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The circumsporozoite protein of Plasmodium falcipa-
rum contains two conserved motifs (regions I and II)
that have been proposed to interact with mosquito and
vertebrate host molecules in the process of sporozoite
invasion of salivary glands and hepatocytes, respec-
tively. To study the function of this protein we have
replaced the endogenous circumsporozoite protein gene
of Plasmodium berghei with that of P. falciparum and
with versions lacking either region I or region II. We
show here that P. falciparum circumsporozoite protein
functions in rodent parasite and that P. berghei sporo-
zoites carrying the P. falciparum CS gene develop nor-
mally, are motile, invade mosquito salivary glands, and
infect the vertebrate host. Region I-deficient sporozo-
ites showed no impairment of motility or infectivity in
either vector or vertebrate host. Disruption of region II
abolished sporozoite motility and dramatically im-
paired their ability to invade mosquito salivary glands
and infect the vertebrate host. These data shed new
light on the role of the CS protein in sporozoite motility
and infectivity.

The malaria sporozoite has the unique ability to selectively
invade the salivary glands of the mosquito vector and the
vertebrate host cells (1). At this developmental stage the sur-
face of the parasite is mainly covered by the circumsporozoite
(CS)1 protein (2–4). In all malaria species the CS protein shows
a similar structural organization consisting of a variable cen-
tral region of repeats and two highly conserved motifs, regions
I and II, placed at the amino- and carboxyl-terminal ends of the
molecule, respectively. Region I is based around the short
amino acid motif KLKQP. This motif is identical in all malaria
parasites so far described in mammals (5). In the avian para-
site such as Plasmodium gallinaceum the CS protein lacks
region I. Region II is a 20-amino acid motif EWSXCX-
VTCGXG(V/I)XXRX(K/R) that shares sequence homologies to
the type 1 repeat of human thrombospondin (TSP) (6). One to
seven copies of this motif have now been found in a number of
proteins involved in the complement pathway (properdin, C6, C7,

C8A, C8B, and C9) as well as adhesive extracellular matrix
proteins like ADAMTS, mindin, F-spondin, or SCO-spondin and
micronemal proteins of apicomplexan parasites (7–13). One of
these micronemal proteins, the thrombospondin-related adhesive
protein (TRAP), contains a single TSP type 1 repeat and is
expressed at the sporozoite stage of malaria parasites (8, 14).

Several proteins containing a TSP type 1 motif, including
TRAP have the ability to selectively recognize glycosaminogly-
cans (GAGs) (12, 13, 15, 16). Similarly, recombinant forms of
CS protein, as well as synthetic peptides encompassing region
II, specifically bind to highly sulfated GAGs such as heparin
and heparan sulfate (11, 17–21). It is intriguing that sporozo-
ites express two distinct molecules, TRAP and CS protein, both
containing a TSP type 1 repeat and having similar adhesive
properties. The reasons for this are not clear. Gene disruption
and biochemical evidence indicate that TRAP functions as a
parasite receptor molecules and plays a crucial role in gliding,
a form of substrate-dependent forward locomotion intimately
linked to the process of sporozoite invasion of mosquito salivary
glands and vertebrate host cells (22–24). The function of the CS
protein is far less well established. The location on the parasite
surface, the presence of the highly conserved region I and II
sequences, and the adhesive property for GAGs have suggested
that the CS protein ought to play an important role in the
processes of sporozoite recognition and invasion of mosquito
salivary glands and vertebrate host cells (17, 18, 25–27). Dis-
ruption of the CS gene did not add to the knowledge on the CS
protein as receptor in the sporozoites. Plasmodium berghei
parasites in which the CS gene has been targeted fail to de-
velop into mature oocysts, and very few sporozoites if any are
produced (28). The elucidation of the function of CS protein and
its conserved motifs, regions I and II, would be of great impor-
tance for a better understanding of sporozoite interactions with
mosquito salivary glands and vertebrate host cells. This infor-
mation will also be useful to unravel functional relationships
between TRAP and CS protein.

To examine the role of CS protein and its conserved motifs,
we have generated transgenic P. berghei parasites in which the
endogenous CS protein gene (PbCS) has been replaced with
either the P. falciparum CS protein gene (PfCS) or with ver-
sions of PfCS without either region I or II. These parasites were
studied throughout development in the mosquito as well as for
their ability to infect mice.

EXPERIMENTAL PROCEDURES

DNA Constructs—The targeting constructs pPfCSP, pPfCSP(RI�),
and PfCSP(RII�) used in this study contained the following structural
elements: (i) a 5�-untranslated region (UTR) of the PbCS gene encom-
passing nucleotides 1–1130 immediately upstream of the PbCS start
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codon; (ii) the WT or mutated versions of PfCS coding sequence (1660
bp) from Plasmodium falciparum Wellcome strain linked to 250 nucle-
otides of its 3�-UTR; and (iii) the 3�-UTR sequence of PbCS gene en-
compassing nucleotides 1–1150 downstream of its stop codon in which
the DHFR-TS transcription unit (5400 bp) was inserted at its HindIII
site (�302) (29). Deletions of region I (KLKQP) and region II (WSPCS-
VTCGNGIQVRIK) were introduced in the PfCS coding sequence by
site-directed mutagenesis (Sculptor in vitro mutagenesis kit, Amer-
sham Biosciences) and verified by sequence analysis.

Parasite Transformation—The P. berghei ANKA strain (clone 2.34)
was transformed in electroporation experiments by using 50–70 �g of a
DNA insert. Plasmid DNA was digested to release the targeting inserts
(�9.2 kb) from the plasmid backbone and purified by gel electrophoresis
and phenol/chloroform extraction. Purified schizonts were transformed
with the constructs pPfCSP, pPfCSP(RI�), and pPfCSP(RII�) using a
Bio-Rad electroporator set at 1.1 kV and 25 microfarads and subse-
quently injected intravenously in phenylhydrazine (to increase reticu-
locyte production)-treated Wistar rats as described previously (29).
Pyrimethamine-resistant parasites were selected in the recipient rats
and BALB/c mice as described previously (29) and cloned in BALB/c
mice by limiting dilution.

Southern Blot Analysis—Genomic DNA was isolated from parasites
as previously described (29). For Southern blot analysis 5 �g of genomic
DNA was digested with EcoRV, separated on agarose gel, and blotted
onto a nylon Hybond-N� membrane (Amersham Biosciences). The fol-
lowing DNA fragments were used as probes: (a) a 1.1-kb 5�-UTR se-
quence of PbCS amplified using the primers 5�-UTR1CS (TTT AAA TAT
ATG CGT GTA TAT ATA G) and 5�-UTR2CS (CGC TTT TAC TTT GTC
CAG GTA TTA TGC); (b) a-666 bp fragment amplified from PbCS
coding sequence with the primers CSFor81 (CCA GGA TAT GGA CAA
AAT AAA) and CSRev83 (ATT GTT ATT ACC ACC TGG C); (c) a 510-bp
fragment amplified from PfCS with the primers PFCS3 (GGA CAA
GGT CAC AAT ATG CC) and PFCS5 (CAT ATA TAT TTC TAC AAT
TAA TCG); (d) a 1.1-kb fragment amplified from the 3�-UTR sequence
of PbCS gene with the primers 3�-UTR1CS (ATA AAC ATT ACG CAT
GAT TAT A) and 3�-UTR2CS (GAG TAC TCA CGA ATC CGA AAT
AAG); and (e) a 520-bp fragment amplified from the DHFR-TS gene
with the primers TgFor123 (AGA GGG GCA TCG GCA TCA AC) and
TgRev124 (TTG AAA GAA TGT CAT CTC CG). All hybridization ex-
periments were carried out as described (24). Parasite chromosomes
were separated by pulse-field gel electrophoresis using a CHEF DRIII
apparatus (Bio-Rad) set at 60–600 s and 4 V/cm and run for 48 h. The
gel was blotted and hybridized with probes b and c to detect PbCS and
PfCS sequences.

Parasite Development in the Mosquito—Anopheles stephensi mosqui-
toes (strain sd 500) were fed for 1 h on WT and transgenic infected
Balb/c mice having a parasitemia ranging from 6 to 7%. Mosquitoes
were dissected at day 8, 14, and 21 post infection and processed to
reveal the presence of oocysts and sporozoites in the guts and salivary
glands. The dissection procedures and parasite counts were carried out
in RPMI 1640 medium without serum.

Parasite Infectivity in Mice—Increasing numbers of WT and trans-
genic salivary gland and gut sporozoites were resuspended in RPMI and
injected intravenously in the tail vein of naı̈ve C57BL/6 (minimum age
of 6 weeks). At regular time intervals (12 h) after sporozoite injection
(for up to day 15), blood samples were withdrawn from the tail of
injected animals and analyzed on Giemsa-stained thin smears to reveal
the presence of parasites. The pre-patent period was assessed by deter-
mining the number of days between sporozoite injection, and the time
when at least three to five parasites could be detected by analyzing a
minimum of 10,000 erythrocytes on Giemsa-stained blood smears.

Immunofluorescence—Freshly dissected 21-day post-infection oocyst
sporozoites resuspended in RPMI were spotted onto microscope multi-
well slides. Sporozoites were incubated for 30 min either at room tem-
perature or at 37 °C. At the end of the incubation time the excess of
medium was removed, and slides were air-dried and kept at �20 °C.
For immunofluorescence (IF) analysis the parasite samples were fixed
in 1% formaldehyde in phosphate-buffered saline. Nonspecific binding
was prevented by treating the slides for 30 min with phosphate-buff-
ered saline containing 1% bovine serum albumin and 0.05% Triton
X-100. Sporozoites were incubated for 1 h with either the monoclonal
antibody 7E4 directed against PbTRAP (24) or monoclonal antibody
3D11 directed against PbCS (2) or the rabbit serum NANP raised
against a fusion protein between PfCS and PMMSA (30). The slides
were subsequently incubated with fluorescein isothiocyanate-labeled
secondary antibodies (goat anti-mouse or anti-rabbit immunoglobulins,
Becton Dickinson). IF analysis was carried out by using a Leica TCS SP
2 confocal microscope.

RESULTS

Development of Transgenic Parasites—We have designed
DNA constructs to achieve the deletion of the endogenous
PbCS, the insertion of wild type (WT) or mutated PfCS ver-
sions, and the insertion of the selectable marker transcription
unit, in a single transformation event. This strategy has sev-
eral advantages. It generates non-reversible molecular events
in contrast to gene targeting mediated by single crossover
homologous recombination (22) and overcomes the parasite
repair mechanism that has been shown in P. berghei to correct
small mutations within the targeted gene with WT sequences
(31). The replacement of the endogenous CS protein gene with
a largely divergent homologous gene allows the structure-func-
tion analysis to be focused on the conserved motifs, thus facil-
itating the study of the transgenic parasites carrying a deletion
of either region I or II. Moreover, the detection of the PfCS
protein in P. berghei sporozoites offers the opportunity to ana-
lyze the expression of the replaced gene in single sporozoites.
The construct pPfCSP contained the entire PfCS coding se-
quence, whereas the constructs pPfCSP(RI�) and pPfCSP-
(RII�) carried a PfCS sequence without region I or II, respec-
tively (Fig. 1A). Transformation, selection, and cloning
experiments (24, 29) yielded the transgenic parasite clones
CSP-9 (replacement with PfCS), CSP(RI�)-6 (replacement with
PfCS without region I) and CSP(RII�)-7 (replacement with
PfCS without region II). Southern blot analysis demonstrated
that the three targeting constructs correctly integrated in the
transgenic parasites thereby placing the PfCS coding se-
quences under the control of the endogenous PbCS regulatory
sequences and directing the downstream insertion of the se-
lectable marker DHFR-TS (Fig. 1B). Probe a, encompassing 1.1
kb of the 5�-UTR of PbCS, hybridized with a single band of 4.2
kb in the digest of WT parasites in agreement with the pre-
dicted position of the EcoRV sites in the PbCS locus. The same
probe hybridized with a single band of about 4.8 kb in the
EcoRV digest of the transgenic parasites. The size shift is due
to the insertion of PfCS coding sequence and its 3�-UTR that
together exceeded the size of the endogenous PbCS gene by 560
nucleotides. This result was confirmed by the observation that
probe b, encompassing the coding sequence of PbCS, hybridized
with a single band of 4.2 kb in the WT digest but failed to show
any reactivity with the DNA of the transgenic parasites. Probe
c, encompassing the coding sequence of PfCS, hybridized only
with a 4.8-kb band in the transgenic parasite digests. The
hybridization pattern of probe d, encompassing the coding se-
quence of DHFR-TS, and probe e, encompassing the 3�-UTR of
PbCS, indicated that the DHFR-TS transcription unit had cor-
rectly integrated in CSP-9, CSP(RI�)-6, and CSP(RII�)-7 (Fig.
1B). Chromosome blots hybridized with probes b and c con-
firmed that, in the transgenic parasites, the PfCS coding se-
quences had selectively replaced the endogenous PbCS gene on
chromosome 4 (Fig. 1C). The integrity of the inserted DNA was
confirmed by PCR and sequence analysis (data not shown).

Development of the Transgenic Parasites in the Mosquito—
Blood stage parasites from CSP-9, CSP(RI�)-6, and CSP-
(RII�)-7 replicated normally in mice and generated gameto-
cytes that developed into fertile gametes and morphologically
normal ookinetes (data not shown). A. stephensi mosquitoes
were fed on mice infected with these three different transgenic
parasites. The development of the parasite in the mosquito was
monitored starting from day 8 post infection, examining the
oocyst where the expression of CS is first detected. Sporozoite-
containing oocysts were detected in the gut at day 14 post
infection (Fig. 2A). In four independent experiments CSP-9,
CSP(RI�)-6, and CSP(RII�)-7 generated an average of 78, 104,
and 67 oocysts per gut, respectively, values that were very
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similar to those observed for WT P. berghei parasites (Table I).
This indicates that, unlike a CS knock-out where no sporozo-
ites were detected in oocysts (28), parasite development in the
gut was not affected by the replacement with PfCS gene or with
the variants without regions I or II. Compared with WT para-
sites, clones CSP-9 and CSP(RI�)-6 showed a 10- to 16-fold
reduction in the number of salivary gland sporozoites, whereas
a 290-fold reduction was observed with CSP(RII�)-7 parasites
(Table I). P. falciparum and P. berghei WT sporozoites infected
equally well the salivary glands of the mosquitoes utilized in
this study (data not shown) thus arguing against the possibility
that the reduced infectivity of the transgenic sporozoites is due
to a salivary gland refractoriness of our laboratory mosquito
strain for the selected PfCS coding sequence. The infectivity of
CSP-9 sporozoites was high enough to assess the effect of the
deletion of regions I and II. Compared with CSP-9 and
CSP(RI�)-6, CSP(RII�)-7 showed a greater than 95% reduction
in the number of salivary gland sporozoites; statistical analysis
indicated that such a difference is significant (p � 0.05). We
further investigated the phenotype of the transgenic sporozo-
ites by analyzing the expression of PfCS protein by immuno-
fluorescence (IF) and by assessing their ability to glide on glass
surfaces, which reflects their motility status. This analysis
demonstrated an initial normal location of the CS protein in all
transgenic parasites. Freshly dissected gut sporozoites from
each of the transgenic clones showed a uniform and bright
surface staining when incubated with an antiserum against
PfCS protein (data not shown). Following incubation at 37 °C
for 1 h, more than 50% of CSP-9 and CSP(RI�)-6 gut sporozo-
ites (21 days post infection) showed CS protein-reactive trails
from gliding on a glass surface (Fig. 2B). The shape of the

trails, which consist of the immunoreactive CS material, indi-
cated that about 10% of the sporozoites were able to form one or
more complete loops, whereas the rest of the sporozoites left
trails of variable shape and length. The frequencies of motile
parasites were similar for WT, CSP-9, and CSP(RI�)-6 sporo-
zoites and in agreement with previous reports on the motility of
gut sporozoites (14). In contrast, CSP(RII�)-7 sporozoites did
not show any form of gliding motility upon temperature switch
to 37 °C. At this temperature the uniform PfCS protein surface
staining observed at 25 °C was replaced by clumps of immuno-
reactive material either outside the parasite body or in prox-
imity to its surface (Fig. 2B). The inability of CSP(RII�)-7
sporozoites to glide was analyzed further by IF to study the
expression and the location of TRAP, a micronemal parasite-
encoded molecule that is implicated in sporozoite motility (22–
24). TRAP expression was not altered in CSP(RII�)-7 sporozo-
ites, a typical TRAP staining pattern with antibody-reactive
material distributed within the cytoplasm both anterior and
posterior to the nucleus (14) was observed in WT and in all
transgenic sporozoites (Fig. 2B).

Infectivity of the Transgenic Parasites for the Vertebrate
Host—The role of regions I and II for parasite infectivity of the
mammalian host was investigated following intravenous injec-
tion into naı̈ve C57BL/6 mice of either salivary gland or gut
sporozoites both collected at day 21 post infection. In addition,
infected mosquitoes carrying the different transgenic parasites
were allowed to feed on naı̈ve mice. A blood stage infection was
initiated in a substantial fraction of the mice by as few as 100
WT salivary gland sporozoites (Table II), whereas with 1000
sporozoites all mice were infected. When 5000 sporozoites were
inoculated, the number of days between injection of sporozoites

FIG. 1. The PbCS locus and the inte-
gration of PfCS. A, map of the pPfCSP
construct and schematic representation of
the WT and targeted PbCS locus. To direct
the 5� recombination event, a 1.1-kb 5�-
UTR sequence (light gray box) of PbCS
(dashed box pointing upward) was inserted
in front of the 1.6-kb WT PfCS coding se-
quence linked to 250 nucleotides of its 3�-
UTR (dark gray box). A 302-bp sequence
corresponding to the PbCS 3�-UTR (black
box) was placed downstream of PfCS to
minimize unforeseen problems in tran-
scriptional regulation and stability. A fur-
ther 848 bp of the PbCS 3�-UTR (dashed
box pointing downward) was inserted
downstream of the DHFR-TS transcription
unit (white box), to provide the end for the
3� recombination event. E indicates the po-
sition of the EcoRV cleavage sites. Thick
black lines (a–e) indicate the position of the
probes used in Southern blot experiments.
The lower panel shows the alignment of
PbCS protein region I and II motifs with
the corresponding PfCS protein sequences
carried by the transformation constructs
pPfCSP, pPfCSP(RI�), and pPfCSP(RII�).
Deletions of region I (KLKQP) and region
II (WSPCSVTCGNGIQVRIK) were intro-
duced in the PfCS coding sequence by site-
directed mutagenesis. B, Southern blot
analyses of the parasites. Genomic DNA
from WT and transgenic parasites was di-
gested with EcoRV, and hybridized with
five different probes denoted a–e below
each panel, to ascertain the correct integra-
tion of the constructs. Size markers are in
kilobases (kb). C, Southern blot analyses of
chromosomes from WT and transgenic par-
asites separated by pulse-field gel electro-
phoresis. The position of chromosome 4 mi-
gration is indicated by an arrow.
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and the first appearance of the parasites in the blood (the
pre-patent period), decreased from 5.0 to 3.5 days. Identical
rates of infection and pre-patent periods were observed by
injecting similar numbers of CSP-9 and CSP(RI�)-6 salivary

gland sporozoites (Table II). CSP(RII�)-7 sporozoites always
failed to infect the mice (Table II). The infectivity of gut sporo-
zoites was much less efficient than salivary gland sporozoites.
This observation is in agreement with earlier reports showing
that gut sporozoites are less infective than salivary gland

FIG. 2. Oocyst development and
sporozoite motility. A, phase-contrast mi-
crophotographs of mosquito guts containing
WT and transgenic parasite oocysts, show-
ing no significant morphological differences.
B, confocal immunofluorescence (IF) micro-
photographs of WT and transgenic gut
sporozoites incubated at 37 °C and devel-
oped using antibodies directed against PbCS
protein, PfCS protein, and PbTRAP. Motile
sporozoites shed circular trails of material
recognized by antibodies directed against
CS.

TABLE I
Parasite development in mosquitoes

Values represent the mean � S.E. of four different independent experiments, each with a minimum of 50 mosquitoes.

Parasite Oocysts per gut Sporozoites per gut Sporozoites per oocyst Sporozoites per salivary gland Salivary gland sporozoites per
oocyst

WT 72 � 47 20,318 � 9,335 341 � 127 17,166 � 4,072 318 � 197
CSP-9 78 � 33 13,766 � 5,919 189 � 85 1,764 � 1,235 22 � 12a

CSP(RI�)-6 104 � 36 19,138 � 9,926 210 � 154 1,088 � 370 11 � 5a

CSP(RII�)-7 67 � 39 19,989 � 12,883 345 � 242 59 � 70 0.5 � 0.7a,b

a Significant difference between WT and transgenic parasites.
b Significant difference between CSP-9 and the transgenic parasite CSP(RII�)-7.

TABLE II
Infectivity of salivary gland sporozoites

Parasite Sporozoites injected Mice infected Pre-patent
perioda

WT 100 2/3 5.0
1000 7/7 3.8
3000 2/2 3.5
5000 4/4 3.5

CSP-9 100 3/7 5.0
1000 9/9 3.8
3000 2/2 3.5
5000 4/4 3.5

CSP(RI�)-6 100 3/8 5.0
1000 8/8 3.7
3000 2/2 4.0
5000 4/4 3.5

CSP(RII�)-7 100 0/4
1000 0/8
5000 0/2

a Pre-patent period is the number of days between injection and first
appearance of the parasites in the peripheral blood.

TABLE III
Infectivity of midgut sporozoites

Parasite Sporozoites injected Mice infected Pre-patent
perioda

WT 500,000 1/2 8.0
300,000 2/4 8.0
100,000 6/11 9.5
10,000 0/14 0

CSP-9 500,000 1/3 8.0
300,000 3/8 9.0
100,000 3/8 9.6

CSP(RI�)-6 500,000 1/2 8.5
300,000 2/6 8.0
100,000 4/11 9.6

CSP(RII�)-7 1,000,000 0/0 0
500,000 0/1 0
300,000 0/7 0
100,000 0/8 0

a Pre-patent period is the number of days between injection and first
appearance of the parasites in the peripheral blood.
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sporozoites (32). Although a fraction of mice was infected with
WT, CSP-9, and CSP(RI�)-6 gut sporozoites, the region II-
deleted parasites CSP(RII�)-7 always failed to infect the mice
even after the injection of 1 million sporozoites (Table III).
Similarly, CSP(RII�)-7-infected mosquitoes failed to initiate
infection in the mice after blood feeding. These findings clearly
indicate that, although the deletion of region I of CS protein
does not impair sporozoite infectivity, region II has a critical
role in this process.

DISCUSSION

Our data have important implications for understanding the
function of the CS protein and its domains in the process of
sporozoite motility and infectivity. All transgenic parasite lines
developed normally to the oocyst stage. CSP-9 sporozoites in-
fected mosquito salivary glands less efficiently than WT P.
berghei sporozoites. Possibly the sequence changes introduced
outside the conserved region I and II by replacing PbCS with
PfCS could have reduced the ability of the PfCS protein to
function optimally within the P. berghei background during
sporozoite invasion of A. stephensi salivary glands. The re-
moval of region I did not modify CSP(RI�)-6 sporozoite motility
and infectivity for mosquito salivary gland compared with
CSP-9 parasites. This last finding would rule out a role of this
motif in the process of sporozoite recognition of a mosquito
salivary gland ligand. Such a conclusion is in agreement with
the notion that the CS protein expressed by CSP(RI�)-6 sporo-
zoites has a structural organization similar to the P. gallina-
ceum CS protein (5). The absence of region I in P. gallinaceum
CS protein does not affect parasite development into oocyst and
sporozoite invasion of salivary glands.

The removal of region II almost abolished the ability of
sporozoites to infect salivary glands. A role of region II in the
process of CS protein recognition of salivary gland ligands
could not be inferred on the basis of these findings. The deletion
of this sequence also abolished sporozoite gliding thus making
it difficult to assess whether the impairment of salivary gland
invasion was the direct consequence of disrupting a crucial
receptor-ligand interaction or indirectly due to the lack of mo-
tility. CSP(RII�)-7 sporozoites did not glide upon temperature
switch to 37 °C as indicated by the lack of CS protein trails and
the clumps of CS-reactive material along the surface and out-
side the parasite body. In these sporozoites the flow of CS
protein from the apical complex to the caudal end of the para-
site appeared to be replaced by a spatial, uncoordinated cap-
ping process.

The phenotype of CSP(RII�)-7 sporozoites sheds new light on
the composition and the function of the sporozoite locomotion
machinery. TRAP has been previously hypothesized to function
in the process of sporozoite motility by linking host ligands
bound to its adhesive domains (TSP type 1 repeat sequence and
A domain) with the parasite actin-myosin motor (23, 24, 33).
Notably, TRAP knock-out P. berghei sporozoites do not move
(22). This phenotype is identical to that of CSP(RII�)-7 sporo-
zoites thus indicating that TRAP alone is necessary but not
sufficient for sporozoite motility. Our findings now demon-
strate that for sporozoites to move TRAP must be functionally
coupled to a CS protein containing an intact region II. This
could be achieved through a direct interaction or be mediated
by additional parasite molecular partners. The deletion of re-
gion II in the CS protein could impair sporozoite motility either
by disrupting these interactions or by impairing the ability of
the CS protein to directly mediate attachment of the sporozo-
ites to host ligands. The disruption of region II also abolished
sporozoite infectivity for the vertebrate host as shown by the
observation that CSP(RII�)-7 sporozoites always failed to in-
fect the mice (Table II).

CSP-9 and CSP(RI�)-6 sporozoites infected C57BL/6 mice
equally well as the parental WT parasites thus demonstrating
that the PfCS protein is able to complement the activity of the
endogenous P. berghei CS protein very efficiently. The disrup-
tion of region I did not impair sporozoite infectivity in the
vertebrate host. This was a surprise, because region I is pres-
ent in the CS protein of mammalian parasite and is absent in
avian parasites. Sporozoites of mammalian parasites infect
host hepatocytes, whereas avian parasites selectively invade
and develop inside the macrophages. This correlation between
CS protein structure and sporozoite infectivity for different
host cell types has suggested a role of region I in sporozoite
recognition and entry of vertebrate hepatocytes. If this were
the case our findings indicate that this function can be comple-
mented by region II at least in the parasite-vertebrate host
combination utilized in this study. This would be in agreement
with previous reports showing that the ligand of region I could
be a GAG-related molecule sharing structural similarities with
the ligand of region II (21, 34, 35).

The P. falciparum CS protein has been regarded as one of the
best vaccine candidates for malaria (1, 36). Transgenic P.
berghei sporozoites expressing P. falciparum CS protein repre-
sent a unique tool to systematically assess formulation, regi-
men, and molecular composition of a human malaria vaccine
using a high throughput animal experimental model.
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