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Abstract
Background: P25 and P28 are related ookinete surface proteins highly conserved throughout the
Plasmodium genus that are under consideration as candidates for inclusion in transmission-blocking
vaccines. Previous research using transgenic rodent malaria parasites lacking P25 and P28 has
demonstrated that these proteins have multiple partially redundant functions during parasite
infection of the mosquito vector, including an undefined role in ookinete traversal of the mosquito
midgut epithelium, and it has been suggested that, unlike wild-type parasites, Dko P25/P28 parasites
migrate across the midgut epithelium via an intercellular, rather than intracellular, route.
Presentation of the hypothesis: This paper presents an alternative interpretation for the
previous observations of Dko P25/P28 parasites, based upon a recently published model of the
route of ookinete invasion across the midgut epithelium. This model claims ookinete invasion is
intracellular, with entry occurring through the lateral apical plasma membrane of midgut epithelial
cells, and is associated with significant invagination of the midgut epithelium localised at the site of
parasite penetration. Following this model, it is hypothesized that: (1) a sub-population of Dko P25/
P28 ookinetes invaginate, but do not penetrate, the apical surface of the midgut epithelium and thus
remain within the midgut lumen; and (2) another sub-population of Dko P25/P28 parasites
successfully enters and migrates across the midgut epithelium via an intracellular route similar to
wild-type parasites and subsequently develops into oocysts.
Testing the hypothesis: These hypotheses are tested by showing how they can account for
previously published observations and incorporate them into a coherent and consistent
explanatory framework. Based upon these hypotheses, several quantitative predictions are made,
which can be experimentally tested, about the relationship between the densities of invading Dko
P25/P28 ookinetes in different regions of the midgut epithelium and the number of oocyst stage
parasites to which these mutant ookinetes give rise.
Implications of the hypothesis: The recently published model of ookinete invasion implies that
Dko P25/P28 parasites are greatly, although not completely, impaired in their ability to enter the
midgut epithelium. Therefore, P25 and/or P28 have a novel, previously unrecognized, function in
mediating ookinete entry into midgut epithelial cells, suggesting that one mode of action of
transmission-blocking antibodies to these ookinete surface proteins is to inhibit this function.
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Background
P25 and P28 are related major ookinete surface proteins
under consideration as candidates for inclusion in transmission-blocking vaccines [1-4]. Consequently, the
expression [5-18], localisation [8,12,17-24] and function
[21,25-29] of these molecules, together with the effect on
parasite development of specific antibodies against them
[6,8,21,22,24,30-35], have been extensively studied in a
range of malaria parasite species.
P25 and P28 are structurally similar proteins, highly conserved throughout the Plasmodium genus [11,12,31,3543], which contain four epidermal growth factor-like
domains [36], putatively involved in cell-cell and/or cellmatrix interactions [21,25,26,28,29], that are expressed
throughout the early life-cycle stages of the malaria parasite within the mosquito vector – from the macrogamete
through to the oocyst stage [8,12,17-24]. P25 and P28 are
located on the parasite surface, from which they are shed
during ookinete gliding motility and traversal of the mosquito midgut epithelium [19-21,44,45]. The conservation
of sequence, expression and location suggests that P25
and P28 have functionally equivalent roles in diverse
malaria parasite species.
Previous research using transgenic Plasmodium berghei
rodent malaria parasites lacking P25 and P28 demonstrated that these proteins have multiple and partially
redundant functions during parasite infection of the mosquito vector [26,27]. Although Dko P25/P28 P. berghei
parasites exhibit greatly reduced levels of oocyst infection
compared to wild-type or Sko P25/P28 parasites, ookinetes lacking both P25 and P28 are still able to cross the
midgut epithelium and establish oocyst infections [27].
Wild-type P. berghei ookinetes migrate intracellularly
through the midgut epithelium causing significant damage to invaded midgut epithelial cells [44-48], which subsequently exhibit distinct morphological abnormalities
[44-48], including loss of microvilli [44,45], protrusion
into the midgut lumen [44,45,48] and up-regulation of
molecules implicated in mosquito immune responses
such as NOS [44,49] and SRPN10 [45,50]. Furthermore,
P28 is found on the apical surface, and within the cytoplasm, of these abnormal midgut epithelial cells suggesting release/secretion from penetrating parasites during
their intracellular migration [44,45]. Dko P25/P28 ookinetes have also been found deep within the midgut epithelium [27,45]. Initially, these parasites were suggested
to be retarded in their transit through the midgut epithelium and killed by the epithelial cell defence reactions
triggered by wild-type parasites [27]. Recently, however,
Dko P25/P28 parasites were observed apparently deep
within the midgut epithelium between morphologically
normal midgut epithelial cells [45]. These midgut epithelial cells did not exhibit the abnormal characteristics typi-
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cally associated with invasion by wild-type ookinetes,
such as protrusion into the midgut lumen and up-regulation of SRPN10 [44,45,48]. Consequently, these Dko
P25/P28 parasites were proposed to be migrating through
the midgut epithelium via a solely intercellular route [45].
However, a recently published model of ookinete invasion across the mosquito midgut epithelium [51] suggests
an alternative interpretation for the previously published
observations of Dko P25/P28 parasites.

Presentation of the hypothesis
A unified model of the route of ookinete invasion across
the mosquito midgut epithelium
The route of ookinete migration across the midgut epithelium of the mosquito vector has long been controversial
[51]. The major argument in the literature has been
whether ookinete invasion is either solely intercellular
between, or intracellular through, midgut epithelial cells
[51]. Recently, an attempt has been made to unify the
apparently conflicting literature and integrate it with other
recent observations [44,47,52] in order to provide a single
general model of the route of ookinete invasion across the
midgut epithelium applicable to diverse malaria parasite
and mosquito vector species [51]. Subsequent observations of ookinete invasion of the midgut epithelium in
vivo support this model [48]. According to the model,
ookinete entry into the midgut epithelium is initially
intracellular, occurring through the lateral apical plasma
membrane of midgut epithelial cells (Figure 1)
[47,51,52]. Significantly, ookinete entry into midgut epithelial cells is often associated with substantial local
invagination of the midgut epithelium [52], an observation supported by re-interpretation of previously published images (Figure 2 in Ref. [19] and Figure 5 in Ref.
[53]). Ookinetes pass intracellularly through one or more
midgut epithelial cells, causing significant damage similar
to that described for wild-type P. berghei ookinetes [4448,51,52,54,55]. Subsequently, ookinetes exit invaded
epithelial cells into the basolateral extracellular space
between adjacent midgut epithelial cells [48,52,56],
migrate intercellularly to the basal surface of the midgut
epithelium and transform into oocyst stage parasites [51].
Significance of the unified model for understanding Dko
P25/P28 P. berghei ookinete invasion
Following the model of ookinete invasion of the midgut
epithelium outlined above (and Figure 1), two hypotheses about Dko P25/P28 P. berghei parasite infection of the
mosquito vector are proposed. First, some Dko P25/P28
ookinetes invaginate, but are unable to penetrate, the apical surface of the midgut epithelium. Second, other Dko
P25/P28 parasites are able to successfully enter and
migrate across the midgut epithelium via an intracellular
route, in a manner similar to wild-type parasites.
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A
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1 model of ookinete entry into the mosquito midgut epithelium
A general model of ookinete entry into the mosquito midgut epithelium. (a) Ookinetes (shown in green) enter the
apical surface of the midgut epithelium, through the microvillar brush border (MV), where the lateral membranes (LM) of adjacent epithelial cells (EC) converge [47,51,52]. (b-c) Ookinete movement into the midgut epithelium causes substantial localized
invagination of the latter (indicated by small blue arrows) [52,57]. (d) Ookinetes subsequently enter midgut epithelial cells
through the lateral apical membrane immediately adjacent to the site where the intercellular junctions (IJ) begin [47,51,52]. (e)
The ookinete proceeds intracellularly towards the basal membrane (BM) of the invaded midgut epithelial cell which exhibits
morphological abnormalities including protrusion (indicated by large black arrow) into the midgut lumen (LUM) [44–
48,52,54,55].
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P. berghei ookinete invasion of the midgut epithelium
Dko P25/P28 P. berghei ookinete invasion of the midgut epithelium. The unified model of the route of ookinete invasion across the mosquito midgut epithelium (Figure 1) [51] implies that there are two sub-populations of Dko P25/28 parasites:
(1) a major sub-population of Dko P25/28 ookinetes (shown in green) unable to penetrate midgut epithelial cells, which remain
extracellular within the midgut lumen, embedded against the invaginated apical surface of the midgut epithelium (indicated by
small blue arrow); and (2) a minor sub-population of Dko P25/28 ookinetes able to penetrate midgut epithelial cells, causing
activation of mosquito immune responses and protrusion of invaded midgut cells, in a manner similar to wild-type parasites.
Whether the latter parasites migrate through multiple adjacent midgut epithelial cells (as shown) is uncertain.

Testing the hypothesis
Re-interpretation of previously published observations of
Dko P25/P25 P. berghei parasites
If the unified model of ookinete invasion is correct, the
Dko P25/P28 P. berghei ookinetes observed deep within
the midgut epithelium between morphologically normal
midgut epithelial cells are actually extracellular parasites,
outside the midgut epithelium and within the midgut
lumen, attempting to enter the lateral apical membrane of
midgut epithelial cells. The significant invagination of the
midgut epithelium that occurs during parasite entry into
midgut epithelial cells creates the appearance that these
ookinetes are in intercellular locations within the midgut
epithelium. This would be similar to the phenotype
recently reported for P. berghei ookinetes in which the
maop gene has been knocked out [57]. Ookinetes lacking
MAOP are unable to rupture the apical plasma membrane
of midgut epithelial cells [57]. Consequently, although
MAOP-deficient ookinetes invaginate the midgut epithelium, these parasites are unable to enter into midgut epithelial cells and remain extracellular embedded against
the apical surface of the midgut epithelium [57].

The actual extracellular location of Dko P25/P28 ookinetes apparently "within" the midgut epithelium is also

suggested by the presence of unmelanized parasites in a
refractory line of Anopheles gambiae mosquitoes [27].
Unmelanized parasites were observed apparently deep
within the midgut epithelium exhibiting an abnormal
gelatinous appearance suggested to result from exposure
to either epithelial cell defence reactions or an early stage
of the melanisation reaction [27]. However, as mentioned
above, most Dko P25/P28 parasites do not appear to
induce the epithelial cell defence reactions triggered by
invading wild-type parasites [45]. Furthermore, the refractory An. gambiae line melanises wild-type parasites after
their passage through midgut epithelial cells into the
basolateral extracellular space between adjacent midgut
epithelial cells [55,58,59]. Consequently, an alternative
interpretation is that Dko P25/P28 ookinetes are unmelanized because of their extracellular location against the
apical surface of the midgut epithelium, which fails to
expose them to either epithelial cell or melanisation
immune responses triggered by wild-type parasites. The
gelatinous appearance of unmelanized parasites could be
explained by prolonged exposure of ookinetes delayed in
the process of midgut epithelium entry to the environment of the midgut lumen; for example, prolonged exposure to the mosquito digestive proteases secreted into the
midgut lumen. Dko P25/P28 parasites have been shown
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to be significantly more susceptible to protease digestion
in vitro than wild-type parasites [27].
However, there is also evidence that some Dko P25/P28
ookinetes do enter the midgut epithelium. A minority of
Dko P25/P28 ookinetes are found within midgut epithelial cells, which exhibit the re-distribution and up-regulation of SRPN10 associated with invasion by wild-type
parasites [45]. Some Dko P25/P28 parasites are also melanized in the refractory An. gambiae line [27] implying
entry into and passage through midgut epithelial cells to
the basal surface of the midgut epithelium. Further, Dko
P25/P28 parasites induce transcriptional up-regulation of
mosquito immune response genes, defensin and GNBP,
associated with midgut invasion by wild-type parasites
[27]. These immune response genes are not induced by
transgenic ctrp-disrupted P. berghei parasites that are unable to invade midgut epithelial cells [27,60]. Again, this
implies that at least some Dko P25/P28 parasites successfully invade the midgut epithelium and trigger mosquito
immune responses.
Experimentally testable predictions of our interpretation
There are several experimentally testable predictions that
follow from the alternative interpretation for the previous
observations of Dko P25/P28 P. berghei ookinete invasion
of the midgut epithelium outlined above.

First, all melanized Dko P25/P28 parasites in the refractory An. gambiae line should be associated with morphologically abnormal midgut epithelial cells – cells through
which these parasites have migrated intracellularly –
exhibiting protrusion into the midgut lumen, and up-regulation of NOS and SRPN10. In contrast, unmelanized
parasites should not be associated with any morphologically abnormal midgut epithelial cells, as these parasites
have failed to enter the midgut epithelium and invade
midgut epithelial cells. Unmelanized parasites are, however, expected to reside deep "within" the midgut epithelium in apparently intercellular locations between
morphologically normal midgut epithelial cells (assuming that ookinetes on the apical surface of the midgut epithelium cannot be melanized). If Dko P25/P28 ookinetes
do migrate across the midgut epithelium via a solely intercellular route there is no known reason why these parasites should not also be melanized in the basal region of
the midgut epithelium. Consequently, if solely intercellular migration does occur melanized parasites should be
found that are not associated with any morphologically
abnormal midgut epithelial cells.
Second, there should be a quantitative relationship
between the density of Dko P25/P28 ookinetes associated
with morphologically abnormal midgut epithelial cells
and the number of oocysts that subsequently develop on
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the basal surface of the midgut epithelium. Specifically,
the number of oocyst stage parasites should be equal to or
less than the number of Dko P25/P28 ookinetes associated with morphologically abnormal midgut epithelial
cells, as only ookinetes migrating intracellularly are predicted to become oocysts. The Dko P25/P28 ookinetes
located between morphologically normal midgut epithelial cells are not expected to transform into oocysts, as
these parasites do not enter, and hence cross, the midgut
epithelium. The number of ookinetes apparently migrating via a solely intercellular route greatly exceeds the
number of intracellular ookinetes [45]. Consequently, if
Dko P25/P28 ookinetes do migrate across the midgut epithelium via a solely intercellular route, the number of
oocysts should greatly exceed the number of ookinetes
migrating via an intracellular route (i.e. those associated
with morphologically abnormal midgut epithelial cells).

Implications of the hypothesis
The re-interpretation presented here of previously published work on Dko P25/P28 P. berghei parasites implies
that there are two sub-populations of Dko P25/P28 ookinetes, neither of which migrate across the midgut epithelium via a solely intercellular route (Figure 2). A major
sub-population of Dko P25/28 ookinetes is unable to
penetrate into midgut epithelial cells and remains extracellular within the midgut lumen, outside but embedded
against the invaginated apical surface of the midgut epithelium. Consequently, these parasites appear to be in
intercellular locations deep within the midgut epithelium,
between the lateral membranes of adjacent midgut epithelial cells. It is proposed that these parasites fail to elicit
mosquito immune responses triggered by intracellularly
invading parasites, are not melanized in refractory An.
gambiae and do not give rise to oocyst parasite stages.
These parasites remain surrounded by morphologically
normal midgut epithelial cells, which do not exhibit the
morphological abnormalities associated with parasites
invading intracellularly [45]. A second minor sub-population of Dko P25/28 ookinetes is able to penetrate into
midgut epithelial cells, in a manner similar to wild-type
parasites. These parasites are proposed to elicit mosquito
immune responses, including up-regulation of defensin
[27], GNBP [27], NOS and SRPN10 [45], undergo melanization in refractory An. gambiae [27], and form the few
oocysts observed in Dko P25/P28 infections [27]. Accordingly, the latter parasite sub-population should be associated
with
midgut
epithelial
cells
exhibiting
morphological abnormalities associated with intracellular
invasion by wild-type parasites [45]. However, if loss of
P25 and/or P28 prevents entry into midgut epithelial
cells, intracellular movement between multiple adjacent
epithelial cells may also be inhibited in Dko P25/P28
parasites.
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The reason for the existence of the two distinct sub-populations of Dko P25/P28 P. berghei ookinetes is unknown.
One explanation is that loss of P25 and/or P28 impedes,
but does not entirely prevent, penetration of the apical
plasma membrane of midgut epithelial cells. Consequently, the entry of Dko P25/P28 ookinetes into the
midgut epithelium may be protracted, prolonging the
period of exposure to the hostile environment of the midgut lumen, which results in the death of most parasites
before completion of midgut epithelial cell penetration.
This interpretation is consistent with the observation of
lysed Dko P25/P28 parasites on the luminal side of the
midgut epithelium [45].
In summary, the unified model of the route of ookinete
invasion across the mosquito midgut epithelium suggests
a novel, previously unrecognized, function for P25 and/or
P28 in mediating ookinete entry into the midgut epithelium. Specifically, the interpretation presented implies
that the loss of P25 and/or P28 greatly impairs, but does
not entirely abolish, ookinete entry into midgut epithelial
cells and probably has relatively little effect on the ability
of ookinetes to traverse through the cytoplasm of midgut
epithelial cells. A role for P28 in parasite entry into the
midgut epithelium is suggested by the deposition of this
molecule at the site of ookinete penetration into midgut
epithelial cells [44,45]. This interpretation contrasts with
the original studies of Dko P25/P28 parasites, which concluded that P25 and P28 do not play a critical role in recognition, attachment or penetration of the luminal
surface of the mosquito midgut epithelium [26,27] and
suggests that one mode of action of transmission-blocking antibodies to these ookinete surface proteins is to
inhibit parasite entry into midgut epithelial cells, as previously hypothesized [8].

http://www.malariajournal.com/content/4/1/15

References
1.
2.
3.
4.
5.

6.

7.

8.

9.

10.

11.

12.
13.
14.

List of Abbreviations
CTRP = circumsporozoite and thrombospondin-related
anonymous protein-related protein; Dko P25/P28 = double knockout of P25 and P28; GNBP = gram-negative
binding protein; MAOP = membrane-attack ookinete protein; NOS = nitric oxide synthase; Sko P25/P28 = single
knockout of either P25 or P28; SRPN10 = serine protease
inhibitor 10.

15.

16.

17.

Authors' contributions
LAB wrote the manuscript and prepared the figures. LRC
revised the manuscript. Both authors read and approved
the final version of the manuscript.

18.

Acknowledgements

19.

We acknowledge our debt to the many researchers whose work has contributed to our understanding of the P25 and P28 ookinete surface molecules, especially that of Tomas et al [27] and Danielli et al [45], without
whom the hypotheses presented within this paper could not have been
formulated.

20.

Carter R: Transmission blocking malaria vaccines. Vaccine
2001, 19:2309-2314.
Kaslow DC: Transmission-blocking vaccines: uses and current
status of development. Int J Parasitol 1997, 27:183-189.
Kaslow DC: Transmission-blocking vaccines. Chem Immunol
2002, 80:287-307.
Tsuboi T, Tachibana M, Kaneko O, Torii M: Transmission-blocking vaccine of vivax malaria. Parasitol Int 2003, 52:1-11.
Carter R, Kaushal DC: Characterization of antigens on mosquito midgut stages of Plasmodium gallinaceum. III. Changes
in zygote surface proteins during transformation to mature
ookinete. Mol Biochem Parasitol 1984, 13:235-241.
Grotendorst CA, Kumar N, Carter R, Kaushal DC: A surface protein expressed during the transformation of zygotes of Plasmodium gallinaceum is a target of transmission-blocking
antibodies. Infect Immun 1984, 45:775-777.
Kumar N, Carter R: Biosynthesis of two stage-specific membrane proteins during transformation of Plasmodium gallinaceum zygotes into ookinetes. Mol Biochem Parasitol 1985,
14:127-139.
Vermeulen AN, Ponnudurai T, Beckers PJA, Verhave JP, Smits MA,
Meuwissen JHET: Sequential expression of antigens on sexual
stages of Plasmodium falciparum accessible to transmissionblocking antibodies in the mosquito. J Exp Med 1985,
162:1460-1476.
Vermeulen AN, van Deursen J, Brakenhoff RH, Lensen THW, Ponnudurai T, Meuwissen JHET: Characterization of Plasmodium falciparum sexual stage antigens and their biosynthesis in
synchronised gametocyte cultures. Mol Biochem Parasitol 1986,
20:155-163.
Fries HCW, Lamers MBAC, van Deursen J, Ponnudurai T, Meuwissen
JHET: Biosynthesis of the 25-kDa protein in the macrogametes/zygotes of Plasmodium falciparum. Exp Parasitol 1990,
71:229-235.
Paton MG, Barker GC, Matsuoka H, Ramesar J, Janse CJ, Waters AP,
Sinden RE: Structure and expression of a post-transcriptionally regulated malaria gene encoding a surface protein from
the sexual stages of Plasmodium berghei. Mol Biochem Parasitol
1993, 59:263-275.
Fried M, Gwadz RW, Kaslow DC: Identification of two cysteinerich, lipophilic proteins on the surface of Plasmodium knowlesi
ookinetes: Pks20 and Pks24. Exp Parasitol 1994, 78:326-330.
Thompson J, Sinden RE: In situ detection of Pbs21 mRNA during
sexual development of Plasmodium berghei. Mol Biochem
Parasitol 1994, 68:189-196.
Vervenne RA, Dirks RW, Ramesar J, Waters AP, Janse CJ: Differential expression in blood stages of the gene coding for the 21kilodalton surface protein of ookinetes of Plasmodium berghei
as detected by RNA in situ hybridisation. Mol Biochem Parasitol
1994, 68:259-266.
Shaw MK, Thompson J, Sinden RE: Localization of ribosomal
RNA and Pbs21-mRNA in the sexual stages of Plasmodium
berghei using electron microscope in situ hybridization. Eur J
Cell Biol 1996, 71:270-276.
Alejo-Blanco AR, Paez A, Gerold P, Dearsly AL, Margos G, Schwarz
RT, Barker G, Rodriguez MC, Sinden RE: The biosynthesis and
post-translational modification of Pbs21 an ookinete-surface
protein of Plasmodium berghei. Mol Biochem Parasitol 1999,
98:163-173.
Hisaeda H, Stowers AW, Tsuboi T, Collins WE, Sattabongkot JS,
Suwanabun N, Torii M, Kaslow DC: Antibodies to malaria vaccine candidates Pvs25 and Pvs28 completely block the ability
of Plasmodium vivax to infect mosquitoes. Infect Immun 2000,
68:6618-6623.
Rodriguez MC, Gerold P, Dessens J, Kurtenbach K, Schwartz RT,
Sinden RE, Margos G: Characterisation and expression of
Pbs25, a sexual and sporogonic stage specific protein of Plasmodium berghei. Mol Biochem Parasitol 2000, 110:147-159.
Meis JFGM, Ponnudurai T: Ultrastructural studies on the interaction of Plasmodium falciparum ookinetes with the midgut
epithelium of Anopheles stephensi mosquitoes. Parasitol Res
1987, 73:500-506.
Sinden RE, Winger L, Carter EH, Hartley RH, Tirawanchai N, Davies
CS, Moore J, Sluiters JF: Ookinete antigens of Plasmodium
berghei: a light and electron-microscope immunogold study

Page 6 of 8
(page number not for citation purposes)

Malaria Journal 2005, 4:15

21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

of expression of the 21 kDa determinant recognized by a
transmission-blocking antibody. Proc R Soc Lond B Biol Sci 1987,
230:443-458.
Sieber KP, Huber M, Kaslow D, Banks SM, Torii M, Aikawa M, Miller
LH: The peritrophic membrane as a barrier: its penetration
by Plasmodium gallinaceum and the effect of a monoclonal
antibody to ookinetes. Exp Parasitol 1991, 72:145-156.
Lensen AHW, van Gemert GJA, Bolmer MG, Meis JFGM, Kaslow D,
Meuwissen JHET, Ponnudurai T: Transmission blocking antibody
of the Plasmodium falciparum zygote/ookinete surface protein Pfs25 also influences sporozoite development. Parasite
Immunol 1992, 14:471-479.
Simonetti AB, Billingsley PF, Winger LA, Sinden RE: Kinetics of
expression of two major Plasmodium berghei antigens in the
mosquito vector, Anopheles stephensi. J Eukaryot Microbiol 1993,
40:569-576.
Tsuboi T, Cao YM, Hitsumoto Y, Yanagi T, Kanbara H, Torii M: Two
antigens on zygotes and ookinetes of Plasmodium yoelii and
Plasmodium berghei that are distinct targets of transmissionblocking immunity. Infect Immun 1997, 65:2260-2264.
Adini A, Warburg A: Interaction of Plasmodium gallinaceum
ookinetes and oocysts with extracellular matrix proteins.
Parasitology 1999, 119:331-336.
Siden-Kiamos I, Vlachou D, Margos G, Beetsma A, Waters AP, Sinden
RE, Louis C: Distinct roles for Pbs21 and Pbs25 in the in vitro
ookinete to oocyst transformation of Plasmodium berghei. J
Cell Sci 2000, 113:3419-3426.
Tomas AM, Margos G, Dimopoulos G, van Lin LH, Koning-Ward TF,
Sinha R, Lupetti P, Beetsma AL, Rodriguez MC, Karras M, Hager A,
Mendoza J, Butcher GA, Kafatos F, Janse CJ, Waters AP, Sinden RE:
P25 and P28 proteins of the malaria ookinete surface have
multiple and partially redundant functions. EMBO J 2001,
20:3975-3983.
Vlachou D, Lycett G, Siden-Kiamos I, Blass C, Sinden RE, Louis C:
Anopheles gambiae laminin interacts with the P25 surface
protein of Plasmodium berghei ookinetes. Mol Biochem Parasitol
2001, 112:229-237.
Arrighi RB, Hurd H: The role of Plasmodium berghei ookinete
proteins in binding to basal lamina components and transformation into oocysts. Int J Parasitol 2002, 32:91-98.
Winger LA, Tirawanchai N, Nicholas J, Carter HE, Smith JE, Sinden
RE: Ookinete antigens of Plasmodium berghei. Appearance on
the zygote surface of an Mr 21 kD determinant identified by
transmission-blocking monoclonal antibodies. Parasite Immunol
1988, 10:193-207.
Duffy PE, Pimenta P, Kaslow DC: Pgs28 belongs to a family of epidermal growth factor-like antigens that are targets of
malaria transmission-blocking antibodies. J Exp Med 1993,
177:505-510.
Ranawaka G, Alejo-Blanco R, Sinden RE: The effect of transmission-blocking antibody ingested in primary and secondary
bloodfeeds, upon the development of Plasmodium berghei in
the mosquito vector. Parasitology 1993, 107:225-231.
Ranawaka GRR, Alejo-Blanco AR, Sinden RE: Characterization of
the effector mechanisms of a transmission-blocking antibody
upon differentiation of Plasmodium berghei gametocytes into
ookinetes in vitro. Parasitology 1994, 109:11-17.
Ranawaka GRR, Fleck SL, Alejo-Blanco AR, Sinden RE: Characterization of the modes of action of anti-Pbs21 malaria transmission-blocking immunity: ookinete to oocyst differentiation in
vivo. Parasitology 1994, 109:403-411.
Duffy PE, Kaslow DC: A novel malaria protein, Pfs28, and Pfs25
are genetically linked and synergistic as falciparum malaria
transmission-blocking
vaccines.
Infect
Immun
1997,
65:1109-1113.
Kaslow DC, Quakyi IA, Syin C, Raum MG, Keister DB, Coligan JE,
McCutchan TF, Miller LH: A vaccine candidate from the sexual
stage of human malaria that contains EGF-like domains.
Nature 1988, 333:74-76.
Kaslow DC, Syin C, McCutchan TF, Miller LH: Comparison of the
primary structure of the 25 kDa ookinete surface antigens of
Plasmodium falciparum and Plasmodium gallinaceum reveal six
conserved regions. Mol Biochem Parasitol 1989, 33:283-287.
Lal AA, Goldman IF, Campbell GH: Primary structure of the 25kilodalton ookinete antigen from Plasmodium reichenowi. Mol
Biochem Parasitol 1990, 43:143-145.

http://www.malariajournal.com/content/4/1/15

39.
40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.
57.
58.

59.

Tsuboi T, Cao YM, Kaslow DC, Shiwaku K, Torii M: Primary structure of a novel ookinete surface protein from Plasmodium
berghei. Mol Biochem Parasitol 1997, 85:131-134.
Tsuboi T, Kaslow DC, Cao YM, Shiwaku K, Torii M: Comparison of
Plasmodium yoelii ookinete surface antigens with human and
avian malaria parasite homologues reveals two highly conserved regions. Mol Biochem Parasitol 1997, 87:107-111.
Tsuboi T, Kaslow DC, Gozar MM, Tachibana M, Cao YM, Torii M:
Sequence polymorphism in two novel Plasmodium vivax ookinete surface proteins, Pvs25 and Pvs28, that are malaria
transmission-blocking vaccine candidates. Mol Med 1998,
4:772-782.
Taylor D, Cloonan N, Mann V, Cheng Q, Saul A: Sequence diversity in rodent malaria of the Pfs28 ookinete surface antigen
homologs. Mol Biochem Parasitol 2000, 110:429-434.
Tachibana M, Tsuboi T, Templeton TJ, Kaneko O, Torii M: Presence
of three distinct ookinete surface protein genes, Pos25,
Pos28- 1, and Pos28-2, in Plasmodium ovale. Mol Biochem
Parasitol 2001, 113:341-344.
Han YS, Thompson J, Kafatos FC, Barillas-Mury C: Molecular interactions between Anopheles stephensi midgut cells and Plasmodium berghei: the time bomb theory of ookinete invasion
of mosquitoes. EMBO J 2000, 19:6030-6040.
Danielli A, Barillas-Mury C, Kumar S, Kafatos F, Loukeris TG: Overexpression and altered nucleocytoplasmic distribution of
Anopheles ovalbumin-like SRPN10 serpins in Plasmodiuminfected midgut cells. Cell Microbiol 2005, 7:181-190.
Meis JFGM, Pool G, van Gemert GJ, Lensen AHW, Ponnudurai T,
Meuwissen JHET: Plasmodium falciparum ookinetes migrate
intercellularly through Anopheles stephensi midgut
epithelium. Parasitol Res 1989, 76:13-19.
Zieler H, Dvorak JA: Invasion in vitro of mosquito midgut cells
by the malaria parasite proceeds by a conserved mechanism
and results in death of the invaded midgut cells. Proc Natl Acad
Sci U S A 2000, 97:11516-11521.
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.
Luckhart S, Vodovotz Y, Cui L, Rosenberg R: The mosquito Anopheles stephensi limits malaria parasite development with
inducible synthesis of nitric oxide. Proc Natl Acad Sci U S A 1998,
95:5700-5705.
Danielli A, Kafatos FC, Loukeris TG: Cloning and characterization of four Anopheles gambiae serpin isoforms, differentially
induced in the midgut by Plasmodium berghei invasion. J Biol
Chem 2003, 278:4184-4193.
Baton LA, Ranford-Cartwright LC: How do malaria ookinetes
cross the mosquito midgut wall? Trends Parasitol 2005, 21:22-28.
Baton LA, Ranford-Cartwright LC: Plasmodium falciparum ookinete invasion of the midgut epithelium of Anopheles stephensi
is consistent with the Time Bomb model. Parasitology 2004,
129:663-676.
Syafruddin, Arakawa R, Kamimura K, Kawamoto F: Penetration of
the mosquito midgut wall by the ookinetes of Plasmodium
yoelii nigeriensis. Parasitol Res 1991, 77:230-236.
Becker-Feldman H, Maier WA, Seitz HM: Electron microscope
observations on the pathology of the midgut epithelial cells
of Anopheles stephensi after infection with Plasmodium yoelii
nigeriensis [abstract]. Trop Med Parasitol 1985, 36:5-6.
Paskewitz SM, Brown MR, Lea AO, Collins FH: Ultrastructure of
the encapsulation of Plasmodium cynomolgi (B strain) on the
midgut of a refractory strain of Anopheles gambiae. J Parasitol
1988, 74:432-439.
Torii M, Nakamura K, Sieber KP, Miller LH, Aikawa M: Penetration
of the mosquito (Aedes aegypti) midgut wall by the ookinetes
of Plasmodium gallinaceum. J Protozool 1992, 39:449-454.
Kadota K, Ishino T, Matsuyama T, Chinzei Y, Yuda M: Essential role
of membrane-attack protein in malarial transmission to
mosquito host. Proc Natl Acad Sci U S A 2004, 101:16310-16315.
Collins FH, Sakai RK, Vernick KD, Paskewitz S, Seeley DC, Miller LH,
Collins WE, Campbell CC, Gwadz RW: Genetic selection of a
Plasmodium-refractory strain of the malaria vector Anopheles
gambiae. Science 1986, 234:607-610.
Blandin S, Shiao SH, Moita LF, Janse CJ, Waters AP, Kafatos FC,
Levashina EA: Complement-like protein TEP1 is a determi-

Page 7 of 8
(page number not for citation purposes)

Malaria Journal 2005, 4:15

60.

http://www.malariajournal.com/content/4/1/15

nant of vectorial capacity in the malaria vector Anopheles
gambiae. Cell 2004, 116:661-670.
Dessens JT, Beetsma AL, Dimopoulos G, Wengelnik K, Crisanti A,
Kafatos FC, Sinden RE: CTRP is essential for mosquito infection
by malaria ookinetes. EMBO J 1999, 18:6221-6227.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 8 of 8
(page number not for citation purposes)

