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The adult Schistosoma mansoni cDNA clone 10-3 encodes an antigen that is recognized by sera from infected
humans. We characterized multiple developmentally regulated transcripts homologous to the 10-3 cDNA and
portions of the complex genomic loci encoding those transcripts. Transcripts of approximately 950, 870, and
780 nucleotides were expressed in adults, whereas only the 780-nucleotide transcript was observed in the larval
stage. These transcripts were highly similar, containing variable numbers of identical direct tandem repeats of
81 bases. Although the sequence of the repeating elements and sequences 3' to them were identical in ali the
transcripts, sequences 5' of the repeating elements exhibited variations, including a 27-base insertion,
alternative start sites for transcription, and alternate 5' exon usage. These transcripts appeared to be derived
in part by the developmentally controlled alternative splicing of small exons and the use of alternative
transcription initiation sites from the one or two complex loci of at least 40 kilobase pairs. Each 81-base repeat
in the transcripts was encoded by three dispersed 27-base-pair exons. These 27-base-pair exons were contained
within highly conserved, reiterated 3-kilobase-pair genomic tandem arrays.

Schistosoma mansoni is a blood fluke which infects hu-
mans. Considerable morbidity and mortality result from the
infection of an estimated 200 million people worldwide by
three species of schistosomes. These parasites undergo a
complex life cycle that is initiated by the release of eggs from
the human host; these eggs hatch on contact with fresh water
and release free-swimming larval forms called miracidia. The
miracidia penetrate certain species of snails and reproduce
asexually to form the next infective larval form, cercariae,
which are shed from the snails. On contact with the human
host, cercariae penetrate the skin, transform to schistoso-
mula, undergo a complex migration, and develop into sexu-
ally mature adults which produce eggs, thus completing the
life cycle.
We have previously described the isolation of an adult S.

mansoni cDNA clone, designated 10-3, that encodes an
antigen that is recognized by sera from infected humans (10).
Expression of transcripts homologous to 10-3 is develop-
mentally regulated, and different-sized transcripts are ex-
pressed in the adult and cercarial stages. Little is known
concerning gene structure and regulation in schistosomes.
The present report describes our initial analysis of 10-3 gene
structure, 10-3 transcripts, and the developmentally con-
trolled alternative RNA processing from a 10-3 locus. We
determined the sequence of several adult and cercarial
cDNAs derived from 10-3 transcripts. These cDNAs con-
tained variable numbers of identical 81-base-pair (bp) direct
tandem repeats. Although sequences 3' of these repeating
elements were the same in all the cDNAs analyzed, 10-3
transcripts exhibited differences in sequence composition 5'
of the repeating elements. We suggest that there are one or
two complex 10-3 loci in S. mansoni which are transcribed to
yield multiple mRNAs that are developmentally regulated.
These mRNAs are derived in part by alternative processing
and different transcriptional initiation sites. The functions of
these transcripts and their protein products are not known.

* Corresponding author.

Analysis of the genomic regions encoding the repeated
elements in the schistosome transcripts revealed an unusual
exon and intron organization in which three 27-bp exons that
make up the 81-base repeat are interspersed within large,
highly conserved 3-kilobase-pair (kb) genomic regions.
These 3-kb regions are present as conserved tandem arrays.

MATERIALS AND METHODS
Organisms. Adult S. mansoni of a Puerto Rican strain

were obtained by perfusion of hepatic portal systems of
infected mice (11). Cercariae were obtained after they were
shed from infected snails (Biomphalaria glabrata). Schisto-
somula were prepared by mechanical transformation of
cercariae, and the tails were removed by Percoll gradient
centrifugation (23). Schistosomula were incubated in vitro as
described previously (10). Additional frozen cercariae of the
NMRI strain of S. mansoni were obtained from the Biomed-
ical Research Center, Rockville, Md.

Construction of cDNA and genomic libraries. Adult and
cercarial cDNAs were synthesized as described previously
(24). The cDNA was methylated with EcoRI methylase,
EcoRI linkers were ligated to the cDNA, and the cDNA was
ligated to EcoRI-digested and phosphatase-treated lambda
gtll arms. The products of the ligation were packaged by
using packaging extracts (Gigapack; Stratagene Cloning Sys-
tems, San Diego, Calif.). The adult cDNA was size fraction-
ated into two pools for packaging: one that was less than 500
bp and another that was greater than 500 bp. The library
containing cDNAs of greater than 500 bp was used in these
studies. Recombinants were obtained at a frequency of 2.3 x
106/pug of DNA for the cercarial library (1.2 x 106 total
recombinants), 9.6 x 105/,ug of DNA for the >500-bp adult
library (5.0 x 105 total recombinants), and 3.6 x 106%i.g of
DNA for the <500-bp adult library (1.8 x 106 total recom-
binants). Five hundred thousand recombinants from each
library were amplified (24).
An adult genomic DNA library was constructed from adult

DNA that was partially digested with Sau3A. The partially
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digested DNA was size fractionated, ligated into the BamHI
site of EMBL-3 (Stratagene Cloning Systems), and packaged
into phage with packaging extracts (Gigapack); the library
was then amplified. Recombinants were obtained at a fre-
quency of 2 x 106%1.g of DNA, with a total of 2 x 106
recombinants.

Isolation of cDNA and genomic clones. Adult cDNA librar-
ies were screened with the 10-3 clone (10) that was radiola-
beled by nick translation (36) and with a 55-base 5'-end-
labeled (24) synthetic oligonucleotide (oligonucleotide G; see
Fig. 2) complementary to a repeating element in adult
cDNAs. Cercarial cDNAs were isolated by screening with
5'-end-labeled oligonucleotide G. Adult genomic clones
were isolated by screening the adult EMBL-3 library with
clone 10-3 that was radiolabeled by nick translation (36).
Hybridization conditions for the nick-translated probe were
at 650C in 5x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-10 x Denhardt solution-30 mM sodium
phosphate (pH 7.0)-0.2% sodium dodecyl sulfate-0.5 mg of
sonicated, denatured salmon sperm DNA per ml. Blots were
washed in 0.2x SSC-0.1% sodium dodecyl sulfate at 50°C.
The hybridization conditions for screening with the 55-mer
oligonucleotide included the same buffer plus 1% sodium
dodecyl sulfate at 60°C, with washing in 2x SSC-0.1%
sodium dodecyl sulfate at 55°C. Lambda phage DNA was
isolated by CsCl equilibrium centrifugation (24). Genomic
lambda phage restriction maps were obtained by cohesive
lambda DNA termini oligonucleotide mapping (35) and stan-
dard mapping of plasmid subclones.

Subcloning and sequencing. cDNA inserts and restriction
fragments of genomic clones were subcloned by standard
methods into pBR322 or pBS(+) vector (Stratagene Cloning
Systems). Subclones were sequenced by the dideoxynucleo-
tide method on alkali-denatured supercoiled plasmids as
described previously (16, 38) and by the chemical degrada-
tion method of Maxam and Gilbert (6, 25). Sequences
produced by chemical degradation were resolved on 100-cm-
long water-thermostatted gels, as described previously (41),
allowing sequences to be read to 650 bases. cDNA fragments
were sequenced in both orientations to ensure accuracy.
Sequences were compiled and analyzed by using Microgenie
software (Beckman Instruments, Inc., Fullerton, Calif.).

Nucleic acid preparation. Genomic DNA was isolated by
using CsCl gradients essentially as described previously (40)
or by dissolution of frozen worms, which were previously
powdered on dry ice in 4 M guanidinium isothiocyanate,
followed by phenol-chloroform extraction and ethanol pre-
cipitation. Adult and cercarial poly(A)+ mRNAs were puri-
fied from guanidinium-hot phenol-extracted RNA and selec-
tion on oligo(dT)-cellulose (24).

Northern and Southern blot analyses. Poly(A)+ mRNA was
fractionated on formaldehyde-agarose gels and transferred
to nitrocellulose in 20x SSC or to Zeta Probe (Bio-Rad
Laboratories, Richmond, Calif.) in 25 mM NaHPO4 (pH
6.5). In some experiments, the poly(A)+ tails of mRNAs
were removed by treatment with oligo(dT) and RNase H
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.)
prior to electrophoresis (30, 43). Molecular size markers
included procaryotic and eucaryotic rRNAs and specific
radiolabeled transcripts with known sizes (ranging from 700
to 1,100 bases) that were derived by T3 or T7 polymerase
transcription of specifically truncated templates.
Genomic DNA was digested with restriction endonu-

cleases, fractionated on agarose gels, and transferred to
nitrocellulose in 20x SSC or Gene Screen (Dupont, NEN
Research Products, Boston, Mass.) in 1Ox SSC. Following

transfer of DNA to Gene Screen, the DNA was cross-linked
to the nylon membrane with UV light.

Hybridization conditions for blots to nitrocellulose in-
cluded the buffer described above for screening libraries.
The Gene Screen hybridization buffer has been described by
Church and Gilbert (7). The amount ofNaHPO4 was reduced
in some experiments, to increase the stringency of hybrid-
ization. Hybridization conditions for oligonucleotides and
restriction fragments were 15°C below the midpoint melting
temperature (Tm), with the T,1 determined from the equa-
tions described by Meinkoth and Wahl (26). Blots were
washed at the same stringency in 2x SSC-0.1% sodium
dodecyl sulfate. Hybridization probes were prepared by nick
translation (36) or random primer labeling (13) of duplex
DNA and end labeling of oligonucleotides (24). In some
cases, blots were stripped in 0.1x SSC-0.1% sodium dode-
cyl sulfate at 90 to 100°C, autoradiographed to confirm the
quantitative removal of probe, and rehybridized with dif-
ferent probes.

Primer extension analysis. Primer extension analysis was
performed by annealing end-labeled oligonucleotides to 1 to
2 ,ug of poly(A)+ mRNA and extending the primer with
reverse transcriptase at 50°C in 16 mM Tris hydrochloride
(pH 8.3)-8.4 mM MgCI2-80 mM KCI-4.2 mM dithiothreitol-
0.4 mM deoxynucleotides. Extended products were fraction-
ated on denaturing polyacrylamide gels, and the gels were
autoradiographed. Sequencing of mRNAs by primer exten-
sion was performed either by the dideoxynucleotide termi-
nation method (38) or by the chemical degradation of specific
extension products isolated from gels, as described by
Maxam and Gilbert (25). Both methods required 7 to 8 ,ug of
poly(A)+ mRNA. For chain-termination primer extension
sequencing, deoxynucleotide triphosphate concentrations
were 210 ,uM and dideoxynucleotide concentrations were
160 ,uM.

RESULTS

Sequence analysis of 10-3 cDNAs. We previously reported
the isolation of a 313-bp adult cDNA clone, clone 10-3, from
adult S. mansoni (10). Initial Northern blot hybridization of
adult and cercarial mRNAs with the 10-3 cDNA used as a
probe indicated the presence of two adult transcripts and a
single cercarial transcript. Subsequent analysis, however,
with poly(A)+ mRNA treated with oligo(dT) and RNase H to
remove poly(A)+ tails resolved the adult transcripts into
three sizes of approximately 950, 870, and 780 bases (Fig. 1).
No increase in the number of cercarial transcripts was
observed; the size of the cercarial transcript was approxi-
mately 780 bases.
To determine the coding capability and to characterize the

differences among the adult and the cercarial mRNAs, we
screened the adult and cercarial cDNA libraries for longer
cDNAs homologous to the clone 10-3 cDNA. A total of 110
positive adult cDNA clones were observed in 160,000 re-
combinants, and 31 positive cercarial cDNA clones were
observed in 50,000 recombinants. Six adult and three cer-
carial clones were chosen for further analysis (Fig. 2B).
Sequence analysis of the original 10-3 cDNA and the nine
additional cDNAs homologous to this clone indicated that
these transcripts all contained variable numbers of exact,
direct tandem repeats of 81 bases (Fig. 2A). The most 3'
repeat element in all the cDNAs was truncated to 54 bp (Fig.
2A). The repeats were defined on the basis of their exon
structure (see below) and the reiterated sequence observed
in the cDNAs. All sequences 3' of the repeating elements in
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FIG. 1. Resolution of clone 10-3 mRNAs treated with oligo(dT)-
RNase H prior to RNA blot analysis. Northern blots of adult and
cercarial mRNAs untreated or treated with oligo(dT)-RNase H were
hybridized with clone 10-3 that was radiolabeled by nick translation
or an end-labeled oligonucleotide corresponding to the complement
of a portion of the repeat (oligonucleotide G; see Fig. 2). All lanes
contained 1 ,ug of poly(A)+ mRNA. (A) Northern blots of adult
mRNA hybridized with nick-translated clone 10-3 (lanes 1 and 2) or
end-labeled oligonucleotide G (lanes 3 and 4). Lanes 1 and 3,
Untreated adult mRNA; lanes 2 and 4, oligo(dT)-RNase H-treated
adult mRNA. (B) Northern blot of adult and cercarial mRNAs
hybridized with end-labeled oligonucleotide G. The increased reso-
lution of these transcripts is due to separation on 1.7% agarose-
formaldehyde gels that were electrophoresed for 16 h. Lane 1,
Cercarial mRNA; lane 2, cercarial mRNA treated with oligo(dT)-
RNase H; lane 3, adult mRNA; lane 4, adult mRNA treated with
oligo(dT)-RNase H. Numbers are in bases.

the cDNAs were identical, including the same apparent
poly(A) addition site. All the transcripts contained 67% A
and U. One adult cDNA (cDNA 2-4) contained four 81-bp
repeats. Two adult cDNAs (cDNAs 30-2 and 29-1) contained
five repeats, while two adult cDNAs (cDNAs 39-1 and 21-1)
contained five repeats with a 27-bp insertion just 5' of the
repeats at bp 217 (Fig. 2). The three cercarial cDNAs had
four repeat elements and did not contain the 27-bp insertion.
The cercarial cDNA sequences were identical to the adult
sequence, except for one cDNA (cDNA C-20), which dif-
fered by 2 bp substitutions 5' of the repeats. The general
organization and sequence of adult and cercarial cDNA
clones were identical, except for variations in the number of
repeat elements, the insertion of 27 bases 5' of the repeat
elements, and the extent to which the cDNAs extended
toward the 5' terminus of the transcript (Fig. 2B). Therefore,
from the cDNA analysis, three highly similar transcripts
containing 81-base repeats were found to be present in adults
and cercaria: transcripts with four repeats, five repeats, and
five repeats with a 27-base insertion.

Characterization of 10-3 transcripts by primer extension
and Northern blot hybridization. In order to correlate the
cDNA clones with the transcripts observed on Northern
blots, synthetic oligonucleotides complementary to a num-
ber of regions in the cDNAs were constructed (Fig. 2A) and
used for Northern blot and primer extension analyses to
further characterize adult and cercarial transcripts. Northern
blot size estimates of the clone 10-3 cercarial transcript [with
poly(A)+ tails removed by RNase H-oligo(dT)] indicated a
transcript of 780 bases, suggesting that the cercarial cDNAs
were nearly full-length. It seemed likely that the longer adult
cDNAs with five repeat elements (cDNAs 30-2 and 39-1)
corresponded to the 950-base transcript observed on North-
ern blots. The transcript with only four repeat elements
(cDNA 2-4) might then correspond to the 870-base transcript
that was observed on Northern blots. Although all the 10-3
cDNAs had highly similar sequences, the extent of cDNA
synthesis to the transcript 5' terminus was variable (Fig. 2B).

To characterize the 5' ends and the sizes of the adult
transcripts, we used primer extension analyses (Fig. 3). The
dominant primer extension product observed with several
primers (oligonucleotides B, D, E, and F; Fig. 2A) with adult
mRNA was 34, 52, and 80 bases longer than the larger adult
cDNA clones 30-2, 39-1, and 2-4, respectively (Fig. 3). The
5' ends of these transcripts, as determined by primer exten-
sion analysis, were heterogeneous over 5 bases.

Nucleotide sequencing of these dominant primer exten-
sion products with two separate primers (oligonucleotides B
and D) on adult mRNA demonstrated a sequence overlap
with the 30-2 and 39-1 cDNA sequences. This indicates that
the 5' ends of cDNAs 30-2 and 39-1 were 34 and 52 bp,
respectively, short of the 5' ends of the transcripts. Nucle-
otides 1 to 34 constituted the primer extension sequence
shown in Fig. 2A. This primer extension sequence was
confirmed by sequence analysis of genomic clones corre-
sponding to the 5' end of the gene. These genomic clones
contained the first two exons constituting bases 1 to 88 and
89 to 110; both exons exhibited standard splice junction
sequences, and the exon sequence was identical to the
cDNA sequence presented in Fig. 2A. This sequence anal-
ysis also indicated that the first 2 bases of the transcript,
which were not discernible by primer extension sequencing,
are CA. Appropriately positioned TATA and CAAT pro-
moter elements were upstream of the transcription initiation
site.

Nucleotides 8 to 30, which were determined by primer
extension analysis, hybridized only to the adult 950- and 870-
base transcripts but not to either the adult or the cercarial
780-base transcripts (Fig. 4, lanes 9 and 10). Hybridization of
end-labeled synthetic oligonucleotides to Northern-blotted
mRNA with poly(A)+ tails removed indicated that all three
adult transcripts and the cercarial transcript contained the
repeated element and that sequences 3' of these elements
were similar in all the adult transcripts (Fig. 4, lanes 1 to 4).
The 27-base insertion element hybridized to transcripts of all
three sizes in adults and to the cercarial 780-base transcript
(Fig. 4, lanes 5 and 6). The addition of the primer extension
sequence to the length of clones 30-2 (five repeats), 39-1 (five
repeats and the 27-bp insertion), and 2-4 (four repeats)
yielded transcript sizes of 946, 974, and 866 bases, respec-
tively. The hybridization and cDNA sequence data are
consistent with the dominant primer extension product cor-
responding to the 5' ends of the 950- and the 870-base adult
transcripts. The 27-base difference between the longer tran-
scripts was apparently not resolved on the Northern blots.
From the organization of the adult cDNA clone sequences
and hybridization data, the 870- and 950-base bands on
Northern blots represent at least four transcripts: transcripts
with four repeats, four repeats with the 27-base insertion,
five repeats, and five repeats with the 27-base insertion.

Primer extension of adult mRNA with the complement of
the 27-base insertion (oligonucleotide E) produced a product
consistent with the 5' ends of the 870- and 950-base tran-
scripts. However, an additional product approximately 50
bases longer (ca. 300 bases) was also observed (Fig. 3B, lane
3). Although the cercarial cDNAs that were isolated did not
contain the 27-bp insertion, Northern blot hybridizations
indicated that a 780-base cercarial transcript contained this
27-base sequence (Fig. 4, lane 6). Primer extension analysis
of cercarial mRNA with oligonucleotide E produced an
extension product similar in size (ca. 300 bases) to the larger
adult extension product observed with this primer (Fig. 3B,
lane 4). It seems likely, therefore, that the extended 5'-
terminal sequence observed with adult and cercarial mRNAs
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G 300
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ThrThrProLysProThrThrProLysGlnI leAsnAspGlyThrSerAspLysThrSerAspThrHisThrIleLysArg

400
ACAACTCCCAAACCTACAACACCAAAGCAAATAAATGATGGAACGTCAGACAAAACCAGTGATACCCACACAATTAAAAGA 435
ThrThrProLysProThrThrProLysGlnI leAsnAspGlyThrSerAspLysThrSerAspThrHisThrIleLysArg
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ThrThrProLysProThrThrProLysGlnIleAsnAspGlyThrSerAspLysThrSerAspThrHisThrIleLysArg
600 Repeat
ACAACTCCCAAACCTACAACACCAAAGCAAATAAATGATGGAACGTCAGACAAA 651 Elements
ThrThrProLysProThrThrProLysGlnIleAsnAspGlyThrSerAspLys

700
CCTAAGTCCATAGCCGATATTTTCTTAATCAATAAGCCAAAGGTTCCTTTGTGGATTGTAAATCCTCTATACTATATGGTC 733
ProLysSerIleAlaAspTlePheLeuIleAsnLysProLysValProLeuTrpIleValAsnProLeuTyrTyrMetVa1
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FIG. 3. Primer extension analysis of adult and cercarial mRNAs.
End-labeled oligonucleotides were annealed to adult and cercarial
mRNAs and extended with reverse transcriptase in the presence of
deoxynucleotides. The extension products were analyzed on dena-
turing acrylamide gels and autoradiographed. (A) Adult mRNA
primer extended with oligonucleotide B. Lanes: 1, end-labeled
primer alone; 2, 1.5 ,ug of adult mRNA extended with end-labeled
oligonucleotide B; 3 and 4, sequencing reactions (as described by
Maxam and Gilbert [25]), with A and G (lane 3) and C and T (lane 4)
used as size markers. Cercarial mRNA (up to 4 ,ug) did not
demonstrate any significant extension products with oligonucleotide
B. (B) Adult and cercarial mRNAs extended with oligonucleotides D
and E. Lanes: 1, end-labeled oligonucleotide D alone; 2, end-labeled
oligonucleotide E alone; 3, 1.5 ,ug of adult mRNA extended with
oligonucleotide E; 4, 1.5 ,ug of cercarial mRNA extended with
oligonucleotide E; 5, 1.5 ,ug of adult mRNA extended with oligonu-
cleotide D; 6, 1.5 jig of cercarial mRNA extended with oligonucle-
otide D; M, end-labeled HpaII pBR322 markers. The arrows desig-
nate the primer extension products described in the text. The
numbers are in bases. The primer extension products corresponding
to the 950- and 870-base mRNAs are 122 bases in length with primer
D and 244 bases in length with primer E. RNA blot experiments
suggest that the cercarial 780-base transcript lacking the 27-base
insertion is present in a low abundance. The lack of extension
products from oligonucleotides D in the size range predicted from
the cercarial cDNAs is most likely because the conditions were not
sensitive enough to detect these low-abundance products. The
products observed in lanes 3 and 4 at 100 bases were not reproduc-
ibly observed in all mRNA preparations or primer extension
reactions.

-34

primer

e,-/primer
prime"

corresponds to the 780-base transcripts observed on North-
ern blots. Partial sequencing of the primer extension product
of oligonucleotide E (27-base insertion) with cercarial
mRNA indicated that portions of the extension product are
different from any sequence observed 5' of the 27-bp inser-
tion in any of the adult cDNAs. Northern blot analysis of
mRNA pretreated with oligonucleotide E and oligo(dT)-
RNase H demonstrated that a cercarial mRNA contained

both the repeat element and the 27-base insertion (Fig. 4,
lanes 6 and 8). Together, these data suggest that the 780-base
cercarial band on Northern blots represents at least two
types of transcripts which contain the repeat element: a
transcript with the 27-base element and a transcript without
the 27-base element. The latter transcript was represented
by the sequenced cercarial cDNAs. In addition, the 780-base
transcripts in both adults and cercariae lacked the 5'-most 30
bp of the cDNA sequence presented in Fig. 1 (Fig. 4, lane
10). These data suggest that the 5' termini of these tran-
scripts are different from the 5' termini of the larger adult
transcripts. The shortened 5' ends of the 780-base mRNAs
and the variant sequence 5' of the 27-base insertion in the
cercarial mRNA were most likely the result of different
transcriptional initiation sites and alternate 5' exon usage,
respectively.

FIG. 2. cDNA clones and sequence of clone 10-3 transcripts. (A) Nucleotide and predicted amino acid sequences of an adult 10-3
transcript and diagrammatic representation of a transcript with the position of the repeated elements and synthetic oligonucleotides used in
this study. The sequence was derived by dideoxynucleotide termination (38) and chemical degradation (25) of the cDNA clones represented
in panel B and previous extension sequencing of 10-3 transcripts as described in the text. The primer extension sequence constitutes
nucleotides 1 to 34. The first 2 nucleotides were identified from the genomic sequence corresponding to the 5' end of the transcript. The amino
acid sequence of the predicted single long open reading frame is presented under the nucleotide sequence. The putative polyadenylation signal
is doubly underlined. The cDNA sequence presented represents a transcript containing five repeating elements and a 27-base insertion (clones
39-1 and 21-1; see part B). Removal of the 27-base insertion represents the sequence of clone 30-2 (see part B). The removal of the fifth repeat
element represents the sequence of clone 2-4. The sequences of all the adult cDNA clones are identical, except for the presence of the 27-bp
insertion, an additional 81-base repeat, or the extent to which they extended in the 5' direction. Cercarial cDNA C-20 differed from the other
cercarial and adult cDNAs by 2 base substitutions at positions 202 (G) and 261 (C) of the sequence presented. Underlined and boxed residues
indicate the oligomers used in this study. Oligonucleotide F was contiguous in those clones that lacked a 27-base insertion. The insertion of
the 27 bases occurred within oligonucleotide F. (B) cDNA clones analyzed and sequenced in this study. The length of each of the clones is
presented at the right, and the numbers in parentheses indicate the base in panel A to which each cDNA extended in the 5' direction. All the
cDNAs except clone 10-3 extended into the poly(A)+ tail of the transcript. The points of insertion of the 27-bp element and the presence of
a fifth repeat are noted. To aid in the alignment of the cDNAs, the extra 81 bases for the fifth repeat and the 27-base insertion are shown as
extra elements and are not included in the linear length of the lines representing the cDNAs. The actual point of insertion of the fifth repeat
is not known, since the repeats were direct and identical. Clone 3-1 extended only as far 5' as three repeats, and clone 10-3 extended through
1 repeat and 56 bases of a second repeat.
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Developmental transition to adult mRNA expression. Dur-
ing the transformation and development of cercariae to
adults, the number and size of the 10-3 transcripts increased
(Fig. 1 and 4). On penetrating the skin of the host, cercariae
rapidly transform into schistosomula, with the loss of their
cercarial tails. Artificially transformed schistosomula are
capable of developing to maturity in the vertebrate host (1).
To determine whether artificially transformed schistosomula
incubated in vitro for 3, 12, and 24 h exhibited the cercarial
or adult pattern of transcripts, Northern blots of RNase
H-treated schistosomula mRNA were hybridized with the
repeat oligonucleotide (oligonucleotide G). Schistosomula
mRNA from all three time points exhibited the pattern of
cercarial transcript hybridization, suggesting that the transi-
tion to the synthesis of adult-sized transcripts does not occur
prior to 24 h of in vitro development of schistosomula to
adults.

Characterization of genomic clones corresponding to the
repeat elements in 10-3 cDNAs. To determine the genomic
organization of the repeated elements, the clone 10-3 cDNA
was used as a hybridization probe to isolate genomic clones
encoding the repeating elements in the transcripts. Two
hundred thousand recombinant bacteriophage (equal to ap-
proximately nine genomic equivalents) were screened.
Seven positive clones were identified corresponding to four
unique overlapping clones spanning 18.5 kb (Fig. SA). These
clones encoded the repeat elements in the cDNAs, as well as
regions 3' to at least bp 768 of the cDNA (Fig. 2). Restriction
mapping, hybridization, and sequencing data derived from
the genomic fragments encoding the repeating elements in
the transcripts revealed that each 81-base repeat was derived
from three 27-bp exons (Fig. 5B and C). Analysis of these
27-bp exons indicated that they each have consensus splice
junctions (33) (Fig. 6). Furthermore, the exons which make
up the repeated elements in the transcripts are located in
highly conserved, reiterated 3-kb genomic regions spanning
a total of at least 13 kb. This reiteration in the genomic
organization is illustrated by fragments A and B in Fig. SB.
Each 81-base transcript repeat was derived from two adja-
cent EcoRI fragments: a 2.1-kb fragment (A) and an 860-bp
fragment (B). The 2.1-kb fragment contained the first two
exons of the repeat, whereas the 860-bp fragment contained
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the final exon (Fig. SC). The repeat located the most 3' in all
the transcripts contained only exons 1 and 2 of the repeat
(Fig. 2). This truncated repeat may be represented by the
1.6-kb fragment (C) (Fig. 5B and C), which appears to be a
truncated 2.1-kb fragment since the two sequences had
similar restriction maps and nearly identical nucleotide se-
quences through the second exon. The two units diverged
from each other approximately 60 bp 3' of exon 2. The lack
of an additional 3' 860-bp EcoRI fragment (B) was consistent
with the absence of the third exon in the most 3' repeat
element of the cDNAs. Direct nucleotide sequencing of the
860-bp fragments and across the EcoRI junctions between
fragments A and C in genomic clone lambda 1-1 (lambda 1-1
contained at least three 860-bp fragments in the reiterated
regions) indicated that all these units appear to have identical
nucleotide sequences. Furthermore, restriction mapping of
numerous independent 860-bp and 2.1-kb subclones from
these genomic clones indicated that the clones have identical
restriction maps.
The overlapping set of clones encoded four repeats (Fig.

SB). Direct sequencing of the 5' end of lambda clone 2-3 (this
corresponds to the most 5' region represented in all four
genomic clones) indicated that the third exon of a repeat,
represented by an 860-bp EcoRI fragment, is present in the
locus. This suggests that there are more repeating elements
5' of the genomic clones that we characterized that would be
required to produce a transcript with five repeats. We used a
synthetic oligonucleotide (oligonucleotide F; Fig. 2) corre-
sponding to sequences in the clone 10-3 transcripts just 5' of
the first repeat as a hybridization probe, to isolate genomic
clones containing the 5' end of the tandem array of genomic
repeats. A genomic clone, 3-1-34, hybridizing to both the
repeat oligonucleotide and oligonucleotide F was isolated
(Fig. 5D). This clone also hybridized to oligonucleotide E.
Within clone 3-1-34 were two 3-kb EcoRI tandem units (A
and B) and a 1.6-kb restriction fragment similar to fragment
C. The 1.6-kb EcoRI fragment in the 3-1-34 clone, however,
lacked the BamHI site that was observed in the analogous
fragment in the overlapping set of clones in Fig. 5C. Fur-
thermore, the restriction map of regions 3' of the 1.6-kb
fragment in clone 3-1-34 was not the same as the regions 3'
of the tandem arrays in the genomic clones depicted in Fig.
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FIG. 4. Characterization of adult and cercarial transcripts by Northern blot hybridization analysis. Adult and cercarial mRNAs were

treated with oligo(dT)-RNase H, electrophoresed on 1.7% agarose-formaldehyde gels, blotted to nitrocellulose, and hybridized to end-labeled
oligonucleotides representing different regions of the clone 10-3 transcripts (see Fig. 2 for locations of oligonucleotides). All lanes contained
1 to 2 jig of mRNA. Lanes: 1, 3, 4, 5, 7, 9, and 11, adult mRNAs; 2, 6, 8, 10, and 12, cercarial mRNAs. mRNAs in lanes 7 and 8 were treated
with oligo(dT)-RNase H in the presence of 150 ng of oligonucleotide E prior to electrophoresis. Longer exposures of lane 8 revealed residual
repeat hybridization at 780 bases, consistent with the absence of oligonucleotide E in the cercarial cDNA clones. Lanes 9 to 12 were exposed
at least 5 times longer than the other lanes were to demonstrate the absence of the 780-base hybridization in lanes 9 and 10 and to show the
presence of hybridization of the 780-base transcripts in lanes 11 and 12. Exposure times for lanes 1 and 2 were 4 times less than those for lanes
3 to 6. Numbers are in bases.
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FIG. 5. Genomic clones corresponding to the repeat elements in clone 10-3 transcripts and the sequencing strategy used to sequence
reiterated fragments encoding the repeats in 10-3 transcripts. (A) Overlapping genomic clones corresponding to the repeat element. These
clones were isolated by screening with the 10-3 cDNA. Restriction site abbreviations: B, BamHI; H, Hindlll; R, EcoRI. (B) Composite of
overlapping clones illustrating the repeating fragments and the area spliced to form the repeats in transcripts. The region correlated with the
composite cDNA would encode four repeats, with the final repeat truncated to 54 bases. Regions A, B, and C are expanded in panel C. (C)
Sequencing strategy for the fragments contributing to the reiterated genomic array encoding the 81-base repeats in clone 10-3 mRNAs.
Sequencing was performed by the chemical degradation method of Maxam and Gilbert (25). The shaded boxes represent the location of the
exons of the transcript repeats. Arrows with the letter L indicate fragments that were sequenced directly from the genomic clones. (D)
Restriction map and hybridization pattern of genomic clone 3-1-34. Clone 3-1-34 was isolated by screening with an end-labeled oligonucleotide
(oligonucleotide F) located just 5' of the first transcript repeat. This clone contained regions homologous to the transcript repeats and to the
27-base insertion. Fragments A, B, and C corresponded by hybridization and restriction mapping to the same fragments shown in panels A
to C. Arrows indicate the fragments and regions within the clone that hybridized with oligonucleotides E and F. R represents the EcoRI
fragments which hybridized with a portion of clone 39-1 containing the repeats.

5B. These data could suggest that an interruption is present
in the reiteration of the array in the schistosome genome that
is perhaps produced by the duplicative events yielding the
array. The sequence of selected 500-bp regions containing
both exons and introns within the conserved arrays in clone
3-1-34 (portions of fragments A and B) indicated that there

was greater than 98% identity with the same regions in the
overlapping set of clones in Fig. 5A. Splicing of the two
exons in the 1.6-kb region of clone 3-1-34 with the third exon
located at the 5' end of the set of four overlapping repeat
clones would yield a typical 81-base repeat. Schistosomes
are diploid, and laboratory strains are not clonal lines. Thus,
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EXON 1

EXON 2

EXON 3

ATTTCTAT

3' Splice site EXON 5'

TATTIG' AACAACTCCCAAACCTACAACACCAAA

TGTGTTTGTTTA AGI GCAAATAAATGATGGAACGTCAGACAA

TGTTAAAAATTCCJAG AACCAGTGATACCCACACAATTAAAAG

Splice site

GAGTGGACTGAC

GAGTTAATTTCA

A-AGTGAGCATTT

FIG. 6. Exon sequence and genomic intron sequence surrounding the splice junctions of the three exons making up the repeating element
in clone 10-3 cDNAs. The typical pyrimidine stretch in the 3' splice site may not be pronounced in S. mansoni because of the low G+C
content observed in the gene. Underlined areas in the 5' splice sites illustrate conservation of typical splice site sequences observed in the
10-3 exon-intron junctions.

this clone could also represent another allele or could be a
pseudogene.
Four transcript repeats (consisting of three 81-base re-

peats and the typical fourth 54-base truncated repeat, which
would be equivalent to 297 bases of a transcript) would be
encoded in 11 27-bp exons interspersed in a contiguous
conserved repetitive array of intron and exon sequences
spanning at least 10 kb. mRNAs containing five repeats
would be encoded over a larger region of genomic DNA.
Both exons and introns within this locus are highly A and T
rich (65%).

Southern blots with genomic DNA with hybridization
probes containing the repeat elements produced a hybridiza-
tion pattern consistent with the organization of the repeats in
the genomic clones (Fig. 7). Southern blot titrations compar-
ing cloned fragments from the 10-3 locus with restricted
genomic DNA (oligonucleotides C and H used as probes)
suggested that there are one or two copies of the gene.
Moreover, genomic Southern blots, with oligonucleotides to
regions in the cDNAs (oligonucleotides A, B, G, D, E, H,
and I) and larger fragments of the cDNAs used as probes,
suggest that the whole gene(s) is subdivided into many small
exons. Characterization of additional genomic clones corre-
sponding to the 5' ends of the transcripts indicate that these
regions are also composed of small exons and that an entire
gene is at least 40 kb in length. The presence of many small
A- and T-rich exons in the clone 10-3 locus, however, makes
analysis of this locus difficult.

Putative proteins encoded by the 10-3 transcripts. Comput-
er-assisted analysis of the translation of the cDNA presented
in Fig. 2A displayed a long open reading frame from nucle-
otides 3 to 822. No other open reading frames of significant
length were present. We designated the first AUG at base 34
as the translation initiation site based on its proximity to the
5' end and sequence context (5, 21). Neither the 5' 27-base
insertion nor an additional fifth repeat changed the single
long open reading frame. Thus, all the transcripts would use
the same open reading frame, producing similar proteins
with potential peptide insertions coded by the 27-base inser-
tion or the number of repeat elements in the transcript. Use
of the first AUG codon as the initiator indicates that the
amino terminus has a hydrophobic region that could be a
signal peptide. Alternatively, these hydrophobic residues
could constitute a membrane domain in the protein. The
amino acid residues of the putative protein depicted in Fig.
2A are predominantly hydrophilic and display relatively high
frequencies of Thr (15.9%), Lys (12.9%), Ile (9.8%), Asp
(9.5%), and Pro (8.3%). Glycosylation may occur at the
serine at amino acid 25 (Asn-Gly-Ser), as well as the numer-
ous Thr residues in the peptide repeats. Computer-assisted
comparison of this putative protein with protein data banks

did not reveal a significant identity with any other known
proteins.

DISCUSSION

We have described S. mansoni transcripts containing
repeat elements that are expressed differentially during the
S. mansoni life cycle and the expression of different-sized
transcripts in adults and cercariae. The variations in these
clone 10-3 transcripts included the number of 81-base repeat
elements, a 27-base insertion, differences in the 5' ends of
the transcripts, and alternate exons 5' of the 27-base inser-
tion in some transcripts. These differences could be the
result of alternative processing and transcription initiation
sites from a single locus. Alternatively, numerous highly
similar transcripts might reflect the existence of multiple,
highly similar loci. These conserved loci would have various
numbers of repeat elements with the 27-bp insertion and a
number of loci without the 27-bp insertion. This model
would also require that some loci have additional 5' differ-
ences to account for the clone 10-3 transcripts. Complicating
these analyses is that schistosomes are diploid and labora-
tory strains are not clonal lines. However, the presence of
multiple, highly conserved loci appears unlikely from the
genomic titrations, Southern blot data, the genomic clones,
and the frequency with which clones were isolated from the
genomic libraries. Furthermore, the invariant nucleotide
sequence of the repeating elements through the 3' ends of
nine adult and cercarial cDNAs strongly suggests that these
mRNAs are derived from a single locus. Therefore, the data
indicate that one or, perhaps, two loci produce developmen-
tally regulated transcripts that are alternatively spliced and
exhibit different transcriptional start sites, to yield tran-
scripts of various sizes and compositions in adults and
cercariae.
The nucleotide sequence of the cDNAs and primer exten-

sion and hybridization analyses with oligonucleotide probes
permitted us to identify the sequence variations in the
transcripts observed on Northern blots. The data are con-
sistent with the fact that the largest band on Northern blots
(950 bases) represents at least two transcripts which contain
five tandem repeats. One of these transcripts contained a
27-base insertion 5' of the repeats, while the other did not.
The 870-base band on Northern blots included two tran-
scripts containing four teandem repeats, with or without the
27-base insertion 5' of the repeats. Although we did not
isolate an adult cDNA clone with four repeats and the
27-base insertion, the data indicate that a 870-base transcript
with these characteristics is present. The data from this
study also suggest that the splicing of the repeat elements to
yield transcripts with four or five repeats occurs in a coor-
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FIG. 7. Genomic adult DNA Southern blots probed with random primer-labeled clone 39-1 or end-labeled oligonucleotide G. Each lane
contained 10 ,ug of genomic DNA digested with the respective restriction endonuclease, fractionated on 0.75% agarose gels, transferred to
a Gene Screen nylon membrane, cross-linked to the membrane with UV light, and hybridized with radiolabeled probe. (A) End-labeled
oligonucleotide G was used as the hybridization probe. (B) Random primer-labeled clone 39-1 was used as the hybridization probe. The
multicopy bands observed with the 39-1 probe at 860 bp (EcoRI) and 780 bp (HindIlI) represent exon 3, which was not present in the
oligonucleotide G probe. The asterisks indicate fragments corresponding to restriction fragments containing the repeat elements predicted
from the genomic clones depicted in Fig. 5 and in panel C. Southern blots with a restriction fragment of clone 39-1 containing just the five
repeat elements produced the same pattern of bands in panel B (denoted by asterisks). The additional bands in panel B represent the other
exons in clone 10-3 mRNAs. Shorter exposures showed differences in intensities of hybridization among bands within the repeat array,
reflecting the number of copies observed in the array. For example, the 2.2-kb HindlIl fragment was present in more copies than the 3.1-kb
Hindlll fragment. The 1.6-kb EcoRI band on lighter exposure indicated that two bands were present. Numbers indicate the size of hybridizing
fragments (in kilobases). (C) Diagrammatic representation offragments from the genomic clones predicted to hybridize with probes containing
portions of the repeat elements. The 0.86-kb EcoRI and 0.78-kb Hindlll fragments only hybridized to exon 3 of the repeat element, which
was absent in the oligonucleotide G probe. Open boxes denote exon 3, and closed boxes denote exon 1 or 2. The discontinuous arrows
indicate unknown fragment lengths for which genomic clone data were not available. It is not known whether the 5'-most BamHI site in clone
3-1-34 is an endogenous BamHI site or a BamHI site created from the ligation of a Sau3A genomic site into the BamHI site of the EMBL-3
arm (denoted by asterisks). Only two 3-kb genomic repeats are depicted from the overlapping clones.
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dinated manner, grouping exons as single units to be retained
or removed. The 5' ends of the 870- and 950-base transcripts
were mapped by primer extension sequencing and hybrid-
ization analyses and appeared to be identical for these
transcripts.
The smallest adult transcript(s) exhibited the tandem

repeats and the 27-bp insertion. The cercarial 780-base band
observed on Northern blots consisted of at least two tran-
scripts, one of which contained four tandem repeats and
lacked the 5' 27-base insertion. The other cercarial 780-base
transcript contained the repeat elements and the 5' 27-base
insertion. The nucleotide sequence 5' of the 27-base inser-
tion in this cercarial transcript was different from those of
any of the other cDNAs that were characterized, suggesting
alternative 5' exon use in this transcript. Furthermore, the
data suggest that the 5' ends of all the 780-base transcripts do
not contain the first 30 nucleotides of the larger adult
transcripts. Thus, compared with the larger adult tran-
scripts, these transcripts appear to be derived from the use
of alternative exons and transcription initiation sites.

Multiple highly conserved long repeats typical of the clone
10-3 transcripts have not been described previously in schis-
tosomes. A few schistosome cDNAs, however, have been
shown to contain simple repeats (3, 17, 22, 31). The repeats
described here are unusual in that they are long, encoding 27
amino acids, and are perfectly conserved at both the nucleic
acid and protein levels. Furthermore, the number of these
repeats varied in the transcripts, and the number of repeats
in certain transcripts was developmentally regulated. The
complex gene structure of highly conserved, reiterated 3-kb
genomic fragments encoding only three 27-base exons was
most likely produced by a duplicative event. This event
either appears to have occurred recently in time or the
sequence conservation has been maintained by significant
selective pressure on the locus.
A number of highly immunogenic proteins with repeating

elements have been described in parasitic protozoa (2, 8, 9,
15, 20, 28, 32, 34, 37, 42). cDNAs for some of these proteins
have been isolated by using sera from infected hosts. The
repeating peptides in clone 10-3 proteins may also be highly
immunogenic and may have been the basis for the original
isolation of the 10-3 cDNA by screening with infected human
sera. Computer-assisted comparison of the 10-3 protein with
other known proteins in the National Biomedical Research
Foundation (NBRF) data bank suggested that there are no
significant similarities with other known proteins. Repetitive
peptide sequences have been observed in a diverse array of
proteins, including structural proteins, secretory proteins,
and proteins associated with the cell surface (4, 12, 14, 18,
19, 27, 29, 39, 44-46). Some of the functions of these proteins
include receptor ligands, receptors, gluelike compounds,
connective tissue components, clotting proteins, and struc-
tural components. The number and length of the repeating
elements observed in such proteins, as well as the sequence
or residue conservation of the individual repeating units, is
quite variable. The broad array of functions observed for
proteins with repeating units precludes functional analogies
from being drawn for the clone 10-3 protein. The presence of
either a possible signal peptide or membrane domain could
suggest that some 10-3 proteins are secreted or are mem-
brane bound. The potential variance in amino acid compo-
sition and function of S. mansoni proteins derived from all of
the 10-3 transcripts remains to be elucidated. However, the
conserved repeated sequence organization of the 10-3
gene(s) and the multiple mRNAs encoded therein provide
another example of the unique organization and expression

of genes from parasites. The 10-3 gene(s) in S. mansoni
provides a system for studying alternative splicing and
transcriptional initiation in the context of developmentally
regulated gene expression in this parasite.
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