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SUMMARY

The sequences for the entire intergenic spacer (IGS) and 3" end region of the large subunit (28S) ribosomal RNA gene
are presented for Schistosoma intercalatum, S. haematobium and S. mansoni. The IGS was found to have at least 2 size
formats for S. intercalatum and S. haematobium and the region for all 3 species contains numerous repeats and evidence
of recombination. An A+ T rich sequence found in S. intercalatum and S. haematobium is described and its possible
function and origins are discussed. T’he amplification of this region by means of the polymerase chain reaction can be used
to discriminate clearly between the 3 species involved in this study. The putative end of the 28S gene is identified.

Key words: intergenic spacer, rRNA, A+ T rich sequence, repeats, Schistosoma intercalatum, Schistosoma haematobium,

Schistosoma mansoni.

INTRODUCTION

The work of Walker, Rollinson & Simpson, (1986)
on the ribosomal RNA (rRNA) gene complex of
Schistosoma revealed that the internal transcribed
spacer (I'TS) and intergenic spacer (IGS) regions
displayed variation between species. This was
demonstrated by the production of restriction frag-
ment length polymorphisms (RFLPs) through the
hybridization of restricted genomic DNA to ribo-
somal probes. Since then size variation of the I'TS
has been investigated (Kane & Rollinson, 1994;
Kane et al. 1996) and found to be due to different
numbers of tandem repeat elements within I'T'ST.
Size variation of the IGS has been a key element in
the molecular discrimination between the human
pathogens Schistosoma haematobium and S. inter-
calatum and other species within the terminal spined
egg group. RFLP analysis revealed a 0-5 kb deletion
in this region for S. haematobium (Walker et al. 1986
Rollinson et al. 1990) which, although used as a
discriminatory tool, has never been fully investi-
gated. This paper presents the first complete
sequences of the ribosomal intergenic region for S.
haematobium, S. intercalatum and S. mansoni and
identifies repeats, areas of recombination, possible
origins of DNA replication, and the putative end-
point of the 28S ribosomal gene.
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MATERIALS AND METHODS

An S. haematobium isolate from Mauritius (NHM
2667) and an S. intercalatum isolate from Sdo Tomé
(NHM 2756) were selected for study. DNA was
extracted from adult worms according to the method
outlined by Walker et al. (1986) with minor modi-
fication. The IGS was amplified by PCR using a
Hybaid Thermal Cycler and the thermostable poly-
merase AmpliTaq ‘Gold’ (Applied Biosystems).
Cycling conditions were 94 °C for 12 min/58 °C for
2 min/72 °C for 3 min x 1, 94 °C for 1 min/58 °C for
2min/72°C for 3 minx30 and 94°C for
1 min/58 °C for 2 min/72 °C for 10 minx 1. The
primers employed were ET10 (5" CTGAGACAAG-
CATATGACTAC 3) which sits on the 5" end of the
18S gene and the ‘universal’ primer 28aa (5’
AGGTTAGTTTTACCCTACT 3’), located on the
3’ end of the 28S gene (Hillis & Dixon, 1991).
Amplified fragments were cloned into pGEM-T,
using a commercial cloning kit (Promega). Trans-
formants were screened by PCR using the primers
ET10 and 28aa. Those Escherichia coli containing
fragments of interest were grown up and the
plasmids harvested and purified by a modified mini
alkaline-lysis/polyethylene glycol precipitation pro-
cedure (Applied Biosystems protocol part no.
401461). The sequence for the S. mansoni IGS was
generated from the ribosomal DNA clones pSM890
and pSM389 (both in the vector pBR322), which are
known to contain the entire region (Simpson et al.
1984). These were grown up in E. coli and purified in
the same manner as mentioned previously. The IGS
for S. intercalatum and S. haematobium was se-
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Fig. 1. Schematic diagram of the IGS for the 3 species of schistosome (not to scale). Repeats are labelled A to H and
their alphabetical designation indicates the order in which they are encountered in Fig. 2. The arrows define the
orientation of a specific repeat sequence i.e. those pointing to the left indicate that the repeat is inverted relative to it’s
partner. The black and white regions marked as A+ T represent the main A+'T rich regions of the IGS.

quenced in the main using a pool of 3 cloned PCR
products for each species (clones 11D, 12A and I3A
for S. intercalatum and H1D, H1F and H2A for S.
haematobium). However, in the A+T rich region
where sequence variation occurred between cloned
PCR products, individual clones were sequenced
(clone I12A for S. intercalatum and clone H1D for S.
haematobium). All sequencing was performed using
Fluorescent Dye Terminator Sequencing Kits (Ap-
plied Biosystems) and the sequencing reactions run
on either an Applied Biosystems 377 or a 373A
automated sequencer.

Amplification of the A+T region and adjacent
sequence was achieved using primers MNTS1 (5
CCTATCCCTGCTTGAC 3%) and NTS15 (5
ATATATCGCGGGCTT 3%). Cycling parameters
were the same as those described previously. PCR
was performed upon 4 isolates of S. haematobium,
namely, Cameroon (NHM 1848), Mali (NHM
1804), Mauritius (NHM 2667) and Malawi (Cape
Maclear), 4 isolates of S. mansoni, Senegal (NHM
2922), Egypt (NHM 2917), Brazil (NHM 3054), and
Kenya (NHM 2834) and 2 isolates of S. intercalatum,
Sao Tomé (NHM 1784 and NHM 2756).

RESULTS
PCR products

The IGS of all 3 species proved to have a dynamic
and highly complex structure. The first indication of
this became apparent upon amplification of the IGS
PCR products. S. haematobium appeared to produce
a main discrete band correlating to the IGS,
however, S. intercalatum consistently produced at
least 2 main PCR fragments and on occasions a
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further 2 smaller, fainter bands. Despite alteration of
annealing temperatures and times and the use of
alternate primers, no discrete single IGS band could
be obtained for S. intercalatum. DNA was then
extracted from individual worms in order to check
that a particular size of IGS was not associated with
specific individuals. Following PCR amplification of
individual worm extracts for both S. intercalatum
and also S. haematobium, pattern profiles proved to
be identical to those from the DNA of pooled
worms. As a consequence, the IGS PCR fragments
of both species were cloned directly into pGEM-T
plasmids, with a view to sorting out the different sizes
of IGS product from their individual clones. Upon
screening, it became apparent that a large and a small
sized product had been cloned for both species. It is
possible that IGSs may exist for both species with
lengths different to those described here, however,
such were not observed in the clones screened for
this study.

Sequences

The IGS region for S. mansoni was sequenced along
with the small and large cloned spacers for both S.
intercalatum and S. haematobium. Sequences of the
largest cloned IGS fragments are presented
schematically in Fig. 1 and in detail in Fig. 2,
together with the comparable S. mansoni sequence.
The largest cloned 1GSs have EMBL accession
numbers AJ223840 (S. intercalatum) and AJ223838
(S. haematobium), while those for the smaller IGS
fragments are AJ223841 (S. intercalatum) and
AJ223839 (S. haematobium). The accession number
for the S. mansoni 1GS is AJ223842. The small S.
haematobium fragment (537 bp) was considerably
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smaller than the full sized IGS presented here
(2058 bp). It may represent some form of PCR
artefact or non-functional relic as only 231 bp of
sequence were encountered from the 3’ end of the
IGS before the A+ T rich sequence was reached i.e.
1521 bp of sequence was missing, in all likelihood
containing the promoter and start of transcription.

The IGS sequences for both S. mansoni and S.
intercalatum contained a pair of large non-identical
repeats and all 3 species had smaller repetitive
regions. Both S. haematobium and S. intercalatum
exhibited long stretches of very A+ T rich sequence
towards the putative 5" end of the IGS (see Figs 1
and 2) which were present in both small and large
cloned fragments. No consensus sequence was
apparent for this region which varied slightly in
composition and length between cloned PCR frag-
ments. The A+ T region for the sequences displayed
in Fig. 2 represents the individual clones which
contained the longest A 4+ T sequences. These have a
length of 356 bp for S. intercalatum and 226 bp for
S. haematobium. However, despite having no con-
sensus sequence, the overall length of the A+ T rich
region for S. haematobium was always approximately
two thirds of the length for that of \S. intercalatum. S.
mansoni lacked this long stretch of A+T rich
sequence but in common with the other 2 species,
exhibited a short 17 bp stretch of A+4+T rich
sequence downstream of the longer A+'T regions
(see Fig. 2).

Inverted repeats

S. mansoni contained 2 large inverted repeats, E1
(285 bp) and E3 (271 bp) with a partial inverted
repeat E2 (67 bp) sandwiched between the two (see
Figs 1 and 2). All 3 species contained a pair of short
inverted repeats D1 (52 bp) and D2 (51 bp) (see Figs
1 and 2) situated respectively 248 bp downstream of
the 3’ side of the A+'T rich region and 745 bp
upstream of the 3" end of the 1GS (S. intercalatum).

Direct repeats

Inverted repeats were not the only form of repeat
within the Schistosoma 1GS. Two sets of direct
repeats Al, A2 and B1, B2 were found in S. mansoni
starting at 295 bp and 491 bp respectively from the
putative 5" end of the IGS. Moreover, 3 short direct
repeats designated C1 (19 bp) to C3 were located to
the 3’ side of the A+ T rich region in S. intercalatum
and also in S. haematobium. Two very large direct
repeats F1 (379 bp) and F2 (378 bp) occurred in the
larger of the 2 cloned S. intercalatum 1GS sequences
(see Figs 1 and 2). The presence of the repeat mainly,
though not entirely, accounted for the difference in
size between the large and small forms of IGS cloned
for this species. Finally, 2 very small direct repeats
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G1 (12 bp) and G2 lay near the 3" end of the IGS in
S. intercalatum and S. haematobium. The repeats
were also present in S. mansoni within the larger
repeats designated H1 and H2 and also to the 3’ side
of H2.

Amplification of the A+ T region

The A+T region and it’s immediate adjacent
sequence can be amplified from conserved priming
sites (MNTS1 and NTS15) to produce a discrete
fragment. Following agarose gel electrophoresis, the
visible size variation of this fragment allowed easy
discrimination of the 3 species, isolates of S.
haematobium having the smallest fragment and those
of S. intercalatum the largest. Although S. mansoni
had no large A+ T region, the size of the fragment
generated between the 2 priming sites fitted neatly
between that of the other 2 species (see Fig. 3). This
technique worked equally well on DNA extracted
from pooled worms or individual worms and may
prove useful for the discrimination of species in areas
where S. haematobium and S. intercalatum overlap.

Putative endpoint of the 28S gene

The 3" end of the 28S gene for Schistosoma has not
been determined experimentally in this study. How-
ever, through comparison with other 28S sequences
from the Ribosomal Database Project (Maidak et al.
1997) the putative 3° end of the 28S gene for
Schistosoma was identified, allowing the estimation
of the length of the IGS sequences shown in Fig. 2,
namely 2571 bp for S. intercalatum, 2058 bp for S.
haematobium and 2558 bp for S. mansoni. In ad-
dition, following a ‘blastn’ search (Altschul et al.
1990) of the EMBL database, the 28S sequences
presented here were found to match an S. mansoni
(Egyptian strain) Expressed Sequence Tag (EST)
complete with a short poly A tail (accession no.
N20737). It is of interest to note that the junction
between the poly A tail of this EST and the rest of
the sequence correlates exactly with the end of the
28S gene as estimated by homology alignment.

Whether the end of the 28S gene is also the end of
transcription has yet to be determined. Some studies
have indicated that the end of the primary rRNA
transcript is concomitant with the 3’ end of the 28S
gene, while others have found that transcription
continues several hundred base pairs beyond to form
a 3’ trailer, e.g. Xenopus laevis (Sollner-Webb &
Tower, 1986).

Whilst the localization of the start of transcription
was not an objective of the present study, it should
be noted that the rRNA 5" ends of a number of
plants, including Arabidopsis thaliana map to a
sequence TATATAGGG (the starting point of
transcription being underlined) (Doelling, Gaudino
& Pikaard, 1993). This sequence was present in the
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Fig. 2. For legend see opposite.
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Fig. 2. Alignment of IGS sequences for Schistosoma intercalatum, S. haematobium and S. mansoni. Sequences for the

2 former species represent the largest of the cloned IGS PCR products. The sequences for S. mansoni are derived

from the ribosomal probes pSM389 and pSM890. A dot (.) indicates that the sequence at that point is the same as S.

-) indicate alignment spaces. Repeats are underlined and given a letter in order of their

appearance within the figure. The main A+ T region and it’s smaller satellite are in bold lettering while chi-like sites

intercalatum. Hyphens (

are delineated in bold, italic script. The inverted arrow (|) indicates the putative end of the large subunit (28S) gene.
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Fig. 3. Amplification of the fragment containing the
A+'T rich region using primers MN'T'S1 and N'T'S15.
In all cases DNA was extracted from isolates of pooled
worms. Letters a—d are isolates of Schistosoma
haematobium, respectively, Cameroon, Mali, Mauritius
and Malawi (NHM codes 1848, 1804, 2667, and Cape
Maclear), e-h isolates of S. mansoni, respectively,
Senegal, Egypt, Brazil and Kenya (NHM codes 2922,
2917, 3054, and 2834) whilst i and j are S. intercalatum
from 2 locations in Sio Tomé, Chacara and San
Antonio (NHM codes 1784 and 2756). The negative
control and reference marker — sizes given in kilobases

(Cambio) are labelled k and 1.

inverted repeat D2 of S. intercalatum, S. haema-
tobium and S. mansoni with the exception that in the
latter species, the positions of the first T and A were
reversed.

3" end region of the large ribosomal (28.S) subunit

The final 464 bp of the 28S gene prior to the putative
start of the IGS was identical in all 3 species with the
exception of a substitution of a C for an A in S.
mansoni 65 bp from the proposed 285/1GS junction.

DISCUSSION

A+'T rich regions of sequence are often associated
with origins of DNA replication and are known as
DNA Unwinding Elements (DUEs). These have
been identified in both prokaryotes and also
eukaryotes and usually range from 30 to > 100 bp in
length (Sinden, 1994). Replication origins have been
located within the rDNA of the sea urchin Lytechinus
variegatus where the initiation of replication has
been found to be confined to a region within the IGS
(Botchan & Dayton, 1982). A similar situation has
been described concerning the extrachromosomal
rRNA genes within Physarum polycephalum where
up to 4 site-specific origins of replication within the
IGS have been identified (Bénard, Lagnel & Pierron,
1995). Gruendler et al. (1991) whilst studying the
ribosomal IGS of Brassicaceae (common wall cress,
radish and white mustard) noted that the regions
around putative promoters were A+T rich and
suggested that the consequent lowering of duplex
stability might affect the kinetics of DNA melting
during transcription.

A+T rich sequences in general appear to be
common across the entire taxonomic spectrum. The
origin of such sequences in S. haematobium and S.
intercalatum must be open to speculation, however,
the lack of direct repeats on both sides of the region
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would suggest that their origins are not due to
transposition. Jeffreys, Wilson & Thein, (1985) faced
a similar situation with minisatellites from human
DNA. None of these satellites were flanked by direct
repeats and they proposed that the presence of a chi-
like sequence was probably promoting recombi-
nation. The position within the Schistosoma 1GS
appears to be comparable. The true chi site in E. coli
has the sequence 5 GCTGGTGG 3’ (Cheng &
Smith, 1987). At a site 151 bp 3" of the A+ T region
lies a sequence which deviates from the true chi
sequence by only 1 base, namely 5 GCTGGTCG 3’
and it may be of significance that S. mansoni lacks
both this sequence and a large A+'T rich region.
The area of sequence from the putative start of the
IGS to just beyond the 3" end of the A+ T region, as
defined within this study, contains 36 copies of the
sequence 5" TATG 3’ and 16 copies of the sequence
5" TGCAT 3’. Thirty copies of the former and 11
copies of the latter lie within the A + T region itself.
Whether these short sequences are merely a conse-
quence of repeated recombination and duplication or
if they are actively involved in inducing this process
is unknown. It is of interest to note that the 3"/5’
junction of the tandem repeats within the I'T'S1 are
all straddled by the sequence 5" TATG 3’ and, in
addition, all contain the sequence 5" TGCAT 3’ as
well as a chi-like site (Kane et al. 1996). Whatever
the origin of these sequences, there seems little
doubt that crossing over has occurred through time
resulting in the A+ T structure. Should this act as
an origin of replication, aid to duplex melting during
transcription, or have no defined function at all,
it’s effect is most likely to destabilize the duplex in
so far as denaturation or melting will occur first
within this region.

Recombination may also be responsible for the
existence of the numerous other repeats present
within the IGS of all 3 species. Although the repeats
do not contain chi-like sites, 2 such sites do exist
53bp (5" CTTGGTGG 3’) and 317 bp (5" ACTG-
GTGG 3’) 3’ of the final inverted repeat D2. This is
similar to the format found within Opechona
bacillaris (EMBL accession number Z29504) and an
undescribed Dolichosaccus species (LLuton, Walker &
Blair, 1992) both of which possess large tandem
repeats within the I'T'S and a chi-like site 3’ of the
tandem repeat block (Kane et al. 1996).

Inverted repeats frequently occur at origins of
DNA replication and putative control regions of
genes. If the interstrand hydrogen bonds of an
inverted repeat are melted then the repeat has the
potential to form a hairpin (snapback) or even a
cruciform structure. Sinden (1994) has indicated,
that the positioning of such structures near origins of
replication and control regions suggests that alter-
nate DNA conformations may ‘provide a molecular
switch for controlling transcription or replication’.

The 1GS of Schistosoma contains many repeats
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and the indications are that recombination is a
relatively frequent event. In general, the sequences
of S. haematobium and S. intercalatum are well
conserved within the IGS (96:5 %). When compared
with the other 2 species, the sequence of S. mansoni
has a good though lesser degree of similarity for most
of the IGS (7599, with S. intercalatum and 77-7 9%,
with S. haematobium) with the exception of a region
starting approximately 150 bp on the 3’ side of the
putative starting point of the IGS and which
continues for roughly 500 bp. This area loosely
corresponds to the A+ T rich region of the other 2
species.

Most of the rRNA unit for the genus Schistosoma
has now been sequenced in one species or another
(Rollinson et al. 1997), namely the 18S gene (Omer
Ali et al. 1991; Johnston, Kane & Rollinson, 1993),
internal transcribed spacer (Després et al. 1992;
Bowles et al. 1993 ; Kane & Rollinson, 1994 ; Bowles,
Blair & McManus, 1995; Després et al. 1995; Kane
et al. 1996), and approximately the first quarter and
small central ‘gap’ region of the 28S gene (Mertz et
al. 1991; Littlewood & Johnston, 1995). With the
current study taken into consideration, this only
leaves approximately 2:0 kb of the 28S gene to be
analysed for the entire ribosomal gene complex to
have been sequenced. When, the whole sequence is
available for study, a comprehensive analysis of
structure and function within this region can be
undertaken. For example, a natural extension of the
current study would be the determination of the start
of transcription by RNA Polymerase I within the
IGS along with the delineation of promoter regions.
Recognition sites for protein attachment can be
sought and the dynamics of their involvement with
the regulatory mechanisms of transcription and
ribosomal maturation inferred.

One immediate benefit of the current study is the
ability to identify pure strains of S. haematobium
from S. intercalatum and S. mansoni through the
PCR amplification of the A+T region. This pro-
vides a much quicker and less involved procedure for
identification than blotting and probe hybridization
methods and allows the testing of individual worms.
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