wiberg 1983, Medrano et al. 1988, Vifias et al. 1994), Missgurnus anguillicaudatus and
Monopterus albus (Liu 1986), and brown trout (Blaxhall 1983). The searcity of G-,
Q (Quinicrine)- and R-band patterns has been attributed to differences in genome

and i lecul ity between blooded

vertebrates and lower cold-blooded vertebrates. For example, fish are deficient in (G-
M-rich isochore DNA regions (Bernardi and Bernardi 1990, Holmquist 1989, Medrano
et al. 1988).

Although reproducible banded Karyotypes have not yet been forthcoming,
salmonid chromosomes have been studied extensively (Hartley and Horne 1984) and
are among the best characterized among fish species. C- and Q-banding, both of which
stain constitutive heterochromatin, have been described for many individual salmonids
(Phillips and Hartley 1988; Phillips and Ihssen 1986; Phillips ct al. 1985; Pleyte et al.
1989). The chromosomal locations of the genes for ribosomal RNA (rDNA) that have

been active can be d ined by silver staining the NORs, whereas

the GC-specific fluorochrome chromomycin A3 appears to stain rDNA irrespective of
its activity (Amemiya 1986). N-banding has been used in salmonids to map the
chromosomal sites of the rRNA genes (Phillips and Ihssen 1985; Mayr et al. 1986;
Phillips and Hartley 1988).

Although in its infancy, the use of restriction enzymes to produce modified C-
banding patterns, originally used on moray eel (Muraena helena; Cau et al. 1988), has
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been applied to salmonids (Lloyd and Thorgaard 1988; Hartley 1987, 1991; Lozano et
al. 1991; Séanchez et al. 1990; 1991; 1993) and tench (Tinca tinca; Padilla et al. 1993).

Even more ising is ication banding, ly used to generate banded

karotypes for the cyprinids rudd (Scardinius erythrophthalmus) and roach (Rutilus;
Hellmer et al. 1991), scorpion fishes (Giles et al. 1988), and salmonids (Delany and
Bloom 1984; Loranzo et al. 1991; Sanchez et al. 1993; Pendaés et al. 1993a; Takeaki et
al. 1993). A technique with the ability to identify unambiguously individual

chromosomes would have immediate application in studies of fish gene mapping,

if used in conjunction with in situ

8.1.2 In situ hybridization
In situ chromosome hybridization involves the direct visualization of a cloned
DNA sequence at a particular chromosomal location by hybridizing the labelled clone

to ions of metaphase ch In situ hybridization provides a truer

picture than linkage analysis of the actual physical distances of genes along a

chromosome.  (This is biased because ct i i is

nonuniform). In addition, this procedure allows genes to be mapped for which no

polymorphisms are detected. Recent d i i ic labelled
probes have improved resolution and speed over autoradiographic approaches (Boyle
et al. 1992). The relative position of a sequence may be easily determined along the
length of an unbanded chromosome. In combination with banding, the sequence is
more precisely localized, irrespective of the state of chromatin condensation.

184



Furthermore, by utilizing probes differentially labelled with biotin and digoxigenin,
sequence as close as 100 kb along the chromatin of interphase nuclei may now be
visualized, a resolution comparable to that provided by pulsed field gel electrophoresis
(Lawrence et al. 1990).

In fish, fluorescent in-situ hybridization (FISH) has been used to localize
centromeric satellite DNA in Sparus aurata (Garrido-Ramos et al. 1994) and to confirm
that a tandem repeat in Japanese hagfish is germ-line restricted (Kubota et al. 1993).
More extensive work has been conducted in salmonids. Using the FISH technique,
histone DNA has been shown to be tandemly repeated at a single locus in brown trout,
Atlantic salmon and rainbow trout (Pendas et al. 1994a). Two-colour labelling with
digoxygenin and biotin has pinpointed 5S rDNA to a heterochromatic arm adjacent to
the major ribosomal DNA locus in Atlantic salmon (Pendés et al. 1993b; 1994b). In
brown trout, in addition to the major locus, numerous minor NORs have also been

identified in the brown trout chromosomal complement (Pendés et al. 1993c).

82 Results and Discussion

Previous success (Yamazaki et al. 1989; Yamazaki and Goodier 1993) at
preparing chromosomes from embryos of Pacific salmonids by the method of Yamazaki
et al. (1981) was not transferrable to Atlantic salmon. Excessive cell debris on the
prepared slides made visualization of the chromosomes difficult. The highest mitotic
indices were obtained from embryos of 10 to 20 days post-fertilization.

Metaphase preparations obtained from short-term Atlantic salmon blood cultures
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were of better quality, chromosomes tending to be more spread out with less debris.
However, mitotic index was usually low. It should be noted that blood was obtained
from post-spawning, non-reconditioned fish. It is unclear if the generally poor
condition of these specimens might have adversely affected lymphocyte cell division.

from small-scale cell

Attempts were made to prepare
cultures of embryonic or liver tissue. Confluent cultures were easily obtained from cells
of both sources. The best metaphase preparations were prepared from embryonic cell

cultures which had been treated with PHA-M and passaged once. However, again

I d 4

results were inconsistent. The ability to obtain with freq y

of polyploid and id cells were i observed

and their numbers appeared to increase with the age of the culture. The metaphase
plates of Fig. 8.1 were obtained from a single culture: both diploid (A,B) and tetraploid
cells (C,D) are present.

Most of the metaphase slides obtained from blood or tissue culture were used
in chromosome banding experiments (Fig. 8.2). Restriction enzyme banding was
obtained for Alul (Fig. 8.2A) and Haelll, but there were no obvious reproducible
patterns and banding was occasionally seen along untreated Giemsa-stained
chromosomes of control slides. This was also the case for trypsin-treated G-banded
chromosomes.  (Enzymatic treatment of the chromosomes of Fig. 8.2B was too
prolonged, resulting in excessive degradation). Chromosomes from embryos younger
than 14 days are often quite elongated and so might prove most uscful for enhanced
chromosome banding and gene mapping by in situ hybridization (Fig. 8.3A,B).
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Fig. 8.1. Stained metaphase chromosomes from a single primary Atlantic salmon
embryonic tissue culture harvested at 26 days posi-tertilization. Slides were stored for
2 months dessicated under vacuum prior to staining. The slide was pretreated with 25
units of Alul for 5 hr 20 min and stained with 0.3% Wright's stain (1:4 dilution with
Gurr buffer, pH 6.8) for 60 sec. Both diploid and tetraploid cells are seen. A, B: 56

h C: 112 D: i 110 ch
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Fig. 8.2. Stained metaphase chromosomes from A) a single whole embryo, 15 days
after fertilization, prepared as described in section 3.9.1. The slide was treated with 15
units A/ul as described in Fig. 8.1. B) from a single primary fissue culture of a fry 4
months post-fertilizaiion, harvested at 24 days. The culture was treated with 0.2 pg/ml
colcemid for 19 hr before harvesting. Hypotonic treatment was with 0.8% citric acid
for 25 min. In order to induce G-banding, the slide was heated at 90°C for 30 min and
treated with 0.008% trypsin in Hank’s Buffered Saline solution for 90 sec, followed by

washing twice in 0.9% saline solution. Staining was with Giemsa for 50 sec.
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Fig. 8.3. Stained metaphase chromosomes from a single whole embryo, 14 days after
fertilization. The egg was treated with 0.1 pg/ml colcemid for 10 hr before extraction
of the embryo. Hypotonic treatment was with 0.8% Na-citrate acid for 25 min. To
induce G-banding the slide was treated with 0.05% trypsin for 60 sec as described in

Fig. 8.2. Staining was with Giemsa for 60 sec.
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However, in very young enibryos, a significant amount of cytoplasm is also retained
on the slide and interferes with staining and probe hybridization.
It was originally anticipated that following isolation of the repetitive probes

described in previous chapters, their ch I distributions could be incd

by

biotin FISH using protocols described in Pinkel et al. (1986) and Schwarzacher-

Robinson (1988). This was abandoned due to failure to obtain a consistent supply of

of high mitotic index. However, as cited above,
work by AM. Pendés, P. Mordn, and E. Garcfa-Vdzquez at the University of Oviedo,
Spain has demonstrated the feasibility of using FISH to mup repetitive sequences in

salmonids.
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CHAPTER 9. CONCLUSION

In order to identify repetitive DNA elements within the nuclear genome of
Atlantic salmon, total genomic DNA was digested with restriction endonucleases and
its fragments separated in agarose gels and stained with ethidium bromide. Isolation,
cloning and sequencing of UV-bright bands was an efficient approach to characterizing
both tandemly arrayed and interspersed repetitive DNA. Interestingly, unlike other
studies employing this approach (noted in Section 1.4.1), none of the isolated bands
yicided representative units of classical maxi-satellite type DNA. Elements isolated
include: a) a Bgll repeat element, which appears to exist in short rather than very long
tandem arrays (as is characteristic of maxi-satellite DNA), some of which are in the
vicinity of rDNA genes; b) members of the Nel repeat family, which also do not exist
in long tandem arrays; c) interspersed elements (designated SALT1) having similarity
with Tcl transposons of nematodes; and d) various minisatellite and other short tandem
repeat loci.

Some satellite DNA families may simply have been missed. Time constraints

for the project i that certain brightly-staining i fragment bands (see

Fig. 4.1) be ignored. Futhermore, by separating fragments on agarose gels of rather low
concentrations (0.8 to 1.2%), I selected for repetitive DNA elements of longer unit
length. Those of length under 150 bp may have been poorly resolved and gone
unnoticed. It is also possible that some Atlantic salmon maxi-satellite repeat units may
not contain recognition sites for those endonucleases screened.

By screening a salmon genoraic library constructed in AEMBL3 vector it was
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possible to isolate complete loci with unique flanking sequence for a Bgll repeat array,
a SALT! element, and several micro- and minisatellite loci. However, this approach
is time consuming. The maintainence of phage stocks, the need for growth to high titre,

and DNA extraction protocols are tedious. F the length of

DNA inserts in phage vectors ofien requires that they be fragmented and subcloned into
plasmid vectors prior to DNA sequencing. A more effective method for isolating
highly repetitive DNA sequences involves construction of a phagemid vector library
from randomly sheared and reassociated DNA (Moyzis et al. 1988). The library may
be enriched for rapidly reannealing, highly repetitive DNA and avoids use of a
restriction enzyme and loss of long arrays lacking its recognition sequence. DNA

annealed to a Ct of 50 may be used for screening.

9.1. Implications of repetitive DNA for species evolution

Reassociation studies (Britten and Kohne 1968; Gharrett et al. 1977; Schmidtke
1979; Hanham and Smith 1980) indicated that a large mass of repetitive DNA resides
in the salmon genome. The present investigation of individual repeat families tends to
support these observations, Bgll, SALTI, and Nhel repeats were estimated to comprise
approximately 2.3%, 0.2 to 0.9%, and 1.2% of the genome, respectively. Minisatellite
loci appear to be numerous (see Section 7.3). It has been estimated that the Atlantic
salmon haploid genome contains 31,000 (Slettan etal. 1993) to 100,000 (GT), (Hamada
et al. 1982) microsatellite loci alone. Other repeat elements found in Atlantic salmon
(Moir 1988; Murata et al. 1993) may be assumed to exist in significant copy numbers.
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In 1972 Ohno dismissed as "junk" DNA that part of the genome not involved

in the encoding of proteins or it RNA: a signil ion involved

repetitive sequences. Later Doolittle and Sapienza (1980) and Orgel and Crick (1980)
coined the term "selfish DNA". As examples of this self-perpetuating DNA,
transposable elements were regarded as moleculer parasites, directing their own
propagation within the genome. Far from contributing to organismal fitness, non-
fortuitous insertion events could adversely affect the host organism by disrupting normal
patterns of gene expression. It has been shown, for example, that mammalian LINE-
like elements can induce harmful mutations (Kazazian et al. 1988; Morse et al. 1988).

At variance with the concept of "selfish DNA" is the idea that repetitive
clements, while perhaps lacking inherent function, can acquire such within the genome.
As a result of mutation, repetitive elements may eventually evolve coding function.
Futhermore, insertion events may alter existing patterns of gene regulation in an
ultimately beneficial manner (Doolittle 1989; Brosius 1991). Two cases exist in which

transposable elements have been i with ian gene ion: the sex-

limited protein (Slp) gene of mouse is under regulatory control of a retroviral insertion
acting as an androgen responsive enhancer (Stavenhagen and Robins 1988), and
salivary-specific expression of human .mylase may be controlled by retrotransposon
insertions (Samuelson et al. (1990), and Robins and Samuelson (1992) for review).
The presence of repetitive DNA within or near coding genes has been noted in
fish. Bgll repeat elements exist within the spacer regions separating rDNA coding
cistrons (Section 4.3). Tcl-like transposons are situated upstream of at least one copy
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of the ependymin gene in Atlantic salmon (Section 5.2) and within introns of a
vasotocin gene in hagfish (Heierhorst et al. 1992) and the IgM locus of channel catfish
(Henikoff 1992). Repetitive sequences similar to LINE-like retrotransposons and to
retroviral LTRs have been found upstream of histone and protamine genes in some
salmonids (Moir and Dixon 1988; Winkfein et al. 1988).

In Atlantic salmon, repeat elements of different types may also exist in close
association with each other. Microsatellite arrays have been found both within and near
minisatellite sequences (Section 7.6 and Wright 1993). Sequence containing Nhel
repeats and features typical of DNA transposons (target site duplications and ITRs) has
been inserted into the 5° flanking region of a SALTI element (Section 6.5). Inter-
SALTI PCR suggests that Tcl-like elements are clustered at some loci (Section 5.4).
Repetitive elements may promote homologous recombination and hence genomic
rearrangement (see Berg and Howe (1989) for reviews), and in this manner different
repeats may be brought into juxtaposition. Furthermore, a genome harbouring large
numbers of inverted repeats in close proximity to each other (consider the inverted
repeats within the numerous SALT1 and Nkel clements of salmon) is probably at
considerable risk of rearrangement by deletion of sequence between the repeats as a
result of recombination (Gordenin et al. 1993).

‘What does the presence of such a genomic load of non-coding DNA with the
potential for fostering genoms rearrangements and altering gene expression mean for
the viability of a species? Darwinian traditionalists suggest that evolution is driven by

the constant, i i ion of DNA leotid i whereby
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ancestral species are slowly

d into their d d Alterations in gene

products may occacionally confer selective advantage upon an organism and under

allow it to thrive. This view of the slow and
steady progress of evolution came under early attack (see Huxley’s letters to Darwin,
Huxley 1900; Goldschmidt 1940). However, in the 1970s the challenge was elaborated
into the "theory of punctuated equilibria”" (Eldredge and Gould 1972) as growing fossil
records and new molecular evidence exposed evolution as sometimes episodic and
saltatory (Gould and Eldredge i977). Rapid bursts of speciation may be followed by
long periods of relative stasis with little evolutionary change at the specics level.
Enhanced rates of mutation can arise out of genetic instability and lead to the
rapid appearance of new genotypes within natural populations (see McDonald (1990)

and Fontdevila (1992), and references therein). Under pressure of genomic shock

(McClintock 1984) or idizati ition of many clements may
occur. The most studied example is that of hybrid dysgenesis in Drosophila (Kidwell
et al. 1977), whereby mobilization of P transposons is induced by the mating of males

of a strain containing P elements with females lacking elements. Elevated rates of

germline i i ions and infertility are seen. In this
manner, two strains may become reproductively isolated from each other. It has been
suggested by Rose and Doolittle (1983) that divergent amplification of repetitive

elements could also erect genetic barriers between two populations by disrupting normal

h pairing and ition, thus inhibiti mating.

Salmonid genomes are unusually plastic and a wide range of inter-specific
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Salmoninac hybrids can be produced despite chromosome numbers varying from 2n =
52 to 2n = 84 (Arai 1984; Dangel et al. 1973). Following a tetraploidization cvent

(Ohno 1970), the salmonid ancestral genome underwent extensive —genomic

notably i i and fusions.  Against this
background many repetitive DNA families have been maintained and amplified.
Possible roles for repeat elements in evolution of the salmonid genome bear further
investigation.

A duplicated genome, rapidly evolving by means of recombination und
sequence transposition, could drive the development of new patterns of genc expression.
Perhaps genome flexibility has helped the Atlantic salmon species to adapt to different
ecological niches spanning a wide geographical area. The species has evolved an
anadromous life style, although nonanadromous forms exist, and during its life cycle

tolerates a wide range of

of water and salinity.
The mechanisms by which salmon have been able to adapt and at the same time control
their duplicated genome are unknown; better understanding of these processes should

expand understaniding of vertebrate evolution in general.

9.2. Organization of repetitive DNA families in salmonids

Sequencing of homologous repeats and zoo blot analyses provided data

the phylogenetic pattern of distribution of some repeat families. Certain
points are worthy of note.
Interspecies variation among the Tcl-like SALT] sequences does not indicate
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a process of species-specific homogenization, as thcories of molecular drive would
predict. However, sampling was limited to a small number of cloned sequences from
many Salmonidae species: subfamily structure may have been present but undetected.
Retrotransposons, for example, typically evolve subfamilies, and these may vary in the
amount by which their sequences diverge from each other (VanderWeil et al. (1993),
and references therein). [t is difficult to draw conclusions regarding the dynamics of
repeat element evolution based on shallow sampling.

In the case of the Nhel elements, species analysis of ASNHE and BTNHE
sequences suggests the existence of subfamilies within both Salmo species, Atlantic
salmon and brown trout (but again, more detailed sampling is required). Subfamily

members are defined by nucleotide variants which they have in common. For example,

the presence of ilies of copia-liks in different species of cotton
(Gossypium sp.) has been demonstrated (VanderWeil et al. 1993).

There exists a disconti phylogeneti of Tel

sequences, which were detected in higher copy number in sturgeon and skate than in
the other non-salmonid fish tested, and in Rana sp. to greater degree than in Xenopus.
Several possible reasons for this phenomenon may exist:

1) Preferential and recent amplification may have occurred in certain lineages. Inactive
elements already present may have become activated.

b) The possibility also exists that, as a result of genetic drift following speciation,
transposon lineages were lost over evolutionary time. Unequal crossing-over between
chromosomes might be involved in this process. Copia-like retrotransposons, for
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example, have been severely reduced in numbcr in Arabidopsis compared with other
plant lineages (VanderWiel ct al. 1993). Tcl elements, while present in all strains of
C. clegans strains, vary in copy number among strains (Emmons ct al, 1983; Lino ot
al. 1983), and elements have been detected in Drosophila which also manifest species-
level instability (Dowsett 1983; Hey 1989).

¢) Elements may have diverged in sequence to a greater degree in some lincages (han
in others and hence failed to hybridize with the salmon DNA probe.

d) Horizontal transmission of elements between specics may have occurred. Based on
the limited sequence data available and the inability of Southern blot analysis to detect
highly diverged sequence, this is not the most parsimonious explanation. The SALTI1-
S8al28 probe under the applied hybridization (37°C, 6x SSC (I M [Na']), 50%

formamide) and wash (1x SSC, 50°C) conditions (Section 3.5) would be insensitive to

40 percent ctal. 1989; sce also Batzer ct al.

1993).

9.3. Future directions
Following upon the present description of a number of familics of repetitive

elements several areas for continued research are apparent:

1) As a technique for claborating: the taxonomic distribution of Tcl-like
elements, PCR amplification is more sensilive than Southern blot analysis. Ilighly
conserved sequences, detected by aligning known Tcl-like elements (Fig. 5.2, and other

data noted in Chapter 5), could be used in the design of oligonucleotide primers capable
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of amplifying I from i diverse species. Cloning and
sequencing of PCR products should yield information for assessing the exisience and
distribution of subfamilies, rates of sequence mutation, and modes of interspecies
transmission.

2) As discussed in Scction 1.5.2, there is evidence that the homogenization of’
repetitive DNA scen at the species level can also operate at the level of populations
within a single species (Strachan ct al. 1985; Turner et al. 1991). Therefore, satellite
DNA scquence variation may reveal relationships not only between species but also

between

However, if knowledge about the processes acting upon
amplification and sequence modilication of repetitive DNA is lacking, conclusions
should be drawn with some caution. This caveat applies especially when the
orthologous or paralogous nature of the sequences being compared is in doubt, and
when there is no estimate of the frequency of multiple mutations or gene ~~aversion.
Concerted evolution may induce homoplasies, i.c. false similarities which are not
ancestral. The large number of inscrtions and deletions common in repetitive DNA can
make sequence alignment difficult.

Although more sequence daia are needed, both the failure of the present study

to detect specics-di ic scquence ions in SALT! elements and the apparent
presence of Nhel clement subfamilics both in Atlantic snlmoﬁ and brown trout, suggest
that sequence analysis of these repeat families may be of limited value for phylogeny
reconstruction or population analysis.

On the other hand, data about the presence or absence of a transposable element
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at a specific locus may be used to assess phylogenetic relationships between species
(Murata et al. 1993) or, in the case of recently inserted elements, relationships between
populations (Perna ct al. 1992). By using oligonucleotide primers flanking a previously
sequenced element, screening for insertion cvents by PCR is a simple matter.
Sequences flanking several Atlantic salmon SALT! elements are now available (Chapter
5, and Radice et al. 1994). Furthermore, during the course of this thesis research other
SALT! loci were isolated and stored as phage clones and these remain to be sequenced
(Section 5.2).

3) Minisatellite DNA sequences isolated during this project have potential value
as individual, familial, and population markers (as described in Scction 6.5). A battery
of probes now exists for screening by Southern blot analysis the large number of
Atlantic salmon genomic DNA samples maintained in the W.S. Davidson laboratory.
Useful RFLP markers may be detected. Flanking sequences for ten short scquence
repeat loci are also known (Chapter 7) and may be used to design primers for PCR
analysis of single locus variation.

4) The patterns of distribution of both the Bgll and the Nhel elements, and by
extension the mechanism by which they have become established within salmonid
genomes, remain to be determined (see Section 6.5). Bgll repeats have been detected
near rtDNA genes but also exist elsewhere in the genome. Several repeat loci were
isolated from the AEMBL3 library, but only the elements contained within phage clone

ASBgl22 were Knowledge of the flanking thesc other repeat

arrays could yield information about the processes involved in their expansion.
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Copics of the Nhel element have been detected within a 1424-bp fragment
inserted into a SALTI-like clement. The fragment is flanked by inverted repeats and
by recognition site sequences for Fpal. When Atantic salmon DNA is reacted with

Hpal it yiclds a UV-bright band of i 1470 bp that idizes to the Nhel

repeat (Fig. 4.1). As part of a continuing study of this element, Nhel repeat-related
DNA from this band should be cloned and sequenced.

A rolc for transposition in the genomic spread of some clustered tandem repeats
has been proposed for a few organisms. For example, transposition insertion events

appear to have been involved in the widespread dispersion of Cla clements (120-bp

tandem repeat sequences) within the genome of 2 midge subspecies (Hankeln et al.
1994).  Cla repeats are present in Chironomus thummi thummi but absent in related
subspecies at some orthologous ioci (including the non-transcribed spacer region of an
rDNA gene). The two possible modes of mobilization of Cla elements proposed by
Hankeln et al. (1994) may also be relevant for the salmon Bgll or Nhel elements:

retroposition involving RNA intermediates, or transposition by excision and

reintegration.  As noted in Sections 1.3.1 and 1.3.2.3, both RNA transcipts and

copics of satellite-like DNA sequence have been detected in various
organisms.
5) The long-range genomic organization of repeat loci, including their

may be i g by in situ ybridization and

pulsed field gel electrophoresis. Different families of satellite DNA may be detected

by comparing iodicity of large iction enzyme on Southern blots
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following PFGE (Wevrick and Willard 1989; Margais ct al. 1991, Modi et al. 1993).

Pendds ct al. (1994c) demonstrated that Bgil repeat sequence can identify the
NOR-bearing pair of chromosomes in Atlantic salmon by fluorcscent in sifu
hybridization. Other repeat types discussed above may be found to be limited in their

genomic distribution, and when used as probes in FISH studics may ultimately serve

as valuable pecific markers for cytogenctic analyscs.

6) Repetitive DNA clements could p ially be 1 as i

vectors, He et al. (1992) linked tandem repeats from zcbrafish to an [ coli
chloramphenicol acetyltransferase (CAT) reporter gene and microinjected copics of the
plnsmi‘m‘i construct into oocytes.  Evidence for integration was ambiguous, but
presumably any such event would occur as a result of recombination of the construct
with pre-existing repeat copies.

Use of SALTI sequences as the basis for an interspecics genetic transformation
system may hold promise. Gloor et al. (1991) have demonstrated the feasibility of
Drosophila P-element induced gene replacement, and suggest that other class [l

transposons which generate double-stranded gaps during ition, including Tel,

might also prove amenable to this technique. However, the development of ‘Tc!-like
elements as transgene veetors for fish and perhaps other vertebrates may be predicated
on isolating an intaci 2lement copy, one lacking frameshilts, deletions, and stop codons.
The fuct that all Tcl-like elements so far obtained from fish have been defective,

suggests that this may prove a difficult task. Ilowever, defective clements could be

“repaired", perhaps by using i of site-directed is. A recenl review
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by Lai (1994) outlines i exciting icati of in genetic

research.
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