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To understand mechanisms involved m sex-specific gene expression in Schistosoma mansoni, a cDNA (fs800) was isolated that 
hybridized to an 800 nucleotide mRNA present in high levels only in mature female worms. The fs800 cDNA sequence was char- 
acterized by two long open reading frames and central stretches of repeated amino acids. Fs800 did not share similarities with 
other known sequences in computer searches. In situ hybridization, however, revealed that the mRNA corresponding to fs800 was 
found only in female vitelline cells, suggesting that the product of this gene may be involved in the production or function of eggs. 
Fs800 is developmentally regulated as expression of this gene is dependent on the maturity of female worms. Furthermore, during 
in vitro culture, when female worms are known to stop egg production, expression of fs800 selectively ceased. 
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Introduction 

Schistosomiasis is a chronic infection caused by 
several species of trematode of the genus Schis- 
tosoma. The most important pathologic conse- 
quence of infection is due to the host's immune 
reaction to eggs deposited in tissues. Egg produc- 
tion in adult female worms, therefore, is a key 
element in the development of disease after in- 
fection. 

Despite the importance of oogenesis in schis- 
tosomiasis, regulation of this complex process is 
not well understood. Some factors controlling egg 
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production have been characterized such as the 
requirement of adult male worms for the com- 
plete physical and sexual maturity of females 
[1-3]. The presence of adult males, however, is 
not sufficient for sexual maturation or for pro- 
duction of viable eggs, since worms raised in cul- 
ture fail to do either despite heterosexual pairing 
[3,4]. Furthermore, when mature worm pairs are 
obtained from mice and placed in in vitro cul- 
ture, there is specific and rapid degeneration of 
vitelline glands and ovaries [5-7]. 

Descriptions of molecular events associated 
with maturation and maintenance of female re- 
production organs have principally involved the 
sequencing and expression of genes coding for 
eggshell proteins [8-12]. To begin to understand 
the molecular processes associated with repro- 
duction, we characterized one gene expressed only 
in adult females of Schistosoma mansoni. Using 
in situ hybridization and in vitro worm culture we 
show its localization in vitelline cells of mature 
worms and the necessity of in vivo conditions for 
expression. 
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Materials and Methods 

Parasites. All S. mansoni adult worms were from 
a Puerto Rican strain maintained in Biomphal- 
aria glabrata in Cfl mice. The worms were re- 
covered by perfusion as described by Duvall and 
De Witt [13]. Males and females were separated 
with fine forceps following perfusion. 

In vitro worm culture. Immature and mature fe- 
male S. mansoni worms were cultured with either 
mature or immature male worms for 10 days in 
100 ml RPMI 1640 supplemented with L-gluta- 
mine, 0.1% glucose, 5.0 x 10 -5 M 2-mercapto- 
ethanol, 20% heat inactivated fetal calf serum, 
100 units m1-1 penicillin, 0.1 txg m1-1 streptomy- 
cin and approximately 107 mouse erythrocytes 
ml -~. The cultures were maintained at 37°C in 5% 
CO2 [14] with daily media changes. After 10 days, 
worms were washed in perfusion solution [15], 
frozen on dry ice and stored at -70°C until RNA 
extraction. 

Preparation of nucleic acids and sequence analy- 
s~. Procedures for DNA and RNA extraction and 
Southern and Northern blotting were performed 
as described previously [16,17]. Blots were probed 
with fs800 or hemoglobinase cDNAs labelled with 
[et-32p]dCTP (ICN Corp.) by nick translation. A 
275 bp female-specific cDNA described by Davis 
et al. [16] was used to isolate a hgt11 clone con- 
taining a 792 bp cDNA (fs800). This cDNA was 
subsequently cloned into pBR322 and restriction 
mapped. Appropriate fragments were cloned into 
M13 and sequenced by the dideoxy chain termi- 
nation method [18]. The Microgenie software 
program (Beckman Instruments) was used to or- 
ganize and analyze the data. 

Preparation of cRNA probes. Fs800 was cloned 
into the EcoRI site of pBS (Stratagene) and the 
plasmid was digested with restriction enzyme Sspl 
(New England Biolabs) to terminate transcrip- 
tion after the fs800 insert. Transcripts labelled 
with 35S-UTP (Dupont New England Nuclear 
Corp.) were produced using T3 and T7 RNA po- 
lymerases as per manufacturer's instructions 
(Promega Biotec), purified by phenol/chloroform 
extraction and concentrated by ethanol precipi- 

tation. Additional unincorporated nucleotides 
were removed by chromatography on Sephadex 
G50-80. Sense and anti-sense transcripts were 
identified by hybridization to RNA dot blots. Use 
of the T3 polymerase produced anti-sense probes, 
i.e. complementary to the mRNA. 

In situ hybridization. Worms were fixed for 20 min 
in 4% paraformaldehyde in phosphate-buffered 
saline (Sigma diagnostics) and embedded in par- 
affin. Five ixm sections were placed on polyly- 
sine-coated slides, deparaffined, hydrated and 
then treated with acetic anhydride as described by 
Hayashi et al. [19]. Acetylated slides were washed 
briefly in 2 × SSC (1 x SSC is 0.15 M NaC1, 0.015 
M sodium citrate) and dehydrated by immersion 
through a series of increasing ethanol concentra- 
tions. For prehybridization, slides were incu- 
bated overnight at 50°C in 50% deionized form- 
amide, 0.6 M NaC1, 10 mM Tris-HC1 (pH 7.5), 1 
mM EDTA, 0.2% each of bovine serum albu- 
min, Ficoll, and polyvinyl pyrrolidone, 0.5 mg 
ml 1 salmon sperm DNA, 2-mercaptoethanol and 
0.5 mM unlabelled thio-alpha UTP (New Eng- 
land Nuclear) [20]. For hybridization, sections 
were incubated as above, but alpha thio UTP was 
omitted and 5 × 105 cpm of labelled probe was 
added. After hybridization, the slides were 
washed successively in 2 × SSC for 5 min, at 
20°C, and in 2 × SSC, 50% formamide at 50°C 
for 4 h, and then washed briefly with 2 × SSC. 
To decrease background they were incubated for 
30 min with 10 txg m1-1 RNase A in 100 mM 
NaC1, 1 mM EDTA, 10 mM Tris-HC1 (pH 7.5) 
at 37°C. After washing in 1 × SSC, 50% form- 
amide at 50°C for 6 h, the slides were dehy- 
drated. After dehydration the slides were dipped 
in NTB-3 emulsion (Eastman Kodak) diluted 1:1 
with tap water, dried at room temperature, ex- 
posed at 4°C for 7-10 days and processed as per 
supplier's instructions. After washing for 30 min 
in water, they were again dehydrated, stained with 
hematoxylin-eosin, mounted in Histamount and 
photographed with either brightfield or darkfield 
illumination using Kodak technical pan film 2415. 



Results 

cDNA sequence. A cDNA corresponding to a fe- 
male worm specific mRNA was used to screen a 
cDNA library in hgtl l  amp3 [16]. One clone 
which contained a 792 bp cDNA (fs800) was 
characterized. This cDNA was completely se- 
quenced (Fig. 1) and its base composition deter- 
mined to be 73% A-T. Fs800 had 2 long open 
reading frames and each contained stretches of a 
single amino acid repeat. Frame 1 contained 
(Asn)4 starting at residue 42 and (Asp) 6 at resi- 
due 73. It predicted a protein with 8.4% Tyr, 
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CTTATGAAATACATACATATACTACTTGTATTCATTATATTATCACTATTTATAACAGTT 60 
MeLLysTyrIleHis]leLeuLeuValPhe[le]leLeuSerLeuPheI]eThrVal 

RF2 

ATCAAATCTAATTATTATGATAATAATAATCAAAATCAGAATCAATATTCATATCATCAT 120 
I1etysSerAsnTyrTyrAspAsnAsnAsnGlnAsnG1nAsnG1nTyrSerTyrH|sHis 

MetIleIleIleI1eLysIleArgIleAsnIleHisI1eIlell 

ACTTACAATAATAATAATCAAGGGAACTATCAATCTAAGAATGTCCATAGTGAATCAG/~A ]80 
ThrTyrAsnAsnAsnAsnGlnGlyAsnTyrGlnSerLysAsnVaIHisSerGluSerGlu 
eLeuThrIleI1eIleI1eLysG1yThrIleAsnLeuArgMetSerIleValAsnGlnAs 

CAAAATTCATATAACAAAGAAACAAGGAATAATAATGATGATGATGATGATGATGAAP~T 240 
GlnAsnSerTyrAsnLysGluThrArgAsnAsnAsnAspAspAspAspAspAspGluAsn 
nLysIleHis]leThrLysLysGlnGly[le]leMetMeLHetMetHetMetMetLysH 
TTTGAAAGAAATAAJ~AATCTATTCGATCTAGATATCATGGTTATACATATAGGAATGAT 300 
PheGluArgAsnLysLysSerlleArgSerArgTyrHisGlyTyrThrTyrA~AsnAsp 
eLeuLysGlu]leLysAsnLeuPheAspLeuAsplleHetVal[leHisIleGlyMetH 
CAAATTCAATCTCGTGGAAATAGTGCAAAAGGTGGCAG~TATTCAGAAAGTACATATTTC 360 
GlnIleGlnSerAr~GlyAsnSerAlaLysGlyGlySerTyrSerGluSerThrTyrPhe 
eLysPheAsnLeuVzlGlu]leValGlnLysValAlaVal]leGlnLysValHisIleSe 
ACATTACATTCTGGAACAGATAGATATGGTCGACGAAATGATTATTCACGATTTCAAACA 420 
ThrLeuHlsSerGlyThrAspArgTyrGlyArgArgAsnAspTyrSerArgPheGlnThr 
rH|sTyrlleLeuGluGln]leAspMetVzlAspGluMeLlleI]eHisAspPheLysHl 
CGTGGACGATCCAATGGTTATCGTGAAAATATGTTTCTTAACGTTTTTGATGTAGTTGGA 480 
ArgGlyArgSerAsnGlyTyrArgGluAsnHeLPheLeuAsnValPheAspValValGly 
sValAspAspProNetVal ]leValLyslleCysPheLeuThrPheLeuMeLEnd 
AATATTAAAACAACACGAAATAAAAGAAAGATAACAAAATCTGAGAPJU~TGGTCGTTAC 540 
Asn|leLysThrThrArgAsnLysArgLysIleThrLysSerGluLysAsnGlyArgTyr 

ATAAAAAAGGATCATATGAATAATAGAGATTCTAATACTAACATCAATGAAAAGC C GGAA 60d 
I 1 eLysLysAspHt sHetAsnAsnArgAspSerAsnThrAsn 1 leAsnG1 uLysProGlu 

TATTCTAAATCAC CAGTTTTTCAAGGTGGATACAGGTCATTAGAGAAAAAC TTTACTACG 660 
TyrSerLysSerProVal PheGlnGlyGlyTyrArgSerLeuGluLysAsnPheThrThr 

AATTATGGAAAC TCAAG TAATGCATCAATTCCATTATCCGGTAAACAATCCCAAC TATAG 720 
AsnTyrGlyAsnSerSerAsnA1 aSerl I eProLeuSerGlyLysGl nSerG1 nLeuEnd 

TCAAAACATTATGTAATTAATAATAAATGATATTCGTGTATTCAT( A)2 7 

Fig. 1. Sequencing strategy and nucleotide sequence of fs800 
cDNA. Restriction sites: R, EcoRI; X, XbaI; S, Sail; H, 
HindlII.  The putative polyadenylation signal is underlined. 
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15.5% Asn and 6.3% Gly. Frame 2 contained 
(Ile)4 starting at residue 2 and (Met)7 at residue 
49. The predicted protein in this frame contained 
26.3% lie, 11.3% Met, 9.8% Lys, 0.8% Tyr and 
2.3% Gly. A typical consensus polyadenylation 
signal was located 18 bases upstream of the 
poly(A) tail. Computer searches indicated that 
neither protein showed significant similarity to 
known proteins or to other female specific schis- 
tosome cDNAs [8-12]. 

Developmental expression and regulation of fs800 
mRNA. Examination of mRNA levels of fs800 at 
two stages of development was made by North- 
ern blots (Fig. 2A). High level expression of the 
female specific mRNA was observed only in fe- 
male worms freshly isolated from mice after 7 
weeks of infection. Five-week-old worm pairs and 

A B 
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Fig. 2. RNA blot hybridizations: (A) S. mansoni mRNA 
probed with radiolabelled fs800. Two txg of poly(A) ÷ RNA 
isolated from worm pairs obtained from mice were subjected 
to Northern blot and hybridization with fs800. Lane 1, im- 
mature worm pairs (5 weeks old). Lane 2, mature male worms 
only (7 weeks old). Lane 3, mature female worms only (7 
weeks old). The weak hybridization observed to male mRNA 
likely represented contamination of the preparation of male 
worms with some females. (B) S. mansoni total RNA from 
worms obtained in vivo and from in vitro cultivated worms. 
25 Ixg of total RNA obtained from worms perfused from mice 
(lanes 1 and 2) or obtained after in vitro culture (lanes 3-7) 
were subjected to Northern blot hybridization. Blots were 
probed with fs800 which hybridized to an 800 nucleotide RNA 
and then probed with a schistosome hemoglobinase cDNA 
which hybridized to a 1500 nucleotide RNA.  Autoradi- 
ographs were overlaid and photographed. Lane 1, RNA from 
mature male and female worms perfused from mice. Lane 2, 
RNA from female worms alone. Lane 3, in vitro cultured ma- 
ture male and female worms. Lane 4, mature female worms 
cultured alone in vitro. Lane 5, in vitro cultured immature fe- 
male and mature male worms. Lane 6, in vitro cultured ma- 
ture female and immature male worms. Lane 7, mature male 

worms cultured alone in vitro. 
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Fig. 3. In situ hybridization of sections of S. munsoni worm pairs using an fs800 cRNA probe. The sections demonstrated in 

panels A-D were probed with the anti-sense cRNA and panels E and F were probed with the sense cRNA. In A,B,E, and F the 
bar represents 100 wrn and in C and D the bar represents 50 urn. (A) An oblique section through S. mansoni male (M) and female 
(F) worms with a female worm situated in the gynecophoric canal of the male. The vitellaria (V) demonstrate their typical pal- 

lisade-like structure. (B) The same as panel A, under darkfield illumination to enhance visualization of silver grains. (C) Oblique 
section through the mid-section of an adult female demonstrating the vitelline duct (VD) and ovary (OV). (D) Same as panel C 
under darkfield illumination. (E) An oblique section through S. mansoni male (M) and female (F) worms probed with the control 

or sense cRNA probe. (F) Same as panel E under darkfield illumination. 



preparations of mature male worms each exhib- 
ited low levels of this specific mRNA. No hybrid- 
ization was observed in other life cycle stages. 

Determinants of fs800 expression were exam- 
ined in in vitro culture. Immature worms of either 
sex were co-cultured with mature worms of the 
opposite sex. Heterosexual culture of worms of 
the same age was also examined. Specific mRNA 
expression was again determined by RNA extrac- 
tion of the cultured worms and Northern blot hy- 
bridization. After in vitro culture, expression of 
fs800 ceased (Fig. 2B). This was independent of 
the maturity of the worms or the presence of male 
worms. To assess whether mRNA production was 
generally impaired, mRNA from in vitro cul- 
tured worms was probed with a cDNA corre- 
sponding to the schistosome hemoglobinase [17]. 
Hemoglobinase mRNA was present in all cul- 
tured worms, though slightly decreased relative 
to levels in worms not placed in culture. 

In situ hybridization. To determine the location 
of the fs800 mRNA, in situ hybridization was 
performed using 35S-labelled sense and anti-sense 
cRNA probes (Fig. 3). Use of the anti-sense 
cRNA probes showed an accumulation of ~ilver 
grains over the female vitellaria. Fig. 3A shows 
an oblique section through S. mansoni male and 
female worms with a female worm situated in the 
gynecophoric canal of the male. The vitellaria, 
identified by their typical pallisade-like structure, 
accumulated a large number of silver grains. 
Darkfield illumination (Fig. 3B) enhanced visu- 
alization of silver grains on the vitelline cells. The 
male worm was covered with few, diffusely dis- 
tributed silver grains over the cells at similar lev- 
els seen when the sense strand was used for hy- 
bridization (Fig. 3E and F). A section through the 
vitelline ducts and ovary (Fig. 3C and 3D) showed 
hybridization to vitelline cells within the vitelline 
duct but not to ovaries. 

Discussion 

Egg production in schistosomes is a complex 
process. Unlike vertebrate development, it re- 
quires the production of two different cell types - 
the ovum and the vitelline cells. It also requires 
the finely co-ordinated movement of each of these 
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cells within the female reproductive system. Each 
ovum is transported after fertilization to the 
ootype where it is surrounded by approximately 
30 vitelline cells. The vitelline cells provide ma- 
terials for eggshell formation and may provide 
nutrients for the developing embryo [21]. 

The function of several schistosome female 
specific genes has been inferred from both pro- 
tein sequence similarity with Bombyx and Dro- 
sophila eggshells and similarity to the amino acid 
composition determined for the schistosome egg- 
shell itself [8-10,22]. The proteins predicted by 
either reading frame of the fs800 cDNA, how- 
ever, have no known sequence similarity with any 
other protein. Furthermore, their predicted amino 
acid profiles are unlike that determined biochem- 
ically for the eggshell. Significantly, the glycine 
content of most of the putative eggshell proteins 
is in excess of 35%, whereas fs800 predicted a 
maximum glycine content of only 6.3%. DNA se- 
quence comparison of fs800 with other female 
specific clones did not demonstrate any direct 
similarities. There is a striking similarity, how- 
ever, between the organization of this cDNA and 
others expressed only in females in that they have 
two long open reading frames and two series of 
repeated amino acids. This organization may re- 
flect a common feature of schistosome, female- 
specific genes or their products. 

Since cDNA sequence data did not reveal as- 
pects of the function of fs800, we sought to lo- 
calize its site of production. In situ hybridization 
showed that an mRNA for this gene was ex- 
pressed in mature vitelline cells even as they move 
into the ootype. This is a step that immediately 
precedes eggshell formation. Fs800, therefore, is 
likely to have some function in the production or 
maintenance of the schistosome egg. The findings 
on in situ hybridization correlated well with the 
Northern blot analyses that indicated that fs800 
expression reached its highest level only in ma- 
ture worms, i.e. during egg production. Unlike 
fs800, putative cDNAs corresponding to the egg- 
shell are abundantly expressed in immature worms 
[8-10]. Thus, fs800 may have a function unre- 
lated to eggshell formation and instead be related 
to other aspects of oogenesis. 

In vitro culture of schistosomes has been shown 
to result in rapid and specific degeneration of vi- 
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tel l ine and  ovar ian  cells [7,23]. A t  the molecular  

level we found  that  fs800 was not  p resen t  in 
worms m a i n t a i n e d  in cul ture  for 10 days though 

the schis tosome hemog lob inase  was presen t  at a 
level near  that seen in worms freshly isolated from 

mice. It is possible that  m R N A s  for some pro- 
teins impor t an t  for egg p roduc t ion  are very short- 
lived, while hemog lob inase  is a very long-l ived 
message.  The  relat ively long per iod  of incuba-  
t ion,  however ,  argues against  differences in 
m R N A  half lives a lone  be ing  responsib le  for lack 

of fs800 m R N A  accumula t ion .  The  sensitivity 
displayed morphologica l ly  by vi tel l ine cells to in 
vitro cul ture  cor re la ted  with the d i sappearance  of 
the vi tel l ine cell m R N A ,  fs800. The  differential  
sensit ivity of ceils f rom this o rgan  to in vitro cul- 
ture  suggests that  m a i n t e n a n c e  of vi tel l ine gene 

expression and  the integri ty of the vitel laria re- 
quires host factors absent  f rom in vitro cul ture 

systems. 
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