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We have identified a new spliced leader (SL) in Fas- 
ciola  hepatica by characterizing the 5”terminal se- 
quences of its enolase mRNA, an mRNA also trans- 
spliced in the flatworm Schistosoma  mansoni (Rajkovic, 
A, Davis, R. E., Simonsen, J. N., and  Rottman, F. M. 
(1990) Proc.  Natl. Acad. Sci. U. S. A. 87,8879-8883). This 
37-nucleotide spliced leader is at the 5’ ends of multiple 
Fasciola mRNAs and is likely to be derived from the 5’ 
terminus of  a nonpolyadenylated, 108-nucleotide RNA 
with a trimethylguanosine cap. The SL RNA gene is pres- 
ent in -100 copies within a  1.1-kilobase  genomic  tandem 
repeat. Secondary structure predictions indicate that 
the Fasciola SL RNA contains three stem loops in con- 
trast to two previously observed in s. mansoni.  Fasciola 
and S. mansoni SLs are likely to be evolutionarily re- 
lated although their sequence identity is only 65%. In 
contrast with nematodes, absolute conservation of SL 
sequences and secondary structure does not occur in 
trematodes. A spliced leader in Fasciola indicates that 
trans-splicing is likely to be  a  common feature in other 
trematodes and perhaps other flatworms. 

Trans-splicing is an RNA processing event that accurately 
joins sequences  derived from distinctly  transcribed RNAs. In 
one form of trans-splicing, a leader sequence (the spliced leader, 
SL)l is donated from the 5’ end of a small, non-polyadenylated 
RNA (the spliced leader RNA, SL RNA) to pre-mRNAs to form 
the  5’-terminal exon of mature mRNAs. This form of RNA 
maturation  was  first described in  trypanosomes (1,2) and  sub- 
sequently  in  other  kinetoplastida,  the flagellated  protozoan 
Euglena (3), and  nematodes (4) (for  reviews, see Refs. 5-7). 
Although once considered an anomaly of the  kinetoplastida  and 
then  nematodes,  our identification of trans-splicing  in schisto- 
somes, members of another  metazoan phylum (Class  Trema- 
toda,  Phylum  Platyhelminthes),  suggested that this  particular 
form of RNA processing might be an evolutionarily important 
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and common form of gene  expression in  early  metazoa (8). 
Knowledge of the  distribution of trans-splicing  and a compar- 
ison of spliced leader RNAs in  flatworms  and  other  early  meta- 
zoa may  help  address  the origin(s) and  importance of trans- 
splicing in  early  metazoa,  as well as our  understanding of the 
significance and conservation of secondary structure, SL se- 
quences, and  other  elements  in  metazoan  trans-splicing. 

The sequence of the spliced leader  in  multicellular  nema- 
todes is absolutely conserved in  all  members of the phylum 
examined. We previously  observed from Northern blot  hybrid- 
izations that the spliced leader from the flatworm Schistosoma 
mansoni was  either  absent or apparently  not highly  conserved 
in other  trematodes  or  members of the  flatworm phylum (8). 
Here we demonstrate that another  trematode, Fasciola  hepat- 
ica, has a spliced leader  and  uses  trans-splicing  as a  mecha- 
nism of gene  expression. We hypothesized a possible evolution- 
ary conservation of enolase  trans-splicing  to  search for and 
identify trans-splicing  in Fasciola. By cloning and  characteriz- 
ing  the  5”terminal sequences of the Fasciola enolase mRNA, 
we have identified  a  new  spliced  leader. We describe and pro- 
vide evidence for a Fasciola SL RNA and  its secondary struc- 
ture,  the presence of the spliced leader on multiple mRNAs, 
and  the SL RNA gene contained  within its genomic repeat. 

MATERIALS AND METHODS 
Organisms-Frozen adult F: hepatica were  kindly  provided by Alli- 

son  Rice-Ficht  (Texas A&M University)  and Tag  Mansour (Stanford 
University). 

Nucleic Acid Isolation and Blot Analyses-Genomic DNA was  iso- 
lated from  frozen  worms  powdered  on  dry  ice as described (10). Total 
RNA was  purified either by guanidinium-hot phenol (10) or  acid-phenol 
extraction (11). Poly(A)+  mRNAs  were  selected either by oligo(dT)-cel- 
lulose (10) or biotinylated  oligo(dT)  and  streptavidin-coated  paramag- 
netic  particles  (PolyATtract mRNA Isolation, Promega,  Madison,  WI). 
Agarose and PAGE Northern  blots,  genomic  Southern  blots,  and  hy- 
bridization  and  washing  conditions  were  as  described  previously (8,101. 
Immunoprecipitation of RNA with  trimethylguanosine  antibodies (On- 
cogene  Sciences,  Uniondale, N Y )  was as described  previously (8). 

Primer Extension Analysis and RNase Mapping-Primer extension 
and  sequencing  experiments  were  performed  as  described (10). RNase 
mapping  was carried  out  using 5-10  pg of total or  poly(A)Y RNA essen- 
tially  as described (12) or  using a ribonuclease  protection assay kit (RPA 
11,  Ambion, Austin, TX) with  labeled RNA transcripts derived  from 
subclones of the SL RNA genomic repeat. 

Rapid  Amplification of cDNA Ends (RMX-5‘ RACE was per- 
formed  by two methods:  the 5‘ RACE  System  from Life Technologies, 
Inc.  and a method  we  described  previously (13). Both  methods  produced 
similar results. PCR was performed  using the anchor  primer  provided 
with the 5‘ RACE kit (with  C-tailed cDNA) or  5”TCTAGAACTAGTG- 
GATCCCCCCCCCCCCC-3’ (with  G-tailed cDNA) and  the Fasciola eno- 
lase-specific  oligonucleotide, 5‘-CAUCAUCAUCAUATGCCT“TGGT- 
CGATAGCTM-3‘  (U = deoxyuridine)  (Fas.Eno.1;  see  Fig. 1) as follows: 
30  cycles of 1 min at 94 “C, 1 min at 55 “C, and 2.5  min at 72 “C. The 
PCR product  was  agarose  gel-purified  (Magic PCR Prep,  Promega, 
Madison, WI)  and cloned into pT7Blue  T-vector (14)  (Novagen,  Madison, 
WI)  or  pAMP  vector  using  ligation-independent  directional  cloning  with 
uracil glycosylase  (Life  Technologies, Inc.)  (15). 
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Fas.Eno.4 Fas.Eno.3 

UetAlaIleLysAlalleH~sAlaArgGlnIlePheAspSerArgGlyAsnPr~T~rVnl> 
AACCTTAACGGTTCTCTGCCCTGTATATTAGTGCATGAACATGGCAATAAAAGCGATCCACGCCCGACAAATATTTGACAGCCGCGGAAATiCCACCGTT 166 - 
GAAGTTGbTGTCACGACCGCGAAAGGTTTATTCCGTGCGGCAGTTCCAAGCGGTGCTT~CACTGGTGTT~ATGAAGCTCTGGAATTGCGTGATGGCCCTC 266 
GluV~tAspValThrThrAloiysGlyLeuPheA~gAlaAlaValP~nSerGlyAlaSer~rGlyVnlHisGluR~nL~GluLeuArgAs~GlyP~a~ 

CCGGCTATATGGGCkAAGGTGTTCTAAAAGCGGTTGCMACGTGAACAGCCAAATCG~TC~CAACCTCATCAAAAGCGG~ATAAATGTTACTGbTCAAGC 366 
ProGlyTyrMetGlyLysG1yVolLeuiysAlnValAlaAs~ValAs~SerGlnIleAlaPr~snLeulleLysSerGlyIleAsnVnlTh~AspGl~l~~ 

TGCEGTTGAC~ATTCATGCTTGACCTGGACGGMCTCCCAACMAGAAAAACTCG~GCG4ATCCAATCCTTGGTGTGTCTCTCGCTGTCTGTAAAGCG 4W 
AloVolAspLysPheMetL~~As~L~~A~~GlyThrPraAs~LysGluLysLeuGlyAlaAsnAlaIleLeuGlyVnlSerLeuRIoValCysLysAla~ 

GlyAlaAloGluLysGlyteuProLe~TyrLysTyrIleAlaThrLe~AlaGlyAsnLysGluYolIleMetProValProSerPheAsnVallleAsn~ 
GGTGCCGCTGMMGGGTCTCCC~GTACAAGTACATCGCCACT~TTGCGGGAAA~A~~GGTTATAATGCC~GT~CCGTC~CAAC~CATCAATG 566 

GCGGTAGTCACGCTGGAMCAAACTAGCG4TGCAG~GTTTATGATAATGCC&~CGGGTC~AGTTC~CACTG4AGCTATGMGATCGG4AGTGbGGT 686 
GlyGlySerHisAloGlyAsnLysLwAl~tGlnGluPIieMetIleMetProThrGlyAloSerSerPheThrGluAloMetL~IleGlySerGluVal~ 

TTACCAT~CCTCAGAGCTGTTATCAAAAG~AGTACGGTTTGGACGCCTGCAATGTGGGTGACGAGGGTGG~TCGCTCCMGTATTCAAGATAA~G 766 
TyrHisAsnLeuAr@AlOalIleLysSerLysTy~Glyt~~A~pAlaCysAsnValGlyAspGluGlyGly~eAlaProSerIleGl~spAsnLe~~ 

GAAGGACITGAGCTGCTTCGTACCGCAATAGACAAAGCTGGATATACGGGAAAAGTCAAGATTGCCATGGARGCGCTGCTTCGGAAT~ACAAGGAAG 666 
GluGlyLeuGluLeliLeuRrgThrAlaIleAspLysAlnGlyT~rThrGl~LysVnlLysIleAlnMetAspCysAlaAlaSerG~uPheTyrLysGlu~ 

GGAAATACG4TTTGGA~CMAAACCCCAAGT~~GGCCAGTTCTTGGATC~CTTCGGATGCCATGGCTGATGTCTACAA~AAAATGATGTCTAC~A 900 
GlyLysTyrdspLeuAspPheLysAs~P~nLysSe~G~nAloSerSerTrpIleThrSerAspAl~tAlnAspValTyrL sLysMeffletSerThrTyr> 

CCCGATCGTTAGCATCGAGGACCCGTTCGACCAAG GATTGGCCACCTTGGACTAAACTGACGGGTGAATGTAAMTCCAGATCGTTGGTGATGAC~A I660 

ACTGTCACCAACCCCCTTCGTGTGCAA~GCTATCGACCAAAAGGCATGCAATTGCCTGTTGCTAAAAG~CAACCAGA~TGGTTCGGTGTCAGAGTCCA 1166 
ThrVnlThrASnPraLe~ArgValGlnLysAlnIl~AspGl~LysAlaCysAsnCysLeuLeuteuLysVnlAsnGlnIleGlySerValSerGl~Ser~ 

TTAAGGCTTGCAAGATGGCCCAAGAAGCTGGTTGGGGTGTGATGGTATCACATCGTTCAGGAGAAACTGAAGArAACTTCATCGCTGATTTGGTGGTTGG 1266 
IleLysAlaCysLysMetAloGlnGluAlnGlyTrpGlyVnlMetValSerHisArgSerGlyGl~ThrGluAspAsnPheIleAl~AspLeuVnlValGl~ I 

41 5 
%ES.E*O.Z 

ProlleVolSerIleGluAspProPheAspGlnAs spTrpProAlaTrpThrLysLeuThrGlyGluCysLyslleGlnIleValGlyAspAspLeu~ 
FasEno.1 

20027 

FIG. 1. Nucleotide and deduced 
amino acid  sequence of Fasciola eno- 
iase mRNA, Overlined sequences repre- 
sent antisense oligonucleotides used in 
this study, and  the underlined sequence 
represents the 5'-terminal spliced leader. 
Vertical lines with two arrows indicate 
cDNA clones analyzed to generate  the 
composite  shown. The cDNA library clone 
(nucleotides 937-1464) was isolated by 
screening a Fasciola cDNA library with a 
schistosome enolase cDNA probe.  The 5' 
RACE  clone (nucleotides 1-1051) was  ob- 
tained by carrying out 5' RACE  PCR us- 
ing the Fas.Eno.1 oligonucleotide primer. 

P RACE 
clone 

ACTGCGTACTGGCCAGATTAAAACAGGTGCACCTTGTCGTTCAGAACGTCTTGCGAAATACAACCAGTTGCTGCGTATTGAAGAGGATCTGGGAGGTGCC 1388 
LeuArgThrGlyGlnIleLysThrGl~AlnProCysArgSerGl~Ar~LeuAlnLysTyrAsnGlnLeuLeuArglleGluGluA~pLeuGlyGlyAla~ Clone 

GCAAAGTATGCTGGGGAGAACTTCCGCCGACCATAAATTCCCAAATCTG~AGCACTTCCCATGCTGTTATCGTGAATTATAGTCAATGCAACTGGTTAA 1400 
A1oLysTyrAloGlyGluAs"Ph~A~gA~gProEND 

CTTAATGTTCATTGGTTCATCTAGTCTAATATAATCAACCTA~CCAAAAAAAAAAAAAAAA 1464 

5' RACE cDNA Library Construction and cDNA Library Screening- 
First strand cDNA was synthesized from 0.5-1.0 pg of poly(A)+  RNA 
using CAUCAUCAUCAU-oligo(dT),, as primer and Superscript reverse 
transcriptase (Life  Technologies, Inc.) using the conditions recom- 
mended. RNA and oligo(dT) were removed by RNase H treatment  and 
GlassMax purification, and the cDNAs C-tailed as described in  the Life 
Technologies 5' RACE kit. The cDNAs were amplified using the Life 
Technologies anchor primer and CAUCAUCAUCAU-oligo(dT),, using 
the conditions described  above  for 5' RACE.  Amplified  cDNAs greater 
than 300 base pairs  in size were cloned into pAMP vector (15). cDNAs 
with the Fasciola spliced leader sequence were identified by  colony 
hybridization with an end-labeled oligonucleotide corresponding to  the 
complement of nucleotides 4-27 of the spliced leader (Fas.Eno.4; Fig. 1). 
An adult Fasciola h ZAP cDNA library (kindly provided by J. Ding and 
T. Mansour, Stanford University) was screened with a random primer- 
labeled schistosome enolase cDNA2 as described  previously (10). An 
adult Xgtll cDNA library (generously provided by Allison  Rice-Ficht, 
Texas A&M University) was screened with an oligonucleotide corre- 
sponding to the spliced leader (Fas.Eno.~) (10). cDNA inserts were 
amplified  from plaques corresponding to secondary screens as originally 
described (16) and cloned into either Bluescribe or Bluescript plasmid 
vectors (Stratagene Cloning Systems, La Jolla, CAI. 

otides 4-22 of the SL: C~ATCCGCTT~CGGTTCTCTGCCCT) and 
SL RNA Gene  Genomic Repeat  PCR  amplification-SL sense (nucle- 

antisense (nucleotides 17-37 of the SL GCTCTAGAGCCATGCACTA- 
ATATACAGGGCA) primers (0.5 PM) with BamHI or  XbaI  cloning sites, 
respectively, were used in a PCR reaction with 200 ng of Fasciola 
genomic  DNA using the same amplification conditions as above. The 
PCR generated a 1.1-kb product that was cloned into Bluescript plasmid. 

DNA Sequencing and RNA Secondary Structure Analysis-Plasmid 
DNA was prepared as described  previously (8, 10) or by  Magic Plasmid 
Prep (Promega). Clones  were  sequenced by the dideoxynucleotide 
method  on alkali-denatured plasmids using the Sequenase Kit (U. S. 
Biochemical Corp.) as described (8, 10). 

RESULTS 
We previously observed that only -10-20% of all  schisto- 

some mRNAs are trans-spliced.  One of the mRNAs acquiring 
the spliced leader  was strongly  predicted to encode the glyco- 
lytic  enzyme  enolase.2  Analysis of four additional glycolytic 

' R. E. Davis, C. Hardwick, P. Tavernier, J. Villanueva, S. Hodgson, 
and H. Singh, manuscript in preparation. 

enzyme mRNAs in S. mansoni indicated that only the enolase 
mRNA is trans-spliced (13).2 To search for a spliced leader  in 
another flatworm such  as Fasciola, we hypothesized that 
mechanisms of gene  expression  including trans-splicing  might 
remain conserved within homologous genes of evolutionarily 
related organisms.  If true,  characterization of the 5"terminal 
nucleotides of the enolase mRNA might  then  lead  to  the iden- 
tification and  characterization of a SL in  this genus. 

To initiate  this strategy, we screened a Fasciola cDNA library 
using  the schistosome  enolase cDNA2 as a probe and isolated a 
cDNA corresponding to  the  3'-terminal 500 bases of a putative 
Fasciola enolase mRNA (see Fig. 1). This Fasciola cDNA was 
determined  to encode enolase  based on alignment of the pre- 
dicted amino acid sequences with  other enolases (>70% amino 
acid identity over 132 residues  with  other  eukaryotic enolases) 
(data not  shown). Using sequences  derived from the Fasc~ola 
enolase cDNA,  we designed a Fasciola enolase-specific oligo- 
nucleotide primer (Fas.Eno.1, see Fig. 1) and performed 5' 
RACE  on tailed First-strand cDNA synthesized from FascioZa 
poly(A)+  mRNA. A 5' RACE product of the expected size for an  
enolase mRNA (-1000 base  pairs)  was  obtained, cloned, and 
sequenced. Analysis of the open reading  frame at the 5' and 3' 
ends of the cloned RACE product (Fig. 1) indicated that  the 
cDNA sequence encoded enolase (data  not shown). Primer ex- 
tension  analysis on the Fasciola enolase mRNA confirmed that 
the  terminal sequences  obtained in  the 5' RACE cloning corre- 
sponded to  the 5' terminus of the mRNA demonstrating  that 
the 5' RACE product was full-length (Fig. 2 A ,  lane 2). 

Based on the known examples of spliced leader trans-splicing, 
if the  terminal sequence of the Fasciola enolase mRNA is a 
spliced leader sequence, one would predict that  the sequence 
would be present at  the 5' terminus of other Fasciola mRNAs 
and a small, nonpolyadenylated RNA, an SL RNA. Northern 
blots of Fasciola poly(A)+  RNA hybridized with an oligonucle- 
otide probe corresponding to  the complement of the 5"terminal 
sequences of the Fasciola enolase mRNA (Fas.Eno.4,  see Fig. 1) 
produced a smear of hybridization ranging from 300 bases  to 
several kilobases,  suggesting that  multiple mRNAs carried se- 
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FIG. 2. Primer extension analysis of enolase and Northern blot 
analyses. A, primer extension of enolase mRNA.  tRNA (lane I ,  15 pg) 
and Fasciola total RNA (lane  2, 15 pg) were annealed with end-labeled 
Fas.Eno.3 oligonucleotide and extended using reverse transcriptase in 
the presence of deoxynucleotides. The extension products  were resolved 
by denaturing PAGE and the size of the extension products in bases 
determined by comparison with MspI-labeled pBR322 (lane M) and 
DNAsequencing ladders (not  shown). B, the 5"terminal sequence of the 
Fasciola enolase mRNA hybridizes to a small poly(A)- RNA and a smear 
of poly(AY  RNAs ranging from 300 to 6000 bases. Total  RNA (lane 5, 10 
pg), poly(A)- RNA (lane 6, 10 pg), and poly(AY  RNA (lane 7,2  pg), were 
Northern blotted from 1.5% formaldehyde-agarose gels and hybridized 
with an end-labeled oligonucleotide complementary to the 5"terminal 
sequence of Fasciola enolase (Fas.Eno.4). As a control, total (lane 3, 10 
pg) and poly(AY (lane 4,  0.5 pg) RNA  were  hybridized with an oligo- 
nucleotide (Fas.Eno.2) corresponding to the coding  region  of the enolase 
mRNA.  RNA size in bases was calculated using Life Technologies, Inc. 
RNA ladders. C, 5'-terminal sequence of the Fasciola enolase mRNA 
hybridizes to a small 108-nucleotide poly(A)- RNA that is TMG-precipi- 
table. Fasciola poly(AY (lane 8, 1 pg), poly(A)- RNA (lanes 9 and 12, 10 
pg), total RNA (lane 10, 10 pg), and TMG-precipitated  RNA (lane 11, 
corresponding to 15 pg of poly(A)- RNA)  were Northern blotted from 8% 
denaturing PAGE gels and hybridized with an oligonucleotide comple- 
mentary to the 5'4erminal sequence of Fasciola enolase (Fas.Eno.4). 
RNAsize  in  bases  was determined by  comparison with DNAsequencing 
ladders. 

quences homologous to  the 5' terminus of the enolase mRNA 
(Fig. 2 B ,  lane 7). Agarose and PAGE Northern blots of Fasciola 
RNA probed with  the  antisense oligonucleotide Fas.Eno.4 in- 
dicated that  these sequences  were also present  in a nonpoly- 
adenylated,  trimethylguanosine (TMG)-precipitable RNAof ap- 
proximately 108 nucleotides (Fig. 2, B and C). In  contrast, 
Fasciola total  and poly(A)+ RNA hybridized with an oligonucle- 
otide probe corresponding to  the coding region of enolase 
(Fas.Eno.2, Fig. 1) produced discrete  hybridization to only an 
-1.6-kb enolase mRNA (Fig. 2B, lanes 3 and 4) .  

To determine  the  nature  and location of the homologous se- 
quences in  the 108-nucleotide RNA,  we first cloned the gene 
encoding the  small RNA. Initial  Southern blot analysis of 
genomic DNA hybridized  with the  putative  SL oligonucleotide 
indicated that sequences homologous to the  putative  SL were 
present  in  multiple copies in  the Fasciola genome organized in 
direct tandem  arrays of -1.1 kb. Using the polymerase chain 
reaction with opposing oligonucleotide primers derived from 
the  putative  SL sequence  (see  "Materials and Methods"), we 
amplified the 1.1-kb genomic repeat containing the  putative 
SL RNA gene from genomic DNA. Cloning and sequence anal- 
ysis of the amplified genomic repeat indicated that  the termi- 
nal 37  nucleotides of the enolase mRNA were present within 
the genomic repeat (Fig. 3A). Predicting that  an RNA  of 108 
nucleotides was derived from this locus from the PAGE North- 
ern blot hybridization data, we designed an  antisense oligo- 
nucleotide (FasSLXT) corresponding to  near  the predicted 3' 
terminus of the RNA and performed primer extension  se- 
quencing of the  small RNA in  total  and poly(A)- RNA (Fig. 
3B). The sequence of the  small RNA derived from this analy- 
sis was  identical to  that of the cloned SL RNA gene. These 
data suggest that  the sequence  identified at  the  terminus of 

the enolase mRNA is likely to be derived from the 5' terminus 
of the  small TMG-precipitable RNA. This sequence was imme- 
diately followed  by a consensus splice donor site  in  the RNA 
(Fig. 3). RNase mapping of the  SL RNA confirmed the 5' and 
3' terminus of the  SL RNA (data not  shown) as shown in Fig. 
3 (A and C). 

Northern blot hybridization of poly(A)+  mRNA suggested that 
multiple mRNAs in Fasciola contained the SL sequences. To 
confirm that  this hybridization analysis indicated that  the  SL 
sequence  was present at  the  termini of Fasciola mRNAs, we 
constructed a 5' RACE  cDNA library  in a plasmid vector and 
screened for cDNAs corresponding to mRNAs containing the SL 
sequence. Twelve clones hybridizing to  the Fasciola spliced 
leader,  each apparently  representing a different gene, were 
characterized from the 5' RACE library  and found to contain the 
SL sequence at their 5' termini (all  5"terminal SL sequences 
were 35-36 nucleotides in length, i.e. within 1 or 2 nucleotides 
of the  apparent full-length SL)(data not shown). These clones 
are likely to  represent  the 5' termini of their respective mRNAs 
based on our experience with 5' RACE products' (13). An ad- 
ditional  10 cDNAs with the SL sequence a t  their 5' termini were 
also  isolated and examined from a h g t l l  cDNA library con- 
structed by self-priming of second strand cDNAsynthesis.  These 
clones contained  5"terminal SLs  that were truncated averaging 
25 out of 37 nucleotides of the full-length SL  (data not shown). 
The  truncation of the cDNA at the 5' end  is not unexpected, as 
the  use of S1 nuclease in  the  preparation of the cDNAfor cloning 
often results  in loss of 5"terminal sequences. Not all Fasciola 
mRNAs acquire the spliced leader described here, since several 
apparently full-length mRNAs lacking the spliced leader  have 
been characteri~ed.~.~ 

A comparison of the sequences of the S. mansoni and Fas- 
ciola spliced leader RNAs is shown in Fig. 3C, and  the observed 
similarities suggest that  the two trematode  SL RNAs are likely 
to be evolutionarily related. Alignment of the  SL RNAs showed 
that  the sequence identity between the S. mansoni and Fas- 
ciola spliced leaders is approximately 65% and  that both  SLs 
were of similar  length (36 and 37 nucleotides, respectively). 
The Fasciola SL RNA is 18 nucleotides longer than  the S. 
mansoni SL RNA, and sequence identity 3' of the  SL between 
the two SL RNAs is approximately 60% (including gaps  to 
optimize the alignment). 

A  computer-generated  energy minimization-derived second- 
ary  structure for the Fasciola SL RNA is shown in Fig. 4. The 
secondary structure shows the conserved features of other SL 
RNAs (3, 5 ,  7, 17) with  the SL located in  the  first  stem loop, 
base  pairing across the splice donor site,  and a sequence motif 
analogous to  the SM-binding region of snRNAs present be- 
tween two 3' stem loops. By contrast,  although  the secondary 
structure predicted for the S. mansoni SL RNA exhibits similar 
features, only two stem loops are  present  in schistosomes (8). 

Southern blot analysis using partial genomic digests and 
genomic titration of the  SL RNA gene confirmed that  the SL 
RNA gene  was organized as approximately  100 copies of a 
1.1-kb direct tandem  repeat  (data not shown). The sequence for 
the  SL RNA genomic repeat was  determined (Fig. 3A), and 
although several  regions 5' and 3' of the  SL RNA genes are 
conserved between the Fasciola and S. mansoni SL RNA re- 
peats  (data not shown), phylogenetic analysis of potentially 
conserved elements  upstream  and downstream of the  SL RNA 
will require characterization of additional flatworm SL RNA 
genomic repeats.  In some of the kinetoplastida, Euglena, and 
nematoda, the genomic SL RNA repeat also contains the 5 S 
genes ( 5 )  (see Ref. 18, and references therein). No 5 S or other 

A. Rice-Ficht, personal communication. 
R. E. Davis and H. Singh, unpublished observations. 
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FIG. 3. The SL RNA contains  the SL located  at its 5' terminus  followed  immediately 3' by a splice  donor site and is derived from 
SL RNA genes  located  in  a 1.1-kb genomic  repeat. A, sequence of Fasciola SL RNA gene  and genomic repeat. Bold underline  represents  the 
spliced leader  sequence (SL), theplain  underline  represents  the splice donor site  sequence,  and  the  dashed  underline  with  an  arrow  represents  the 
intron  portion of the SL RNA. The  length of the SL RNA was  determined from PAGE Northern blots and  the 5' and 3' termini from RNase  mapping 
and  primer  extension  analyses.  The  FasSLXT  antisense oligonucleotide used in  primer  extension  analyses  is  shown  underlined  with an arrow.  Bold 
sequences in  parentheses  denote  the  sequence  and location of repetitive  motifs  varying  in  number  between genomic repeats analyzed. Letters  other 

B, primer  extension  sequence  analysis of the SL RNA. Fasciola  total  RNA(2  pgllane) (poly(A)- RNA produced identical  results)  was  annealed  with 
than A, C, G, or T in  the sequence  represent positions that exhibited  variations  among  the  six clones analyzed to generate  the  consensus  shown. 

end-labeled FasSLXT oligonucleotide and extended  using  reverse  transcriptase  with deoxynucleotides in  the  absence of dideoxynucleotides ( B )  or 
deoxynucleotides and  the individual dideoxynucleotides G, A,  T, or C. The  products  were resolved by denaturing PAGE (I ) or  denaturing PAGE with 
40% formamide (2) and  autoradiographed.  The spliced leader, splice donor site,  and  a compression in  the  sequence  are  illustrated. C ,  alignment 
of Fasciola  and S. mansoni SL RNA sequences.  The  consensus  sequence for the two SL RNAs is  presented  with  the SL sequence boldly underlined, 
SM-analogous regions  underlined,  and splice donor  site  marked. Dots (.) represent  identical  residues,  and  dashes (-) represent  gaps  inserted  to 
maximize  the  alignment. 

RNA genes  were  identified  within the Fasciola SL RNA gene 
repeat, nor are  they  apparent  in S. mansoni (8). 

DISCUSSION 
The  5'4erminal sequences of the l? hepatica enolase mRNA 

were cloned, shown to be present on multiple other mRNAs, 
and likely to be derived from the 5' end of a 108-nucleotide 
non-polyadenylated, TMG-precipitable RNA, an SL RNA. The 
5'-terminal 37 nucleotides of the SL RNA are followed imme- 
diately 3' by a splice site donor site  and  the RNA is  transcribed 
from genes located within approximately  100 tandem  repeats of 
-1.1 kb. These data  are  similar to those  obtained in identifying 
trans-splicing in  the  kinetoplastida, nematodes, and schisto- 
somes. We suggest by analogy and from these  data  that  the SL 
sequence is likely to be trans-spliced to mRNAs in Fasciola. As 
described in schistosomes and nematodes,  not all mRNAs in 
Fasciola apparently acquire the SL. 

In  contrast  with nematodes (5-7), the SL sequence is not 
absolutely conserved between the two trematodes S. mansoni 
and Fasciola. In  vitro experiments, however, indicate that nei- 
ther  the sequence nor length of the SL is essential for nematode 
trans-splicing. Furthermore, in vitro transcription analysis 
suggests  that at least one clear  explanation for the conserva- 
tion of the nematode SL sequence is associated with its dem- 
onstrated role as a promoter  element in SL RNA transcription 
(20). The sequence identity between the two trematode SLs is 
only -65%, significantly less than  that observed even in diver- 
gent kinetoplastid flagellates. The presence of such  divergent 
spliced leaders  in  these two trematodes raises  the question of 
whether spliced leaders  in trematodes, and  perhaps  in all flat- 
worms, have  quite variable sequences and  what role, if any, the 
limited sequence conservation plays in  trematode SLs, SL 
RNAs, and  the trans-splicing reaction. 
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The identification of a  spliced leader  in Fusciolu suggests rine Biological Laboratory, Woods Hole, MA, for their contributions in 
that spliced leader  trans-splicing is not  restricted to  schisto- carrying out 5’ RACE and hybridization analysis to search for a spliced 
somes and  is likely to  be a common feature  in  other  trematode Ding for providing adult organisms and cDNA libraries; the genetic leader in Fasciola. We thank Allison  Rice-Ficht,  Tag Mansour, and John 

flatworms. As flatworms  (Phylum  Platyhelminthes)  are consid- engineering class at  San Francisco State University for help in screen- 
ered by some to  be the  first  bilateral  animals (9), their  ancestral ing  and isolating the original Fasciola 3’ cDNA  clone; Paul Tavernier for 
groups and trans-splicing  may  have been important  in  the eve- help in sequencing the enolase cDNA; and Tim Nilsen, John Boothroyd, 
lution of early metazoa. a whole, flatworms represent sev- and David Blair for their helpful comments on the manuscript. 

era1 divergent  groups of organisms  exhibiting  both free-living 
and symbiotic  forms. The  various  groups of parasitic flatworms 
are  currently considered to be monophyletic (21-23). However, 
the phylogenetic relationships  among free-living groups  and 
the origin(s) and evolution of parasitism  in  flatworms  is cur- 
rently  an  area of significant interest  that  remains unresolved 
and controversial (22,231. It remains  to  be  determined if trans- 
splicing is present  in  other flatworm groups  in  general  (plana- 
ria,  tapeworms,  and monogenetic trematodes)  and  particularly 
in  flatworms considered to  have been the likely ancestors of 
parasitic  flatworms (22, 23). A phylogenetic comparison and 
distribution of trans-splicing  in  flatworms  may prove useful in 
delineating  the  ancestor(s)  and evolution of parasitic  groups 
within  the phylum. In addition, comparison of SL RNA se- 
quences and secondary structures  in different  flatworm and 
metazoan  groups  might provide additional  insight  into  essen- 
tial  elements  and  structural  features of SL RNAs, the origin 
and  distribution of spliced leader  addition,  and role of trans- 
splicing in  the evolution of early metazoa. 

The  apparent lack of SL conservation in flatworms precludes 
hybridization and PCR analyses  to identify the presence of SL 
RNAs and  trans-splicing  in  other  trematodes  and flatworms. 
However, the described  conservation of enolase trans-splicing 
between  two distantly  related  trematodes  suggests that char- 
acterization of the 5’ ends of enolase mRNAs is a potential 
assay for trans-splicing at least  in  other  trematodes  and per- 
haps  other flatworm groups. It will be of interest  to  see if this 
approach  identifies spliced leaders  in  other  trematodes  and 
flatworms. 
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