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Summary

An essential, but poorly understood part of malaria
transmission by mosquitoes is the development of
the ookinetes into the sporozoite-producing oocysts
on the mosquito midgut wall. For successful oocyst
formation newly formed ookinetes in the midgut
lumen must enter, traverse, and exit the midgut epi-
thelium to reach the midgut basal lamina, processes
collectively known as midgut invasion. After invasion
ookinete-to-oocyst transition must occur, a process
believed to require ookinete interactions with basal
lamina components. Here, we report on a novel extra-
cellular malaria protein expressed in ookinetes and
young oocysts, named secreted ookinete adhesive
protein (SOAP). The 

 

SOAP

 

 gene is highly conserved
amongst 

 

Plasmodium

 

 species and appears to be
unique to this genus. It encodes a predicted secreted
and soluble protein with a modular structure com-
posed of two unique cysteine-rich domains. Using the
rodent malaria parasite 

 

Plasmodium berghei

 

 we show
that SOAP is targeted to the micronemes and forms
high molecular mass complexes via disulphide
bonds. Moreover, SOAP interacts strongly with mos-

quito laminin in yeast-two-hybrid assays. Targeted
disruption of the 

 

SOAP

 

 gene gives rise to ookinetes
that are markedly impaired in their ability to invade
the mosquito midgut and form oocysts. These results
identify SOAP as a key molecule for ookinete-to-
oocyst differentiation in mosquitoes.

Introduction

 

Malaria transmission by mosquitoes starts with the uptake
of male and female gametocytes from parasite-infected
blood. Following rapid gametogenesis and fertilisation,
ookinetes develop in the blood bolus in the mosquito mid-
gut. Newly developed ookinetes avoid digestion by tra-
versing the midgut wall, where they transform into
oocysts. Thousands of sporozoites subsequently develop
in each oocyst, which invade the mosquito salivary glands
and are introduced into the vertebrate host by mosquito
bite to complete the malaria transmission cycle (Sinden,
1997).

Ookinete-to-oocyst development constitutes a bottle-
neck in the malaria parasite life cycle (Sinden, 1999).
Successful oocyst development requires specific interac-
tions between ookinete and mosquito molecules,
interactions of which still little is known. Putative carbohy-
drate-like molecules from the mosquito midgut have been
identified that may act as receptors or ligands for ookinete
invasion (Rudin and Hecker, 1989; Zieler 

 

et al

 

., 1999),
whereas midgut basal lamina components such as lami-
nin and collagen are strongly implicated in oocyst transi-
tion (Weathersby, 1952; Warburg and Miller, 1992; Adini
and Warburg, 1999; Schneider and Shahabuddin, 2000;
Vlachou 

 

et al

 

., 2001; Arrighi and Hurd, 2002). Only a
handful of extracellular ookinete proteins have been
reported that are either conclusively or putatively involved
in ookinete-to-oocyst development. These include (i) chiti-
nases, secreted enzymes involved in penetrating the per-
itrophic membrane, a chitin-containing sac that forms
around the blood meal (Shahabuddin 

 

et al

 

., 1993; Vinetz

 

et al

 

., 2000; Dessens 

 

et al

 

., 2001); (ii) circumsporozoite-
and-TRAP-related-protein (CTRP), a transmembrane pro-
tein involved in ookinete motility and invasion (Dessens

 

et al

 

., 1999; Yuda 

 

et al

 

., 1999; Templeton 

 

et al

 

., 2000); (iii)
P25 and P28, two GPI-anchored surface proteins which
have multiple and partially redundant functions involving
ookinete development/survival, midgut invasion and
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oocyst transition (Sidén-Kiamos 

 

et al

 

., 2000;Tomas 

 

et al

 

.,
2001; Vlachou 

 

et al

 

., 2001); (iv) PbSub2, a subtilisin-like
protease of unknown function (Han 

 

et al

 

., 2000); (v) von
Willebrand factor A domain-related-protein (WARP), a
secreted protein with adhesive properties but as yet of
unknown function (Yuda 

 

et al

 

., 2001).
Specialized secretory organelles at the apical end of

the ookinete, the micronemes, are believed to play impor-
tant roles in midgut invasion (Dubremetz 

 

et al

 

., 1993).
Indeed, CTRP, WARP and two 

 

Plasmodium

 

 chitinases
have been shown to be targeted to and secreted by the
ookinete micronemes (Dessens 

 

et al

 

., 1999; Langer 

 

et al

 

.,
2000; Yuda 

 

et al

 

., 2001). In this paper we report and
characterize a novel ookinete microneme protein named
secreted ookinete adhesive protein (SOAP), which we
show interacts with mosquito laminin. Using targeted dis-
ruption of the 

 

PbSOAP

 

 gene in the rodent malaria parasite

 

P. berghei

 

 we show that the protein promotes midgut
invasion and oocyst development in vector-competent

 

Anopheles

 

 mosquitoes.

 

Results

 

Plasmodium SOAP, a new class of cysteine-rich proteins

 

The 

 

PbSOAP

 

 gene was identified by differential screening
of a subtracted cDNA library of 

 

P. berghei

 

 enriched for
ookinete-specific sequences (Dessens 

 

et al

 

., 2000). A
cDNA of 921 nucleotides contained a single open reading
frame of 498 nucleotides encoding a polypeptide of 166
amino acids with a calculated M

 

r

 

 of 18 200 (Fig. 1). The
predicted gene product, PbSOAP, has the hallmarks of an

extracellular soluble protein: it contains a predicted cleav-
able amino-terminal signal peptide (domain I in Fig. 1), but
lacks other typical organellar targeting or membrane
anchoring signals. Polymerase chain reaction amplifica-
tion of the 

 

PbSOAP

 

 gene from genomic DNA gave rise to
a product of similar size to that amplified from cDNA (data
not shown), indicating that the gene is intronless.

 

BLAST

 

 homology searches of the Malaria Genome
Project sequence databases identified complete or partial
sequences with high homologies to 

 

PbSOAP

 

 in the
murine malaria parasites 

 

P. chabaudi

 

 (

 

PcSOAP

 

) and 

 

P.
yoelii

 

 (

 

PySOAP

 

; partial sequence), the simian malaria
parasite 

 

P. knowlesi

 

 (

 

PkSOAP

 

) and the human malaria
parasite 

 

P. falciparum

 

 (

 

PfSOAP

 

). These genes also
appear to be intronless and are likely to constitute struc-
tural orthologues. Full-length protein comparisons show
that PbSOAP is 87% identical to PcSOAP, reflecting their
close ancestry, whereas identity with PfSOAP is 45%.
Alignment of the five predicted gene products (Fig. 1)
reveals the presence of two highly conserved domains,
named domains II and III (Fig. 1). Domains II and III also
have considerable similarity to one another, each contain-
ing six closely spaced cysteine residues, four of which are
separated by a single amino acid (Fig. 1). The regions
separating domains II and III are less conserved. Notably,
in PfSOAP this region contains a tandem repeat insertion
of the four amino acid sequence glutamate-proline-
glutamate-valine (Fig. 1). The overall pattern of amino
acid conservation in the SOAP proteins is suggestive of
a modular structure of two cysteine-rich domains sepa-
rated by a spacer sequence of variable amino acid length
and composition. Based on available sequence data,

 

Fig. 1.

 

 Multiple amino acid alignment (

 

CLUSTAL

 

 

 

W

 

) of SOAP proteins from 

 

P. berghei

 

 (

 

Pb

 

), 

 

P. yoelii

 

 (Py; partial sequence), 

 

P. chabaudi

 

 (Pc), 

 

P. 
falciparum

 

 (

 

Pf

 

) and 

 

P. knowlesi

 

 (Pk). Residues identical in four or more sequences are marked in grey. Conserved cysteine residues are marked 
in black. Hyphens indicate gaps to allow optimal alignment. Indicated also are domains I (signal peptide), II and III (cysteine-rich domains).
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none of the PxSOAP molecules displayed clear homolo-
gies with proteins in other organisms, indicating that these
molecules constitute a new class of cysteine-rich proteins
unique to 

 

Plasmodium

 

.

PbSOAP

 

 is expressed in ookinetes and targeted to the 
micromenes

 

The identification of the 

 

PbSOAP

 

 gene from our ookinete
gene-enriched subtraction cDNA library (Dessens 

 

et al

 

.,
2000) pointed to its expression in ookinetes. Indeed,
Northern blot analysis using the 

 

PbSOAP

 

-specific cDNA
as a probe detected an abundant messenger RNA of
approximately 1 kb in total RNA derived from 

 

in vitro

 

 cul-
tured ookinetes, whereas no signal was obtained in RNA
samples from purified asexual blood stage parasites or

gametocytes (Fig. 2A). After prolonged exposure a signal
corresponding to 

 

PbSOAP

 

 was detectable in the gameto-
cyte sample (data not shown), which we suspect may be
the result of partial gametocyte activation during purifica-
tion. As such, the transcription pattern of 

 

PbSOAP

 

 is very
similar to that of 

 

PbCTRP

 

 (Dessens 

 

et al

 

., 1999; Yuda

 

et al

 

., 1999).
To further investigate the expression and subcellular

localization of PbSOAP, antiserum was raised against
recombinant GST/SOAP fusion protein (see 

 

Experimental
procedures

 

). Immunofluorescent antibody staining of par-
asites from 

 

in vitro

 

 ookinete cultures with the anti-SOAP
immune serum obtained clearly labelled ookinete stages
(Fig. 2B), whereas a control immune serum raised
against recombinant GST gave no labelling (data not
shown). Staining of other parasite stages was not

 

Fig. 2.

 

 Expression and localization of PbSOAP.
A. Northern blot hybridization of purified total RNA from asexual blood stages (asx), gametocytes (gct) and ookinetes (ook).
B. Immunofluorescent antibody staining of 

 

in vitro

 

 cultured ookinetes with anti-SOAP immune serum (FITC-labelled).
C. Immunofluorescent antibody staining of 24 h parasite infected midgut with anti-SOAP immune serum (FITC-labelled) and anti-laminin immune 
serum (Texas red-labelled) showing ookinete and young oocyst.
D. Immunogold antibody staining of ookinete thin section with anti-SOAP immune serum, showing labelled micronemes.
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observed with the exception of retort-like stages (i.e.
immature ookinetes), indicating that PbSOAP expression
starts early in ookinete development. This expression pat-
tern is fully consistent with the transcription pattern
(Fig. 2A). Staining for PbSOAP appeared intracellular
with the exception of the nucleus. Non-permeabilized
ookinetes did not stain, indicating PbSOAP is not present
on the parasite surface. In the majority of ookinetes
examined, the staining pattern showed a clear polariza-
tion towards the apical end of the cells (Fig. 2B), indica-
tive of the protein being targeted to the micronemes as
previously described for PbCTRP (Dessens 

 

et al

 

., 1999;
Yuda 

 

et al

 

., 1999). PbSOAP was also detected in 24 h
parasite-infected mosquito midguts, staining ookinetes as
well as young oocysts (i.e. rounded-up ookinetes on the
basal side of the gut) (Fig. 2C).

Subsequent immunogold labelling of PbSOAP in thin
sections of 24 h 

 

in vitro

 

 cultured ookinetes resulted in a
large majority of gold particles associated with the micro-
nemes (Fig. 2D). The signal obtained by immunogold
labelling was relatively weak compared to that obtained in
immunofluorescence (Fig. 2B), most likely due to the use

of thin sections versus whole mount. Quantitative assess-
ment of gold distribution in a sample of 10 representative
cells showed 58 particles (85%) associated with micro-
nemal structures, five particles associated with the endo-
plasmic reticulum, and five particles not obviously
associated with organellar structures. Control anti-GST
immune serum gave no labelling (data not shown). These
results are consistent with micronemal targeting of
PbSOAP.

PbSOAP

 

 gene disruption

 

To investigate the function of PbSOAP we generated
transgenic parasites by insertion of a modified 

 

Toxo-
plasma gondii

 

 dihydrofolate reductase/thymidylate syn-
thase (DHFR/TS) gene cassette, conferring resistance to
the antimalarial drug pyrimethamine, into the 

 

PbSOAP

 

gene by double homologous recombination (Fig. 3A) (van
Dijk 

 

et al

 

., 1995; Waters 

 

et al

 

., 1997). The DHFR/TS cas-
sette was inserted at nucleotide position 400 of the

 

PbSOAP

 

 sequence, upstream of domain II (Fig. 3A). The
integrity of two cloned transgenic parasite populations

 

Fig. 3.

 

 Construction of 

 

SOAP

 

-disrupted parasites.
A. Schematic diagram of targeted gene disruption strategy. Indicated are the DHFR/TS cassette flanked by 

 

PbSOAP

 

 crossover sequences (dark 
grey) and the relative positions of the 

 

Hin

 

cII sites (H) in the transfection vector pSOAP-KO.
B. Southern blot of 

 

Hin

 

cII-digested genomic DNA of WT and SOAP-KO parasites clones 47 and 39, hybridized with 

 

SOAP

 

 probe and 

 

DHFR/TS

 

 
probe.
C. Western blot of WT and SOAP-KO ookinete homogenates with anti-SOAP immune serum and monoclonal antibody 13.1, recognising Pbs21 
(P28).
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(named SOAP-KO, clones 39 and 47) was assessed by
Southern blot analysis of 

 

Hin

 

cII-digested genomic DNA.
As expected, a probe corresponding to 

 

PbSOAP

 

 (no

 

Hin

 

cII sites present) gave rise to a single band in the
parental wild-type (WT) parasites, but two bands in the
SOAP-KO parasites (Fig. 3B), demonstrating disruption of
the 

 

PbSOAP

 

 gene. Conversely, a probe corresponding to
the 

 

DHFR/TS

 

 gene (two HincII sites present) gave rise to
three DHFR/TS-specific bands in the SOAP-KO parasites,
but no signal in the WT parasite sample (Fig. 3B). These
combined results confirmed correct integration of the
DHFR/TS cassette into the PbSOAP locus.

PbSOAP knockout phenotypes

SOAP-KO parasites were morphologically indistinguish-
able from WT parasites in Giemsa-stained blood smears
and normal differentiation of gametocytes into ookinetes
both in vitro and in vivo was observed (data not shown).
To test PbSOAP expression in the transgenic parasites,
homogenates of in vitro cultured ookinetes were fraction-
ated in SDS-containing polyacrylamide gels and sub-
jected to Western blot analysis using the anti-SOAP
immune serum. Under reducing conditions a single band
of approximately Mr 21 000 was obtained in WT parasites;
in contrast, no signal was detected in the SOAP-KO
ookinete sample (Fig. 3C), confirming successful disrup-
tion of PbSOAP expression. Under non-reducing condi-
tions a large number of high molecular mass bands were
detected, which were absent in the SOAP-KO sample
(Fig. 3C). The presence of these bands points to a high
level of disulphide bonding of the PbSOAP molecules.
Both WT and SOAP-KO parasite samples gave compara-
ble signals with anti-Pbs21 (P28) antibodies (Fig. 3C).
These results demonstrate that the SOAP-KO parasites
are PbSOAP null mutants.

To assess the effects of PbSOAP knockout on mos-
quito infection, SOAP-KO and WT parasites were fed to
vector-competent Anopheles mosquitoes and compared
for their ability to form oocysts, a measure of parasite
infectivity. Reductions in oocysts numbers ranging
between 60 and 85% were consistently observed in
SOAP-KO parasite-infected mosquitoes, and similar
transmission phenotypes were observed in two indepen-
dent clonal populations of the SOAP-KO parasite
(Table 1). Comparable levels of oocyst reduction were
observed when mosquitoes were infected by gametocyte
or ookinete feeds (Table 1). In gametocyte feeds ooki-
netes must first develop in the midgut lumen over a period
of 20–24 h. During this period of development, blood
meal ingestion triggers a cascade of reactions leading to
the expression and activation of digestive proteases and
the formation of a peritrophic membrane (Berner et al.,
1983; Müller et al., 1993). In ookinete feeds controlled
numbers of ookinetes are fed to the mosquitoes that pro-
ceed immediately with midgut invasion in the absence of
a developed peritrophic matrix and in low levels of diges-
tive enzymes (Dessens et al., 2001). The comparable
phenotypes obtained from gametocyte and ookinete
feeds thus indicate that neither the number of ookinetes
developing in the midgut, nor the effects of the peritrophic
membrane or digestive midgut enzymes are likely to be
factors contributing to the reductions in oocyst develop-
ment observed.

Although oocyst numbers were markedly reduced in
SOAP-KO parasite-infected mosquitoes (Table 1), those
oocysts that developed were morphologically indistin-
guishable from WT oocysts of comparable age, and
formed large numbers of sporozoites similar to WT
oocysts. Sporozoites from the SOAP-KO parasite
appeared morphologically normal and successfully
invaded the salivary glands (data not shown). Indeed,

Table 1. Effect of PbSOAP knockout on Plasmodium berghei oocyst development in vector-competent Anopheles mosquitoes.

Expt Mosquito
Type of
feed (clone)a

Mean oocyst no. ± sem (no. of midguts
scored)b of mosquitoes infected with: 

% of
WTWT SOAP-KO

1 A. stephensi gct (49) 60.1 ± 3.5 (140) 13.4 ± 1.1c (139) 22
2 A. stephensi gct (39) 61.3 ± 4.7 (150) 13.6 ± 1.5c (150) 22
3 A. stephensi gct (49) 79.7 ± 3.7 (145) 27.4 ± 1.4c (150) 34
4 A. stephensi gct (39) 66.2 ± 4.5 (128) 21.8 ± 1.8c (125) 33
5 A. stephensi ook (49) 56.9 ± 3.1 (150) 23.1 ± 2.0c (121) 41
6 A. stephensi ook (39) 10.6 ± 0.77 (99) 4.4 ± 0.49c (101) 40
7 A. stephensi ook (49) 31.6 ± 1.8 (102) 4.6 ± 0.41c (104) 15
8 A. stephensi ook (39) 2.2 ± 0.24 (100) 0.49 ± 0.07c (85) 22
9 A. gambiaed gct (49) 6.5 ± 2.4 (19) 1.3 ± 0.57c (20) 20

a. Gametocye (gct) or ookinete (ook) feed, and SOAP-KO clone used.
b. Each experiment is based on pooled data from three mice (gct) and three membrane feeders (ook).
c. Significantly different (P < 0.01) from value for WT parasite-infected control group as calculated by Mann–Whitney U-test.
d. A. gambiae G3 P. berghei susceptible strain.
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mosquitoes that were infected with SOAP-KO sporozoites
successfully transmitted the parasite to mice. Parasites
from such sporozoite-induced infections retained their
phenotype in subsequent mosquito infections, an obser-
vation consistent with stable disruption of the gene. These
observations combined with a lack of PbSOAP staining in
sporozoites indicate the protein is not involved in sporo-
zoite development, nor in sporozoite infectivity to the
insect or vertebrate host. Instead, our results show that
PbSOAP plays an important role during ookinete-to-
oocyst development in mosquitoes.

Mosquitoes generate an array of innate immune
responses to ookinete invasion including antimicrobial
peptides and nitric oxide production (Dimopoulos et al.,
1997; 1998; Luckhart et al., 1998; Han et al., 2000). We
investigated whether PbSOAP played a role involving the
mosquito immune response. At 24 h post infection SOAP-
KO parasites elicited an upregulation in the transcription
of defensin and cecropin genes, molecular markers for
innate immune response in ookinete-infected midguts
(Dimopoulos et al., 1997; Vizioli et al., 2000) (Fig. 4A). We
also used A. gambiae L3-5 mosquitoes, which are refrac-

tory for malaria transmission through melanotic encapsu-
lation of the ookinetes on the basal side of the midgut
epithelium (Collins et al., 1986). When these mosquitoes
were infected with our SOAP-KO parasites normal mela-
nisation was observed (Fig. 4B). These observations indi-
cate that PbSOAP is not involved in the induction of, nor
the recognition by the innate immune system in mosquito
midguts.

Although SOAP-KO ookinetes underwent normal mel-
anotic encapsulation in L3-5 mosquitoes, the observed
numbers of melanised parasites were noticeably lower in
the majority of SOAP-KO parasite-infected insects
(Fig. 4C), indicating that fewer ookinetes had crossed the
midgut wall. To verify this, we assessed ookinete numbers
inside A. stephensi midgut epithelia at 24 h post infection
by immunofluorescence using antibodies to the abundant
ookinete surface protein P28. Indeed, at this early time
point numbers of invaded SOAP-KO ookinetes were
reduced by 87% compared to mosquitoes infected with
WT parasites [mean number of ookinetes per gut ± sem
for WT parasites: 69 ± 5.8 (n = 25) and for SOAP-KO par-
asites: 9 ± 1.9 (n = 25)]. These results show that SOAP-
KO ookinetes are impaired in their ability to invade the
mosquito midgut. This is likely to be responsible, at least
in part, for the reduced numbers of oocysts developing
(Table 1).

Recently, an in vitro ookinete-to-oocyst development
system was reported using a Mos20 Aedes egypti cell
line (Sidén-Kiamos et al., 2000). In this system ooki-
netes invade the unpolarised insect cells and develop
into intracellular oocysts that undergo several rounds
of nuclear division before development is halted. Com-
parison of in vitro cultured SOAP-KO and WT ooki-
netes in this system revealed apparently normal
ookinete motility and attachment to the insect cells for
both parasites (data not shown). Surprisingly however,
oocyst development of SOAP-KO ookinetes was signifi-
cantly more efficient than that of WT ookinetes
(P < 0.01, ANOVA two-factor analysis), a result that was
reproducible over several experiments (Table 2). These
observations contrast with those made in vivo
(Table 1), indicating that the function of PbSOAP
involves factors that are specific to its environment in
the mosquito midgut.

PbSOAP interacts with mosquito laminin

The extracellular ookinete proteins P25, P28 and CTRP
have been shown to interact with laminin, a prominent
component of basal lamina (Adini and Warburg 1999;
Vlachou et al., 2001; Arrighi and Hurd, 2002). To test
whether PbSOAP might also interact with laminin we
employed the yeast-two-hybrid system, an assay com-
monly used to detect protein–protein interactions (Fields

Fig. 4. PbSOAP knockout and mosquito immune response.
A. PCR amplification of S7, defensin and cecropin genes from cDNA 
generated from naïve (N) or SOAP-KO parasite-infected (I) mosqui-
toes.
B. Close-up view of SOAP-KO parasites melanised in refractory A. 
gambiae L3-5 at six days postinfection.
C. Overview of a typical A. gambiae L3-5 midgut infected with WT or 
SOAP-KO parasites at six days post infection. Melanised parasites, 
visible as black dots, are markedly more numerous in the WT para-
site-infected mosquitoes.
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and Song, 1989). As ‘bait’ we used different amino-termi-
nal subdomains (IV-VI) of A. gambiae laminin g1 (Vlachou
et al., 2001) fused to the DNA binding domain of LexA in
vector pEG202-NLS. As ‘prey’ we used the full-length
predicted extracellular domain of PbSOAP fused to the
B42 activation domain in vector pJG4–5. Protein interac-
tions were assayed qualitatively by observing blue colour
on Gal/Raff/X-gal plates and quantitatively with liquid
LacZ assays, as described (Vlachou et al., 2001). In these
assays, co-expression of pBlamV and B42-Soap gave rise
to LacZ activation levels 15-fold higher than background
(i.e. empty pJG4-5 activation vector) (Table 3), demon-
strating that domain V of laminin g1 interacts strongly with
PbSOAP in yeast. No significant activation with respect to
background was observed when using domains IV or VI
of laminin g1, or using empty DNA binding vector
(pEG202-NLS) as bait. Moreover, when using pBlamV
and B42-SOAP with unrelated prey or bait constructs,
containing the Drosophila melanogaster E(spl) m8 gene
(B42-m8) and groucho gene (LexA-Gro), respectively, no

significant activation was observed in b-galactosidase
assays (Table 3). These observations show that PbSOAP
has specific binding properties to laminin g1 in yeast cells.

Discussion

The recent completion of the Plasmodium genome
revealed that some 60% (3208) of all predicted genes
encode hypothetical proteins because of insufficient
homology to proteins in other organisms (Gardner et al.,
2002). The allocation of functional assignments to these
genes will be a clear challenge for the future. In this paper
we describe and characterize one of these genes, SOAP,
in the rodent malaria parasite P. berghei. We show that
the PbSOAP gene product constitutes a predicted soluble
protein that is expressed and secreted by ookinetes via
the micronemes. The high level of sequence conservation
between Plasmodium orthologues of SOAP indicates that
the protein may serve similar roles in different Plasmo-
dium species. Moreover, the absence of structural rela-
tives in other organisms points to a function unique to
malaria parasites and possibly limited to the ookinete.

We have generated PbSOAP null mutant parasites in
P. berghei by targeted gene disruption to investigate the
roles of the protein in mosquito infection and malaria
transmission. The results obtained from gametocyte and
ookinete feeds show that PbSOAP null mutants have a
markedly reduced capacity to complete ookinete-to-
oocyst development in vector-competent Anopheles mos-
quitoes. We further show that this reduction, at least in
part, stems from a diminished ability of SOAP-KO ooki-
netes to invade the mosquito midgut. This scenario is
consistent with the general view that Plasmodium
micronemal proteins are involved in cell invasion
(Dubremetz et al., 1993). We did not find evidence of
invaded SOAP-KO ookinetes suffering increased losses
after entry of the midgut epithelium, indicating that the
impairment of midgut invasion is caused by a reduced
ability to enter the epithelial cells. However, it should be
noted that P. berghei ookinete-invaded A. stephensi mid-
gut cells have been shown to undergo cell death and

Table 2. Effect of PbSOAP knockout on Plasmodium berghei oocyst
development in Mos20 cells in vitro.

Expt

Scored
on
day

No. of circumsporozoite 
protein positive 

oocystsa in Mos20 cells 
co-cultured with ooki-

netes from:
% of
WTWT SOAP-KO

1 7 64 278 434
14 15 72 480

2 7 69 400 578
11 40 77 193

3 14 15 187 1247
4 7 135 475 352

13 193 165 86
5 6 160 355 222
6 7 148 148 100

14 67 83 124
7 7 94 147 156

14 28 275 982

a. Values are shown as no. oocysts per 25 fields at 400 ¥
magnification.

Table 3. PbSOAP–laminin interactions in yeast-two-hybrid assays.

Bait Prey Activation (LacZ units)a

Experimental pBlamIV (laminin g1 gene domain IV)b B42-Soap (PbSOAP gene)c 8 ± 3
pBlamV (laminin g1 gene domain V)b B42-Soap (PbSOAP gene) 527 ± 97
pBlamVI (laminin g1 gene domain VI)b B42-Soap (PbSOAP gene) 10 ± 4

Control pBlamV (laminin g1 gene domain V) pJG4-5 (empty vector)b 35 ± 4
pEG202-NLS (empty vector)b B42-Soap (PbSOAP gene) 6 ± 2

Specificity pBlamV (laminin g1 gene domain V) B42-m8 (D. melanogaster m8 gene)b 25 ± 4
LexA-Gro (D. melanogaster groucho gene)b B42-Soap (PbSOAP gene) 11 ± 3

a. Mean ± sem of three independent measurements.
b. As described in Vlachou et al. (2001).
c. As described herein.
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subsequent removal through a purse-string mechanism
(Han et al., 2000). Thus, it cannot be ruled out that
invaded ookinetes killed by the mosquito might be
removed by this process.

Ookinete-to-oocyst development in Mos20 cells in vitro
was not adversely affected, and even enhanced, by the
PbSOAP disruption (Table 2). This observation implies
that PbSOAP is not important for ookinete-to-oocyst
development in vitro. One explanation is that PbSOAP
may be required for ookinete penetration of structures
such as the microvillar network (Zieler et al., 2000) that
are present in the midgut wall, but are absent in the
mosquito cells in vitro. The enhanced oocyst development
in vitro in the absence of PbSOAP is more difficult to
explain, albeit an observation worth reporting. One possi-
bility is that PbSOAP promotes parasite invasion by inter-
acting with specific ligands on the surface of the midgut
epithelium or associated structures. If the invasion of
Mos20 cells were achieved by an alternate ligand interac-
tion, it would be conceivable that the presence of PbSOAP
might hinder invasion of these cells.

Striking analogies exist between PbSOAP and the
recently reported PbWARP protein (Yuda et al., 2001).
Both proteins are encoded by highly conserved single
copy genes, are abundantly expressed in malaria ooki-
netes and are targeted to the micronemes. Moreover, both
are small, secreted, soluble proteins that form high molec-
ular mass complexes via disulphide bonds. Whereas the
role of WARP in ookinete infectivity awaits elucidation, its
predicted structure is indicative of an adhesive protein. As
such, WARP is speculated to play a role in ookinete mid-
gut invasion (Yuda et al., 2001). A large number of both
membrane-anchored and soluble micronemal proteins
with adhesive properties have already been indentified in
Apicomplexa parasites including Toxoplasma and Eimeria
(Soldati et al., 2001; Tomley and Soldati, 2001; Claudi-
anos et al., 2002). These proteins typically contain one or
more adhesive domains. Different types of adhesive
domains have been identified, including: (i) thrombospon-
din type I-like domains; (ii) von Willebrand Factor type A-
like domains; (iii) epidermal growth factor (EGF)-like
domains; (iv) apple domains; and (v) scavenger receptor
cysteine-rich domains. These domains contain conserved
cysteine residues in structurally important positions. The
cysteine-rich, modular structure of SOAP combined with
its micronemal expression and putative binding to laminin
are indicative of a new class of adhesive protein not pre-
viously identified in Apicomplexa parasites. The biological
significance of forming high molecular mass complexes,
as shown for both PbSOAP and PbWARP is unclear, but
it could be a way for these small proteins to enhance their
adhesive properties, mimicking multidomain adhesive
molecules like Plasmodium CTRP (Trottein et al., 1995)
or Eimeria MIC4 (Soldati et al., 2001).

The strong interaction of PbSOAP with mosquito lami-
nin g1 in the yeast-two-hybrid assays suggests that the
native protein may interact with the mosquito basal lamina
and, hence, may play a role in ookinete-to-oocyst transi-
tion in addition to its demonstrated role in midgut invasion.
This is not unprecedented: previously, the ookinete pro-
teins P25, P28 and CTRP were shown to interact with
basal lamina components as well as having functions in
midgut invasion. P25 and P28 were shown to interact with
laminin, while the ookinete micronemal protein CTRP has
been shown to interact with both laminin and collagen IV
(Adini and Warburg, 1999; Vlachou et al., 2001; Arrighi
and Hurd, 2002). Immuno-electron microscopic observa-
tions of PbCTRP in ookinete-invaded A. stephensi midgut
epithelia localized the protein at the site of contact
between the ookinete and the basal lamina, suggesting
that PbCTRP functions as an adhesion molecule for ook-
inete movement into the midgut lumen and epithelial cell
and for ookinete association with the midgut basal lamina
and transformation into an oocyst (Limviroj et al., 2002).
The interactions in yeast of the extracellular domains of
P25 and P28 were shown to be restricted to domain V of
Anopheles laminin subunit g1 (Vlachou et al., 2001). This
domain is composed of four EGF-like domains, and as
such is similar in structure to both P25 and P28 which
have four and 3.5 EGF-like domains respectively. Interest-
ingly, PbSOAP interacted with the same domain of laminin
g1 (Table 3). Laminin EGF-like domains are known to be
involved in protein–protein interaction and in mouse lami-
nin g1 harbour the nidogen binding site (Stetefeld et al.,
1996). In this context it is worth noting that SOAP contains
short sequence motifs homologous to EGF-like domains
of a variety of extracellular matrix proteins including lami-
nins. This could indicate that SOAP has a distant struc-
tural relationship to EGF domains, which in turn could be
responsible for its interaction with laminin EGF-like
domains.

Accepting the various interactions with basal lamina
components, the precise roles of CTRP, P25, P28 and
SOAP in the process of ookinete-to-oocyst transition
remain unclear. Null mutant parasites for P25 and P28 are
capable of reduced levels of oocyst development both in
vivo and in vitro, but their multiple as well as mutually
redundant roles before and during midgut invasion make
it difficult to assess their potential contribution to oocyst
transition (Sidén-Kiamos et al., 2000; Tomas et al., 2001).
Similarly, studies using CTRP null mutants have not
resolved the possible involvement of this protein in ooki-
nete-to-oocyst transition, because these parasites form
ookinetes that are not motile and can not invade the
midgut wall (Dessens et al., 1999; Yuda et al., 1999; Tem-
pleton et al., 2000). The increasing number of ookinete
proteins that can interact with the basal lamina indicates
that the molecular mechanisms that underly ookinete-to-
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oocyst transition may possess a significant level of func-
tional redundancy.

An actively pursued strategy to block the transmission
of malaria parasites is the immunization of the human host
with extracellular proteins that are expressed in the mos-
quito midgut stages of the parasite. This generates a
transmission-blocking immune response mainly through
the action of antibodies that are carried into the midgut
with the blood meal (reviewed in Carter 2001; Richie and
Saul, 2002). The extracellular nature of SOAP and its
restricted expression in the mosquito midgut stages of
Plasmodium make this protein a potential transmission-
blocking antibody target and vaccine candidate. Indeed,
in a pilot transmission blocking experiment we obtained
significantly reduced oocyst numbers in mosquitoes fed
on SOAP-immunised mice infected with P. berghei (J. T.
Dessens, unpubl. obs.). These results indicate that SOAP
could prove useful as a component in a multiantigen-
based malaria transmission blocking vaccine, and should
stimulate further research on this topic.

Experimental procedures

Parasite maintenance, culture and purification; parasite RNA
extraction and purification; Southern, Northern and Western
blotting; transmission experiments in Anopheles; immune
induction and melanisation experiments; were carried out as
previously described (Dessens et al., 1999; 2001). In vitro
ookinete motility, attachment and oocyst development assays
were as previously described (Sidén-Kiamos et al., 2000).

Construction of transgenic parasites

A 5¢-portion of the PbSOAP gene was amplified with primers
SOAP-Bam (GGATCCTCTTCTGAAAAAACAACGTAAT) and
SOAP-ERI (GAATTCTGGTAGGCATTTTACACAC), digested
with BamHI and EcoRI and ligated into BamHI/EcoRI-
digested pBS-DHFR (Dessens et al., 1999) to give pSOAP-
BE.  A  3¢-portion  of  SOAP  was  amplified  with  primers
SOAP-Kpn (GGTACCGATATATGTATTATATGGTATATG) and
SOAP-Hind (AAGCTTGTGAATGTGAATGCAGTTGT),
digested with KpnI and HindIII and ligated into KpnI/HindIII-
digested pSOAP-BE to give the transfection plasmid pSOAP-
KO. Fifty mg of KpnI/BamHI-digested pSOAP-KO was
transfected into purified schizonts followed by pyrimethamine
selection and limiting dilution cloning as described (Waters
et al., 1997).

Antibody production

The PbSOAP coding region minus the signal peptide
sequence was PCR-amplified with primers (GGATCCAG
GAAAAATTCCATAAGAAATGTA) and (TCTAGATTAA
CAATAACATGAACAGCTAC) and ligated into pGEM-T Easy
(Promega). The insert was exised with BamHI and EcoRI
and ligated into BamHI/EcoRI-digested pGEX-4T-1 (Amer-
sham) to give pGEX-SOAP. This construct gives rise to the

expression of PbSOAP as a carboxy-terminal fusion with
glutathione S transferase (GST). Protein expression was
induced in transformed Escherichia coli strain BL21(DE3)
by adding IPTG to a final concentration of 0.4 mM, and the
fusion protein was purified from soluble protein fractions by
affinity chromatography on glutathione affinity resin follow-
ing the manufacturer’s instructions (Amersham). Antiserum
was raised in mice. Briefly, 100 mg of purified recombinant
GST/SOAP protein emulsified in Freund’s incomplete adju-
vant was injected subcutaneously in female BALB/c mice.
Similarly expressed and purified GST from empty pGEX-
4T-1 was used to raise control immune serum. A total of
three booster injections were administered at monthly inter-
vals. Sera were collected two weeks after the last booster
injection and were stored refrigerated with 0.01% sodium
azide.

Immunofluorescent antibody staining

In vitro cultured ookinetes (24 h) were spotted on microsope
slides, air dried, and fixed in 1% formaldehyde for 5 min.
PbSOAP staining was carried out with anti-SOAP immune
serum (1 in 100) as primary antibody, and goat anti-mouse
FITC conjugated secondary antibody (Sigma) as described
(Dessens et al., 1999). Midguts from infected mosquitoes
were dissected at 24 h post infection, cut open in phosphate-
buffered saline and the blood meal removed. After three
washes in PBS guts were fixed in 1% paraformaldehyde for
1 h, permeabilised with 1% Triton-X100 for 1 h, incubated
with primary and secondary antibodies, and examined by
confocal microscopy as described (Tomas et al., 2001). Lami-
nin staining was carried out with rabbit anti-laminin immune
serum (Abcam) 1 in 500, followed by goat anti-rabbit Texas
red-conjugated secondary antibody (Sigma). To quantify and
compare numbers of invaded ookinetes, 13.1 monoclonal
antibody (recognising Pbs21) was used as described (Tomas
et al., 2001). Results for each parasite are based on pooled
data from three pots of mosquitoes fed on three infected mice
with similar parasitemia.

Immunogold electron microscopy

Purified in vitro cultured ookinetes were fixed and embedded
in LRWhite. Thin sections (100 Å) were incubated with anti-
SOAP or control immune serum as primary antibody, 15 nm
gold-conjugated goat anti-mouse IgG as secondary antibody,
and examined in a Zeiss electron microscope.

Yeast-two-hybrid assays

The full-length coding sequence of PbSOAP excluding the
amino-terminal 24 amino acid signal peptide was PCR-
amplified with primers (CCCCGAATTCTCCATAAGAAATG
TAGTAAGCGCATAT) and (GGGGCTCGAGTTAACAATAA
CATGAACAGCTACATTC), digested with EcoRI and XhoI,
and ligated into EcoRI/XhoI-digested pJG4-5 (DupLexA sys-
tem, OriGene Technologies) to give the prey construct B42-
Soap. Bait constructs are described in (Vlachou et al., 2001).
The LexA yeast-two-hybrid assays were performed in yeast
host strain EGY48 as described (Vlachou et al., 2001).
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