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Abstract

This work describes chromosomal localization, fine physical mapping, and population variation of the Bg/l element in the
genome of Atlantic salmon (Salmo salar L.) and a similar sequence in the genome of brown trout (S. trutta L.). Results from a
variety of complementary approaches, clearly demonstrate that the Bg/l element does not occur as a satellite-like repetitive DNA
in these species but is part of the rDNA cistron as suggested by Goodier and Davidson (1993). Coincident hybridization of Bg/l
clones with rDNA loci in both single and double-probe fluorescence in situ hybridization (FISH) experiments demonstrated
physical linkage between the Bg/l element and rDNA loci. Fine physical mapping by Southern analysis and PCR amplification
showed the Bg/l element to be located approximately 1.6 kb upstream of the 18S gene. The Bgll element was used to screen for
population-specific markers by Southern analysis. Population-specific banding patterns were only observed in brown trout,
allowing identification of individual populations of this species. Sequence comparisons revealed sequences similar to the Bgll
element present in the rDNA cistron of other salmonids. This result suggests the presence of this sequence in the genome of the

salmonid tetraploid ancestor. © 1997 Elsevier Science B.V.

Keywords: Repetitive DNA; Ribosomal DNA; Atlantic salmon; Brown trout; Intergenic spacer

1. Introduction

Eukaryotes have two major types of repetitive DNA
sequence: tandem repetitive DNA and dispersed repeti-
tive DNA. Both types of repetitive sequence are common
to fish genomes and several classes of these sequences
have been described (reviewed in Phillips and Reed,
1996). Tandemly repeated DNAs (satellite DNAs) are
DNA sequences present in 10°-10° copies per genome.
Several of these have been localized and they tend to be
distributed in heterochromatic regions of the karyotype
(centromeres and telomeres; Haaf et al., 1993; Garrido-
Ramos et al., 1994; Reed and Phillips, 1995a). Dispersed
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repetitive sequences are, however, found interspersed
with single-copy sequences throughout the genome.
These include, minisatellites, microsatellites, SINES
(short interspersed elements) and LINES (long inter-
spersed elements).

High-copy repeated DNA sequences of another type
are moderately reiterated and comprised of several
multicopy genes (multigene families). Examples of these
include the histone gene cluster, transfer RNAs, vitello-
genin genes and the highly repetitive ribosomal RNA
genes (major and 5S rDNAs; for a review, see Long and
David, 1980). In salmonids, ribosomal RNA genes
(5.8S, 18S and 28S) are found primarily in tandem
arrays located at interstitial secondary constrictions or
at telomeres of one to several chromosomal pairs
(Phillips and Ihssen, 1985; Phillips et al., 1986; Pendas
et al., 1993a,b; Reed and Phillips, 1995b). It is estimated
that 1000 to 1500 copies of the rDNA cistron are present
in salmonid genomes (Schmidtke et al., 1976).
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Recently, Goodier and Davidson (1993) isolated a
high copy number element from the genome of Atlantic
salmon, Salmo salar. This approximately 900 base-pair
(bp) element is visible in ethidium-bromide-stained agar-
ose gels when genomic DNA is digested with Bg/l and
electrophoresed. In addition, copies of this Bg/l element
were isolated from a lambda phage genomic library and
nucleotide sequences of several clones were determined.
During screening of the library, it was found that
approximately one-fourth of clones that probed positive
for the Bgll element also probed positive for rDNA.
These data suggested that the Bg/l element could be
associated with rDNA genes.

As part of our studies on genomic organization of
rDNA in salmonids, we undertook physical localization
of the Bgl/l element within the genome of Atlantic
salmon and examination of the relationship of this
element to the rDNA cistron. In addition, we report a
similar sequence in the genome of brown trout (S. trutta)
and investigate the utility of the Bg/l element as a
genetic marker in populations of Atlantic salmon and
brown trout.

2. Material and methods
2.1. Materials and DN A isolation

Atlantic salmon (S. salar) and brown trout (S. trutta)
were collected by electrofishing in natural habitats
throughout the distribution of these species. Muscle
samples were alcohol preserved or immediately frozen
until analysis. DNA isolation followed the method of
Taggart et al. (1992, 1995).

2.2. PCR amplification

Oligonucleotide primers for amplifying a portion of
the Atlantic salmon Bgl/l element were designed from
the published sequence (Goodier and Davidson, 1993).
Sequences of the primers A (5-CCCTCTTGCTGT-
ATCTCTCATTG-3") and B (5-CCACTGTGGTCC-
CAAGTCAGT-3’) correspond to positions 11-36 and
707-727 of the Bgll element (GenBank L01505).
Reactions were performed in a total volume of 100 pl
containing 5 ng of template DNA; 150 pmol of each
primer; 200 uM each of dATP, dCTP, dGTP, dTTP;
and 2 wunits Tag DNA polymerase (Boehringer
Mannheim). Amplification reactions were performed in
a thermal cycler (M.J. Research, Inc.) with 30 cycles
consisting of 95°C 1 min, 62°C or 66°C 1 min, and 72°C
1 min

An additional set of primers was designed to test the
genomic position of the Bg/l element in relation to
rRNA genes (18, 5.8 and 28S). This set of primers
corresponds to conserved regions of 18S and 28S genes

of several species of vertebrates including amphibians
and mammals. The sequence of the 18S primer, corre-
sponding to the 3’ end of the gene, was 5-TGC-
TACTGGCAGGATCAACCAGG-3'. The sequence of
the 28S primer, corresponding to the 5" end of the gene,
was S“TGAACGCCTCTAAGTCAGAATCCG-3".

2.3. Cloning and nucleotide sequencing

Products of PCR amplification were treated with
kinase and electrophoresed in 2% agarose gel. The
resulting fragments from Atlantic salmon and brown
trout were excised from the gel, purified (Geneclean,
Bio 101) and cloned into the Smal site of the pUC 18
polylinker. Recombinant plasmids were recovered and
purified, and both strands were sequenced using the
plasmid Sequenase kit (USB).

2.4. Fluorescence in situ hybridization (FISH)

Metaphase cells were obtained from whole-blood cul-
tures of adult Atlantic salmon and brown trout accord-
ing to standard procedures (Hartley, 1988). Slides were
pretreated for 1 h with 100 pg/ml of RNAase prior to
FISH. For FISH, entire PCR products from salmon
and brown trout were separately nick-translated with
digoxigenin-11-dUTP according to manufacturer’s rec-
ommendations (Boehringer Mannheim). The human
pAT153-H clone containing a portion of the 18S rDNA
was labeled with biotin-16dUTP. Single and double
hybridizations were performed according to Pendas et al.
(1993a, 1994)). After hybridization, slides were washed
for 10 min at 42°C in 50% formamide 2 x SSC and then
twice for 5 min in 0.1 x SSC at 50°C.

Signal detection was performed according to tech-
niques of Pinkel et al. (1986) and Pendas et al. (1994).
Three overlapping photographs were taken to simulta-
neously visualize biotin (green) digoxigenin (red) and
DAPI counterstained chromosomes (blue). Metaphases
were visualized and photographed with a Nikon
Fluophot microscope and Kodak color slide film
(ASA 400).

2.5. Southern blot analysis

Southern analysis was used to further test the hypothe-
sized location of the Bg/l element in the TDNA cistron
of Atlantic salmon. Enzymes with restriction sites
mapped in the Atlantic salmon rDNA cistron (Fig. 1;
BamHI; Bglll, HindIll, Kpnl, Pstl, Pvull and Sspl,
Phillips et al., 1992) were used. Genomic DNA (5 pg)
isolated from an Atlantic salmon from Newfoundland,
Canada (#S0811-91), was digested to completion with
an excess of enzyme under conditions described by the
supplier. Double digests used buffer combinations which
maximized efficiency of both enzymes. Digested DNA
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Fig. 1. Restriction map of the ribosomal DNA cistron of the Atlantic salmon showing the location of restriction sites for the enzymes mapped by
Phillips et al. (1992) (top) and summary of the hybridization results for enzymes used in this study (bottom). Symbols are as follow: A, 4pal; B,
BamHl; C, Bcll; D, Dral; E, EcoRl; G, Bglll, H, HindlII; K, Kpnl; N, Nhel, O, Xhol; P, Pstl, S, Sspl; T, Sstl; V, Pvull; and X, Xbal. Sites
indicated under the map are invariable in Atlantic salmon and conservated in other salmonid fish. Sites above the map are variable. Fragments
detected by hybridization of the Sat 710 probe are indicated for each enzyme digestion below the map. Vertical bars correspond to mapped

restriction sites.

was size-fractionated on horizontal 1% agarose gels
and vacuum blotted onto positively charged nylon
membranes. The Sat710 clone (corresponding to the
Bgll element of Atlantic salmon) was labeled with
digoxigenin-11-dUTP for use as probe in hybridizations.
Hybridization was carried out overnight at 63°C and
detected with the chemiluminescent substrate Lumi-Phos
530 (Boehringer, Mannheim). Restriction fragment
lengths were determined by use of molecular standards
and compared to the restriction map (Fig. 1) of Atlantic
salmon rDNA.

For population analysis, DNA (4 pg) from individual
Atlantic salmon (four different populations representing
both sides of the Atlantic ocean) and brown trout (six
different populations) were digested with Bg/l, Avall,
Sacl, Pst1 and Hpal. A minimum of six individuals of
each population were analyzed. DNA fragments were
electrophoresed in 1% agarose gels and transferred to
Hybond N nylon filters (Amersham) in 20 x SSC.
Southern blots were hybridized with PCR product
labeled with dCTP-P32 (Dalgleish, 1987). Hybridization
was carried out overnight at 65°C in 3 x SSPE, 0.5%
dried milk, 1% SDS and 6% polyethylene glycol. After
hybridization, filters were washed in 2 x SSC, 0.1% SDS

at 65°C and in 0.5xSSC 0.1% SDS and exposed to
autoradiographic film for 1 to 3 days at —80° C.

3. Results
3.1. Amplification of the BglI element

PCR amplification of Atlantic salmon and brown
trout genomic DNA with primers A and B at an
annealing temperature of 62°C produced two different
sized DNA fragments. In Atlantic salmon these frag-
ments were approximately 700 and 280 nucleotides in
length. The larger of these corresponded in size to the
fragment expected based on position of the primers in
the Bg/l element. In brown trout the fragments were
approximately 650 and 250 nucleotides in length. The
shorter fragments could be eliminated from the amplifi-
cation products in both species by increasing the annea-
ling temperature of the PCR reaction to 66°C.

Nucleotide sequence analysis of the Sat710 clone
revealed that this sequence was nearly identical to the
corresponding portion of the Bg/l element reported by
Goodier and Davidson (1993); GenBank L01505).
Comparison of the two sequences with the BESTFIT
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Fig. 2. Nucleotide sequence of the Sat 710 clone from Salmo salar. The seq
Sequences of the PCR primers used to amplify the fragment are indicated by

uence is divided and aligned based on the internal 230-bp subrepeat.
double underline. Sites of the restriction enzymes Sspl are underlined.

Dots (.) indicate bases identical to the first subrepeat, and dashes (-) denote gaps inserted for alignment purposes. Hypothesized position of the

subrepeats with regards to Sspl sites are diagramed below the sequence. Two
Spsl sites, and dashed bars hypothesized sites.

program of GCG (Madison, WI) showed the two
sequences were 97.9% identical. Further analysis deter-
mined that each sequence was comprised of multiple
copies of an approximately 230 bp subrepeat. The
Sat710 clone contained three complete copies of this
subrepeat (Fig. 2). Each subrepeat contained at least
one internal Sspl restriction site.

Alignment of the sequence from brown trout (Sat635,
Fig. 3) with the Sat710 sequence from Atlantic salmon,
showed that these sequences were 78.1% identical.
Aligned sequences included stretches of nucleotides at
their 5 ‘and 3’ ends that were nearly identical. However,
within the sequences, areas of near identity were inter-
spersed among segments where identity fell below 50%.

Sequences of clones containing the shorter fragments
(Sat276 and Sat243) are given in Fig. 4. In both cases,
these sequences represent truncated versions of the
longer sequences. In addition, both sequences started
with the same primer sequence (Primer A) and ended
with the reverse complement of this same primer.

3.2. Chromosomal localization

After labeling with digoxigenin, chromosomal distri-
bution of each of the four probes (Sat710 and Sat276

alternative arrangements are shown. Thin vertical bars indicate know

for Atlantic salmon and Sat635 and Sat243 for brown
trout) was studied by FISH. In Atlantic salmon, hybrid-
ization signals of both probes were restricted to a single
chromosomal location. Sites of hybridization included
the entire chromosomal arms where the nucleolar orga-
nizer regions are located (NOR; Pendas et al., 1993a).
Similar results were obtained in brown trout, where the
major FISH signal was located at the major NOR locus.
In addition, minor sites of hybridization were detected
in the short arms and telomeric regions of at least 8
additional chromosomal pairs (see Fig. 5). These minor
signals corresponded with the chromosomal distribution
of rDNA loci previously determined by FISH pro-
cedures (Pendas et al., 1993b)

Coincident hybridization of Bgll clones with rDNA
loci was further tested by combining both Sat710 and
Sat635 and rDNA probes in double-probe FISH experi-
ments. Simultaneous visualization of both probes in the
same chromosome arm (Fig. 5) further demonstrates
physical linkage between the Bg/l element and rDNA
loci

3.3. Genomic organization

Having physically localized the Bg/l element to IDNA
loci, experiments were performed to more precisely map
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S. salar CCCTCTTGCTGTATCTCATTGAGTTGGGCCCTTAGGATGGTGCTCTAAGGGTGGGTATGG 60

POLELECLAEEEEL TR F e L LT L]
S. trutta CCCTCTTGCTGTATCTCATTGAGTTGAGGCCGCAG-ATGGTGCTCTAAGGGTGGRTATGA 59

S. salar AGGTCCCTATACCCTCTATAAGTATTTAAAACCGTTTTTCAAAAATGGTTG- TGGTAAGC 115

R A AR e IR [
S. trutta AGGTCCCTATACCCTTTATAAGTATTTAAMACCGTTTTTCARATTTCACCCCTGRTAACC 119

S. salar CGAA-TAAAACCAGGTGCCAGTTTGG-ACTTAGTGCAATTTCTGAGAAGAAMAACATAGA 177

NinnuiT . \
S. trutta CAAAATAAAACCAGGTGCATATATGCTA- -« <o -mnnmvmnmmmmmmceoo (GG 150

S. salar ATATTTTCTGAAGATTTTTTCAAACTTCCATAAATCAGCCAGGC - CGGCCCCATTGACTT 236

Lo TR e 1| Il
S. trutta ACACGTCCCCACCAAACCTTCAAACATCCATAARACACTCATTCTTTATCCCACTGACAT 210

S. salar GGGCCCGTAGTAGGGTGCTGTCAGGGTGGGTA- TGGAGGTCCCTATACCCTTTAAMAGTA 295

JINRNIL Hllllll [ H fe il T
S. trutta GGGACAGCAGTGGGETGCTGAACAG-GRGTCCTGGGGGTGRTGATGGCCTTTARAGTA 269

S. salar TTTAAAACAGTTAT-AAAATTTCACCCCTGGTAACCCAAATGCTACGGACACGTCCCCAC 354

COEEL T AT R
S. trutta TTTAAMACCCTTTGAAAMATTTCACCCCTGRTAACCCAAMAGT - -~ - -- - - == ----- - 312

S. salar CAAAACATAGAATATTTTCTGAGAAGAAAAAACATAGCCGATTTTCTGAGAAGAAAAAAC 414

FECLEE TR P T
S. trutta -AAAACATAGTGCAATTTCTGAGAAGARAAA-CATAGCCGATTTCCTGAGCAGTTTGAAC 370

S. salar * ATAGAATATTTTCAGAGGA -AAABACTTCCATAAAMACA-CTCATTCTTCATCCA 472

R A R e L e T R N
S. trutta ATAGT-CATTTTCTGAGACTTTTTTAAAAGCTATATAATTCCCTCTTGCTGTACCT-CA 428

S..salar CTGACATGGGACAGCAGTGGGGTGCTGAAACAGGTGTCCTGGGGGTGGTGATGGCCTTTA 532

O S 1 U o 1 ¢ L S L I A Y
S. trutta TTGAGTTGAGGCCGCAGGATGGTGCTCTAAGGGTGGGTATGAAGGTCCCTATACCCTTTA 488

S. salar AAAGTAATTTAGAGCC- TTTTAAMAATGTCACCCCTGGTAAGCCAA- - - - - - - - oo o= 577

(L E T EEE P TETEELEE LT T
S. trutta TAAGTA-TTTAAMCCGTTTTTCAMTTTCACCCCTGGTAACCCAMATAAAACCAGGTG 547

S. salar ----- ATGCTACGGACACGTCCCCACCAAMACATAGTGCAATTTCTGAGAAGAAAAAACA 632

EELCLCELRTECE FLELEETT
S. trutta CATATATGCTACGGACACGACCCCACCARACC- -- <= == == -=nmosmmmnnsnnssss 579

S. salar TAGAATATTTTCAGAGGA T-AMMAAC- TTCCATAARACACTCATTCTTCATCCCAC 690

LT U LT LT
S. LPULEA ----osmemesneeeneneas TTC-ARA-CAT - CCATABAACACTCATTCTTTATCCCAC 615

S. salar TGACTTGGGACCACAGTGGG 710

NN
S. trutta TGACTTGGGACCACAGTGGG 635

Fig. 3. Nucleotide sequence of the Sat 635 clone from S. trutta aligned
with the sequence of the Sat 710 clone of S. salar. Vertical bars (})
indicate identical bases and dashes (-) denote gaps inserted for align-
ment purposes.

this element with respect to rRNA genes by Southern
analysis and PCR assay. Restriction enzymes were
chosen for Southern analysis which produced fragments
of the rDNA cistron of known size and location based
on the Atlantic salmon rDNA map (Fig. 1). For exam-
ple, BamHI restriction sites are present in the 28S coding
region and at the 5’ end of the 18S coding region.
Digestion with this enzyme resulted in a large band on
the autoradiograph (> 23 kb) after probing the blot with
the Sat710 clone (Fig. 6). Similar sized fragments were
obtained with the enzymes HindIll, Kpnl, Pvull, Pstl
and Bg/Il. Each of these enzymes cut the rDNA cistron
in two places producing overlapping fragments (Fig. 1).
The position of these restriction sites indicates that the
Sat710 fragment is located upstream of the 18S coding
region between the 5-Pvull site and the 3'- Kpnl site.
Digestion with Sspl produced two fragments, of

A. Salmo salar

CCCACTGTGGTCCCAAGTCAGTCCCTCTTGCTGTATCTCAGTTGAGTTGGGCCCTTAGGA 60
TGGTGCTCTAAGGGTGGGATGGAGGTCCTATACCCTCTATAAGTATTTAARAGCTTTTTG 120
AAAAATGGTTGTGGTAACCCAAAPACATAGTGCATTTCTGAGAAGAAAACATAGCCGATT 180
TTCTGAGAAGAAAAAACATAGAATATTTTCAGAGGAT TTTTAAAAACTTCCATAAACAC 240
TCATTCTTCATCCCACTGACTTGGGACCACAGTGGG 276

B. Salmo trutta

CCCACTGTGGTCCCAAGTCAGTGGGATAAGAATGAGTGTTTTTATGGAATGTTTTTGAA 60
GGTTTGGTGGGGACGTGTCGTAGCATATATGCACCTGGTTTTATTTTGGTTACCAGGGTC 120
AATTTGAAAACGGTTTAATACCTTATAAAGGATATGGACCTTCATACCCACCCTTAGAGC 180
ACCATCCTAAGGCCTCAACTCAATGAGATACAGCAAGAGGGACTGACTTGGGACCACAGT 240
QGG 243

Fig. 4. Nucleotide sequence of the smaller DNA fragments of S. salar
(A, 276 bp) and S. trutta (B, 243 bp). Sequences of the PCR primer
used to amplify the fragments are double-underlined.

approximately 600 and 230 bp (Fig. 6). The same two
fragments were present in the double digestion (Bg/II
and Sspl). The presence of these two hybridization
bands is consistent with positions of the Sspl restriction
sites within the Sat710 sequence. As shown in Fig. 2,
there are two possible arrangements of this fragment
with respect to Sspl sites. The first includes an Sspl site
upstream from the Sat710 fragment resulting in fragment
(a) being approximately 600 bp and each of the repeating
units of the clone comprising the 230-bp band.
Alternatively, the 600-bp fragment may result from an
Sspl site downstream such that the (d) fragment is larger
than internal fragments.

In addition to Southern-blot analysis, location of the
Bgll element with respect to rRNA genes was tested by
PCR. Genomic DNA of Atlantic salmon was amplified
with an EXPAND LONG PCR kit (Boehringer), using
a combination of primers; one from the Bg/l element
(primers A or B) and one from conserved regions of
18S and 28S rRNA genes (primers 18S or 28S). Of the
four possible primer combinations (A-18S, B-18S, A-28S
and B-28S) successful amplification was only obtained
with primer combination B-18S. Using these primers,
PCR produced a large fragment of approximately 1.6 kb
long. This result is consistent with the Southern analysis
and indicates that the Bg/l element is located approxi-
mately 1.6 kb upstream of the 18S gene.

In order to assess variation within this upstream
region, DNA from 10 brown trout and 10 Atlantic
salmon from different populations were amplified by
PCR with primers B and 18S. After digestion with
several restriction enzymes (Haelll, Rsal, Alul, Hpall,
Pstl and EcoRI) no variation was observed in either
fragment size or restriction pattern.

3.4. Population analysis

Population variation in organization of the Bg/I ele-
ment was analyzed by Southern-blot hybridization.
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Fig. 5. (a) DAPI staining of the same metaphase as in (b) and (c) showing the corresponding chromosomal location of the probes employed. (b)
Fluorescent in situ hibridization ( FISH) of the digoxigenin-labeled Sat 710 probe to metaphase of Atlantic salmon. (¢) Simultaneous double colour
FISH of biotinilated rDNA probe (pAT153-H, green) and of digoxigenated Sat 710 (red) to the same atlantic salmon metaphase. (d) FISH mapping
of the sat-710 probe (red) to DAPI counterstained chromosomes of brown trout. Arrows indicate the localization of hybridization signals.

When genomic DNAs of Atlantic salmon and brown mately 900 and 400 bp were observed. This is consistent
trout were digested with Bgl/l, Hpall and Mspl and with the original description of the Bg/l element
separated by electrophoresis, two fragments of approxi- (Goodier and Davidson, 1993).







