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We have isolated six independent genomic clones encoding schistosome chorion or eggshell proteins from a
Schistosoma mansoni genomic library. A linkage map of five of the clones spanning 35 kilobase pairs (kbp) of
the S. mansoni genome was constructed. The region contained two eggshell protein genes closely linked,
separated by 7.5 kbp of intergenic DNA. The two genes of the cluster were arranged in the same orientation,
that is, they were transcribed from the same strand. The sixth clone probably represents a third copy of the
eggshell gene that is not contained within the 35-kbp region. The 5’ end of the mRNA transcribed from these
genes was defined by primer extension directly off the RNA. The ATCAT cap site sequence was homologous to
a silkmoth chorion PuTCATT cap site sequence, where Pu indicates any purine. DNA sequence analysis
showed that there were no introns in these genes. The DNA sequences of the three genes were very homologous
to each other and to a cDNA clone, pSMf61-46, differing only in three or four nucleotides. A multiple TATA
box was located at positions —23 to —31, and a CAAAT sequence was located at —52 upstream of the eggshell
transcription unit. Comparison of sequences in regions further upstream with silkmoth and Drosophila
sequences revealed several very short elements that were shared. One such element, TCACGT, recently shown
to be an essential cis-regulatory element for silkmoth chorion gene promoter function, was found at a similar

position in all three organisms.

Schistosoma mansoni is a dioecious blood fluke that
inhabits the portomesenteric circulation of humans. Schisto-
somiasis, a chronic and debilitating disease caused by this
parasite, afflicts 200 million people throughout the world.
The eggs produced by the mature female parasite are respon-
sible for disease. Physical development and sexual matura-
tion of the female worm are dependent on pairing with the
male parasite. Accordingly, the details of how the female
worm matures and the molecular interactions which take
place between the male and female worms provide an
interesting and important phenomenon to study and an
unusual mechanism of gene regulation.

In our previous studies, we isolated and characterized a
cDNA clone (pSMf61-46) which was derived from a mRNA
present only in mature female schistosomes. This mRNA
appeared to be developmentally regulated, since it was not
found in any other parasite stage. The accumulation of the
mRNA in schistosome females coincided temporally with
the pairing of females with male schistosomes and with
subsequent egg production (1, 3).

The DNA sequence of this full-length cDNA clone re-
vealed an open reading frame capable of encoding a 16-
kilodalton (kDa) polypeptide, very rich in glycine (44%) and
tyrosine (11%). There was a strong correlation between the
amino acid composition of this protein and the actual com-
position of the schistosome eggshell (4). This fact, in addi-
tion to the biological context in which the mRNA was found,
the significant homology in sequence to the silkmoth chorion
gene family (3), and the recognition of an eggshell protein of
14 kDa by an antiserum directed against a peptide from the
deduced amino acid sequence of the cDNA clone (unpub-
lished data), led us to conclude that the clone encoded a
protein that is a major component of the schistosome egg-
shell (chorion).

Silkmoth and Drosophila chorion genes have been used as
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model systems to study the organization, coordinate expres-
sion, and evolution of multigene families. Like the chorion
genes of the silkmoth and Drosophila melanogaster, the
eggshell protein genes of S. mansoni are developmentally
regulated, showing a high sex, tissue, and temporal speci-
ficity of expression (1, 3, S, 8, 21).

The silkmoth chorion (eggshell) consists of more than 100
different proteins, encoded by a large number of genes
belonging to a gene superfamily with two symmetrical
branches, each consisting of three families (7, 12). The
majority, if not all, of the chorion genes in the silkmoth
Bombyx mori are clustered as tandem duplications in a giant
locus, probably exceeding 10° base pairs (bp) at one end of a
single chromosome (7). The very high rates of chorion gene
expression required for eggshell synthesis are achieved by
the redundancy of the chorion locus. On the other hand,
Drosophila chorion is composed of approximately 20 struc-
tural proteins (14). Chorion genes are located within two
clusters, one on the third chromosome and the other on
chromosome X (10, 13, 25). The high rates of chorion gene
expression in D. melanogaster are achieved by specific
amplification of chorion genes and their flanking sequences
(18, 19, 23).

We have previously determined the copy number of the S.
mansoni eggshell protein gene. Our data indicated that there
were approximately five copies per haploid genome. We also
showed that these genes did not amplify or rearrange during
schistosome development (1, 3).

In the present study, we examined the genomic organiza-
tion of the schistosome eggshell genes. To do this, we
isolated and characterized genomic sequences related to the
cDNA clone pSMf61-46. We present the characterization
and sequence analysis of six independent recombinant
clones, the organization of the eggshell protein genes in the
S. mansoni genome, and a comparison of S. mansoni egg-
shell protein genes with those of silkmoth and D. melano-
gaster.
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MATERIALS AND METHODS

Parasites. Cercariae of S. mansoni (Naval Medical Re-
search Institute) obtained from previously infected snails
Biomphalaria glabrata were used for infection of hamsters.
Schistosome worms were obtained from hamsters by perfus-
ing the hepatic portal system (6).

DNA isolation. Schistosome worm DNA was prepared as
described previously (24).

Construction of genomic library. Standard DNA manipu-
lations were performed as described in protocols in the
Molecular Cloning Manual (15). A genomic library was
constructed as described elsewhere (2).

Southern blot analysis. Fragments of restriction enzyme-
digested genomic DN A were size-separated on a 1% agarose
gel; fragments of digested DNA of lambda recombinant
clones were separated on 0.6% agarose gels. DNA fragments
were transferred from gels to a Zetabind hybridization
membrane (AMF Cuno, Meriden, Conn.) in 20x SSC (1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate). In general,
the hybridizations were performed at 42°C in 50% formamide
for 16 h. Other hybridization and washing conditions were
followed from the specifications of the Zetabind manufac-
turer. The hybridization probes were prepared by nick
translation.

DNA sequencing. DNA fragments of lambda recombinant
clones were subcloned into M13mpl9 bacteriophage and
then sequenced by the dideoxynucleotide chain termination
method (20).

RNA sequencing and primer extension reaction. A proce-
dure published earlier (J. Geliebter, Focus, Spring 1987, p. 5;
Bethesda Research Laboratories) was followed except that
total RNA (not polyadenylated RNA only) isolated from
adult schistosome worm pairs was used. The 5’ end of the
mRNA was sequenced by using a synthetic oligonucleotide
(22-mer) that hybridizes to the cDNA pSMf61-46 mRNA
strand around the ATG start codon (see below). Briefly, 100
ng of oligonucleotide was labeled in 20 pl of reaction mix
containing 100 p.Ci of [y-*>PJATP (5,000 Ci/mmol) with 7 U
of T4 polynucleotide kinase for 30 min at 37°C. The final
concentration of oligonucleotide was 5 ng/ul. Unincorpora-
ted [y->>PJATP was not removed. For one sequencing reac-
tion, 5 ng of the labeled primer was used to anneal to about
20 to 40 pl of total RNA (in 12-pl reaction volume) for 45 min
at a temperature dependent on the sequence of the primer.
Afterwards, 20 U of avian myeloblastosis virus reverse
transcriptase was added, and the annealed mixture was
equally split into five tubes, labeled A, C, G, T, and N (N
represented a primer extension reaction, a tube without
dideoxynucleoside triphosphates). Each tube contained 3.3
wl of reverse transcriptase buffer and 1 wl of either 1 mM
dideoxy-ATP (ddATP), ddCTP, or ddGTP, 2 mM ddTTP, or
1 pl of H,O (tube N). The reaction mix was incubated at
50°C for 45 min, and the reaction was stopped by addition of
4 pl of stop buffer (100% deionized formamide, 0.3% each
bromophenol blue and xylene cyanol). Samples were boiled,
and half of each reaction mix was loaded onto an 8%
polyacrylamide sequencing gel.

RESULTS

Analysis of S. mansoni genomic DNA by Southern blotting
and hybridization. In order to identify genomic DNA frag-
ments homologous to the eggshell protein cDNA clone
pSMf61-46, a Southern blot hybridization analysis (Fig. 1)
was performed on genomic DNA isolated from adult schis-
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FIG. 1. Southern analysis of S. mansoni genomic DNA. (A)
Genomic DNA was digested with either EcoRI (lane E), Sall (lane
S), EcoRI-Sall (lane E/S), or Scal (lane Sc). A 10-pg amount of
DNA was used for each digest. Lane U, Undigested DNA. DNA
was size-separated on a 1% agarose gel and stained with ethidium
bromide. (B) The gel in panel A was Southern blotted and hybrid-
ized to an insert of cDNA clone pSMf61-46. (C) Densitometer scan
of EcoRI and Scal lanes (upper and lower panel, respectively) of the
autoradiograph shown in panel B.
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tosome worm pairs. Two bands of hybridization were de-
tected in the EcoRI-digested DNA; these were approxi-
mately 3.0 and 0.9 kilobase pairs (kbp) in size and of unequal
intensity (Fig. 1B, lane E). Since the cDNA insert of
pSM(f61-46 has a single EcoRlI site located 30 bp before the
poly(A) tail, two hybridization fragments could be expected.
However, hybridization of the same blot to the large PstI-
EcoRI fragment of the cDNA insert (representing 700 bp of
the 5’ end out of 765 bp total length) resulted in an identical
hybridization pattern (not shown). This indicated that the
same sequences were located in both hybridizing fragments
and that the 30 bp of the 3’ end of the cDNA probe did not
give rise to a significant hybridization signal on the Southern
blot. Since the sequencing data, described below, showed
that there were no introns in the genes, the two bands of
unequal intensity suggested multiple copies of the gene
contained within 0.9-kbp fragments and a single gene copy in
the 3.0-kbp fragment. The quantitation was confirmed by
densitometer scanning of an autoradiograph described be-
low.

There were four hybridizing fragments in the Sall-digested
DNA. These were approximately 14.0, 9.0, 8.2, and 5.3 kbp
long (Fig. 1B, lane S). Since the cDNA clone did not have a
Sall restriction site and there were no introns in these genes,
each hybridized band must represent a different copy of this
gene, located on a different fragment. Scal generated three
hybridizing fragments of about 8.6, 8.0, and 6.0 kbp (Fig. 1B,
lane Sc). The 8.6- and 8.0-kbp fragments each seemed to be
twice the intensity of the 6.0-kbp fragment. A double digest
with EcoRI and Scal gave the same hybridization pattern as
EcoRI alone (not shown), and a double digest with EcoRI
and Sall also gave only two hybridizing fragments (Fig. 1B,
lane E/S) similar in size and relative intensity to EcoRI
fragments except that the 3.0-kbp EcoRI fragment was
reduced to about 2.7 kbp. A HindIIl and EcoRI double
digest (not shown) reduced the 3.0-kbp EcoRI fragment to
1.1 kbp; the 0.9-kbp EcoRI fragment stayed the same size.

The autoradiograph shown in Fig. 1B was used for densi-
tometer scanning to determine the relative intensities of the
hybridization signal in different bands of a particular restric-
tion enzyme digest. The scans of the EcoRI and Scal lanes
are shown in Fig. 1C. The scan of the EcoRI lane showed
that the absorbance peak of the 0.9-kbp hybridization band
contained 77.8% and the peak at 3.0 kbp contained 22.8% of
the hybridizing material. Since we were hybridizing with a
full-size cDNA probe and there were no introns in these
genes (described below), these data are consistent with the
notion that there are four copies of the gene in the 0.9-kbp
fragments and one copy in the 3.0-kbp fragment. The scan of
the Scal lane showed that the absorbance peak of the
6.0-kbp fragment contained 19.6%, the peak at 8.6 kbp
contained 38.4%, and the peak at 8.0 kbp contained 41.9% of
the hybridizing material. These data similarly imply that the
8.6- and 8.0-kbp fragments each contain two copies and the
6.0-kbp fragment contains one copy of this gene. Together,
the hybridization results and densitometer scanning informa-
tion suggest that there are five copies of this gene in the S.
mansoni haploid genome and that the smallest fragments on
which these are located are 0.9-kbp EcoRI fragments. These
results are in accord with our previous data, which led us to
conclude that there were about two to five copies per haploid
genome.

Isolation and analysis of recombinant genomic clones. Ge-
nomic DNA isolated from S. mansoni adult worm pairs,
partially digested with Sau3A, was ligated into the BamHI
site of the bacteriophage lambda EMBL3 replacement vec-
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FIG. 2. Southern analysis of six indepedent lambda recombinant
clones. (A) DNA (2 pg) from each clone was digested with either
EcoRI (lanes 1 to 6) or Sall (lanes 7 to 12), size-separated on a 0.6%
agarose gel, and stained with ethidium bromide, Lane M, DNA size
markers. (B) Hybridization fragments after Southern blotting of the
gel and hybridization to an insert of cDNA clone pSMf61-46. Lanes
1 and 7, clone 6-1-3; lanes 2 and 8, clone 6-2-4; lanes 3 and 9, clone
7-1; lanes 4 and 10, clone 8-1-4; lanes 5 and 11, clone 10-1; lanes 6
and 12, clone 10-2.

tor as described elsewhere (2). About 100,000 bacteriophage
were screened, without prior library amplification, by plaque
hybridization with the female-specific cDNA clone pSMf61-
46 as a hybridization probe. Six independent hybridizing
recombinants were identified, purified, and analyzed further.

DNA from each of the six genomic clones was separately
digested with EcoRI and Sall restriction enzymes (Fig. 2A).
The resulting fragments were subjected to Southern blot
analysis with the cDNA clone pSMf61-46 as a hybridization
probe. This allowed the gene to be localized to a particular
restriction fragment(s) (Fig. 2B). In five of the six clones, the
hybridizing EcoRI fragments were internal fragments, 0.9
kbp in length—the same size as the fragments in the genomic
DNA Southern blot (Fig. 2B, lanes 1 to 3, 5, 6). One clone
(8-1-4, Fig. 2B, lane 4) did not contain the internal hybrid-
izing EcoRlI fragment, since it was not excised by EcoRI but
stayed attached to the right arm of the lambda vector. (The
larger hybridizing fragment seen in this lane represents the
two phage arms annealed by their cohesive ends). Since
there was a Sau3A site in the cDNA clone (located about 90
bp upstream from the 3'-end EcoRI site) and since the cloned
genomic DNA were Sau3A fragments, it was predicted that
this clone might contain the part of the gene up to this Sau3A
site. This was confirmed by mapping (Fig. 3) and DNA
sequencing. The hybridization pattern of the Sall-digested
clones (Fig. 2B, lanes 7 to 12) showed that five of the six
clones had one hybridizing fragment, while one clone (10-1,
Fig. 2B, lane 11) had two fragments. This suggested that this
clone spanned two closely linked copies of the gene. The two
copies were confirmed by restriction enzyme mapping, de-
scribed in the next section.

In the collection of six genomic clones, we have not
selected a genomic clone which would represent the gene
contained within the 3.0-kbp EcoRI fragment (seen in the
Southern blot of genomic DNA, Fig. 1, lane E). From the
EcoRI fragment hybridization patterns, it was evident that
five of six clones contained the 0.9-kbp hybridizing frag-
ment. The only clone which could possibly contain a part of
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FIG. 3. Restriction enzyme maps of the inserts of six lambda recombinant clones and their linkage arrangement. Endonuclease sites: S,
Sall; Sc, Scal; H, Hindlll; E, EcoRI; B, Bglll; X, Xbal. Bglll and Xbal maps were not determined for clone 8-1-4. HindlIl maps were not
determined for clones 6-2-4 and 7-1. For EcoRI, only the sites confining the gene sequences are shown, although there were many others in
each clone. Arrows indicate gene orientations with respect to transcription. Solid boxes indicate the gene sequences including 226 bp
upstream of the transcriptional start (up to the 5’ EcoRI site). The dashed lines indicate the additional hybridization probes used for generation
of the linkage map. L and R represent where the left and right arms, respectively, of the lambda vector are located with respect to the

schistosome DNA inserts.

the 3.0-kbp EcoRI fragment was clone 8-1-4, but upon
further analysis this clone was found to overlap with clones
6-1-3 and 10-1, both of which contained the internal 0.9-kbp
hybridizing fragment. ‘

Construction of restriction enzyme maps and linkage map of
cloned eggshell protein genes. Detailed restriction enzyme
maps and the position of each gene within each clone are
shown in Fig. 3. These maps were derived form restriction
patterns of single and double enzyme digests of all clones
and the hybridization patterns to the gene probe (the cDNA
clone pSMf61-46) and to the lambda vector probes (the right
and left arms of lambda EMBL3).

Restriction maps showed that five clones contained one
copy of the eggshell protein gene, and one clone (10-1)
contained two closely linked copies, separated from each
other by 7.5 kbp of intergenic DNA. The precise order of the
two genes within the clone 10-1 was important for further
work with this clone and was determined in the following
way (data not shown). There were two Xbal-Xbal fragments
of very similar size, 3.0 kbp and 2.8 kbp, hybridizing to the
gene probe. Xbal-HindIll double digestion reduced the
larger (3.0-kbp) hybridizing fragment to 2.6 kbp, but the
smaller of the two fragments (2.8 kbp) stayed the same size.
Since there was only one HindllI site in the insert of clone
10-1, the location of which was already known, this deter-
mined that the larger of the two fragments was located on the
left side of the insert and the smaller of the two on the right
side, as drawn in Fig. 3. On the other hand, there was a Bg/II
site in front of the gene on the right side but not in front of
the gene on the left side. Thus, the HindIIl and the BgllI
sites distiriguished the two genes in their left-side flanking
sequences.

It was important to relate the restriction maps of the
genomic clones to the genomic Southern data. Of the bands

hybridizing to the cDNA pSMf61-46 probe on the genomic
Southern blot (Fig. 1B), we identified the 14.0- and 8.2-kbp
Sall fragments and the 8.0- and 8.6-kbp Scal fragments in
the genomic clones. Clone 10-2 had a 13.0-kbp Sall fragment
which must have been derived from the genomic Sall
fragment of about 14.0 kbp (Fig. 1, lane S). This Sall
fragment gave rise to the hybridizing internal 8.0-kbp Scal
fragment when digested with Scal. Clone 10-1 contained an
internal 8.2-kbp Sall fragment and an internal 8.6-kbp Scal
fragment hybridizing with pSMf61-46.

The arrangement of genomic clones in the linkage map
given in Fig. 3 was derived as follows. A Southern blot of the
restriction fragments of all six genomic clones digested with
Sall, Sall-Scal, and Scal enzymes was first hybridized with
the 1.65-kbp Sall-Scal subcloned fragment of clone 6-2-4.
This fragment did not include eggshell protein coding se-
quences and is indicated by the dashed line in Fig. 3. Besides
itself, this probe (clone 6-2-4) hybridized very strongly to the
same-size Sall-Scal fragment in clones 7-1 and 10-1, suggest-
ing that these three clones overlap. However, the probe also
weakly cross-hybridized with Sall-Scal fragments of about
1.3 kbp in clones 10-1, 6-1-3, and 8-1-4, suggesting possible
overlaps with two additional clones. These weaker 1.3-kbp
Sall-Scal fragments corresponded to the sequences located
immediately upstream of the left gene of the Cluster.
~ To verify the overlap of the clones analyzed, the same
Southern blot was then hybridized with the 2.6-kbp Scal-
Scal fragment of clone 6-1-3, located to the immediate left of
the eggshell protein gene (representing the left gene of the
cluster) and depicted by the dashed line in Fig. 3. This
fragment contained the weakly hybridizing 1.3-kbp Scal-
Sall fragment described above. Only two other clones cross-
hybridized very strongly with this 2.6-kbp Scal-Scal probe,
clone 8-1-4 and clone 10-1. The hybridizing Scal fragments
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-480 -460 =440
CCCACTAGTGTCTCGTCTACTATCTTAATCAGTATTGTCATGGATGAAATATGACAATATGGAGAATGGATTGTTGGCTG

-400 -380 -360
CCAGATATCCCTTATTTAAGGTCATTGCAACATCGTCTATGAGGTGAACAAGTTAAATTTAAATAAACGTTTATTTAACC

-320 -300 -280
TGTTTAGTTATAACTTGTATGTCCAGAGcAAACATCACTTGTCAGTGTTATCAAAAAGAGTTTCGTCTCATTCAaTGAAG

=240 =220 -200
¥
ACTTAATCAACAGTTTCGATGAACCACATGCTAACGAATTCTAACGGTAGAATCAAAATAGTGAGTAATTCGTGAATTAA

-160 -140 -120
CTGTTTCATTGACATTTTTAACTATCACGCTCAACTATCATTAACGATTACACAAAAGACAGTTCGACAGTAGAGTGCAC

-80 -60 -40

1 20 40
ATAAATCACACTAGTCTACACATCATCACACCCAGTACAACAACACCAACAATTTGAAAA ATG AAA CAG TCA CTC

MET Lys Gln Ser Leu
cDNA tcaacatctgagcataaag

60 80 100
ACA CTC GTC TTC TTA GTA GCC ATT GGT TAC GCC ACC GCC CAC ACC ACA TCA CAT GAC TAT
Thr Leu Val Phe Leu Val Ala Ile Gly Tyr Ala Thr Ala His Thr Thr Ser His Asp Tyr
10-2 c
cDNA T(Tyr)

120 140 160
TCG GGT GGG TAC GGT GGC GGT TGC TAT GGT AGC GAT TGT GAT AGC GGT TAT GGC GAT AGT
Ser Gly Gly Tyr Gly Gly Gly Cys Tyr Gly Ser Asp Cys Asp Ser Gly Tyr Gly Asp Ser

180 200 220
GGA TAT GGT GGA GGC TGT ACT GGT GGT GAC TGT GGC GGC GGC TAT GGT GGT GGC TAT GGT
Gly Tyr Gly Gly Gly Cys Thr Gly Gly Asp Cys Gly Gly Gly Tyr Gly Gly Gly Tyr Gly

10-2 C A(Ser) A(Ser)
cDNA C A(Ser)
240 260 280

GGA GGT TGC AGT GGT GGA GAT TGT GGT AAT TAC GGT GGT GGC TAT GGT GGT GAT TGC AAT
Gly Gly Cys Ser Gly Gly Asp Cys Gly Asn Tyr Gly Gly Gly Tyr Gly Gly Asp Cys Asn

300 320 340
GGT GGA GAT TGT GGT AAT TAC GGT GGT GGC TAT GGT GGT GGG AAT GGT GGT GGT TGC AGT
Gly Gly Asp Cys Gly Asn Tyr Gly Gly Gly Tyr Gly Gly Gly Asn Gly Gly Gly Cys Ser

360 380 400
GGT GGC AAT TGT GGA GGT GGC TTC GAT GAG GCC TTC CCT GCC CCC TAT GGC GGT GAT TAT
Gly Gly Asn Cys Gly Gly Gly Phe Asp Glu Ala Phe Pro Ala Pro Tyr Gly Gly Asp Tyr
10-2 c
cDNA A(Leu)

420 440 460
GGT AAC GGT GGC AAC GGC TTT GGA AAA GGT GGT AGT AAA GGC AAC AAT TAT GGA AAG GGT
Gly Asn Gly Gly Asn Gly Phe Gly Lys Gly Gly Ser Lys Gly Asn Asn Tyr Gly Lys Gly

480 500 520
TAT GGC GGT GGT AGC GGT AAG GGT AAG GGT GGT GGC AAA GGT GGC AAA GGC GGC AAA GGT
Tyr Gly Gly Gly Ser Gly Lys Gly Lys Gly Gly Gly Lys Gly Gly Lys Gly Gly Lys Gly

540 560 580 600
GGC ACT TAC AAA CCC AGC CAT TAT GGA GGC GGT TAC TGA GGCACCAGTTGAGTTGTGGATCATTCT
Gly Thr Tyr Lys Pro Ser His Tyr Gly Gly Gly Tyr #***

620 640 660
AATTTGTTTGTGTCACACTCTCCACTGTCCTATTTTTCTACACACCTCTCAATTCAACTCACTGTAATATAGTCGTGTT

700
¥
TGAATTCGAGATGAATAAAACCTATTCATTCTAAA

cDNA (A)30
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of other clones were much less intense and corresponded to
the fragments containing sequences located in front of the
right gene of the cluster. These results confirmed the overlap
of the clones, as presented in the linkage map in Fig. 3. The
map shows a stretch of 35 kbp of S. mansoni DNA with two
eggshell protein genes separated by 7.5 kbp of intergenic
DNA and flanked by at least 20 kbp of DNA on the left side
and 6.0 kbp of DNA on the right side. Since clone 10-2
cross-hybridized only very weakly with both probes and the
restriction data did not support the overlap of this clone with
the other five clones, clone 10-2 was not included in the
linkage map shown in Fig. 3.

Orientation of the genes with respect to transcription. In
order to determine the direction of transcription of the two
genes within the cluster, we subcloned sequences which
included the Scal site located to the left of both genes into
the vector M13mp19 and carried out DNA sequence analy-
sis. From clone 10-1, digested with Scal-Sall, we subcloned
the 4.0-kbp Scal-Sall fragment containing the right gene (the
Sall site in this case was the Sall site in the right arm of the
lambda polylinker). The DNA sequence of the relevant
regions of this subclone revealed that the EcoRlI restriction
site closest to the Scal restriction site represented the 5’
upstream sequences of this gene. This gene was therefore
oriented in the 5’ to 3’ direction with respect to the Scal site,
as indicated by an arrow in Fig. 3. The Scal site was 275 bp
upstream of the EcoRI site. The 3’ end of the gene was also
analyzed and agreed with the sequence of the cDNA
pSMf61-46. For the left gene, we subcloned the Scal-Sall
fragment (Sall from the right arm of lambda) of clone 8-1-4 of
about 1.1 kbp (Fig. 3). Sequencing of this subclone showed
that this gene was transcribed in the same orientation as the
right gene of the cluster, as also indicated by an arrow in Fig.
3.

DNA sequence of the genomic clones and determination of
the mRNA cap site. The coding, 5’ upstream, and 3’ down-
stream regions from three genomic clones were sequenced
and are presented as a composite in Fig. 4 together with the
sequence of the cDNA clone pSMf61-46, determined previ-
ously. Nucleotide 1 was shown to be the mRNA start site by
the experiments described in the next section (see Fig. 5).
Except for the first 19 nucleotides of the cDNA, which did
not coincide with the genomic sequence (Fig. 4), it is clear
that the cDNA sequence differed from the sequence of the

FIG. 4. Compiled DNA sequences and deduced amino acid
sequences of the eggshell protein of several genomic subclones
compared with the cDNA clone pSMf61-46. The nucleotide se-
quence from —501 to —226 (up to the 5’ EcoRI site) was determined
from the genomic subclone 8-1-4; nucleotides —226 to +686 (the
912-bp EcoRI-EcoRI fragments) from genomic subclones 6-1-3,
10-1, and 10-2; and nucleotides 681 to the end from clone 10-1. Only
the nucleotides which differ from the sequence of the genomic
subclone 6-1-3 (within the EcoRI-EcoRI fragment) are indicated; the
rest of the sequence was identical. The changes occurred at nucle-
otide positions 94, 198, 199, 214, and 390. The nucleotides repre-
sented by lowercase letters are the 19 nucleotides at the 5’ end of
cDNA pSMf61-46 except for positions —267 and —313, which
represent ambiguous bases in sequence autoradiograms. Nucleotide
1 corresponds to the transcription start of this mRNA, as defined by
the primer extension experiment shown in Fig. 5. EcoRI cuts at
positions —225 and +681, indicated by arrows. The multiple TATA
box and CAT sequence are boxed. The ATG translational start
codon and TGA translation stop codon are both underlined once;
the polyadenylation signal is underlined twice. Sequences indicated
by dotted lines are the elements conserved among S. mansoni,
silkmoth, and D. melanogaster.
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genomic subclone 6-1-3 in only four nucleotides, indicating
that there were no introns in the coding region of the gene.
The changes occurred at nucleotide positions 94, 198, 199,
and 390, as depicted along with the corresponding amino
acid changes in Fig. 4. The DNA sequence of the right gene
of clone 10-1 agreed 100% with that of 6-1-3, even in the
5’-flanking sequences. The DNA sequence of genomic sub-
clone 10-2 differed in three nucleotides from those of 6-1-3
and 10-1 (positions 198, 199, and 214). These changes ali
occurred in the coding region. Significantly, the 5’ and 3’
untranslated sequences and 5’-flanking sequences up to the
EcoRlI site were identical. The sequence of clone 10-2 also
differed in three nucleotides from that of the cDNA sequence
(positions 94, 214, and 390) (Fig. 4). Reanalysis of the
previously published (1, 3) cDNA sequence indicated that
nucleotide A at position 390 in the cDNA sequence was an
error in DNA sequencing and should be a C.

Analysis of the sequences upstream from the coding
region of the gene revealed elements typical of eucaryotic
promoters. For example, a multiple TATA box was located
at positions —23 to —31 and a CAAAT sequence was present
at —52. In addition, other sequences specific to regulatory
regions of D. melanogaster and silkmoth chorion genes were
also present further upstream (see Discussion). The DNA
sequence data thus suggest that the region directly upstream
from the coding sequence of the eggshell protein contains the
eggshell gene promoter. However, there were 19 nucleotides
at the 5’ end of the cDNA sequence that did not correspond
to any genomic sequence presented in Fig. 4. These 19
nucleotides could be derived from another exon of the gene
not contained within the sequenced region or could be a
cloning artifact, if the sequenced region represents the
eggshell gene promoter. To distinguish between these pos-
sibilities, the 5’ end of the mRNA was determined by primer
extension and direct dideoxynucleotide sequencing. To do
this, total RNA of S. mansoni adult worm pairs was used as
a template. The primer was a [y->>P]ATP-labeled synthetic
oligonucleotide (22-mer) complementary to the mRNA
strand at the ATG (Met) codon (Fig. 4, positions 38 to 60).
The results of this experiment are depicted in Fig. 5C. Figure
SA shows the relevant portion of the DNA sequence of the
genomic subclone 6-1-3, and Fig. 5B shows the DNA se-
quence of cDNA clone pSMf61-46. In both panels A and B,
sequencing was performed with the same oligonucleotide
primer as in panel C. Comparison of the three sequences
indicated that an adenine (A) residue was the last common
residue in all three sequences (indicated by arrows in Fig. 5).
From that point the sequence of the genomic DNA differed
from the cDNA sequence, and the sequence of the mRNA
ended with specific termination bands. In lane N, in addition
to the major band corresponding to a full-length cDNA
transcript, several shorter bands, corresponding to prema-
ture terminations, were seen. These results clearly show that
the 5’ end of the mRNA does not include the 19 nucleotides
present at the 5’ end of the cDNA clone pSMf61-46. Thus,
the mRNA molecule is 714 bases long, without a poly(A) tail,
and is not spliced. The cDNA contained within pSMf61-46 is
therefore a full-size cDNA clone.

DISCUSSION

The six S. mansoni genomic clones that we isolated
represent three copies of the eggshell protein gene, each
containing a 0.9-kbp EcoRI fragment of genomic DNA. The
gene copy that is encoded by a 3.0-kbp EcoRI genomic
fragment has not been isolated. One clone (10-1) contained
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A B C
GATC N

GATC GATC

FIG. 5. Dideoxynucleotide sequence of genomic DNA, cDNA
pSMf61-46, and mRNA. (A) Part of the DNA sequence of genomic
subclone derived from clone 6-1-3. (B) Part of the cDNA pSMf61-46
sequence. (C) Part of the mRNA sequence and a primer extension
reaction (lane N). In all panels, a synthetic oligonucleotide (22-mer)
complementary to the mRNA strand at the ATG translational start
codon (see Fig. 4) was used as a primer. In panels A and B, the
primer was not radioactively labeled; in panel C, the primer was end
labeled with [y-3?P]JATP. Arrows indicate the last common residue
in all three sequences.

two copies of the gene. Four of the five remaining clones
overlapped with either the left or right gene in clone 10-1, so
that the two eggshell protein genes were found within 35.0
kbp of the S. mansoni genome, separated by 7.5 kbp of
intergenic DNA. The sixth clone (10-2) differed in restriction
pattern (Fig. 3), hybridization of flanking sequences, and
DNA sequence (Fig. 4) from the other five clones and thus
probably represents a third copy of the eggshell protein
gene. However, because these genes and some of the
flanking sequences appear to be conserved, we cannot rule
out that the differences observed in clone 10-2 are due to
polymorphism in the schistosome worm population.

The organization and DNA sequence of the S. mansoni
chorion genes can be compared with the chorion genes of
silkmoth and D. melanogaster. Silkmoth genes (of which
there are over 100 copies; see the Introduction) are arranged
in tightly linked pairs, each member of the pair belonging to
a different gene family. They are arranged head to head,

MoL. CELL. BioL.

divergently transcribed from different strands, and coordi-
nately expressed. The 5'-flanking region between the two
genes in each pair is short (ca. 300 bp), and the pairs are
separated by long segments of 3'-flanking DNA (for review,
see reference 7). In contrast, Drosophila chorion genes are
arranged tail to head, are transcribed from the same strand,
are not found in pairs, and are separated form each other by
about 1 kbp. Six of the proposed 20 genes have been
identified. They are each present in a single copy and code
for a different protein (for review, see reference 10).

The two S. mansoni eggshell protein genes contained
within genomic clone 10-1 were identical throughout the
sequenced region, including the flanking sequences. They
were arranged tail to head and were transcribed from the
same strand, as is the case for Drosophila chorion genes, but
were separated from each other by 7.5 kbp. They were
flanked by at least 20 kbp of DNA upstream of the left gene
of the cluster (which did not contain another related chorion
gene) and at least 6.0 kbp of DNA downstream of the right
gene. The third S. mansoni chorion gene copy (contained
within clone 10-2) differed from the other two copies in three
nucleotides, all located in the coding region. However, the 5’
and 3’ untranslated sequences and 5’'-flanking sequences up
to the EcoRlI site were identical. There were no introns in the
S. mansoni eggshell protein genes, but the silkmoth chorion
genes have a single intron that is invariably located at the
same position within the signal peptide-encoding region of
each gene. The Drosophila chorion genes also contain a
small intron(s) near the 5’ end. There is a strong amino acid
homology between the schistosome eggshell protein and the
silkmoth chorion A and B protein gene families (1, 3).
However, there is no homology between silkmoth and
Drosophila proteins.

The 5’ regulatory regions of the silkmoth and Drosophila
chorion genes have been studied in detail. When cloned
DNA fragments bearing silkmoth chorion genes were intro-
duced into the Drosophila germ line by P-element-mediated
transformation, transformed lines accumulated abundant
silkmoth chorion RNA transcripts with correct sex, tissue,
and temporal specificity (16). This suggests that regulatory
elements responsible for chorion gene expression are con-
served between D. melanogaster and silkmoths. In fact,
DNA sequence comparisons between Drosophila and silk-
moth 5’-flanking regions reveal numerous, very short se-
quence elements that are shared (22). One such element,
TCACGT, found in silkmoths is also associated with all five
Drosophila chorion genes sequenced to date. This element is
found at positions —58 to —65 upstream of the cap site of
Drosophila chorion genes and at positions —67, —87, and
—87 from the cap site of B.L.12, B.L11, and HcB12, respec-
tively, in B. mori. Interestingly, this element is not found in
upstream sequences of other Drosophila genes (25). Mitsialis
et al. (17), using the bacterial gene chloramphenicol acetyl-
transferase as an expression marker followed by P-element-
mediated germ line transformation in D. melanogaster,
reported that the hexanucleotide TCACGT is essential for
silkmoth chorion gene promoter function. We found a re-
lated element (the same sequence in a backward orientation)
upstream of all S. mansoni eggshell protein genes sequenced
to date, located at position —71 (indicated by a dotted line,
as are the other conserved elements, in Fig. 4). A very
similar element, TCACGCT, was located at —157 from the
cap site. Another homologous element between the silkmoth
A/B.L12 gene and Drosophila s15-1 gene has the sequence
GTAGAAT (22). This exact element was found in the §.
mansoni sequence at position —215. The Drosophila s15-1
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upstream sequence also shares one further upstream element
with A/B.L12. This sequence reads AGTGTATTC and be-
gins at —279 for s15-1 and —239 for B.L12 (22). A similar
element, reading AGTGTTATC, was also found in the
upstream sequence of S. mansoni chorion genes, starting at
position —298 from the cap site (22).

Another similarity found between the chorion genes of
silkmoth and S. mansoni are the cap site sequences. In the
first eight silkmoth chorion genes sequenced, that sequence
was PUTCATT (8), where Pu indicates a purine. The cap site
sequence in S. mansoni chorion genes that have been
sequenced to date reads ATCAT.

Recently, Kunz et al. (11) reported the sequences of two
genomic fragments coding for a putative eggshell protein of
a Liberian strain of S. mansoni. A 901-bp EcoRI-EcoRI
fragment is homologous in the coding region with our S.
mansoni (Puerto Rican strain) genomic clones 6-1-3 and
10-1, except for a 12-bp deletion in this fragment, spanning
nucleotides 223 to 234 in Fig. 4. The two sequences are also
entirely homologous in the 5’ and 3’ untranslated regions of
the mRNA, and they differ only in three nucleotides in the 5’
upstream sequences. A 1,144-bp HindIII-EcoRI fragment
showed the same homology with our clones in the coding
region as the EcoRI-EcoRI fragment, but the two diverge
completely, starting about 220 bp upstream of the translation
start. Since the 5’'-flanking sequences of these two fragments
are completely different, these must be different gene copies.
Presumably, the HindIII-EcoRI fragment represents a gene
encoded in the 3.0-kbp EcoRI fragment.

Simpson et al. (21) reported a partial nucleotide sequence
of an S. mansoni (Puerto Rican strain) female-specific cDNA
clone, pSF10. The 365-bp sequence, which encompasses the
3’ end of the corresponding mRNA, is homologous with
pSMf61-46 except that pSF10 has a deletion of 24 nucleo-
tides, corresponding to nucleotide numbers 469 to 492 of
pSMf61-46 (Fig. 4).

As previously estimated by us (3) and substantiated in this
work, there are five copies of the eggshell gene in the S.
mansoni haploid genome. Simpson et al. (21) estimated three
copies of this gene per haploid genome. Thus, only a few
copies of this gene must facilitate the high levels of protein
products necessary for the eggshell synthesis. The very high
level of expression of these genes must be controlled by
another mechanism than that seen in D. melanogaster, since
no specific amplification of these genes has been detected in
S. mansoni (3). Since the accumulation of mRNA (expres-
sion of these genes) coincides temporally with the pairing of
female schistosomes with males, the induction of these
genes may be hormonal or pheromonal.

A nucleotide sequence of a different female-specific cDNA
clone (F4) of S. mansoni has been reported by Johnson et al.
(8). This cDNA represents 640 bp of the 3’ end of a
corresponding mRNA estimated to be 1.5 kb long and does
not cross-hybridize with pSMf61-46. The deduced amino
acid sequence of this clone showed considerable homology
with silkmoth chorion proteins and therefore strongly sug-
gested that it also encodes a schistosome eggshell compo-
nent. This polypeptide has a region very rich in histidine and
has much less glycine than the polypeptide encoded by
pSMf61-46. This is, therefore, another female-specific gene
product, distinct from the products of pSMf61-46 and pSF10.
Together, these clones and their gene products may repre-
sent the majority of the eggshell protein in S. mansoni (8).
We have examined the possibility that F4 is closely linked to
the eggshell protein genes contained within the six genomic
clones described in this study. Using F4 as a hybridization
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probe in a Southern analysis of six genomic clones, we have
not found any cross-hybridizing fragments (unpublished
data).
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