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Summary

Apicomplexan parasites critically depend on a unique
form of gliding motility to colonize their hosts and to
invade cells. Gliding requires different stage and
species-specific transmembrane adhesins, which
interact with an intracellular motor complex shared
across parasite stages and species. How gliding is
regulated by extracellular factors and intracellular sig-
nalling mechanisms is largely unknown, but current
evidence suggests an important role for cytosolic cal-
cium as a second messenger. Studying a Plasmodium
berghei gene deletion mutant, we here provide evi-
dence that a calcium-dependent protein kinase,
CDPK3, has an important function in regulating motil-
ity of the ookinete in the mosquito midgut. We show
that a cdpk3 parasite clone produces morphologi-
cally normal ookinetes, which fail to engage the mid-
gut epithelium, due to a marked reduction in their
ability to glide productively, resulting in marked reduc-
tion in malaria transmission to the mosquito. The
mutant was successfully complemented with an epi-
somally maintained cdpk3 gene, restoring mosquito
transmission to wild-type level. cdpk3 ookinetes
maintain their full genetic differentiation potential
when microinjected into the mosquito haemocoel and
cdpk3 sporozoites produced in this way are motile
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and infectious, suggesting an ookinete-limited essen-
tial function for CDPKS3.

Introduction

To complete their life cycle, malaria parasites require
three invasive ‘zoite’-stages. (i) Merozoites invade eryth-
rocytes in the bloodstream of the vertebrate host. (i) Ook-
inetes are the motile zygotes that form in the blood meal
of the mosquito vector, penetrate the peritrophic matrix
and the mosquito midgut epithelium and then replicate as
an oocyst on the gut wall. (iii) Sporozoites are highly
motile parasite stages that emerge from the cyst and
penetrate cells of the mosquito salivary gland and various
tissues of the vertebrate host, before invading and differ-
entiating inside parenchymal cells of the liver. Malarial
invasive life cycle stages differ in morphology, size, target
tissues and modes and speed of movement, but the
molecular mechanisms driving motility and invasion are
nevertheless thought to be very similar (Baum et al,
2006).

Much of our molecular understanding of apicomplexan
gliding motility comes from studies on tachyzoites of
Toxoplasma gondii and on malaria sporozoites [recently
reviewed by Kappe et al. (2004) and Keeley and Soldati
(2004)]. Motility and invasion require the regulated apical
release of adhesive proteins or protein complexes from
secretory organelles, such as micronemes, rhoptries and
dense granules, which typically form part of the apical
complex that characterizes all apicomplexan invasive
stages. The actomyosin-based motor complex that pow-
ers motility is located between the parasite’s plasma mem-
brane and the underlying inner membrane complex (IMC).
The bridge between the motor and the extracellular sub-
strate is provided by a family of micronemal adhesins
typified by the thrombospondin-related anonymous pro-
tein (TRAP) of the sporozoite. Its translocation to the
posterior end of the parasite generates the force for glid-
ing motility and invasion (Sultan et al.,, 1997). In malaria
parasites, each invasive stage uses a different member of
the TRAP family, probably reflecting the diverse extracel-
lular substrates and host tissues, with which the malarial
life cycle stages interact. In ookinetes the circumsporozo-
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ite/ TRAP-related protein (CTRP) fulfils this function in the
mosquito midgut (Dessens et al., 1999; Yuda et al., 1999;
Templeton etal., 2000), while erythrocyte invasion is
thought to involve the merozoite TRAP homologue,
MTRAP (Baum et al., 2006).

In marked contrast to the surface adhesins, intracellular
components of the motor complex are thought to be highly
conserved across all invasive life cycle stages and api-
complexan parasite species (Baum et al., 2006). The con-
served cytoplasmic tails of all TRAP-family adhesins
engage the motor indirectly, by binding tetramers of the
glycolytic enzyme fructose-1,6-bisphosphate aldolase,
which in turn is capable of nucleating short actin filaments
(Buscaglia et al.,, 2003; Jewett and Sibley, 2003). The
force for parasite gliding and invasion is generated by the
dynamic interaction of these actin filaments with a class
X1V myosin, MyoA, which is essential for gliding (Meissner
et al., 2002). MyoA is anchored to the IMC by a MyoA tail-
interacting protein (MTIP; Bergman et al., 2003), which
has properties of a myosin light chain (Herm-Gotz et al.,
2002), and by two glideosome-associated proteins,
GAP45 and GAP50 (Gaskins et al., 2004; Baum et al.,
2006).

Studies on T. gondiitachyzoites point towards an impor-
tant role of calcium as a second messenger regulating
gliding. Microneme secretion, motility and invasion occur
independently of extracellular or host cell calcium levels,
but require the release of calcium from intracellular stores,
most likely the endoplasmic reticulum (Carruthers and
Sibley, 1999; Lovett et al., 2002). Artificially raising cyto-
solic calcium levels by pharmacological agents, such as
calcium ionophores, is sufficient to trigger microneme
release in T. gondii tachyzoites (Carruthers and Sibley,
1999) and Plasmodium falciparum sporozoites (Gantt
etal.,, 2000). Studying individual gliding tachyzoites,
Lovett and Sibley (2003) observed rapid increases in cyto-
solic calcium accompanying or immediately preceding
bursts of motility in vitro, illustrating the key role calcium
plays as a second messenger.

Protein kinases are emerging as important down-
stream effectors of the calcium signal(s) regulating
gliding (Dobrowolski et al., 1997; Carruthers et al., 1999;
Wiersma et al., 2004). Candidates include members of
the family of calcium-dependent protein kinases (CDPK),
one of which, TJCDPK2, was identified as a prominent
target for a kinase inhibitor, KT5926 (ICs, c. 100 nM), that
blocks tachyzoite motility in T. gondii (Kieschnick et al.,
2001). Members of the CDPK family have been identified
in plants, green algae, ciliates and apicomplexan para-
sites (see Harper and Harmon, 2005 for review). They
characteristically combine within the same protein a
serine/threonine protein kinase domain with a regulatory
carboxy-terminal calmodulin-like domain composed of
four calcium-binding EF hands. The P, falciparum genome

encodes five typical members of the CDPK family but
none of these have so far been implicated in regulating
gliding motility. CDPK1 is secreted from asexual blood
stage parasites by an unusual, acylation-dependent
mechanism (Moskes et al., 2004), but its molecular func-
tion remains unknown. Another family member, CDPK4,
plays a key role in cell cycle regulation during male
gamete formation (Billker et al., 2004). CDPK3 was also
speculated to have a function in gametocytes, based on
the transcriptional upregulation of the cdpk3 gene in sex-
ual stages of P, falciparum (Li et al., 2000). However, most
recently a Plasmodium berghei mutant with a disrupted
cdpk3 gene has provided strong evidence for an essential
function of CDPK3 in the ookinete (Ishino et al., 2006).
The authors of that study conclude CDPK3 has no funda-
mental function in gliding, but defining a novel transition
point in the midgut invasion process, they suggest that
CDPKS is required for ookinetes to traverse a gel-like layer
surrounding the blood meal of Anopheles stephensi mos-
quitoes, in which cdpk3~ ookinetes migrating out of the
blood meal were concluded to become trapped.

Studying a similar cdpk3 gene knock-out mutant in
P. berghei we here confirm an important function of
CDPK3 in malaria transmission. Importantly, and in
marked contrast to the previous study, we show that
capk3~ ookinetes are severely compromised in productive
gliding motility in vitro. The crucial role of CDPKS in reg-
ulating gliding motility provides a satisfactory explanation
for the strongly reduced transmission of the cdpk3”
mutant. We argue that the developmental defect of cdpk3~
ookinetes can be understood within the traditional model
of mosquito midgut invasion by the ookinete, and that no
revision of this model is thus required.

Results

Ookinetes need CDPK3 to penetrate the mosquito midgut
epithelium

We generated a cdpk3 gene knock-out clone in P berghei
by replacing the protein-coding regions corresponding to
amino acids 181-543 with a resistance marker (Fig. 1A).
Integration of the targeting construct and deletion of the
cdpk3 gene was verified by diagnostic PCR and Southern
blot analysis (Fig 1B and C). cdpk3~ parasites had no
detectable defect in asexual erythrocytic development in
mice and normal numbers of male and female gameto-
cytes were formed (data not shown). When cultured
in vitro, cadpk3  gametocytes differentiated into gametes,
fertilized, and the zygotes developed into morphologically
mature ookinetes. Conversion rates from female gametes
to ookinetes were equally high in wild-type (80.3 £ 7.8%,
n=3) and cdpk3~ parasites (76.0 = 5.6%, n = 3), showing
that CDPK3 has no essential function up to the stage of
ookinete formation. However, when A. stephensi mosqui-
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toes were allowed to feed on mice carrying cdpk3~ game-
tocytes, the number of oocysts present on the midgut
epithelium 10 days later was reduced by about 98% com-
pared with wild type (Table 1), a marked decrease that is
in good agreement with the 99% blockade observed by
Ishino et al. (2006) with a separately derived cdpk3~ par-
asite. We conclude that CDPKS is important in ookinetes
to give rise to oocyst infections. To test this hypothesis,
equal numbers of wild-type or cdpk3~ ookinetes from
in vitro cultures were offered to mosquitoes in membrane
feeders and oocyst numbers counted 10 days later. Infec-
tivity of cdpk3™ ookinetes was reduced by 99% (Table 1,
Experiments 8 and 9). When we re-introduced the
pbcdpk3 gene into the knock-out clone on an episomally
maintained plasmid (Fig.2A), ookinetes expressed a
CDPKS3 protein with a carboxy-terminal epitope tag
(Fig. 2B), and their infectivity was restored to wild-type
levels (Fig.2C). These results confirm that a CDPK3-
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Fig. 1. Targeted disruption of the cdpk3 gene.
A. lllustration of the cdpk3 gene locus and the
disruption construct used.

B. Diagnostic PCR showing absence of a

<~ cdpk3-specific product and presence of an inte-
ol47 gration-specific product in cdpk3™ clone 7.1.
X - C. Southern blot analysis of EcoRI/HindlIl-

digested genomic DNA, showing presence of
the tgdhfr/ts resistance gene in clone 7.1 and
two bands diagnostic of the intact cdpk3 locus
in wild type. The presence of two bands is due
to Hindlll restriction sites within the cdpk3 gene.
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dependent defect at or after the ookinete stage is respon-
sible for the dramatic reduction in oocyst numbers.

To test whether cdpk3~ ookinetes retained the genetic
potential to undergo ookinete-oocyst development we
microinjected equal numbers of in vitro cultured wild-type
and cdpk3~ ookinetes into the haemocoel of A. stephensi.
When given direct access to the mosquito in this way, both
wild-type and cdpk3~ ookinetes matured ectopically into
oocysts, gave rise to heavy salivary gland infections within
21 days, and produced salivary gland sporozoites that
were infectious to mice (Table 2). We conclude that
cdpk3~ ookinetes retain their full developmental potential
but have a specific defect in overcoming the physical
barrier posed by the midgut epithelium. We next asked
whether cdpk3™ ookinetes could bind and invade midgut
epithelial cells. Equal numbers of wild-type and cdpk3~
ookinetes (800 per ul) were fed to A. stephensiin a mem-
brane feeding apparatus. Midguts were dissected within

Table 1. Oocyst counts from A. stephensi mosquitoes fed either directly on infected mice (experiments 1-7) or on membrane feeders containing
uninfected mouse blood mixed with different numbers of ookinetes from cultures (experiments 8 and 9).

Clone Oocysts per mosquito® Prevalence® n°
Experiments 1-7 (fed on infected mice) Wild type 375.41 97.14 (3.80) 7
cdpk3~ 8.25 77.81 (21.99) 8
Experiment 8 (fed on 800 ookinetes per pl) Wild type 38.96 100.00 1
cdpk3~ 0.15 15.00 1
Experiment 9 (fed on 2200 ookinetes per pl) Wild type 148.36 100.00 1
cdpk3~ 0.07 10.00 1

a. Geometric mean oocyst numbers per mosquito are given.

b. Prevalence of infections is given as the percentage of mosquitoes infected (standard deviation).
c. n gives the number of independent infectious feeds. For each feed 20-30 mosquitoes were dissected.
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Fig. 2. Functional complementation of the cdpk3~ mutant.

A. Schematic illustration of the complementation plasmid, showing
the pbcdpk3 gene fused to an N-terminal double c-myc epitope tag
under the control of 2.7 kb upstream sequence and a generic 3'UTR
from the pbdhfi/ts gene.

B. Western blot analysis of protein extracts from 10° ookinetes of the
cdpk3 clone 7.1 and a CDPK3 myc-complemented parasite popula-
tion. The blot was first probed with the anti-myc mouse monoclonal
antibody 9E10 (Sigma, UK). As a loading control the membrane was
then stripped and re-probed with an rabbit polyclonal serum raised
against T. gondii CDPK2 (Kieschnick et al., 2001) that recognizes
CDPK4 in P, berghei (Billker et al., 2004).

C. Oocyst numbers counted 10 days after mosquitoes were allowed
to feed on blood containing 800 ookinetes per L. Averages oocyst
numbers and standard deviations from two experiments using inde-
pendent ookinetes culture are shown. Twenty-five midguts were dis-
sected in each replicate experiment.

2—4 h and processed for immunostaining to visualize ook-
inetes associated with the gut epithelium (Fig. 3). On aver-
age, 34.9 wild-type ookinetes (£14.3; n=15 midguts)
were associated with the midgut cells. In marked contrast,

only 1.1 cdpk3~ ookinetes (+0.9; n=14 midguts) had
accessed the gut.

CDPKS3 is required for productive gliding motility of
ookinetes

Recognizing that the reduced infectiousness of cdpk3
ookinetes could result from a fundamental defect in motil-
ity, we compared the ability of wild-type and cdpk3™ ooki-
netes to glide on glass slides in vitro. We exploited the
fact that P berghei ookinetes purified from cultures are
usually found in aggregates. We find that their dispersal
relies on gliding motility and is sensitive to the anti-cytosk-
eletal agent cytochalasin D. When cocultured with insect
cells, aggregates of wild-type ookinetes dispersed rapidly
(Fig. 4A and Movie S1). In marked contrast, cdpk3™ ooki-
netes showed a strongly reduced ability to glide produc-
tively and aggregates thus failed to disperse (Fig. 4B and
Movie S2). Motility of cdpk3~ ookinetes was abnormal,
showing frequent flexing, bending, twirling and pendular
motions, but only rare bouts of translocation over short
distances (Movie S2). These observations were con-
firmed in a quantitative analysis, in which the proportion
of cdpk3~ ookinetes that dispersed from aggregates was
scored and compared with wild type, either in the absence
or in the presence of cytochalasin D (Fig. 4C). Prompted
by the reported conservation among the motor compo-
nents across invasive parasites stages (Baum etal,
2006), we asked whether sporozoite motility was also
CDPK3-dependent. Twenty to 25% of wild-type and
cdpk3~ sporozoites obtained from ookinete-injected mos-
quitoes produced typical circular motility traces on glass
slides (Fig. 4E) that were indistinguishable from wild type
in shape and size (Fig. 4D). Motility traces were of similar
length, corresponding to on average 1.7 £0.5 (n=23)
complete revolutions in wild type and 1.9 £ 0.8 (n=23) in
the cdpk3~ sporozoites. Motility in cdpk3~ sporozoites
was consistent with their normal infectivity for mice.
Together with the absence of a cdpk3~ phenotype in asex-
ual parasite development, these data suggest a key role

Table 2. Salivary gland sporozoites in A. stephensi that were either fed on or injected with in vitro cultured ookinetes.

Infectious to mice®

Clone Sporozoites in glands® By bite By injection
Fed on 800 ookinetes per ul Wild type 19 800 (+4 900) 2/2 n.d.
cdpk3~ 0 (£0) 0/2 n.d.
Injected with 600 ookinetes Wild type 13 000 (£3 200) 2/2 n.d.
cdpk3~ 4800 (+200) 22 4/4

a. Arithmetic mean sporozoites per mosquito are given (+ standard deviation from repeat experiments with different ookinete cultures). For each

data point 18—30 pairs of glands were examined.

b. Infectivity to mice was determined by allowing mosquitoes to feed on naive mice or by injection of isolated sporozoites into a tail vein. Whenever
sporozoites were observed in the glands, these were highly infectious, resulting in blood infections from day 4 post infection. Data are given as

mice positive/mice infected; n.d., not done.
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Fig. 3. cdpk3 ookinetes fail to associate with
the mosquito midgut epithelium. Representa-
tive midgut epithelial sheets are shown that
were dissected 2 h after mosquitoes had fed on
equal numbers of cultured wild-type (A-C) or
cdpk3 (D—F) ookinetes. Midguts were fixed,
permeabilized and immunostained with an anti-
body against A. stephensiannexin to visualized
the epithelium (panels A and D), and against
the ookinete surface antigen P28 (panels B and
E). All images are stacks of confocal sections.
A higher magnification inset in (B) shows an
ookinete associated with the midgut epithelium.

Fig. 4. Motility of wild-type and cdpk3~ ooki-
netes and sporozoites.

A. Wild-type ookinetes purified from in vitro cul-
tures disperse from aggregates after being
incubated with insect cells.

B. cdpk3™ ookinetes fail to show productive
gliding motility. Each sequence of images is
representative of at least three independent
experiments with ookinetes cultured from differ-
ent infected mice.

C. Quantification of ookinete dispersal. The
proportion of dispersed ookinetes was deter-
mined after 24 h of culture in the absence and
presence of cytochalasin D. Arithmetic

means =* standard deviations from three inde-
pendent experiments are shown.

D and E. Motility trails of wild-type (D) and
cdpk3 sporozoites (E) obtained from salivary
glands of ookinete-injected mosquitoes. Trails
were visualized using a monoclonal antibody
directed against the circumsporozoite protein,
which labels both the sporozoites (arrows) and
the trails of surface proteins shed by gliding
sporozoites. The upper row of each panel
shows corresponding immunofluorescence and
phase contrast images of the same sporozoi-
tes. The bottom row of each panel illustrates
additional representative circumsporozoite
trails.
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for CDPKS in regulating productive gliding motility specif-
ically at the ookinete stage.

Discussion

Due to their stage-specific expression patterns, the plant-
like CDPK of apicomplexan parasites have the potential
to translate the ubiquitous second messenger calcium into
different, stage-specific cellular responses in the parasite.
We have previously identified a specific essential role for
CDPK4 in the initiation of cell cycle events in male game-
tocytes of P berghei (Billker etal.,, 2004). Our current
analysis of a cdpk3~ deletion mutant shows that this pro-
tein kinase has no essential function during asexual and
sexual intraerythrocytic parasite development and that
fertilization and the differentiation of the zygote into mor-
phologically normal ookinetes do not rely on CDPKS3. Fur-
thermore, when ookinetes are given direct access to the
mosquito haemocoel, CDPK3 is not required for their fur-
ther differentiation into oocyst and infectious sporozoites.
However, our analysis concurs with recent work studying
a similar mutant (Ishino et al,, 2006) in concluding that
cdpk3~ ookinetes are severely affected in their ability to
establish an infection in the mosquito, because they fail to
access the midgut epithelium. Our functional analysis is
supported by a complementation experiment, which
shows that re-introducing a cdpk3 allele into the capk3~
mutant on an episomally maintained plasmid restores
infectivity.

Using video microscopy and a quantitative ookinete
spreading assay, we show here for the first time that
capk3~ ookinetes have a severely reduced ability to move
productively on glass slides and to disperse from aggre-
gates in vitro. This motility defect is sufficient to explain
the reduced ability of cdpk3~ ookinetes to engage and
invade the mosquito midgut epithelium. Importantly,
cdpk3~ ookinetes are still capable of some bending, twirl-
ing and pendular movements and limited translocation,
which may account for their residual infectivity of 1-2% of
wild type. How CDPK3 regulates ookinete gliding remains
to be defined. Gliding in other apicomplexan zoites can
be regulated through the apical secretion of microneme
proteins that form the bridge between the extracellular
substrate and the intracellular motor. Microneme secretion
is calcium-dependent in many apicomplexan zoites,
including malarial sporozoites (Gantt et al., 2000) and in
T. gondii tachyzoites it is a precondition for motility and
host cell invasion (Carruthers et al., 1999). Our unpub-
lished observations suggest ookinete motility is stimulated
in the presence of insect cells and — consistent with the
regulatory function of CDPK3 — is inhibited by a chelator
of cytosolic calcium. However, whether the secretion of
the microneme adhesin CTRP is controlled by cytosolic
calcium levels and CDPK3 is unknown. Looking at two

micronemal proteins of the ookinete, SOAP and CTRP, we
have been unable with currently available reagents to
establish a suitable microneme secretion assay to exam-
ine this possibility.

Recent in vivo imaging studies showed that ookinetes
and sporozoites not only initiate and terminate gliding, but
display twirling and bending actions, circular and straight-
segment movements, and shape changes, in addition to
invasive motility (Frischknecht et al., 2004; Vlachou et al.,
2004; Amino et al., 2006). Furthermore, oocyst-derived
sporozoites exhibit chemotaxis towards a heat-stable fac-
tor from mosquito salivary glands (Akaki and Dvorak,
2005) and it is tempting to speculate that ookinetes may
be able to similarly direct their motility towards the midgut
epithelium. This surprisingly large behavioural repertoire
probably requires other layers of regulation in addition
to microneme secretion. Potential phosphorylation-
dependent control points include (i) the nucleation, stabi-
lization or destabilizing of actin filaments by aldolase or
other actin-binding molecules, such as toxofilin, which is
subject to dynamic phosphorylation in T. gondii (Delorme
etal., 2003), or (ii) the activity of myosin, which may
involve the myosin light chain-like MTIP protein (Bergman
etal., 2003). It will be interesting to examine whether
molecular components of the motor complex are sub-
strates for CDPK3. The ookinete-specific essential func-
tion for CDPK3 is unexpected in view of the universal role
of calcium in zoite motility and considering that all invasive
stages of Plasmodium are thought to use the same molec-
ular motor (Baum et al., 2006). We speculate that in mero-
zoites and sporozoites other members of the CDPK family
may have functions similar to CDPK3 in the ookinete.

Our quantitative assay showing that productive gliding
in cdpk3~ ookinetes is fundamentally disturbed is in
marked disagreement with a recent report investigating
ookinete gliding in a similar mutant, but on a gel-like
substrate (Matrigel™) that contains mouse basement
membrane proteins (Ishino etal, 2006). Gliding of
cdpk3~ ookinetes on the gel surface is reported (but not
quantified) as being normal and is contrasted with the
failure of cdpk3~ ookinetes to penetrate the gel matrix.
Analysing mosquito blood meals 20 h after an infectious
feed by transmission electron microscopy, Ishino et al.
(2006) further show that cdpk3~ ookinetes accumulate in
an electron-lucent layer surrounding the blood meal. Lik-
ening this layer to the Matrigel™ used in vitro, a novel,
CDPKS3-dependent transition point in the midgut invasion
process, is proposed, at which ookinetes would have to
switch from CDPKB3-independent gliding through the
blood meal to a different, CDPK3-dependent mode of
motility to penetrate the layer surrounding the blood
meal, before eventually gaining access to the epithelium.
In an attempt to reconcile our data with the previous
report, we performed a quantitative estimate of ookinete
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gliding in the two movies published by Ishino etal.
(2006). Wild-type ookinetes migrating in Matrigel™ cover
a distance corresponding to on average 5.61 times their
own length (standard deviation = 1.25, n= 16 ookinetes)
in 45 min. During the same period cdpk3~ ookinetes on
the gel surface, while clearly showing some movement,
progress by only 0.83 times their own length (standard
deviation = 1.33, n=20 ookinetes), and many ookinetes
not included in our estimate fail to disperse from an
aggregate on the gel surface, just as we have observed
with our cdpk3 KO clone.

As we show here that cdpk3™ ookinetes have a gen-
eral motility defect, it is no longer necessary to assume
CDPKS3 has a more specific function for ookinetes when
they penetrate the digested periphery of the blood
meal. It is well established that haemolysis and diges-
tion proceed centripetally from the periphery of the
blood mass inwards (Clements, 1992) and immotile
objects resistant to digestive enzymes, such as capk3~
ookinetes, must therefore accumulate in the narrow
lysis zone that forms between the undigested blood and
the midgut epithelium. Finally, our membrane feeding
assays showing that mature cultured cdpk3~ ookinetes
still fail to infect when brought in immediate intimate
contact with the midgut epithelium, rule out any specific
function for CDPK3 at the hypothetical transition point
between the undigested erythrocyte mass and the
peripheral layer as suggested by Ishino etal. (2006).
We conclude that a fundamental motility defect is
entirely sufficient to explain the phenotype of cdpk3~
ookinetes within the traditional model of ookinete inter-
actions with the blood meal. Future studies should
focus on dissecting the exact molecular functions of
CDPKS3 and other CDPK family members to assess the
importance of this group of plant-like protein kinases as
targets for pharmacological intervention.

Experimental procedures

Parasite maintenance, in vitro culture and transmission to
mosquitoes

The P berghei ANKA wild-type strain 2.34 and transgenic
lines were maintained in phenyl hydrazine-treated Theiler's
Original outbred mice and transmitted by A. stephensi, strain
SD500, as described previously (Sinden et al., 2002). The
course of infections and gametocyte production were moni-
tored on Giemsa-stained blood films. Ookinetes were grown
in vitro by culturing of gametocyte-infected mouse blood,
quantified and then purified by selective lysis of erythrocytes
as described previously (Sinden et al., 2002). Macrogamete-
to-ookinete conversion rates were determined in 24 h cul-
tures by live immunofluorescence microscopy with a Cy3-
conjugated monoclonal antibody against the macrogamete/
zygote/ookinete surface antigen p28, as previously described
(Tewari et al., 2005a). For transmission experiments, batches
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of 50 mosquitoes, which had been starved overnight, were
either fed directly on anaesthetized infected mice on day 4 of
a blood-induced infection, or were allowed to feed on a mem-
brane feeder apparatus loaded with a suspension of cultured
ookinetes in blood from an uninfected mouse. All feeds were
done for 20 min at 19°C. Unfed mosquitoes were removed
the following day. Oocysts were counted on dissected midg-
uts on day 10 after feeding. Alternatively, adult female mos-
quitoes were infected by microinjection of 60 nl of cultured
ookinetes into the thorax, using a Nanoject Il hand-held
microinjector (Drummond, USA). Wild-type and cdpk3-ooki-
netes for injection were cultured in vitro from infected blood,
from which leucocytes had been removed (Sinden et al.,
2002). Ookinete numbers in 20-24 h cultures were deter-
mined in a haemocytometer, ookinete density adjusted to 10*
per ul, and cultures back-filled into borosilicate injector
needles.

Deletion and complementation of the cdpk3 gene

A targeting vector for pbcdpk3 was constructed in plasmid
pBS-DHFR, in which polylinker sites flank a T. gondii dhfr/ts
expression cassette conveying resistance to pyrimethamine.
A 608 bp fragment comprising 5” upstream sequence fol-
lowed by the first 543 bp of exon1 of cdpk3 was PCR ampli-
fied from P berghei genomic DNA and inserted into Kpnl
and Apal restriction sites upstream of the dhfr/ts cassette of
pBS-DHFR. A 686 bp fragment comprising the last two
exons and 3’ flanking region of pbcdpk3 was then inserted
downstream of the dhfr/ts cassette. The replacement con-
struct was excised as a Kpnl/BamHI fragment and used for
the electroporation of cultured P berghei schizonts as
described (Menard and Janse, 1997; Billker et al., 2004).
Following dilution cloning of drug-resistant parasites, geno-
typing of a cdpk3 clone, named 7.1, was carried out by
Southern blot analysis and diagnostic PCR across the pre-
dicted integration site in principle as described previously for
other gene deletions (Billker et al., 2004). A complementa-
tion vector was constructed in two steps in plasmid p141, a
generic version of the myc-tagging vector p142 described
previously (Billker etal., 2004). First a 2.7 kb fragment
representing the cdpk3 5° upstream intergenic region
was PCR-amplified from P berghei genomic DNA using
oligonucleotides 0l175 (3-GAGAGGTACCGGGAAAATGAT
GTAACTATAAGATG, restriction site underlined) and ol176
(3"-CATGCTAGCTTTTACGTATTAAACTATTTCCAAAAT) and
inserted into Kpnl abd Nhel digested p142, giving rise to
p142/11. Next the complete cdpk3 genomic sequence,
including all introns, but excluding the TAA stop codon,
was amplified from genomic DNA using primers ol177
(3"-CATGCTAGCATGAATCAATTATGTGTAGAAAG) (restric-
tion site underlined) and ol178 (3'-GAGAGGGCCCATACTT
TAGTTTCATCATTTCGCAA) and inserted into the Nhel and
Apal restriction sites of 142/11, downstream of the putative
cdpk3 promoter and 5'UTR sequence, in frame with a dou-
ble c-myc epitope tag, followed by the stop codon and 0.5 kb
of the P, berghei dhfr/ts 3'UTR. The resulting plasmid, p217,
was confirmed by sequencing. p217 was introduced into the
cdpk3 clone 7.1 by electroporation and maintained as an
episome by selection for the hdhfr gene as described previ-
ously (Billker et al., 2004).
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Staining of infected midguts

Midguts from fed mosquitoes were dissected at the indicated
times in 1.85% paraformaldehyde in phosphate- buffered
saline (PBS), pH 7.3. The blood meal was removed and the
midgut epithelia were fixed for 1 h in 3.7% paraformaldehyde,
washed once in PBS and then incubated for 30 min in PBS,
0.1% TritonX-100, 5% normal goat serum (NGS, Jackson
Immunoresearch). Gut epithelial cells were stained with a
mouse monoclonal antibody against mosquito annexin
(Kotsyfakis et al., 2005), diluted in PBS, 5% NGS, for at least
1h at room temperature. Three 10 min washes in PBS,
5% NGS, were followed by an incubation with Alexa488-
conjugated goat anti-mouse antibody (Molecular Probes) for
1 h. Following another three washes, ookinetes were visual-
ized with a Cy3-conjugated mouse monoclonal antibody 13.1
directed against the ookinete surface protein P28 (Winger
et al.,, 1988). Stained midgut epithelial sheets were mounted
in Vectashield (Vector Laboratories) and analysed by confo-
cal microscopy.

Motility assays

Ookinetes purified from in vitro cultures were mixed on a
microscope slide with Aedes aegytpi Mos20 cells in M199
medium (Sigma, UK), supplemented with 10% bovine calf
serum. Ten microlitres of cell suspension was placed under
Vaseline-rimmed coverslips and digital images recorded
every 30 s for 10 min. Wild-type and mutant ookinetes were
analysed in parallel. To quantify motility, aggregated ooki-
netes purified from in vitro cultures were seeded in duplicates
into cocultures with Mos20 cells in LabTek 8-well chamber
slides (Nunc, UK). 10 uM cytochalasin D (Calbiochem, UK)
was added to one of the two wells for each sample. After 20—
24 h ookinetes were visualized by staining with the Pb70
antibody against an ookinete cytoskeletal protein (Siden-
Kiamos et al., 2000). Dispersed ookinetes and those that
remained in aggregates were counted separately in randomly
selected fields under the microscope. At least 200 ookinetes
were counted in each sample. The proportion of all ookinetes
that had dispersed is a measure of the motility of the ooki-
netes, while the sample containing cytochalasin D indicates
the random occurrence of single ookinetes, as ookinetes are
non-motile under these conditions (I. Siden-Kiamos and C.
Louis, unpublished). To examine sporozoite gliding, we visu-
alized motility trails using the 3D11 mouse monoclonal anti-
body (Yoshida et al., 1980), generously provided by Laurent
Renia, against the circumsporozoite protein, using a previ-
ously described protocol (Tewari et al., 2005b).
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Supplementary material

The following supplementary material is available for this
article online:

Movie S1. Motility of wild-type ookinetes; the parasites move
out of a central aggregate of ookinetes. Purified wild-type
ookinetes were mixed with Mos20 cells under a Vaseline-
rimmed coverslip. Images were captured every 30s for
10 min.

Movie S2. Motility of cdpk3™ ookinetes; the ookinetes show
some residual motility but the majority of the ookinetes do
not display translocational motility and thus are not able to
move out of the aggregate. Purified mutant ookinetes were
mixed with Mos20 cells under a Vaseline-rimmed coverslip.
Images were captured every 30 s for 10 min.

This material is available as part of the online article from
http://wwww.blackwell-synergy.com
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