
The developmental migration of Plasmodium in mosquitoes
Dina Vlachou, Timm Schlegelmilch, Ellen Runn, Antonio Mendes and
Fotis C Kafatos
Migration of the protozoan parasite Plasmodium through the

mosquito is a complex and delicate process, the outcome of

which determines the success of malaria transmission. The

mosquito is not simply the vector of Plasmodium but, in terms

of the life cycle, its definitive host: there, the parasite undergoes

its sexual development, which results in colonization of the

mosquito salivary glands. Two of the parasite’s developmental

stages in the mosquito, the ookinete and the sporozoite, are

invasive and depend on gliding motility to access, penetrate

and traverse their host cells. Recent advances in the field have

included the identification of numerous Plasmodium molecules

that are essential for parasite migration in the mosquito vector.
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Introduction
Malaria is a mosquito-borne parasitic disease that threa-

tens nearly half the global population. It is caused by

protozoan apicomplexan parasites of the genus Plasmo-
dium; four species cause malaria in man and are trans-

mitted by Anopheles mosquitoes. The parasites must

complete their sexual development within the mosquito

before they can infect the vertebrate hosts. An increasing

number of Plasmodium genes that play important roles in

the interaction with the mosquito have been identified.

This quest has been aided by the development of meth-

ods to genetically manipulate the parasite [1,2] and by the

genome sequencing of the human parasite Plasmodium
falciparum [3,4] and other model parasites, including the

rodent parasite Plasmodium berghei [5]. Similarly, the

genome sequencing of Anopheles gambiae [6], the most

important vector of human malaria in Africa, and the

establishment of methods for stable transgenesis [7,8]

and reverse genetic analysis [9] have facilitated the dis-

covery of genes with important roles in the Anopheles–
Plasmodium interplay.
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In this review, we examine the complex interaction

between Plasmodium and its mosquito host, emphasizing

parasite molecules that are essential for penetration of

mosquito epithelia.

Gametogenesis: the switch to the parasite
sexual life
The parasite journey in the mosquito begins with the

ingestion of infected blood (Figure 1). In the mosquito

midgut lumen, Plasmodium female and male gametocytes

mature into gametes after exposure to environmental and

mosquito-specific factors, which can vary for different

Plasmodium species. These include a drop in temperature

by 5 8C, an increase in the pH, and exposure to xanthure-

nic acid [10]. A signal transduction cascade results in the

release of calcium in the cytoplasm of the gametocyte (the

sexual reproductive stage of the parasite), causing them to

begin development and to emerge from the red blood

cells. A calcium-dependent protein kinase, CDPK4, is

activated in male gametocytes and regulates exflagella-

tion and generation of eight motile gametes [11]. A

mitogen-activated kinase, Pbmap2, is essential for the

release of the flagellated gametes [12,13]. Peroxiredoxins,

which constitute a ubiquitous family of antioxidant

enzymes, are also involved in gametocyte development

[14].

The ookinete-to-oocyst developmental
transition and its perils
Soon after gamete fusion, the zygote, which is still in the

mosquito midgut lumen, matures into a motile ookinete

(Figure 1). This invasive parasite stage is able to pene-

trate the mosquito midgut epithelium a day after the

blood meal (Figure 2a) and, upon arrival at the basal side,

begins to transform into the sessile oocyst. During ooki-

nete maturation and transition to the oocyst, the parasite

undergoes meiosis, but this is not immediately followed

by karyokinesis and cell division. A protein kinase, NEK4

(NIMA [never in mitosis Aspergillus]-related kinase 4), is

essential for genome replication during meiosis [12,15].

The microneme is an apical ookinete organelle impli-

cated in host cell recognition and attachment, but also in

gliding motility. It secretes proteins, many of which are

associated with its surface and which, by interacting with

immobile mosquito ligands and translocating to the rear

end of the parasite, cause a ‘grab-and-push’-style, forward

parasite motion [16]. Using fluorescent P. berghei and real-

time in vivo imaging, we recently described three types of

ookinete movement and their relation with midgut inva-

sion [17�]. A stationary rotation mostly occurs in the
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Figure 1

Plasmodium migration in the mosquito host. The developmental lifecycle of Plasmodium in the mosquito starts with a female mosquito bite and

blood meal on a malaria-infected vertebrate host; it ends with a new bite approximately three weeks later. Soon after blood feeding, ingested

parasite gametocytes produce male and female gametes that fertilise and form the zygotes. Still in the gut lumen, the zygotes transform into

motile ookinetes. Approximately one day after blood feeding, the ookinetes traverse the midgut epithelium; the invaded epithelial cells become

apoptotic and are extruded from the midgut epithelium. Mosquito immune reactions result in processes, such as lysis and melanisation, mainly

mediated by proteins that are present in the mosquito hemolymph. These processes drastically reduce the number of ookinetes that successfully

develop to the next parasite stage, the oocyst, on the basal side of the epithelium. Approximately two weeks later — this length of time depends

on the parasite–mosquito species combination — multiple nuclear divisions within each oocyst are followed by membrane partitioning and

budding off of several thousand haploid sporozoites. Upon oocyst burst, this army of sporozoites is released into the haemocoel; many reach

and infect the median and the distal lateral salivary gland lobes. Invasion of the salivary gland epithelial cells is thought to occur through the

formation of a parasitophorous vacuole, following the interaction of sporozoites with the basal lamina and invagination of the host cell plasmalemma.

A similar parasitophorous vacuole is formed around the sporozoites during their escape from the salivary glad cells into the secretory cavity of

the glands. The final act of the parasites in the mosquito is the breakdown of this second vacuole and migration of sporozoites into the salivary

ducts, from where they are ejected into a new vertebrate host upon the next mosquito bite.

www.sciencedirect.com Current Opinion in Genetics & Development 2006, 16:384–391
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Figure 2

Invasion of mosquito epithelia by Plasmodium parasite stages. Transgenic P. berghei parasites expressing green fluorescent protein (green)

[17�,71] are used for live in vivo confocal imaging of infected mosquito midgut (a) and salivary gland (b) tissues. The epithelial cell membranes

are stained with a lipophilic vital dye (red and blue colours) as described [17�]. The magnification is increasing in the different panels, from left

to right.
midgut lumen and might not be required for invasion; a

straight-segment motility requires linear translocation

interrupted by turns to enable change in direction and

is believed to take place in the apical crevices of the

midgut epithelium; and, finally, a spiralling motility inside

the midgut cells is a combination of the other two move-

ments and enables a three-dimensional sampling of a

broad territory swath. The molecular mechanisms under-

lying gliding motility are elucidated for sporozoites (see

below) and are thought to be similar in ookinetes.

The first barrier that the ookinetes face during their

migration through the midgut wall is the chitinaceous

peritrophic matrix, an extracellular layer that coats the

apical side of the midgut epithelium (Figure 1). Secretion

of a chitinase by P. falciparum and P. gallinaceum is

essential for their penetration of this barrier, but this

appears to be less important in P. berghei [18]. A P. berghei
calcium-dependent protein kinase, CDPK3, also plays an

important role in the early events of midgut invasion;

although conflicting evidence from different studies

leaves its exact mode of action unclear to date [19,20],

it is probably involved in ookinete motility.

Next, the ookinetes encounter the apical surface of the

midgut epithelium (Figure 1). To traverse the epithelium

and make contact with the basal lamina, they must

penetrate the cytoplasm of the cells (Figure 2a)

[17�,21–24]. A single ookinete often serially invades sev-

eral cells, which become apoptotic and are extruded from

the epithelium by actin-based restitution mechanisms,
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variable in nature between different mosquitoes [25].

This feature resembles the serial invasion of hepatocytes

by sporozoites [26], although the basis of the two pro-

cesses might be different. This resemblance is corrobo-

rated by the fact that the same cell-traversal protein for

ookinetes and sporozoites (CelTOS) significantly pro-

motes the ability of both these two stages to navigate

across the cytoplasm of mosquito midgut cells and verte-

brate hepatocytes, respectively, although it has no role in

the initial invasion events [27��].

Entry of the ookinete into the epithelial cells is thought to

be mediated by a specific receptor–ligand interaction,

which remains to be identified. The P. berghei membrane

attack ookinete protein (MAOP), a microneme protein

with a membrane-attack complex and perforin (MACPF)-

related domain, helps the parasite to enter the cells [28]. A

structurally similar protein is important for sporozoite

invasion of hepatocytes, further highlighting the similar

mechanisms by which ookinetes and sporozoites invade

their target cells [29]. Additional surface or secreted

proteins have been implicated in the invasion process.

CTRP, the circumsporozoite and TRAP (thrombospon-

din-related anonymous protein)-related protein, is a

micronemal- and membrane-bound constituent that plays

a role in ookinete motility and its ability to invade the

midgut [30,31]. It is also found at high concentration at

the point of contact between the ookinete and the basal

lamina [32], and binds to laminin, the major component of

the basal lamina [33], altogether suggesting a central role

for CTRP during midgut invasion.
www.sciencedirect.com
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P25 is another P. berghei membrane-bound and surface-

localised protein that binds to mosquito laminin. Its

paralogue, P28, also binds laminin — with weaker affinity

— and forms dimers with P25 [34,35]. Genetic evidence

has highlighted an apparent functional overlap between

P25 and P28: whereas single knockout parasites each

display only a small reduction in the number of oocysts,

the double knockouts are not only significantly impaired

in their ability to develop into ookinetes but also incom-

petent in crossing the midgut and developing into oocysts

[34,36]. Another micronemal protein, the secreted ooki-

nete adhesive protein (SOAP), is important for ookinete

invasion and oocyst development, and it too binds to

laminin [37]. The interaction of ookinetes with basal

lamina components is crucial for oocyst development.

Ookinetes injected into the mosquito haemocoel are able

to form oocysts at the basal lamina of not only the midgut

but also the fat body and the malpighian tubules [38].

Similarly, Plasmodium is not able to develop if fed to

Drosophila melanogaster, but if ookinetes are injected into

the D. melanogaster haemocoel they are able to attach to

the basal lamina and develop to oocysts [39]. Thus it

appears that it is the actual interaction with the basal

lamina that triggers oocyst development.

A large fraction of parasite losses that are encountered

during the ookinete-to-oocyst transition are due to

immune reactions of the host [40,41�]. An immune sig-

nalling pathway that involves the NF-kB (nuclear factor

kappa B) transcription factor REL2 mediates substantial

P. berghei killing in the midgut [42]. It controls the

transcriptional activation of several genes implicated in

antiparasitic immunity, such as clip-domain serine pro-

tease genes [43] and LRIM1 (leucine-rich immunity protein 1)

[41�]. The latter encodes a secreted leucine-rich repeat

protein, and its antiparasitic function is negatively regu-

lated by members of the C-type lectin (CTL) family.

Depletion of CTL4 and CTLMA2 (C-type lectin puta-

tive mannose binding protein 2) leads to ookinete mel-

anisation [41�], a highly regulated humoral immune

response of arthropods that causes sequestration of para-

sites in a dense melanin coat (Figure 1). A serine protease

inhibitor, SRPN2 (serine protease inhibitor 2), also nega-

tively regulates parasite killing and melanisation, prob-

ably by inhibition of activating clip-domain serine

proteases [44]. Other, enzymatically incompetent mem-

bers of the clip-domain serine protease family have been

shown to function either as activators or inhibitors of

melanisation [45], and APL1 (Anopheles Plasmodium-

responsive leucine-rich repeat 1), a member of the leu-

cine-rich repeat protein superfamily, has an effect on

P. berghei similar to that of LRIM1 [46]. One comprehen-

sive analysis of a mosquito immune response to Plasmo-
dium involved the study of the thioester-containing,

complement-like protein TEP1, which binds to ooki-

netes as they cross the midgut and which causes their

death by lysis or melanisation [40].
www.sciencedirect.com
Cellular reactions of the invaded midgut epithelium are

thought to account partly for the documented ookinete

losses [47,48]. In particular, the actin polymerisation

machinery of the midgut cells, which is activated during

Plasmodium invasion, contributes to parasite killing by an

as yet unknown mechanism [48]. An actin-rich structure

that hoods P. berghei ookinetes as they traverse the baso-

lateral plasma membrane of invaded cells (Figure 1)

[17�,47] is believed to be partly responsible. Additional

mosquito molecules have been implicated in this sensi-

tive mosquito–ookinete interplay: many are transcription-

ally induced during midgut invasion [48]. An intriguing

example is the apolipophorins I and II, which are key

components of the lipid transport machinery in the

A. gambiae haemolymph and which promote both egg

production and Plasmodium development [48].

Taken together, these findings indicate that in order for

Plasmodium to successfully complete the difficult transi-

tion from the blood bolus-located ookinete to the oocyst

developing at the basal lamina, it must overcome a

number of challenges. Successful transition depends on

Plasmodium motility but also on its ability to recognise,

gain entry and traverse the midgut epithelial barrier — all

of these while withstanding attacks from the mosquito

humoral and local epithelial immune system.

Oocyst maturation and sporozoite
development
The oocysts that develop in the intercellular space

between the basal lamina and the midgut epithelium

produce and, when mature, release some thousands of

sporozoites into the mosquito haemolymph (Figure 1).

Many of these sporozoites migrate into the salivary glands

and are transmitted to human hosts during subsequent

blood meals. Only a limited number of proteins with a role

in Plasmodium sporogony have been identified to date.

The developing oocyst undergoes multiple nuclear divi-

sions, which, by not being coupled to cytokinesis, result in

a multinucleated parasite that gradually grows in size. In

parallel to this replicative process, the oocyst plasma

membrane is folded inwards and forms crevices that,

extending across the oocyst cytoplasm, partition it into

compartments termed sporoblasts. The developing spor-

ozoites bud off from the sporoblasts in a process that

involves mobilisation of the nucleus and other cellular

organelles into each budding sporozoite. Cytokinesis of

the budding sporozoites results in the formation of a

mature oocyst that contains haploid sporozoites. The

circumsporozoite protein (CSP) is the main surface protein

of the oocyst and the salivary gland sporozoites. Its loca-

lisation at the oocyst surface through glycosylphosphati-

dylinositol-anchoring is essential for cytokinesis and

sporozoite formation, and CSP-depleted oocysts are void

of sporozoites [49,50]. The amount of CSP directly corre-

lates with the degree of sporozoite formation [51].
Current Opinion in Genetics & Development 2006, 16:384–391
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Other important proteins for oocyst development are

members of the limulus clotting factor C, Coch-5b2

and LglI (LCCL)–lectin adhesive-like protein (LAP)

family [52,53]. P. berghei oocysts lacking LAP1 display

significantly reduced ability to produce sporozoites [54].

Interestingly, the targeted disruption of either of two P.
falciparum LAP family members (PfCCp2 and PfCCp3/

PSLAP) result in normal levels of sporozoites that are,

however, unable to enter the salivary glands [55]. A P.
falciparum cysteine protease known as falcipain-1 is also

important for oocyst development; however, it is

unknown at which stage this protease acts [56].

Sporozoite release from the oocyst and migration to the

mosquito salivary glands is the next important step in

parasite transmission (Figure 1). Recent data showed that

sporozoite egress from the oocyst is an active process,

which in P. berghei is mediated at least partly by the

egression cysteine protease, ECP [57��]. In addition, a

region of CSP that contains a series of positively charged

amino acids is also necessary for successful sporozoite

egression [58].

Sporozoite motility and salivary gland invasion
To date, it is unclear how sporozoite migration towards

the salivary glands is achieved. Recent evidence suggests

that chemotaxis has a role [59]; however, other studies

propose that this is a passive process, mediated solely by

haemocoel circulation [60].

The founder member of the TRAP family, to which the

ookinete specific protein CTRP also belongs, is essential

for sporozoite gliding motility [61]. Interestingly, both

CTRP and TRAP are also implicated in invasion of the

midgut and salivary gland cells, respectively. Thus,

related motility proteins are used by parasite stages to

invade two different types of cells, in both the vertebrate

and the invertebrate host. A third member of the family,

the merozoite TRAP homologue (MTRAP), is involved

in invasion of erythrocytes [62], again demonstrating the

use of paralogues to support parasite invasion in distinc-

tive cell types. CSP is also important for sporozoite

gliding motility [61].

The force for Plasmodium motility is generated by an

actomyosin motor that is located apically between the

plasma membrane and the inner membrane complex [61].

Old observations and new molecular evidence have pro-

vided insights into the link between surface molecules

and the actomyosin motor [63]. The cytoplasmic tail of

TRAP binds aldolase, a molecule with known actin-

binding properties. In parallel, the tail of Myo-A, the

myosin component of the actomyosin motor, binds to the

Myo-A tail domain-interacting protein (MTIP), which

localises to the inner membrane complex of sporozoites.

These studies, in conjunction with the finding that the

Plasmodium actin filaments are very short and transient
Current Opinion in Genetics & Development 2006, 16:384–391
[64,65], have led to an updated model for gliding motility

[63]. The short actin scaffolds are captured through

aldolase at the parasite apical end by transmembrane

receptors of the TRAP family. The latter interact with

host ligands, providing a link between the parasite moti-

lity machinery and its substrate in the host. Intracellu-

larly, this complex binds to Myo-A, which in turn interacts

with the inner membrane complex through MTIP [66].

By passing the actin scaffolds back onto another Myo-A

molecule, the parasite glides forward. The same mechan-

ism is thought to generate the force for penetration of the

host–cell membrane during invasion.

The direction of parasite migration is a major difference

between midgut and salivary gland invasion: ookinetes

traverse the midgut from the apical to the basal surface,

whereas sporozoites traverse the salivary glands from

basal to apical surface (Figures 1 and 2b). Thus, the

sporozoites have to traverse the basal lamina of the

salivary gland before they encounter its epithelium.

Interestingly, it is proposed that the interaction with

the basal plasma membrane leads to the formation of a

parasitophorous vacuole, which disintegrates inside the

cytoplasm, thereby freeing the parasites [67]. By contrast,

no parasitophorous vacuole is formed during midgut

invasion. Invasion of the salivary gland cells causes mor-

phological changes associated with both cellular disorga-

nization and the appearance of vesicles. Despite these

differences, the molecular mechanisms of midgut and

salivary gland invasion display further similarities. SM-1

(salivary gland and midgut peptide 1), which inhibits the

invasive ability of the ookinete, also blocks salivary gland

invasion [68]. This implies that the recognition and initial

binding of the salivary gland epithelium is mediated by a

common, as yet unknown, ligand (or ligand paralogues).

MAEBL (merozoite apical erythrocyte-like protein) is a

sporozoite protein with an important role in the recogni-

tion and binding of the salivary gland epithelium [69],

but, in contrast to TRAP, its disruption does not affect

motility. CSP has also been implicated in the ability of the

parasite to bind to the salivary gland epithelium [61].

A second parasitophorous vacuole is thought to envelop

the sporozoites during their escape into the secretory

cavity of the glands. Inside the cavity, disintegration of

the vacuole frees the sporozoites, which migrate by glid-

ing motility into the fine secretory ducts that then con-

verge into the common ducts [70�]. Only sporozoites that

migrate to the ducts can be transmitted upon mosquito

salivation; the vast majority of sporozoites, which are

mainly found in the secretory cavities, are either stored

for future bites or lost [60].

Conclusions and perspectives
Plasmodium must complete its sexual development in the

mosquito before it can be transmitted to its vertebrate

host and cause malaria disease. Navigation of several
www.sciencedirect.com
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mosquito tissue compartments requires the on and off

switch of expression of parasite proteins that can help the

parasite to traverse various barriers, interact with ligands

on the mosquito host-cells, support movement of the

parasite or help it evade mosquito immunity. Progression

from compartment to compartment in the vertebrate and

insect hosts often entails the use of different paralogues,

testifying to an apparent reduplication of key genes

during the evolution of the complex, multi-invasive life-

style of the parasite. However, there is still much more to

be discovered: for example, the parasite sporogonic devel-

opment in the oocyst is still something of a ‘black box’.

Recent advances in technologies for the analysis of para-

site gene function, in conjunction with the vast amount of

information produced by the genome projects and asso-

ciated technologies, are expected to provide insights into

the molecular mechanisms that regulate the complex

parasite development in the mosquito.

Malaria persists as one of the most devastating diseases

affecting mankind. The successful migration of the para-

site between two hosts, and across different compart-

ments in each one, seems a most improbable journey

and yet has been elaborated during the evolution of this

complex parasitic life cycle. As we gain understanding of

the molecular mechanisms underpinning this migration,

blocking it in the mosquito host might prove to be one

of the elements for successful control of malaria

transmission.

Acknowledgements
We thank G Christophides for critical reading of the manuscript. Our
reviewed work was supported by grants from the European Commission
(HPRN-CT-2000-00080; BioMalPar Network of Excellence, LSHP-CT-
2004-503578), National Institute of Allergy and Infectious Disease–
National Institutes of Health (AI044200-08) and by institutional funds
from The European Molecular Biology Laboratory and Imperial College.
ER is supported by a Wellcome Trust PhD fellowship.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest

�� of outstanding interest

1. Carvalho TG, Menard R: Manipulating the Plasmodium genome.
Curr Issues Mol Biol 2005, 7:39-55.

2. Khan SM, Waters AP: Malaria parasite transmission stages: an
update. Trends Parasitol 2004, 20:575-580.

3. Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW,
Carlton JM, Pain A, Nelson KE, Bowman S et al.: Genome
sequence of the human malaria parasite Plasmodium
falciparum. Nature 2002, 419:498-511.

4. Hall N, Pain A, Berriman M, Churcher C, Harris B, Harris D,
Mungall K, Bowman S, Atkin R, Baker S et al.: Sequence of
Plasmodium falciparum chromosomes 1, 3-9 and 13.
Nature 2002, 419:527-531.

5. Hall N, Karras M, Raine JD, Carlton JM, Kooij TW, Berriman M,
Florens L, Janssen CS, Pain A, Christophides GK et al.: A
comprehensive survey of the Plasmodium life cycle by
genomic, transcriptomic, and proteomic analyses.
Science 2005, 307:82-86.
www.sciencedirect.com
6. Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R,
Nusskern DR, Wincker P, Clark AG, Ribeiro JM, Wides R et al.:
The genome sequence of the malaria mosquito Anopheles
gambiae. Science 2002, 298:129-149.

7. Catteruccia F, Nolan T, Loukeris TG, Blass C, Savakis C,
Kafatos FC, Crisanti A: Stable germline transformation of
the malaria mosquito Anopheles stephensi. Nature 2000,
405:959-962.

8. Grossman GL, Rafferty CS, Clayton JR, Stevens TK,
Mukabayire O, Benedict MQ: Germline transformation
of the malaria vector, Anopheles gambiae, with the
piggyBac transposable element. Insect Mol Biol 2001,
10:597-604.

9. Blandin S, Moita LF, Kocher T, Wilm M, Kafatos FC, Levashina EA:
Reverse genetics in the mosquito Anopheles gambiae:
targeted disruption of the defensin gene. EMBO Rep 2002,
3:852-856.

10. Billker O, Lindo V, Panico M, Etienne AE, Paxton T, Dell A,
Rogers M, Sinden RE, Morris HR: Identification of xanthurenic
acid as the putative inducer of malaria development in the
mosquito. Nature 1998, 392:289-292.

11. Billker O, Dechamps S, Tewari R, Wenig G, Franke-Fayard B,
Brinkmann V: Calcium and a calcium-dependent protein kinase
regulate gamete formation and mosquito transmission in a
malaria parasite. Cell 2004, 117:503-514.

12. Khan SM, Franke-Fayard B, Mair GR, Lasonder E, Janse CJ,
Mann M, Waters AP: Proteome analysis of separated male and
female gametocytes reveals novel sex-specific Plasmodium
biology. Cell 2005, 121:675-687.

13. Tewari R, Dorin D, Moon R, Doerig C, Billker O: An atypical
mitogen-activated protein kinase controls cytokinesis and
flagellar motility during male gamete formation in a malaria
parasite. Mol Microbiol 2005, 58:1253-1263.

14. Yano K, Komaki-Yasuda K, Tsuboi T, Torii M, Kano S, Kawazu SI:
2-Cys peroxiredoxin TPx-1 is involved in gametocyte
development in Plasmodium berghei. Mol Biochem Parasitol
200610.1016/j.molbiopara.2006.02.018.

15. Reininger L, Billker O, Tewari R, Mukhopadhyay A, Fennell C,
Dorin-Semblat D, Doerig C, Goldring D, Harmse L,
Ranford-Cartwright L et al.: A NIMA-related protein kinase is
essential for completion of the sexual cycle of malaria
parasites. J Biol Chem 2005, 280:31957-31964.

16. Menard R: Gliding motility and cell invasion by apicomplexa:
insights from the Plasmodium sporozoite. Cell Microbiol 2001,
3:63-73.

17.
�

Vlachou D, Zimmermann T, Cantera R, Janse CJ, Waters AP,
Kafatos FC: Real-time, in vivo analysis of malaria ookinete
locomotion and mosquito midgut invasion. Cell Microbiol 2004,
6:671-685.

In this study, real-time imaging is used for the first time to monitor
mosquito midgut invasion by P. berghei ookinetes in vivo. To traverse
the midgut, ookinetes use at least three types of locomotion and follow a
combination of intercellular and intracellular routes. Invaded epithelial
cells become apoptotic and are rapidly removed from the epithelium,
whereas their surrounding cells display vigorous actin polymerisation
activity towards restitution of the epithelial damage.

18. Sinden RE, Alavi YIH, Butcher G, Dessens JT, Raine JD,
Trueman HE: Ookinete cell biology. In Malaria Parasites —
Genomes and Molecular Biology. Edited by Waters AP, Janse CJ.
Caister Academic Press; 2004.

19. Ishino T, Orito Y, Chinzei Y, Yuda M: A calcium-dependent
protein kinase regulates Plasmodium ookinete access to the
midgut epithelial cell. Mol Microbiol 2006, 59:1175-1184.
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