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SUMMARY

The intergenic spacer of the ribosomal RNA gene array from the monogenean Gyrodactylus salaris was isolated using PCR
amplification. PCR products were cloned and sequenced. Three different fragments of 0-63, 1:0 and 2:62 kb, were
consistently obtained. These showed homology at the 5 and 3’ termini but differed in their overall size and intervening
sequence. The 5 end showed homology to various 28S ribosomal RNA gene sequences, suggesting that this represented
the 3’ terminus of the G. salaris 28S ribosomal RNA gene. A number of features common to other eukaryotic intergenic
spacers were found in the longest sequence, including A 4+ T rich sequences, palindromic sequences and tandemly repeated
elements. T'wo regions of 23 bp sequences arranged in non-identical tandem repeats were identified. There were 9 repeats
in both regions, separated by 81 bp of non-repetitive sequence. The repeat units from the two regions shared some
similarity at their 3’ ends. The G. salaris intergenic spacer sequence was examined for sequence motifs involved in the
transcription of the ribosomal RNA genes in other species. Several regions with homology to transcription start sites were

identified.
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INTRODUCTION

The genes encoding ribosomal RNA, the ribosomal
DNA (rDNA), of all eukaryotes studied to date
consist of coding regions for the 28S or large subunit
ribosomal RNA (rRNA) gene, the 18S or small
subunit rRNA gene, the 5-:8S rRNA gene and the 5S
rRNA gene. The genes are separated by regions of
spacer DNA that include both transcribed and non-
transcribed sequences (Raué et al. 1990). The 18S,
5-8S and 28S rRNA genes are separated by trans-
cribed spacers. Transcribed spacers consist of
internal transcribed spacers (I'T'S) 1 and 2, which lie
between the 18S and 5-8S and 5.8S and 28S rRNA
genes, respectively, and the external transcribed
spacer which lies upstream of the small subunit
rRNA gene. All of these spacer regions are cleaved
from the primary RNA transcript and do not form
part of the mature rRNA. The non-transcribed
spacer lies between the 3’ end of the large subunit
rRNA gene and the 5 terminus of the external
transcribed spacer and separates individual units of
the rRNA genes, which are tandemly repeated along
the chromosome. The term intergenic spacer (IGS)
is given to the non-transcribed and external trans-
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cribed spacers combined, i.e. the region between the
large and small subunit ribosomal RNA genes
separating individual units within the rRNA gene
array.

In the platyhelminths, and indeed, in eukaryotes
in general, the 18S rRNA gene has been the most
intensively studied part of the ribosomal RNA gene
array, providing useful information for species
identification and differentiation and phylogenetic
analysis e.g. (Johnston, Kane & Rollinson, 1993;
Kralova et al. 1997; Littlewood, Rohde & Clough,
1999). The internal transcribed spacers have also
proved effective for species discrimination (Kane &
Rollinson, 1994; Gasser & Hoste, 1995). In contrast
to the 18S rRNA gene, the platyhelminth intergenic
spacers have been poorly studied and, at present,
sequences for only Echinococcus and Schistosoma
IGS have been reported (Silva, Rodrigues & Zaha,
1991; Kane & Rollinson, 1998). Characterization of
the rRNA gene array in the monogenean genus
Gyrodactylus began with sequencing of the 18S
rRNA gene and its use in phylogenetic analysis and
species discrimination (Cunningham, McGillivray &
MacKenzie, 19954, b). The internal transcribed
spacers have also provided sufficient sequence vari-
ation for species identification and phylogenetic
analysis within the genus (Cunningham, 1997;
Cable et al. 1999) and predictive models of the
secondary structures of these sequences have pro-
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vided insights into post-transcriptional processing of
the monogenean rRNA (Cunningham, Aliesky &
Collins, 2000).

The coding regions of ribosomal RNA give rise to
transcripts that form an integral part of the ribosomal
complex, facilitating the translation of messenger
RNA into protein. Transcribed spacers may play a
role in orientating the coding regions properly during
ribosome assembly, before being cleaved from the
mature transcript. The function of non-transcribed
spacers is less certain. Three types of regulatory
elements have been identified within the intergenic
spacers of mouse and Xenopus ribosomal RNA gene
arrays. These are promoters, enhancer sequences
that stimulate transcription by RNA polymerase I,
and transcription termination sites. Similar elements
have been found in other organisms (Reeder, 1992).
The promoter site for RNA polymerase [ is
duplicated several times within each copy of the
ribosomal non-transcribed spacer of Xenopus and
mouse. In addition to this, repetitive sequences
within the non-transcribed spacer of these species
have been shown to play a role in transcription
enhancement (Labhart & Reeder, 1984; Pikaard et
al. 1990). Drosophila has repetitive elements within
the intergenic spacer that play a dual role of promoter
and enhancer (Grimaldi, Fiorentini & Di Nocera,
1990).

This paper presents the first characterization of
the rDNA intergenic spacer and provides the first
step in defining ribosomal transcription within a
monogenean species. The sequence containing the
putative rRNA transcription initiation and termin-
ation sites is presented and features within the
intergenic spacer of G. salaris that are present in the
spacers of other organisms are identified.

MATERIALS AND METHODS
Preparation of Gyrodactylus DNA

Approximately 200 G. salaris specimens were
obtained from Atlantic salmon (Salmo salar 1..) parr
collected from the river Rauma in Norway and
preserved in 709, (v/v) ethanol. The animals were
placed in 500 ul of lysis buffer (Tris 0-1 m, pH 85,
NaCl 0-2 M, EDTA 005 M, SDS 19, proteinase K
60 pg/ml) and incubated at 65 °C for 3-5 h, followed
by inactivation of residual proteinase K at 95 °C for
10 min. Total genomic DNA was separated from
tissue proteins and lipids using phenol and chloro-
form  extraction, ethanol precipitated, and
resuspended in TE buffer (Tris—HC1 10 mMm, EDTA
1 mMm, pH 8:0). DNA concentration was estimated
by subjecting an aliquot to electrophoresis in a 0-8 9,
(w/v) agarose gel alongside markers of known DNA
concentration (Low DNA Mass Ladder, Gibco—
BRL).
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Amplification of the ribosomal intergenic spacer

The intergenic spacer (IGS) region of the ribosomal
RNA gene array (rDNA) was amplified using
primers 310 (5-GCTGATTTAATGAGCC-3')
which is complementary to sequence at the 5’
terminus of the G. salaris small subunit (18S)
ribosomal RNA gene (Cunningham et al. 1995a),
and 28AAF (5-AGGTTAGTTTTACCCTACT-
3") which lies at the 3’ terminus of the large subunit
(28S) ribosomal RNA gene (Hillis & Dixon, 1991)
and was found to be conserved in Schistosoma (Kane
& Rollinson, 1998). A sample of 100 ng of genomic
DNA was used as template in a total amplification
volume of 100 xl. The amplification reaction con-
tained primers 1 uM each, dNTPs 0:25 mm each,
MgCl, 1:0 mm, AmpliTaq Gold Buffer 1 x (Perkin
Elmer), and distilled H,O. Amplification was carried
out on a Techne Genius thermocycler using con-
ditions of 96 °C for 10 min, at which point 2:6 U
AmpliTaq Gold enzyme mix (Perkin Elmer) were
added to the reaction mix, followed by 35 cycles of
94 °C for 1 min, 50 °C for 1 min, 72 °C for 2-5 min,
and a final incubation at 72 °C for 5 min. Results of
the amplification were checked on a 0-8 9%, agarose
gel.

PCR amplifications were also carried out using
single Gyrodactylus specimens, incubated under the
same conditions as above, in 7'5 ul of lysis buffer
(proteinase K 60 pg/ml, NP40 0:459,, Tween 20
0-45 9, in TE buffer). The total lysate was added to
the amplification mix.

Cloning and sequencing of the intergenic spacer

PCR products were excised from agarose gel,
purified using the Geneclean 111 Kit (Bio 101), and
cloned wusing the pGEM-T Vector System
(Promega). Sequencing reactions used the
dRhodamine Terminator Cycle Sequencing Ready
Reaction kit (Perkin Elmer) and an ABI Prism 377
automatic sequencer. Full-length sequences were
obtained from plasmid purified by resin column
(Promega) and excised inserts that had been gel
purified, using plasmid and internal primers. In
addition, sequences of the region containing re-
petitive DNA were obtained directly from PCR
products.

Sequence analysis

Sequences were examined and contigs assembled
using Sequencher (Gene Codes Corporation).
BLAST searches were carried out to identify
sequences from other organisms with homology to
the G. salaris sequence. Alignment of sequences for
interspecies comparison of IGS regions was carried
out using ClustalX (Thompson et al. 1997).
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Fig. 1. PCR products (2:62, 1-0 and 0-63 kb) obtained following amplification of Gyrodactylus salaris intergenic spacer.
All 3 products contain identical sequences at the 5 and 3’ termini (solid line). The 1-:0 kb and 2:62 kb products
contain different sequences between these termini (parallel line) and the 2:62 kb product contains 2 regions of

repetitive DNA (dashed lines).

RESULTS
PCR amplification of the intergenic spacer

Three PCR products were obtained using primers
310 and 28 AAF. These were 2:62, 1-:0 and 0-63 kb in
size. Based on intensity of ethidium bromide staining
in gels, the 1:0 kb product appeared to be amplified
at a lower concentration than the other fragments.
These 3 products were always obtained, despite
modifications of parameters in the amplification
reaction. Changes in the concentrations of DNA
template, MgCl, and dNTPs and changes in dur-
ation and temperature of annealing and extension
steps did not result in single products. Three
products were obtained in both reactions using
pooled DNA and those with single parasites as
template.

Intergenic spacer sequences

The intergenic spacer (IGS) PCR products are
shown schematically in Fig. 1. The 063 kb IGS
PCR product contains the first 229 nucleotides of the
5" end and the last 400 nucleotides of the 3’ end of the
2:62 kb IGS sequence with the intervening sequence
missing. The 1-0 kb IGS PCR product is identical to
the first 235 and the last 485 nucleotides of the
2:62 kb IGS sequence. The remaining intervening
sequence shows no homology to the 2:62 kb inter-
genic spacer. This entire 1-0 kb sequence has been
submitted to the EMBL nucleotide sequence data-
base under accession number AJ276033.

The 5’ terminus of each product from nucleotides
19 to 159, shows homology to ribosomal sequences
from several species, including 90 9, similarity with
Schistosoma ribosomal intergenic spacer region
(EMBL accession numbers AJ223840, AJ223838,
AJ223842) and Spirometra erinacei 28S ribosomal
DNA (EMBL accession number AB027760), 80 9,
similarity with mouse 28S ribosomal DNA (EMBL
accession number AV355665) and human 28S ribo-
somal DNA (EMBL accession number M11167).

The 2:62 kb IGS PCR product contains 2 regions
of tandem repeats (see Fig. 1), separated from each
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other by a non-repeated sequence of 81 bp. The first
region of repeats extends from nucleotides 1381 to
1587 and consists of 9 repeat units, each 23 bp in
length. These repeats are not identical but differ
from each other at 1-3 positions (Fig. 2A). The
second set of tandem repeats starts at nucleotide
1669 and ends at nucleotide 1875. This array also
consists of 9 repeats, each 23 bp in length and
differing from each other in 3—4 positions (Fig. 2B).
The first and second repeat arrays have a high degree
of similarity in 12 nucleotides at the 3’ ends of their
individual repeats (Fig. 2). The same sequence was
obtained from clones of the entire IGS amplified
from pooled DNA and from PCR products spanning
only the region of repetitive DNA that had been
amplified from single specimens.

Immediately upstream of the first array of repeats,
the sequence (5-GTACA-3") occurs. This comprises
the last four nucleotides of the 23 bp repeat unit in
this first array. Another truncated repeat (5'-
CACTATTACCGTGG-3) which corresponds to
the 5’ portion of the 23 bp unit found within the
second repeat array occurs downstream of this array
(Fig. 3).

Three palindromic sequences were found in the
2:62 kb IGS sequence at nucleotides 138 to 150 (5’
CTAAGTCTGAATC 3), 515 to 528 (5 CTGGT-
ACCATGGTC 3') and 2374 to 2388 (5 TCCTT-
AATAATTCCT 3%). An inverted repeat was found
at nucleotide 1144 (5 AGCTCACTATAGTGAG-
CT 3'). Three chi-like sequences occur at positions
828 (5" ACTGGTGG 3, 971 (5 GCTGGTGC 3
and 2353 (5 GTTGGTGG 3.

The overall composition of the 2:62kb IGS
sequence is 56:8 9%, AT. The occurrence of AT and
GC base pairing shows a distinct distribution with
areas of high AT content flanking the regions of
tandem repeats and at the 3’ end of the IGS (Fig. 4).
The 2:62 kb sequence has been submitted to the
EMBL nucleotide sequence database under
accession number AJ276032.

The species most closely related to Gyrodactylus
for which intergenic spacer sequences were found in
nucleotide sequence databases were FEchinococcus
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First repeat section

Repeat

A G T CCTTGC CAGT|GTAGAIRATCT CTGT AC|A
B G T CCTTG CAGT|GTAGAGTCT CGT AC|A
E G T CCTTITAGT|GTAGAGC CT CGT AC|A
F G T CATTC CAGIEGT AGAGC CT CGT AC|A
(a)

Second repeat section

Repeat

P TACTARATACTC|GTGTAGTCTCGT A G|G
Q TATTATTACTC|GTAGAGTCTCGT AC|G
R C ACTATTACTC|GTGGAGT CT CGT AG|G
T T A CT[T'AT ACTC|GTI@AGAGTCT CGT AC|G
A% TACTITTTACTC|GTGHAAGTCTCGT AG|G
(b)

Fig. 2. Differences in sequences between tandem repeats within the intergenic spacer region of Gyrodactylus salaris.
Nucleotides which vary from the consensus are shaded. Regions of homology between repeats are boxed.

TTCCAAGTTCACATAGCATTCGTACA | GTCCTTCAGTGTAGAACCGTACA | GTCCTTCAGTGTAGAGCCGTA
A B

CA | GTCCTTCAGTGTAGAGCCGTACA | GTCCTTCAGTGTAGAGCCGTACA | GTCCTTCAGTGTAGAGCCGTA
B B B

CA | GTCCTTCAGTGTAGAGCCGTACA | GTCCTTCAGTGTAGAGCCGTACA | GTCATTCAGGGTAGAGCCGTA
B B F

CA | GTCCTTTAGTGTAGAGCCGTACA | CACTAACACTGACGTACGCACTAACGCCTATACTTTGAACAAATT
E Non-repetitive region

TGGAGTGCTCTAAAATTTTTTATCACGAGACGAAGG | TACTAATACCGTGTAGCCGTAGG | TACTAATACCG
P

TGTAGCCGTAGG | TACTAATACCGTGTAGCCGTAGG | TATTATTACCGTAGAGCCGTACG | CACTATTACCG
P P Q

TGGAGCCGTAGG | TACTTATACCGTAGAGCCGTACG | CACTATTACCGTGGAGCCGTAGG | TACTTTTACCG
R T R

TGAAGCCGTAGG | TATTATTACCGTAGAGCCGTACG | CACTATTACCGTGGTAACTAAGATTTTCACACCG
v Q

Fig. 3. Sequences of repeat regions 1 and 2 within the intergenic spacer of Gyrodactylus salaris ribosomal RNA genes.
Letters underneath sequences indicate repeat sequences denoted in Fig. 2.

granulosus (EMBL accession number U26429), ber AJ223838), and S. mansoni (EMBL accession
Schistosoma intercalatum (EMBL accession number number AJ223842). These sequences were aligned
AJ223840), S. haematobium (EMBL accession num- with the G. salaris IGS sequence and examined for
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Fig. 4. AT content in the Gyrodactylus salaris intergenic spacer DNA. Areas marked R1 and R2 indicate positions of

repetitive DNA regions 1 and 2.

common motifs. Apart from sequence representing
the 3’ end of the 28S gene, no significant similarities
were seen between the intergenic spacer of G. salaris
and those of the other species.

The IGS sequences obtained for G. salaris were
examined for the presence of sequence motifs found
in other organisms. A summary of results is given in

Table 1.

DISCUSSION

The intergenic spacer of G. salaris shows similarities
to those of other organisms in that it has variable
length and contains tandem repeats and long
stretches of AT-rich sequences.

Three different PCR products were consistently
found on amplification of the intergenic spacer of G.
salaris. Similar results have been seen in other
organisms. Kane & Rollinson (1998) reported
different sized spacer regions on amplification of the
Schistosoma 1GS. One of these products had a large
deletion of approximately 1:5 kb, resembling the
difference between the 2:62 and 063 kb PCR
products found in G. salaris. Spacer length het-
erogeneity occurs in Leishmania, Drosophila, mouse
and human, with a 3-fold range in sizes occurring in
Xenopus (Long & Dawid, 1980). Very often the
length heterogeneity in spacers is due to variation in
repetitive elements within the spacer but in Gyro-
dactylus it appears to be due to large deletions,
including the region containing both the regions of
repetitive sequence.

The origin of the smaller IGS fragments is
unclear. It may be that they are non-functional, in
that they have lost their promoter and transcription
start sites, as was suggested for the truncated
intergenic spacers found in S. haematobium (Kane &
Rollinson, 1998). It has been found in Drosophila
and Xenopus that elimination of half the promoter
sites in tDNA does not result in an appreciable
reduction in rDNA transcription and ribosomal
activity (Fedoroff, 1979). Therefore it is possible
that non-functional spacers may be tolerated and
allowed to accumulate within ribosomal gene arrays.
Several spacers may be present if there are processes
causing elimination and accumulation of spacers that
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exist in some form of equilibrium (Fedoroff, 1979).
However, as discussed below, the processes of
concerted evolution appear to act in G. salaris as in
other organisms, and it therefore seems unlikely that
there would be the rapid gain or loss of spacers
necessary to give rise to such disparate PCR
products. If more than 1 cluster of rRNA genes
occurs, perhaps even on different chromosomes, it
may be the case that different intergenic spacers are
found in each cluster while the genes and internal
transcribed spacer sequences are maintained.

Determining the site of 285 rRNA gene tran-
scription termination in the IGS is difficult. Com-
parison of all 3 IGS PCR fragments obtained from
G. salaris with the IGS of schistosomes shows high
homology for the first 159 nt of the IGS sequence.
This most likely represents the 3’ end of the coding
region for the 28S ribosomal gene, as the coding re-
gions of the termini of Gyrodactylus ribosomal RNA
genes have been shown to be highly conserved when
compared with a wide range of divergent species
(Cunningham et al. 2000). However, homology
is significantly lower in the area defined as the 3’
terminus of the Schistosoma 28S gene by Kane &
Rollinson (1998). Further evidence will be required
to precisely identify the terminus of this gene in
Gyrodactylus.

It is not known if a 3’ trailer is transcribed which
is later cleaved from the mature Gyrodactylus 28S
product. A putative termination sequence, T'T'T'T,
is found at position 447 in the 5’ end of the G. salaris
IGS sequence. T clusters (on non-coding strands)
and palindromic sequences are regularly found at
transcription termination sites in both eukaryotes
and prokaryotes (Fedoroff, 1979). Inverse termin-
ation signals (AAAA) and palindromic sequences
occur between nucleotides 138 and 515. As position
138 falls within the putative 28S gene sequence,
transcription termination is likely to occur within the
region of nucleotides 284-515. Sequencing the IGS
from other closely related gyrodactylid species may
highlight similarities in sequence downstream of the
28S gene, improving the delineation of this gene.
However, it may prove necessary to study cDNA
reverse transcribed from Gyrodactylus RNA to
unequivocally pinpoint the terminus of the 28S
rRNA.
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Table 1. Regions of sequence similarity between the Gyrodactylus salaris intergenic spacer (IGS) and

functional motifs within the IGS of other organisms

Sequence G. salaris sequence Similarity Position in
Motif (53" (53" (%) G. salaris 1IGS
Schistosoma chi-like*1 GCTGGTGG ACTGGTGG 88 828-836
CGACCACC GCTGGTGC 88 971-978
GTTGGTGG 88 2377-2384
Transcription termination TTTT AAAA 100 285-288
signal? AAAA 100 332-335
TTTT 100 447-450
Human transcription CTCCGAGTCG CTCAGGGTCG 80 934-944
factor UBF1 binding site® AGGGTCGACGG 73 937-948
CTTGCGGCCTA 73 1222-1232
CACCGAGTCA 80 1929-1938
TGGGCCGACTA 73 2304-2314
Xenopus laevis AGGTAGGGA TCACTACTT 78 2256-2264
rDNA transcription start? (—4 to +5) AGGTAGCGA 89 2594-2601
Dictyostelium ATATACAAG GAATACAAG 78 2006-2014
rDNA transcription start? (—4 to +5) CTAGTAAAT 78 2023-2031
AAATACTAG 78 2092-2099
CTTGTATGG 78 2166-2173
CATCTATAT 78 2349-2356
CCTGTAGAT 78 2410-2418
Saccharomyces AGGAACTTCA-
TGCGAAAGC
rDNA transcription start® (—8 to +10) TCTTCCGGTTT- 63 2121-2140
GAGTTTCT
Mouse AGGTACTGA ACGCACTAA 70 1625-1635
rDNA transcription start? (—4to +5) AGGTACTAA 80 1688-1697
AGGTACTAA 90 1712-1721
AGGTACTAA 90 1735-1744
AGGTACTTA 90 1757-1767
AGGTACTTA 90 1781-1790
ASGCACTATT 70 1804-1812
AGGTACTTT 80 1827-1836
AGGTAYTWT 80 18501858
ASGYAYTAT 80 1873-1882
GAGTATCTT 70 1940-1950
AAGTAGTAA 70 2066-2075
CACTACTTG 70 2256-2265
CAGAACCGA 70 2528-2537
AGGTAGCGA 70 2593-2602
Human ATATGCTGA ATATTGTGA 78 2354-2362
rDNA transcription start? (—4 to +5)
Bombyx GTGAATACA ACGTACGCA 78 1623-1631
rDNA transcription start? (—4 to +5) GTGAATACA 78 2005-2013
Drosophila melanogaster CTATAGGTA CCTTGTATG 78 2164-2173
rDNA transcription start? (—4to +5) CATTGAAAG 78 2586-2595
Autonomously replicating A/TAAAT/CATAAAAT TAATTATTAAA 82 2316-2327
sequences of yeast® TTAATATAACA 82 2452-2462

* 1. Kane & Rollinson (1998); 2. Fedoroff (1979); 3. Lewin (1997); 4. Fujiwara & Ishikawa (1987); 5. Sommerville
(1984); 6. Safrany & Hidvegi (1989).

The most striking feature of the IGS sequence
reported here is the presence of 2 regions where
23 bp sequences are tandemly repeated. Repetitive

in the IGS of

ribosomal genes from numerous species, sometimes

elements have been described

as several large repeats, sometimes interspersed with
non-repeat regions (Challoner et al. 1985; Kane &
Rollinson, 1998) or in the form of long runs of simple
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sequence (Kane & Rollinson, 1998). Blocks of
tandemly repeating units have been described in
organisms as diverse as Acanthamoeba (Yang, Zwick
& Paule, 1994), mouse (Kuhn, Deppert & Grummt,
1990; Pikaard et al. 1990), Xenopus (Labhart &
Reeder, 1984) and plant species (Reeder, 1992).

In repetitive sequence, such as the rRNA gene
array, the processes of concerted evolution act to
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homogenize the array, resulting in conservation of
sequence within species and greater divergence
between species (Challoner et al. 1985; Elder &
Turner, 1995). The sequences of the 58S rRNA
gene, the V4 region of the small subunit rRNA gene,
and the internal transcribed spacer region of the
rRNA gene array are highly conserved within G.
salaris, G. derjavini and G. truttae, even in widely
dispersed populations (unpublished), demonstrating
that homogenization has occurred in this genus.

Homogenization is facilitated by frequent recom-
bination and unequal crossing over that are
promoted at regions of, or surrounding, repetitive
DNA (Challoner et al. 1985). This can lead to gain or
loss of repeats, including those within the IGS
(Jemtland et al. 1986; Safrany & Hidvegi, 1989).
Sequences of the repeat regions of G. salaris IGS
from different individuals within the same popu-
lation show no variation in the number and
sequences of repeats. Further analysis will be carried
out to examine variation in the IGS repeat arrays
between individuals from geographically distinct
populations of G. salaris to investigate if the process
of homogenization applies to all regions of the rRNA
equally, or if different patterns occur in the trans-
cribed and intergenic sequences, as demonstrated for
Drosophila (Polanco et al. 1998).

A'T-rich sequences occur in the G. salaris IGS as
in other species, including Caenorhabditis elegans
(Ellis, Sulston & Coulson, 1986) and Schistosoma
(Kane & Rollinson, 1998). AT-rich regions can also
promote recombination by acting as DNA un-
winding elements (DUEs) (Sinden, 1994) and aiding
binding of enzymes involved in recombination
(Safrany & Hidvegi, 1989). The distribution of AT-
rich sequence in the G. salaris IGS shows a distinct
pattern in relation to the tandem repeats, occurring
before and after each run of repeats.

Three chi-like sequence motifs exist within the
IGS of G. salaris. The octamer chi sequence
facilitates recombination in E. coli (Lewin, 1997).
Chi-like sites were also found in the IGS of
Schistosoma where it was suggested that they may
have been involved in promoting recombination
(Kane & Rollinson, 1998). Only 1 chi-like sequence
falls within a region of high AT content. As it is
likely that recombination will fall within an area of
high AT, 2 of these motifs may be coincidental.

A high percentage of A and T nucleotides is also
found towards the 3’ end of the G. salaris intergenic
spacer, possibly indicating the rRNA gene promoter
region. A'T-rich sequences have been noted sur-
rounding promoter sites where again, a high AT
content may aid unwinding of the DNA duplex prior
to transcription (Gruendler et al. 1991).

Sequence motifs showing similarity to mouse
rDNA transcription start sites are found throughout
the G. salaris intergenic spacer. Four such motifs (1
inverse and complement) are found within the last

https://doi.org/10.1017/50031182099006770 Published online by Cambridge University Press

561

600 bases of the IGS. As 1 of these motifs occurs
within the second repeated sequence, it is duplicated
at constant intervals. This may be comparable to the
situation seen within the intergenic spacers of
Xenopus and Drosophila where the repetitive
sequences may have arisen by duplication of the
promoter. The entire promoter appears to be
repeated in Drosophila while only 1 promoter domain
has been repeated in Xenopus (Reeder, 1992). The
mouse promoter site is also repeated (Kuhn &
Grummt, 1987).

There are numerous sequence motifs found within
the IGS of G. salaris that show similarity to sites
involved in transcription start within the IGS of
other organisms. However, no motif was found
within G. salaris IGS with 100 9, sequence similarity
to those reported to date. This was not unexpected,
as the intergenic spacer is highly variable except
between the most closely related species, and even
then the functional sites within these sequences do
not show 100 9%, homology (Challoner et al. 1985).
This is clearly demonstrated in studies where
transcription of ribosomal DNA can only be
achieved with polymerase and cell extract (tran-
scription co-factors) from the same species
(Grummt, Roth & Paule, 1982; Miesfeld &
Arnheim, 1984).

Preliminary sequencing of the 3’ end of the IGS of
a second gyrodactylid species, G. derjavini, shows
high homology with the last 300 bases of G. salaris
IGS. Upstream of this region, the sequences diverge
significantly ('T. Neilson, FRS Marine Laboratory,
personal communication). This strongly indicates
that the signals for gyrodactylid RNA polymerase I
binding and transcription initiation lie within the
last 300 nucleotides of the IGS sequence. Many
motifs that share similarity with transcription factor
binding sites and transcription start sites occur
within this region. AT content, homology with the
external transcribed spacer of another Gyrodactylus
species and the occurrence of many motifs with
homology to transcription start sites of other
organisms all suggest that transcription starts at the
end of the IGS, and downstream of the repeat
regions. This sequence is identical in all 3 IGS PCR
products, and raises the possibility that all 3 variants
of IGS may be able to initiate transcription.

In summary, the intergenic spacer of G. salaris
shares many features with those of other organisms.
However, at a more detailed level it shows little
similarity to other organisms in its sequence, the
position, number and size of repeats, and the
conservation of motifs involved in transcription
initiation and termination. Studies on transcriptional
activation, or at least, further intergenic spacer
sequences obtained from closely related gyrodactylid
species, should enable better definition of the
functional elements of the IGS spacer within
Gyrodactylus.
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