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ABSTRACT We present evidence that a subset ofmRNAs
in the human parasitic trematode Schistosoma mansoni contain
an identical 36-nucleotide spliced leader (SL) sequence at their
5' termini. The SL is derived from a 90-nucleotide nonpolya-
denylylated RNA (SL RNA), presumably by trans-splicing.
Neither the SL nor the SL RNA share significat sequence
identity with previously described trans-spliced leaders and SL
RNAs in trypanosomatid protozoans or nematodes. However,
several features, such as predicted secondary structure, tri-
methylguanosine cap, and potential Sm binding site, suggest
similarities among SL RNAs in widely divergent organisms.
Our evidence also indicates that the exon 3 acceptor site of the
3-hydroxy-3-methylglutaryl-CoA reductase gene can be spliced
either to the SL by trans-splicing or to an upstream exon, 2, by
cis-splicing. The presence of a SL sequence in S. mansoni, a
member of the phylum Platyhelminthes, suggests that trans-
splicing may be a common feature ofother lower invertebrates.

Trans-splicing ofpre-mRNA sequences was first described in
trypanosomatid protozoans (1-3). In these organisms, small
nonpolyadenylylated RNAs [spliced leader (SL) RNAs] of
-100 nucleotides (nt) donate a 5'-terminal 39-nt SL sequence
to all pre-mRNAs to form the 5' termini of mature mRNAs.
In metazoans, the description of trans-splicing has been
confined to the phylum Nematoda. Trans-splicing in nema-
todes resembles the situation in trypanosomes as exemplified
by the detection of Y-branched intermediates and the pres-
ence of consensus 5' and 3' splice sites flanking the SL and
pre-mRNAs, respectively (4-6). There are, however, several
notable differences. Unlike trypanosomatid protozoans, only
a subset of nematode mRNAs (10-15%) mature via addition
of a distinct 22-nt SL sequence (7). In addition, processing of
nematode mRNA includes both cis- and trans-splicing (4).
Analyses ofthese mRNAs and corresponding genomic clones
have suggested that only the first exon serves as an acceptor
for the 22-nt SL sequence (8).
The discovery of trans-splicing in nematodes raised the

question of the prevalence of this reaction in other meta-
zoans. Nucleotide sequence analysis ofSL genes in different
genera ofnematodes has revealed perfectly conserved copies
of the 22-nt SL sequence (7, 9, 10). The nematode SL,
however, does not hybridize to RNA from other metazoans
such as Schistosoma mansoni, Dictyostelium, Drosophila,
Xenopus, and humans (7). If these organisms process their
mRNAs by trans-splicing, it is likely to involve SL sequences
that are not homologous to the nematode SL.
Here we present evidence that a subset of polyadenyl-

ylated transcripts in the human parasite S. mansoni, a
trematode, are processed art their 5' termini by addition of a
distinct 36-nt SL sequencet that shares no sequence identity
with the 22-nt SL in nematodes or the 39-nt SL in trypano-

somatid protozoans. Trematodes, cestodes, turbellarians,
and monogeneans are grouped together into the morpholog-
ically diverse phylum Platyhelminthes and are distinctly
different from nematodes in both anatomy and physiology.
The presence of a SL sequence in the phylum Platyhelm-
inthes indicates that trans-splicing in metazoans is more
widespread than heretofore suspected. We also present ev-
idence that the 3' splice site of an internal exon can be used
in both cis- and trans-splicing.

MATERIALS AND METHODS
Isolation ofcDNA and Genomic Clones. HMG2 [nt 1-861 of

the composite 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
reductase cDNA sequence (11)] and HMG15 (nt 8-28 and
277-861 of the composite HMG-CoA reductase cDNA se-
quence (11)] cDNAs were isolated from an oligonucleotide-
primed AgtlO cDNA library as described (11). An adult S.
mansoni EMBL3 genomic library was screened with an
HMG-CoA reductase cDNA fragment [nt 806-1167 of the
composite cDNA (11)], radiolabeled by the random primer
method (12), and with 5' end-labeled oligonucleotide L (5'-
ATGCAACAAATCACAAG-3', complementary to nt 11-27
of HMG2 cDNA), as described (13) except that for oligonu-
cleotide L hybridization and washing were at 42°C.
Genomic and cDNA fragments were subcloned into the

pBS-m13(+) or pBluescript SK(+) vectors (Stratagene) and
sequenced by the dideoxynucleotide method (14).

Blot Analyses and Prinier Extension. RNA and genomic
DNA were isolated from adult S. mansoni worms, and blot
analyses were performed as described (13). Hybridization
conditions for oligonucleotide L at 37°C included 1% bovine
serum albumin (fraction V), 0.5 M sodium phosphate (pH
7.2), 1 mM EDTA, and 7% SDS. The blots were washed in
0.3 M NaCI/0.03 M sodium citrate, pH 7/0.1% SDS at 42°C.
For primer extension analyses, RNA was annealed to 10 ng

of 5' end-labeled synthetic oligonucleotides (as indicated in
the figure legends) in 250 mM KCI/10 mM Tris-HCl, pH 8.0,
at 50°C for 1 hr and the extension reactions were carried out
as described (13). Products were resolved in 8% polyacryl-
amide/7 M urea gels and detected by autoradiography.
RNA Analyses by the Polymerase Chain Reaction (PCR). To

detect and quantitate the two HMiG-CoA reductase tran-
scripts, an oligonucleotide (5'-ACTGCCTTTTATTCCT-
CAGC-3') complementary to nt 657-676 of the composite
HMG-CoA reductase cDNA sequence (11) was annealed to
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polymerase chain reaction; SL, spliced leader; nt, nucleotide(s);
snRNA, small nuclear RNA.
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500 ng of polyadenylylated RNA isolated from adult S.
mansoni worms and primer extension was performed as
described (13). The first-strand cDNAs were then amplified
in a PCR using 5' and 3' primers and a step cycle program
(denaturation at 940C for 20 sec, annealing at 550C for 15 sec,
and cDNA extension at 720C for 1 minm) for a total of 26 cycles
as described (15). The 5' primer corresponded to the first 24
nt ofthe S. mansoni SL sequence (5'-AACCGTCACGGTlI-T -
TACTCTTGTG-3') and the 3' primer (5'-GCCTACAGG-
TAAATTGTCAAGCAGC-3') was complementary to nt
366-390 of the composite HMG-CoA reductase cDNA se-
quence (11).

RESULTS
Charatization of the 5' Termini of EMG-CoA Reductase

Transcripts. We previously isolated cDNAs encoding the
schistosome HMG-CoA reductase (EC 1.1.1.34) (11). Char-
acterization of cDNAs extending 5' indicated that nt 8-28 in
cDNA HMG2 and the first 21 nt in cDNA HMG15 were
identical (Fig. la). This region of identity was immediately
followed by sequences derived from either exon 2 (cDNA
HMG2) or exon 3 (cDNA HMG15) as determined by se-
quence analysis and the presence of consensus splice sites in
the corresponding genomic clone, 2A (Fig. lb). This indi-
cated that an additional sequence was joined to either exon
2 in cDNA HMG2 or exon 3 in cDNA HMG15. The 5' end of
the HMG-CoA reductase mRNA corresponding to cDNA
HMG2 was, mapped by primer extension using an oligonu-
cleotide complementary to a portion of exon 2. A primer
extension product of 65 nt indicated that the 5' end of this
HMG-CoA reductase mRNA extended 8 nt beyond the
sequence of cDNA HMG2 (see Fig. 3a). Therefore, the
length of the sequence upstream of exon 2 on the mRNA
corresponding to cDNA HMG2 was 36 nt. Hybridization of

a

b

1

oligonucleotide L (complementary to nt 11-27 in cDNA
HMG2) to genomic clone 2A demonstrated that the 36-nt
sequence was not present in at least 10 kb upstream of exon
2 (data not shown)., Genomic titrations, genomic Southern
blots, and analysis of additional HMG-CoA reductase ge-
nomic clones indicated that a single gene encodes HMG-CoA
reductase (data not shown). Hence, it is likely that the two
HMG-CoA reductase mRNAs are derived from the same
single-copy gene.
Genomic Organization of the 36-nt Sequence. Surprisingly,

genomic Southern blotting indicated that oligonucleotide L
recognized a tandemly repeated 595-bp fragment (Fig. 2a)
present in -200 copies per haploid genome (data not shown).
Sequence analysis of the genomic repeat confirmed that the
36-nt sequence was encoded within the repeat. When hybrid-
ized to either total or poly(A)- RNA, oligonucleotide L
detected a 90-nt RNA (Fig. 2b, lanes 1 and 2; Fig. 2c, lane 1)
that was absent from poly(A)+ RNA (Fig. 2b, lane 3). To
determine whether the 90-nt RNA transcript was derived
from the tandem repeat, primer extension sequencing was
performed with an oligonucleotide 3' of the 36-nt sequence in
the genomic repeat (Fig. 3d). These data indicated that the
90-nt RNA transcript was encoded within the genomic repeat
and that the 36-nt sequence was present at its 5' terminus
(Fig. ic). Immediately following the 36-nt sequence in the
small RNA was a consensus 5' splice site (Fig. ic). HMG-
CoA reductase exons 2 and 3 were flanked at their 5' ends
with consensus 3' splice sites (Fig. lb).
The genomic organization of the 36-nt sequence and its

presence at the 5' terminus of both a small nonpolyadenyl-
ylated RNA transcript and HMG-CoA reductase transcripts
were reminiscent of the 39- and 22-nt SLs of trypanosomes
(18, 19) and nematodes (4, 20), respectively. In these orga-
nisms, SL RNAs (90-140 nt long) donate the 5'-terminal SL
sequence to precursor mRNAs via a trans-splicing mecha-
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FIG. 1. (a) Schematic of HMG-CoA reductase cDNAs HMG2 and HMG15. The first 28 nt in cDNA HMG2 and the first 21 nt in cDNA
HMG15 are shown and the region of sequence identity is indicated by asterisks. Sequences derived from exon 2 (nt 29-276) and exon 3 (nt
277-834) are represented by rectangles. The putative initiator methionine codon (AUG) is located within exon 3 (nt 412). The nucleotide sequence
complementary to oligonucleotide L (oligo L) is underlined with an arrow. (b) Genomic organization of HMG-CoA reductase exons 2 and 3.
Consensus, splice sites flanking exons 2 and 3 are underlined and portions of the intron sequences are shown flanking the two exons. Invariant
AG and GT consensus splice dinucleotides are indicated in large letters. kb, kilobase(s). (c) Complete nucleotide sequence of the 595-base-pair
(bp) genomic repeat encoding the 90-nt SL RNA. The 36-nt SL sequence is shown in large letters. The first nucleotide of the 90-nt SL RNA
gene is designated as 1. Solid line denotes the nucleotide sequence determined by primer extension sequencing (Fig. 3d). Broken line indicates
the remainder of the SL RNA sequence based on its estimated size of 90 nt. The Sal I restriction enzyme cuts within the SL RNA gene and
its recognition sequence is shown in bold type. The presumed Sm binding sequence is indicated. The consensus splice donor sequence is boxed,
with an arrowhead indicating the splice donor site.
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FIG. 2. (a) Genomic organization of the schistosome 36-nt SL sequence. Adult schistosome genomic DNA (1 ug) was digested with 0.1,0.25,
0.5, 1.0, 5.0, and 20 units of Sal I and resolved in lanes 1-6, respectively. Blot was probed with 5' end-labeled oligonucleotide L. Molecular
sizes (kb) were calculated from DNA standards (BRL). (b) Samples (3 Mg) of adult schistosome total RNA (lane 1), poly(A)- RNA (lane 2),
and poly(A)+ RNA (lanes 3 and 4) were electrophoresed in a 1.7% (lanes 1-3) or 0.7% (lane 4) agarose/formaldehyde gel, transferred to a
Zeta-Probe membrane (Bio-Rad), and hybridized to 5' end-labeled oligonucleotide L (lanes 1-3) or a random primer-labeled HMG-CoA reductase
cDNA fragment [lane 4; nt 806-1167 ofthe composite cDNA (11)]. The two HMG-CoA reductase transcripts are indicated with their approximate
sizes. Asterisk indicates the position of the 90-nt SL RNA. Molecular sizes were determined from RNA markers (BRL). (c) S. mansoni poly(A)-
RNA (3 Mg) was immunoprecipitated with K121 antibodies (17) directed against trimethylguanosine (mj' 2' 7G) (6). Poly(A)- RNA alone (lane
1), the RNA immunoprecipitated with K121 (lane 2), and the RNA that was not bound to K121 (lane 3) were fractionated in a6% polyacrylamide/7
M urea gel, transferred to GeneScreen (NEN), and hybridized to 5' end-labeled oligonucleotide L. Molecular sizes ofHpa II-digested pBR322
fragments (lane M) are shown at left.
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FIG. 3. Primer extension analysis of schistosome transcripts carrying the 36-nt SL sequence. Sizes of primer extension products (arrows)
are given in nucleotides. Lanes N in c and d represent primer extension in the absence of dideoxynucleotides. The nucleotide sequence
determined from primer extension sequencing is shown at right in c and d, and nucleotides complementary to the SL sequence are indicated
by dots. (a) An oligonucleotide complementary to nt 38-57 in cDNA HMG2 was annealed to either no RNA (lane 1), 2.5 ,ug of poly(A)+ RNA
extracted from HeLa cells (lane 2), or 2.5 Ag of adult schistosome poly(A)+ RNA (lane 3) and primer extension was performed. (b) An
oligonucleotide complementary to nt 55-76 in cDNA Lii was annealed to either no RNA (lane 1), 1.0 ,ug of poly(A)+ RNA extracted from HeLa
cells (lane 2), or 0.2 ,g of adult schistosome poly(A)+ RNA (lane 3) and primer extension was performed. (c). Primer extension sequencing of
the L12 transcript with an oligonucleotide complementary to nt 64-85 in cDNA L12 [0.8 jg of adult schistosome poly(A)+ RNA per lane]. (d)
The 90-nt SL RNA was sequenced with an oligonucleotide complementary to nt 72-88 in the SL RNA gene [3 gg of adult schistosome poly(A)-
RNA per lane].
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nism (2, 3, 5, 6). Thus our data suggest that the 36-nt
sequence, which we regarded as exon 1, is a SL derived from
the 90-nt SL RNA and trans-spliced to either exon 2 or 3 of
the HMG-CoA reductase pre-mRNA. Exon 2 is therefore the
first true exon of the HMG-CoA reductase gene.

Analysis of the SL Sequence on Other S. mansoni Poly(A)+
Transcripts. To determine whether the SL sequence was
donated to other S. mansoni mRNAs, oligonucleotide L was
hybridized to poly(A)+ RNA. Oligonucleotide L detected
transcripts ranging in size from 0.4 kb to 4.0 kb (Fig. 2b, lane
3), whereas the HMG-CoA reductase cDNA hybridized to
only two discrete poly(A)+ transcripts (Fig. 2b, lane 4). This
hybridization pattern suggested that the SL sequence was
present on transcripts other than HMG-CoA reductase. To
determine whether these poly(A)+ transcripts contained the
same 36-nt SL sequence at their 5' termini, a cDNA library
was constructed by priming second-strand synthesis with an
oligonucleotide spanning the first 24 nt of the SL sequence
(7). Two cDNAs (Lii and L12) that contained the 36-nt SL
sequence at their 5' termini and hybridized to abundant
poly(A)+ transcripts were characterized further. Primer ex-
tension analysis of S. mansoni poly(A)+ RNA with oligonu-
cleotides complementary to sequences 3' of the SL sequence
in cDNAs Lii and L12 yielded products of a size consistent
with the presence of the 36-nt SL sequence at the 5' termini
of these transcripts (Fig. 3 b and c). In addition, primer
extension sequencing of the L12 transcript clearly demon-
strated the presence of the 36-nt SL sequence at its 5'
terminus (Fig. 3c). On the basis of primer extensions and
Northern analysis we conclude that a number of schistosome
poly(A)+ transcripts carry the identical 36-nt SL sequence at
their 5' termini. However, only a subset of S. mansoni
poly(A)+ transcripts carry the SL sequence at their 5' ter-
mini, since primer extension analyses of transcripts encoding
superoxide dismutase (21), egg shell protein (22), calcium-
binding protein (23), and an antigen recognized by human
sera from infected patients (13) failed to reveal the SL.

Structure of the S. mansoni SL RNA. Comparison of the SL
RNAs of S. mansoni, nematodes, and trypanosomes reveals
no significant sequence identity. However, the SL RNA of S.
mansoni contains a sequence, AGUUUUCUUUGG (Fig.
ic), that resembles the consensus Sm binding sequence
RAU"GR (R is A or G) and a similar Sm-like binding
sequence in sea urchin U7 small nuclear RNA (snRNA),
AGUUUCUCUAG (24). Additionally, antibodies directed
against m3"2"7G precipitate S. mansoni SL RNA quantita-
tively (Fig. 2c, lane 2), suggesting the presence of a trime-
thylguanosine cap structure. This cap structure is character-
istic of the nematode SL RNA (6, 25, 26) and most snRNAs
(27) but is not a feature of the trypanosome SL RNA, which
contains a highly modified m7G cap (18, 19, 28).

Despite the absence of nucleotide sequence identity, the
predicted secondary structures of SL RNAs in all of these
organisms indicate that the SL sequence is part of the first
stem-loop and that the Sm-like binding sequences are located
between two stem-loops (29) (Fig. 4). However, unlike the
nematode and trypanosome SL RNAs, S. mansoni SL RNA
does not contain stem II.

Analysis of HMG-CoA Reductase Transcripts by PCR. Our
data suggest that the exon 3 acceptor site of the HMG-CoA
reductase gene can be spliced either to the upstream exon 2
by cis-splicing or to the SL by trans-splicing. The two
transcripts that are generated by these reactions should
encode proteins with identical amino acid sequences because
the putative initiator methionine lies within exon 3 (Fig. la).
We confirmed the existence of these two transcripts by
amplifying HMG-CoA reductase cDNAs in a PCR with a 5'
primer corresponding to the first 24 nt of the SL sequence and
a 3' primer complementary to a portion of exon 3 (Fig. Sa).
Using a quantitative PCR, we determined that 60% ofHMG-
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FIG. 4. Comparison of possible secondary structures for S.
mansoni, Caenorhabditis elegans, and Trypanosoma cruzi SL
RNAs. Arrows indicate the 5' splice sites, and Sm binding sequences
are underlined. Secondary structures for C. elegans and T. cruzi SL
RNAs and their AG values were taken from Bruzik et al. (29). The
S. mansoni SL RNA was folded using the algorithm of Zuker (30)
with the constraint that the sequence resembling the Sm binding
sequence (AGUUUUCUUUGG, underlined) is single-stranded. The
AG (kcal/mol) values are -18.4 and -16.6 (S. mansoni), -17.1 and
-16.0 (C. elegans), and -25.9 and -24.1 (T. cruzi) for the uncon-
strained and presented structures, respectively.

CoA reductase transcripts contained the SL on exon 3 and
40% of transcripts contained the SL on exon 2 (Fig. Sb).

DISCUSSION
The presence of an identical 36-nt sequence at the 5' termini
of a number of S. mansoni poly(A)+ transcripts, its genomic
organization, and its presence at the 5' terminus of a 90-nt
nonpolyadenylylated RNA with snRNA-like features indi-
cate the existence of trans-splicing in S. mansoni.
The use of trans-splicing for RNA processing in S. mansoni

most closely parallels the situation in nematodes. For exam-
ple, only a subset of S. mansoni mRNAs receive the SL, and
pre-mRNAS contain introns. In addition, the S. mansoni SL
RNA is immunoprecipitated by antibodies directed against
trimethylguanosine and contains a potential Sm-like binding
sequence. Unlike most nematode SL RNA genes, which are
linked to SS rRNA genes (7, 20), the S. mansoni SL genomic
repeat (Fig. ic) does not share sequence identity with any
known RNA sequences, including SS rRNA. Further, in
separate studies we have cloned S. mansoni SS rRNA genes
and found that these sequences are not associated with the
SL RNA genes (unpublished observations). We have also
examined the degree to which the S. mansoni SL sequence
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cannot rule out, however, that a separate promoter lies within
the 3.0-kb intron that separates exon 2 and 3. Addition of the
SL to exon 3 may then occur by default due to the lack of an
upstream 5' splice site. Further studies are necessary to
address the origin and the mechanism by which the two
HMG-CoA reductase transcripts are generated.

This report provides evidence for the presence of a SL
sequence and probable trans-splicing in the phylum Platy-
helminthes. Identification and characterization of spliced
leaders in other invertebrates may offer insight into the
conserved features, evolution, and function of the SL. The

26 presence of SL sequences and trans-splicing in both proto-
zoan and metazoan parasites offers a potential target for the
development of specific chemotherapeutic agents capable of
inhibiting a wide variety of parasitic pathogens.
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FIG. 5. PCR analysis. (a) Adult schistosome poly(A)+ RNA was
primed with an oligonucleotide complementary to HMG-CoA reduc-
tase mRNA in the presence (lane 1) or absence (lane 2) of avian
myeloblastosis virus reverse transcriptase. The resulting cDNAs
were amplified in a PCR with the 5' and 3' primers. The PCR products
were resolved in a 2% agarose gel, transferred to hybridization
membrane, and hybridized to 5' end-labeled oligonucleotide 1 (oligo
1). The identity of the two PCR products was also verified by direct
sequencing. (b) The relative amounts of the two HMG-CoA reduc-
tase transcripts in a were determined by quantitative PCR (16). The
3' oligonucleotide was 5' end-labeled and the logarithm of radioac-
tivity incorporated into the two transcripts (log Y) was plotted
against the number of PCR cycles. The ratio of the 150-bp fragment
(A150) to the 398 bp fragment (A398) was determined from the formula
log Y = logA + [n log(1 + R)], where Yis the extent ofamplification,
A is the amount ofcDNA initially present after reverse transcription,
R is the efficiency of amplification, and n is the number of cycles.

is conserved throughout the phylum Platyhelminthes. Al-
though the S. mansoni SL hybridized to RNA from other
schistosomes (S. japonicum and S. haematobium), it did not
hybridize to RNA isolated from another trematode, Fasciola
hepatica, or from the cestodes Hymenolepis diminuta and
Taenia crassiceps (data not shown). If other members of the
phylum Platyhelminthes process some of their mRNAs by
trans-splicing, it is likely to involve SL sequences that are not
homologous to that reported here. The first SL that was
discovered in Caenorhabditis elegans is thought to be con-
served throughout the phylum Nematoda (7, 20). Analyses of
transcripts encoding glyceraldehyde-3-phosphate dehydro-
genase in C. elegans has led to discovery of a second SL,
which is not present in all nematodes (31). It is possible,
therefore, that S. mansoni contains another, as yet uniden-
tified SL that is shared with other trematodes and cestodes.

All of the trans-spliced mRNA transcripts analyzed in
nematodes have the SL joined to the first exon (8). Our data
show, however, that in S. mansoni the SL can be donated to
an internal exon (exon 3) of the HMG-CoA reductase gene.
In addition, the 3' splice site of exon 3 is used almost equally
in the cis- and trans-splicing reactions. Several possibilities
can be proposed for the origin of these two transcripts. One
possibility is that a single pre-mRNA is initiated upstream of
exon 2 and processed by a splicing complex that can catalyze
either the trans- or the cis-splicing reaction to generate the
two HMG-CoA reductase transcripts. In this case the use of
the 3' splice site of exon 3 in both cis- and trans-splicing
would represent a novel type of alternative splicing. We
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