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SUMMARY

It is difficult to recapture the excitement of recent research into the malaria parasites. Plasmodium has shown itself to be a
most elegant, resourceful and downright devious cell. To reveal any of its manifold secrets is a hard-won privilege. The
thrill of this intellectual endeavour, however, has to be tempered by the realism that we have made unremarkable progress
in attacking malaria in the field, where it remains almost as omnipresent as it ever was in the 19th and 20th centuries, and
both the parasite and vector have become more difficult to control than ever before. This personal view looks back at the

significant progress made, and forward to the challenges of the future, focusing on work on sexual development.
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LOOKING BACK

The current malaria research community surely re-
cognizes that we are in a land of fabulous riches.
Never have we had more comprehensive resources at
our disposal. When looking at the parasites, exper-
imental technologies, reagents and databases, it is
difficult to comprehend the barriers to research that
preceded the current environment. Despite these
riches, current well-meaning legislation has not en-
hanced our capacity to work on the malaria parasites
either in man or animal models. Of the mammalian
malarias the rodent parasites, and Plasmodium berghei
in particular, offer systems in which to explore
plausible hypotheses, hypotheses that nonetheless
require validation in the human parasites, not be-
cause P. berghei in the laboratory mouse, or its lab-
oratory vectors Amnopheles stephensi/A. gambiae is
atypical of the majority of Plasmodium spp., but be-
cause the biology of most important human patho-
gen, P. falciparum is, in key aspects of its
development, distinct from most other Plasmodium
species.

How has our understanding of malaria biology
changed in the lifetime of this journal ? By the middle
of the last century detailed light microscopic studies
had described and classified the majority of malaria-
like species known today, in hosts ranging from
living fossils e.g. the Tuatara (Sphenodon) and
crocodilians, to the most recent mammals (man).
These researches are comprehensively recorded in a
series of seminal publications by Maegraith (1948),
Boyd (1949), Garnham (1966), Coatney et al. (1971),
Bruce-Chwatt (1985), Wernsdorfer and McGregor
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(1988) and Valkiunas (2005) — texts that should be
compulsory reading for any malaria researcher today.
Studies on the parasite life cycle continued well
into the 1980s when P.C.C. Garnham, the joint
discoverer of the liver stages, promoted a successful
international effort to search for the elusive relapse
form of P. vivax, now termed the hypnozoite (see
Krotoski, 1985). Likewise, the enigmatic journey of
the sporozoite from the skin to liver provoked
widespread microscopic and physiological studies in
the 1970s. The disparate observations reported were
only ‘recently’ resolved with the advent of fluor-
escent parasites and iz situ multiphoton confocal
microscopy (Pradel and Frevert, 2001; Baer et al.
2007). The major question was whether the Kupffer
cell was a protagonist or an antagonist of sporozoite
sequestration in the liver. It turns out to be the for-
mer — prompting interesting studies as to how the
parasite avoids destruction (Brown and Kreier,
1986). Important though remaining questions may
be (e.g. what is the role of lymphatic system in in-
fection biology), the key pieces of the morphological
jigsaw puzzle are clearly in place ......... or so we
believe (LLandau et al. 1999; Amino et al. 2008).

A deeper appreciation of malaria organization
was provided by the application of electron micro-
scopy (scanning, transmission and high voltage),
approaches initiated by Garnham, Trager and
Rudzinska and subsequently applied widely by many
others of whom Masamichi Aikawa set a technical
standard that few could match. These studies, while
still classically descriptive, nonetheless revealed the
amazing, indeed unique, subcellular structures
mediating the parasites’ complex life cycle, struc-
tures that led to the revision and re-naming of the
phylum (Apicomplexa). In the author’s opinion
perhaps the most important accomplishment of this
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phase of malaria research was the recognition that
the parasite alternates 2 key ‘conserved’ strategies,
invasion (merozoite, sporozoite and ookinete); and
growth (erythrocytic schizont, liver schizont, oocyst),
with a single excursion into sexual development
(gametocytes). This unique phase of development,
as a sheer spectacle of what a eukaryotic cell can do
is, in the eyes of the writer, one of the wonders of
biology. The male gametocyte undergoes 3 mitotic
divisions and the assembly of 8 axonemes in 5—
20 min. These spectacular capacities should have
forewarned investigators that novel processes were
afoot, making their analysis not so much an exam-
ination of the parasite, but more of the investigators’
imaginations. But, as a deeply committed zoologist,
it is with a sense of sadness that I have to recognize
the profound ‘challenge’ Plasmodium inflicted, when
the multi-laminate organelle (an ill-defined series of
concentric cytoplasmic membranes) was finally re-
vealed to be a degenerate chloroplast! — respectfully
renamed the apicoplast (Sullivan et al. 2000).
Plasmodium.... a plant! No wonder the work on the
yeasts had been useful in guiding analysis of the
parasite’s mitotic divisions.

The current molecular revolution in malaria re-
search was made possible by the development of
methods for the culture of the parasite. The sub-
stantive early efforts of Bass and Johns (1912) to
culture blood stages and of Ball, Chao and Schneider
to culture the sporogonic forms (Chao and Ball,
1964; Schneider and Vanderberg, 1980) were re-
warded when Trager and Jensen (1976) successfully
cultured the asexual blood stages of P. falciparum.
This was rapidly complemented by methods for
the culture of gametocytes (Smalley, 1976), pre-
erythrocytic schizonts (Strome et al. 1979) and oo-
kinetes (Yoeli and Upmanis, 1968 ; Janse et al. 1985),
but only much later by the culture of the oocyst
(Al-Olayan et al. 2002) — the last method remains
difficult to reproduce even today.

Without doubt, it is the genomic revolution, by
now founded in a largely secure understanding
of parasite ultrastructure, that has transformed our
capacity to analyse the molecular cell biology of
the parasite. Previously, molecules of interest were
often identified because they were significantly im-
munogenic. First, a monoclonal or mono-specific
antibody had to be generated and bacterial colonies
screened and parasite genes cloned and sequenced by
individual researchers. Each identified gene re-
presented many months of work. The hard-won
monoclonal antibodies, however, had significant
benefit, permitting not only identification of the en-
coding gene, but also the subcellular location of the
immunogen; its expression profiling, and where
relevant its evaluation as a target for immune inter-
vention. These diverse opportunities have prompted
some to suggest that anew ‘omics’ approach could be
the generation of monoclonal antibodies to every
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protein expressed by the parasite. The benefits that
have accrued from the sequencing of even one
malarial gene are many, but the projected ability
to sequence in their entirety, genomes of many
thousands of malarial parasites will permit a deep
understanding of the evolution of these organisms,
and additionally promises powerful new insights into
potential drug resistance mechanisms.

Perhaps the greatest contribution of genomic era
to the understanding of malaria cell biology, is the
new-found ability to detect coordinated patterns of
gene regulation (the whole question of how does a
genome make an organism?). The low-hanging fruit
of this analysis has been transcriptomics, which
spawned the elegant ‘just-in-time’ hypothesis of
gene product synthesis (Hayward et al. 2000;
Bozdech et al. 2003 ; Le Roch et al. 2004 ; Silvestrini
et al. 2005). The limitations of this conclusion are
immediately apparent when considering how far re-
moved the mRNA transcript is from the final/active
gene product. An early indication of this distance was
forecast by the observation that expression of the
ookinete protein P28 was subject to translational
repression in the mature female gametocyte (Paton
et al. 1993). With the advent of high-throughput
proteomics (only possible following genome se-
quencing), it was possible to ask more directly ‘What
proteins are expressed at each accessible stage of
development ?’ This has resulted in a deeper, but still
far from complete, understanding of the parasite’s
biochemical pathways, and molecular machines
(Florens et al. 2002 ; Lasonder et al. 2002, 2008 ; Hall
et al. 2005; Khan et al. 2005; Lal et al. 2009a,b;
Talman, personal communication).

Where does HT'P analysis go from here? Existing
datasets are incomplete and incompletely analysed.
If we are to understand the parasite’s regulatory
networks, not just within the parasite, but between
the parasites and their hosts we must apply Sys-
tems Analysis to openly shared/integrated datasets.
Malaria cell biology has made amazing progress, and
it might be argued that some Plasmodium species
(notably the rodent malarias) are close to being model
systems, but to analyse their biology requires diverse
and unique resources simply to permit experimen-
tation, not least amongst these resources are bio-
logists who understand the organisms themselves.

BIOLOGY OF SEXUAL DEVELOPMENT

Whereas in Haemoproteids all bloodstage parasites
are ‘by default’ gametocytes, in Plasmodium a
small percentage of asexual bloodstages are, it is be-
lieved, induced by ill-defined ‘stress’ factors at each
round of schizogony to form gametocytes in the next
generation. Not only are all merozoites from a single
schizont committed to the sexual pathway (Bruce
et al. 1990), but all become either male or females
(Silvestrini et al. 2000; Smith et al. 2000). In most
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species gametocytes mature only fractionally slower
than that of the asexual parasite; however, in 2
species Plasmodium falciparum and Plasmodium
reichenovi maturation is dramatically extended to
8—12 days, compared to the asexual maturation per-
iod of just 48 h. Early studies demonstrated that the
immature gametocyte during its first 3 days of de-
velopment was susceptible to bloodstage schizonti-
cides (reviewed by Butcher, 1997). However, from
stage III and beyond these gametocytes became
progressively insensitive to many drugs, with the
exception of inhibitors of energy metabolism e.g. the
8-aminoquinolines and artemisinin which therefore
have the critical potential not only to provide direct
protection to the patient, but, recognizing the local
patterns of transmission (Carter et al. 2000) also
protect the immediate community from trans-
mission.

Mature gametocytes are morphologically distinct
from the asexual parasite and must therefore be ex-
pected to contain a significantly different repertoire
of proteins. Transcriptomics (Bozdech et al. 2003;
Le Roch 2003, 2004; Young et al. 2005 ; Silvestrini
et al. 2005) and proteomics (Florens et al. 2002;
Lasonder et al. 2002, 2008 ; Hall et al. 2005; Khan
et al. 2005; Patra et al. 2008; Tarun et al. 2008;
Talman, personal communication) have confirmed
this obvious conclusion. Notable amongst the pro-
teins found in the mature female gametocyte are
proteins Pfs230 and Pfs48/45, in the male gametocyte
tubulin is amongst the most abundant of the cyto-
plasmic proteins. These and other proteins are re-
quired for sexual development, not only for the
gametocyte itself but in the ensuing gametes which
develop in the mosquito midgut.

The development of the gametocytes in the mos-
quito bloodmeal is without doubt one of the most
dramatic developmental events in the parasite life
cycle. In just a matter of minutes, both male and
female parasites emerge from the red-cell, a process
mediated by the exocytosis of vesicles (osmiophilic
bodies) containing Pfg377 (Alano et al. 1995) and
Mdv-1 (Lal et al. 2009), which may mediate dissol-
ution and disruption of the enveloping erythrocyte.
The now-naked female cell is fertilization com-
petent; males by contrast, additionally undergo three
rounds of DNA replication, each round followed by
endomitotic genome segregation. Prior to activation
of the microgametocyte 1 amorphous MTOC lies in
the cytoplasm adjacent to a nuclear pore, it is con-
nected to the genome through the pore. It rapidly
transforms into 2 orthogonal tetrads of basal bodies,
which are then segregated at each mitotic division
such that at the third division 1 basal body is bound
to each of the resultant 8 haploid genomes. The basal
bodies act as the nucleation centres for the formation
of the axonemes that will drive the flagella of the
male gamete when released from the parental cell.
All these events occur with incredible rapidity,
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microgametes are released typically within 15 min
of bloodfeeding. The signalling processes regulat-
ing this dramatic development are now extensively
characterized (see Billker et al. 2004). It is known
that the primary inducers of the process are a fall in
temperature of 5°C in concert with presence of
raised concentrations of the mosquito excretory
product xanthurenic acid (Billker et al. 1997, 1998).
Together, these events activate the phosphoinositol
pathway resulting in the release of calcium from
cytoplasmic stores. The downstream activation of
CDPK and thereafter M APkinase, organize all the
events of DNA replication, axoneme assembly, nu-
clear division and expulsion of the gametes.

It is now recognized that the most abundant pro-
teins (e.g. tubulin, P230 etc) required for gamete
formation are pre-synthesized in the terminally ar-
rested mature gametocytes. Enigmatically many of
these early proteins (e.g. the LAP/CCP family) could
be knocked out with no immediate phenotype. The
first detectable morphological change is the failure of
the oocyst to undergo cytokinesis when sporozoites
are normally formed some 10 days later (Raine et al.
2007). An elegant analysis (Mair et al. 2006) ident-
ified in the female gametocyte a large number of
mRNA species, that are under translational control
(> 370 species to date, including the ookinete surface
proteins P25 and P28) that are translated only fol-
lowing activation of the gametocyte in the mosquito
gut. Key motifs were identified either the 5’ or 3’
U'TR’s of these inhibited messages. A critical com-
ponent of the regulatory machinery was the DDX6-
class RNA helicase DOZI. Subsequently protein
expression in the developing zygote/ookinete (e.g.
CTRP) is controlled by transcription control factors
including AP2-O (Yuda et al. 2009). Both gamete
and ookinete surface proteins have been shown to be
extremely immunogenic, if antibodies to these mol-
ecules are ingested in the bloodmeal they have been
shown to inhibit fertilization (P230, P48/45, HAP2)
or ookinete development (P25, P28) most effectively
(Carter et al. 2000).

The properly formed male gamete is one of the
simplest eukaryotic cells. It is composed solely of
a nucleus, an axoneme (attached to its basal body)
and a plasmalemma (Sinden et al. 1976). Proteomic
analysis has confirmed the simplicity of this organ-
ization (Talman, personal communication). Unsur-
prisingly mitochondrial and apicoplast genomes
were subsequently shown to be maternally inherited
(Creasey et al. 1993; Vaidya, 1993). The character-
istic stop-go motility of the male gamete is exclus-
ively energized by glycolysis, a process that can be
readily inhibited with appropriate compounds in
the surrounding medium — thus offering a very ac-
cessible and novel target for intervention (Talman,
personal communication).

Fertilization of the female by the male gamete is
now known to be mediated by a number of surface
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molecules. Pfs230 and Pfs48/45 are believed to act in
a multi-molecular complex and are perhaps fertili-
zation receptors, P47 is female specific (van Schaijk
et al. 2006) ; Pfs48/45, although present on both male
and female gametes, is essential only to the fertility of
the male (van Dijk et al. 2001). Following molecular
recognition of male and female, fusion of the gamete
membranes is mediated by HAP2/GCS (Liu et al.
2008). This is followed by the movement of the entire
male gamete into the cytoplasm of the female.
Nuclear fusion follows within a few hours, forming
the now diploid zygote. The parasite immediately
returns to a haploid organization, meiosis being the
first 2 divisions of the zygote genome (Sinden et al.
1985). Development of the ookinete from the zygote
is analogous to the formation of either the merozoite
or sporozoite with the exception that there is only 1
daughter cell. Proteomic analysis of the ookinete,
and of its isolated secretory organelles suggests, very
strongly, that ookinetes unlike the sporozoite and
merozoite, contain micronemes but not rhoptries
(Lal et al. 20095). The presence of this single class of
secretory organelle is reflected in a dramatically dif-
ferent invasive biology. The ookinete, on reaching
the midgut epithelial cell, ruptures the plasma
membrane and migrates directly into the cytoplasm
of the now-dying host cell (Han et al. 2000). Invasion
provokes a series of well-characterized molecular
responses in susceptible mosquitoes, including syn-
thesis of reactive nitrogen intermediates (LLuckhart
et al. 1998) and peroxidase (Kumar and Barillas-
Mury, 2005). Should the ookinete survive this as-
sault, it will, on leaving the epithelial cell, meet the
mosquito haemolymph within which lie many im-
mune effector molecules including the lethal comp-
lement-like molecule TEP1 (Levashina et al. 2001),
the activity of which is regulated by molecules in-
cluding LRIM 1 and 2 (Povolones et al. 2009). In
refractory mosquito genotypes all ookinetes may be
killed, either by lysis (Vernick et al. 1995) or by
melanization (Collins et al. 1986).

The few ookinetes that survive this assault will, on
meeting the basal lamina of the mosquito midgut,
transform into oocysts, which over a period of 9-20
days undergo approximately 11 synchronous endo-
mitotic divisions to form 2000-8000 sporozoites.
We still know surprisingly little of these events at the
molecular level, but we should anticipate that future
transcriptomic and proteomic analyses will provide
fascinating insights into these processes which, at the
molecular level, may be expected to reiterate, many
of the events observed in both blood- and liver-stage
schizonts.

POPULATION DYNAMICS OF DEVELOPMENT IN
THE MOSQUITO

Whereas the explosive expansion of knowledge on
parasite molecular development reflects the rational
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application of the new and diverse technologies,
other, less glamorous approaches have revealed fas-
cinating insights into the dynamics of parasite de-
velopment in the mosquito vector. Substantive
studies in the rodent malaria parasites revealed
massive sequential density-dependent losses as the
parasite transformed from the gametocyte to oocyst,
such that the ingestion of even many thousands
of pre-committed sexual cells in the blood often
yields, as few as 5 surviving oocysts, revealing the
most critical population bottleneck in the parasite’s
life cycle (Alavi et al. 2003 ; Vaughan, 2006; Poudel
et al. 2008). Not only will this significantly influence
the genetic structure of endemic parasite popula-
tions, it provides an attractive focus for effective
intervention. The ensuing increase in parasite num-
ber, as sporozoites are formed within the oocyst, is
temporary respite, as few as 10% of the sporozoites
successfully enter the mosquito salivary glands, and
of these only the sporozoites residing in the duct of
the gland are likely to be injected by the mosquito
into the skin of the next host. These two population
bottlenecks resulting from the obligatory jump of the
parasite from host to host offer the most attractive
targets for attacking the parasite as part of any
strategy looking to control or eliminate malaria en-
demic populations.

Further observations on the population structure
of Plasmodium berghei in Anopheles stephensi have
emphasized the non-linearity of the relationship be-
tween successive developmental stages (Sinden et al.
2008). All developmental transitions of the parasite
in the mosquito exhibit a hyperbolic saturation curve
i.e., developmental transitions become less efficient
at progressively higher parasite densities. Uniquely,
at very low ookinete numbers, increasing parasite
density initially results in an increase in transmission
efficiency. This is followed by a short, approximately
linear relationship, and then at high intensities the
transition saturates commonly at ~ 100 oocysts. The
mechanisms by which these relationships are
achieved at present remain unknown, but clearly a
major focus of interest is on innate immune system of
the mosquito (Dimopoulos et al. 2001 ; Blandin and
Levashina, 2004; Osta et al. 2004). A further dy-
namic that has been examined for many years, and is
now the subject of renewed interest, asks whether the
parasite places an evolutionary burden on the mos-
quito. Past studies suggested that flight performance
and fecundity are adversely affected (Schiefer et al.
1977; Rowland and Boersma, 1988; Ahmed et al.
1999). Recent studies (Dawes et al. 2009), suggest
that the survival of the mosquito vector (and hence
its reproductive potential) is both age- and parasite
density-dependent. It is obvious that we have a great
deal to learn about the parasite/vector relationship
and how this will impact on the transmission of
parasite. Mathematical models, securely based in this
new understanding of parasite biology, will have an
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important role to play in attempting to predict the
impact of any transmission blocking measures.

THE FUTURE

It is right that the malaria research community has
recently been challenged as to whether it is feasible to
reconsider malaria eradication (Greenwood, 2009).
Re-assessment of global research objectives naturally
recognizes the need to treat the infected individual — a
focus, which has dominated malarial research for the
past 40 years, but it also appreciates that we have
failed to address adequately the need to suppress the
numbers of new cases of malaria. This latter objective
brings into acute focus the need, in endemic popu-
lations, to suppress transmission. Objective evalu-
ation of past eradication campaigns, of current
interventions based on bed nets or the use of drugs
with transmission-blocking activity (e.g. artemisinin;
8-aminoquinolines), and the rational analysis of
parasite biology, strongly suggests that attacking
transmission in the mosquito vector is likely to be one
of the more effective control strategies in the future.
Additional new concepts to achieve this objective
through reduction or modification of mosquito po-
pulations are being entertained, and include the de-
velopment of new fungal (‘Thomas and Read, 2007,
Read et al. 2009), bacterial (Geissbihler et al. 2009)
and microsporidan (Hulls, 1971) biocides, or the use
of genetic manipulation technology (Terenius et al.
2008) to modulate mosquito breeding habits, olfac-
tion or susceptibility to the parasite. Perhaps one of
the most powerful mechanisms, previously under-
appreciated, remains the application of transmission
blocking vaccines (Carter et al. 2000).

Without doubt, research over the past century has
generated numerous and exciting concepts to attack
Plasmodium — a parasite of truly horrifying global
impact. The careful re-evaluation of well-established
concepts, together with the rational prioritization
and careful implementation of additional new inter-
ventions in the field has the potential to reduce ma-
laria burden within the foreseeable future. Without
doubt, to engage in new campaigns to achieve local or
national elimination or global eradication will require
that the scientific community works together more
effectively than ever before to understand the opti-
mal implementation of appropriate interventions in
diverse endemic situations. Then ‘all’ we will re-
quire is the political and moral integrity to see the
campaigns to completion.

REFERENCES

Ahmed, A. M., Maingon, R. D., Taylor, P. J. and
Hurd, H. (1999). The effects of infection with
Plasmodium yoelii nigeriensis on the reproductive fitness
of the mosquito Anopheles gambiae. Invertebrate
Reproduction and Development 36, 217-222.

https://doi.org/10.1017/50031182009990667 Published online by Cambridge University Press

1431

Al-Olayan, E. B., Beetsma, A. L., Butcher, G. A.,
Sinden, R. E. and Hurd, H. (2002). Complete
development of the mosquito phases of the malaria
parasite in vitro. Science 295, 677-679.

Alano, P., Read, D., Bruce, M., Aikawa, M., Kaido, T.,
Tegoshi, T., Bhatti, S., Smith, D. K., Luo, C.,
Hansra, S., Carter, R. and Elliott, J. F. (1995). COS
cell expression cloning of Pfg377, a Plasmodium
falciparum gametocyte antigen associated with
osmiophilic bodies. Molecular and Biochemical
Parasitology 74, 143-156.

Alavi, Y., Arai, M., Mendoza, J., Tufet-Bayona, M.,
Sinha, R., Fowler, R., Billker, O., Franke-Fayard,
B., Janse, C. J., Waters, A. P. and Sinden, R. E.
(2003). The dynamics of interactions between
Plasmodium and the mosquito: a study of the infectivity
of Plasmodium berghei and Plasmodium gallinaceum, and
their transmission by Anopheles stephensi, Anopheles
gambiae and Aedes aegypti. International Fournal for
Parasitology 33, 933-943.

Amino, R., Giovannini, D., Thiberge, S., Gueirard, P.,
Boisson, B., Dubremetz, J. F., Prévost, M. C.,
Ishino, T., Yuda, M. and Ménard, R. (2008). Host cell
traversal is important for progression of the malaria
parasite through the dermis to the liver. Cell Host and
Microbe 3, 88-96.

Baer, K., Roosevelt, M., Clarkson, A. B., Jr.,
van Rooijen, N., Schneider, T. and Frevert, U.
(2007). Kupfter cells are obligatory for Plasmodium yoelii
sporozoite infection of the liver. Cellular Microbiology 9,
397-412.

Bass, C. C. and Johns, F. M. (1912). The cultivation of
malarial Plasmodia (Plasmodium vivax and Plasmodium
falciparum) in vitro. Journal of Experimental Medicine 16,
567-579.

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

Billker, O., Lindo, V., Panico, M., Etienne, T.,
Paxton, T., Dell, A., Rogers, M., Sinden, R. E. and
Morris, H. (1998). Identification of the putative inducer
of malaria development in the mosquito as xanthurenic
acid. Nature, London 392, 289-292.

Billker, O., Shaw, M. K., Margos, G. and Sinden, R. E.
(1997). The roles of temperature pH and mosquito
factors as triggers of male and female gametogenesis of
Plasmodium berghei in vitro. Parasitology 114, 1-7.

Blandin, S. and Levashina, E. A. (2004). Mosquito
immune responses against malaria parasites. Current
Opinion in Immunology 16, 16-20.

Boyd, M. F. (1949). Malariology, a Comprehensive Survey
of all Aspects of this Group of Diseases from a Global
Standpoint. W.B. Saunders and Company, Philadelphia,
USA and London, UK.

Bozdech, Z., Zhu, J., Joachimiak, M. P., Cohen, F. E.,
Pulliam, B. and DeRisi, J. L. (2003). Expression
profiling of the schizont and trophozoite stages of
Plasmodium falciparum with a long-oligonucleotide
microarray. Genome Biology 4, R9.

Brown, K. M. and Kreier, J. P. (1986). Effect of
macrophage activation on phagocyte-Plasmodium
interaction. Infection and Immunity 51, 744-749.


https://doi.org/10.1017/S0031182009990667

R. E. Sinden

Bruce, M. C., Alano, P., Duthie, S. and Carter, R.
(1990). Commitment of the malaria parasite Plasmodium
falciparum to sexual and asexual development.
Parasitology 100, 191-200.

Bruce-Chwatt, L. J. (1985). Essential Malariology,
2nd Edn. Heinemann Medical Books, London, UK.

Butcher, G. A. (1997). Antimalarial drugs and the
mosquito transmission of Plasmodium. 1 International
Fournal for Parasitology 27, 975-987.

Carter, R., Mendis, K. N., Miller, L. H., Molineaux, L.
and Saul, A. (2000). Malaria transmission-blocking
vaccines — how can their development be supported ?
Nature Medicine 6, 241-244.

Carter, R., Mendis, K. N. and Roberts, D. (2000).
Spatial targeting of interventions against malaria.
Bulletin of the World Health Organization 78,
1401-1411.

Chao, J. and Ball, G. H. (1964). Cultivation of the insect
cycle of Plasmodia. American Journal of Tropical
Medicine and Hygiene 13, 181-192.

Coatney, G. R., Collins, W. E., Warren, McW. and
Contacos, P. G. (1971). The Primate Malarias, 2nd
Edn. U.S. Department of Health, Education and
Welfare, NIH, Bethesda, Maryland, USA.

Collins, F. H., Sakai, R. K., Vernick, K. D.,
Paskewitz, S., Seeley, D. C., Miller, L. H., Collins,
W. E., Campbell, C. C. and Gwadz, R. W. (1986).
Genetic selection of a plasmodium refractory strain of
the malaria vector Anopheles gambiae. Science 234,
607-610.

Creasey, A. M., Ranford-Cartwright, L. C.,

Moore, D. J., Williamson, D. H., Wilson, R. J. M.,
Walliker, D. and Carter, R. (1993). Uniparental
inheritance of the mitochondrial gene cytochrome-b in
Plasmodium falciparum. Current Genetics 23, 360-364.

Dawes, E. J., Zhuang, S., Sinden, R. E. and
Basafnez, M. G. (2009). The temporal dynamics of
Plasmodium density through the sporogonic cycle within
Anopheles mosquitoes. Transactions of the Royal Society
of Tropical Medicine and Hygiene. Apr 4. [Epub ahead of
print]

Dimopoulos, G., Muller, H-M., Levashina, E. A. and
Kafatos, F. C. (2001). Innate immune defense against
malaria infection in the mosquito. Current Opinion in
Immunology 13, 79-88.

Florens, L., Washburn, M. P., Raine, J. D.,

Anthony, R. M., Grainger, M., Haynes, J. D.,
Moch, J. K., Muster, N., Sacci, J. B., Tabb, D. L.,
Witney, A. A., Wolters, D., Wu, Y., Gardner, M. J.,
Holder, A. A., Sinden, R. E., Yates, J. R. and
Carucci, D. J. (2002). A proteomic view of the
Plasmodium falciparum life cycle. Natur, Londone 419,
520-526.

Garnham, P. C. C. (1966). Malaria Parasites and other
Haemosporidia. Blackwell Scientific Publications.
Oxford, UK.

Geissbiihler, Y., Kannady, K., Chaki, P. P, Emidi, B.,
Govella, N. J., Mayagaya, V., Kiama, M.,
Mtasiwa, D., Mshinda, H., Lindsay, S. W.,
Tanner, M., Fillinger, U., de Castro, M. C. and
Killeen, G. F. (2009). Microbial larvicide application by
a large-scale, community-based program reduces
malaria infection prevalence in Urban Dar Es Salaam,

Tanzania. PLoS One 4, €5107, Epub 2009 Mar 31.

https://doi.org/10.1017/50031182009990667 Published online by Cambridge University Press

1432

Greenwood, B. (2009). Can malaria be eliminated?
Research, education and capacity development in
resource-poor settings — a Festschrift for Professor ML.E.
Molyneux OBE. Transactions of the Royal Society of
Tropical Medicine and Hygiene 103, (Suppl. 1), S2—S5.

Hall, N., Karras, M., Raine, J. D., Carlton, J. M.,
Kooij, T. W.J., Berriman, M., Florens, L.,
Janssen, C. S., Pain, A., Christophides, G. K.,
James, K., Rutherford, K., Harris, B., Harris, D. B.,
Churcher, C., Quail, M. A., Ormond, D.,Doggett, J.,
Trueman, H. E., Mendoza, J., Bidwell, S. L.,
Rajandream, M-A., Carucci, D. J., Yates, J. R., III,
Kafatos, F. C., Janse, C. J., Barrell, B., Turner,

C. M. R., Waters, A. P. and Sinden, R. E. (2005).
A comprehensive survey of the Plasmodium life cycle
by genomic, transcriptomic, and proteomic analyses.
Science 307, 82-86.

Han, Y. S., Thompson, J., Kafatos, F. C. and
Barillas-Mury, C. (2000). Molecular interactions
between Anopheles stephensi midgut cells and
Plasmodium berghei: the time bomb theory of ookinete
invasion of mosquitoes. The EMBO Journal 19,
6030-6040.

Hayward, R. E., DeRisi, J. L., Alfadhli, S.,

Kaslow, D. C., Brown, P. O. and Rathod, P. K.
(2000). Shotgun DNA microarrays and stage-specific
gene expression in Plasmodium falciparum malaria.
Molecular Microbiology 35, 6—14.

Hulls, R. H. (1971). The adverse effects of a
microsporidian on the sporogony and infectivity of
Plasmodium berghei. Transactions of the Royal Society of
Tropical Medicine and Hygiene 65, 421-422.

Janse, C. J., Mons, B., Rouwenhorst, R. J., Klooster
vander, P. F. J., Overdulve, J. P. and Kaay van der,
H. J. (1985). In vitro formation of ookinetes and
functional maturity of Plasmodium berghei gametocytes.
Parasitology 91, 19-29.

Khan, S. M., Franke-Fayard, B., Mair, G. R.,
Lasonder, E., Janse, C. J., Mann, M. and
Waters, A. P. (2005). Proteome analysis of separated
male and female gametocytes reveals novel sex-specific
Plasmodium biology. Cell 121, 675-687.

Krotoski, W. A. (1985). Discovery of the hypnozoite
and a new theory of malarial relapse. Transactions of
the Royal Society of Tropical Medicine and Hygiene 79,
1-11.

Kumar, S. and Barillas-Mury, C. (2005). Ookinete-
induced midgut peroxidases detonate the time bomb in
anopheline mosquitoes. Insect Biochemistry and
Molecular Biology 35, 721-727.

Lal, K., Delves, M. J., Bromley, E., Wastling, J. M.,
Tomley, F. M. and Sinden, R. E. (2009 a). Plasmodium
male development gene-1 (mdv-1) is important for
female sexual development and identifies a polarised
plasma membrane during zygote development.
International Journal for Parasitology 39, 755-761.

Lal, K., Bromley, E., Prieto, H., Sanderson, S. J.,
Yates J. R., III, Wastling, J. M., Tomley, F. M. and
Sinden, R. E. (20095). Characterisation of Plasmodium
invasive organelles, an ookinete microneme proteome.
Proteomics 9, 1142-1151.

Landau, 1., Chabaud, A. G., Mora-Silvera, E.,
Coquelin, F., Boulard, Y., Rénia, L. and Snounou,
G. (1999). Survival of rodent malaria merozoites in the


https://doi.org/10.1017/S0031182009990667

Malaria development and transmission

lymphatic network: potential role in chronicity of the
infection. Parasite 6, 311-322.

Lasonder, E., Ishihama, Y., Andersen, J. S.,
Vermunt, A. M. W., Paln, A., Sauervein, R. W.,
Eling, W. M. C., Hall, N., Waters, A.P.,
Stunnenberg, H. G. and Mann, M. (2002).

Analysis of the Plasmodium falciparum proteome by
high-accuracy mass spectrometry. Nature, London 419,
537-542.

Lasonder, E., Janse, C. J., van Gemert, G.-J., Mair,
G. R., Vermunt, A. M. W., Douradinha, B. G.,
van Noort, V., Huynen, M. A, Luty, A.]J. F.,
Kroeze, H., Khan, S. M., Sauerwein, R. W.,
Waters, A. P., Mann, M. and Stunnenberg, H. G.
(2008). Proteomic profiling of Plasmodium sporozoite
maturation identifies new proteins essential for parasite
development and infectivity. PLoS Pathogens 4,
e€1000195.

Le Roch, K. G,, Johnson, J. R., Florens, L., Zhou, Y.,
Santrosyan, A., Grainger, M., Yan, S. F.,
Williamson, K. C., Holder, A. A., Carucci, D.]J.,
Yates, J. R., III. and Winzeler, E. A. (2004). Global
analysis of transcript and protein levels across the
Plasmodium falciparum life cycle. Genome Research 14,
2308-2318.

Le Roch, K. G., Zhou, Y., Blair, P. L., Grainger, M.,
Moch, J. K., Haynes, J. D., de la Vega, P., Holder,
A. A,, Batalov, S., Carucci, D. J. and Winzeler, E. A.
(2003). Discovery of gene function by expression
profiling of the malaria parasite life cycle. Science 301,
1503-1508.

Levashina, E. A., Moita, L. F., Blandin, S., Vriend, G.,
Lagueux, M. and Kafatos, F. C. (2001). Conserved
role of a complement-like protein in phagocytosis
revealed by dsRNA knockout in cultured cells of the
mosquito, Anopheles gambiae. Cell 104, 709-718.

Liu, Y., Tewari, R., Ning, J., Blagborough, A. M.,
Pei, J., Grishin, N. V., Steele, R. E., Sinden, R. E.,
Snell, W. J. and Billker, O. (2008). A conserved
mechanism for gamete fusion. Genes and Development
22, 1051-1068.

Luckhart, S., Vodovotz, Y., Cui, L. W. and
Rosenberg, R. (1998). The mosquito Anopheles
stephensi limits malaria parasite development with
inducible synthesis of nitric oxide. Proceedings of the
National Academy of Sciences, USA 95, 5700-5705.

Maegraith, B. G. (1948). Pathological Processes in Malaria
and Blackwater Fever. Blackwell Scientific Publications,
Oxford, UK.

Mair, G., Braks, J. A. M., Garver, L. S.,

Wiegant, J. C. A. G., Hall, N., Dirks, R. W., Khan,
S. M., Dimopoulos, G.,Janse, C. J. and Waters, A. P.
(2006). Regulation of sexual development of Plasmodium
by translational repression. Science 313, 667-669.

Osta, M. A., Christophides, G. K. and Kafatos, F. C.
(2004). Effects of mosquito genes on Plasmodium
development. Science 303, 2030-2032.

Paton, M. G., Barker, G. C., Matsuoka, H.,

Ramesar, J., Janse, C. J., Waters, A. P. and
Sinden, R. E. (1993). Structure and expression of a
conserved and post-transcriptionally regulated gene
encoding a surface protein of the sexual stages from
malaria parasite Plasmodium berghei. Molecular and
Biochemical Parasitology 59, 263-276.

https://doi.org/10.1017/50031182009990667 Published online by Cambridge University Press

1433

Patra, K. P., Johnson, J. R., Cantin, G. T., Yates, J. R.,
III. and Vinetz, J. M. (2008). Proteomic analysis of
zygote and ookinete stages of the avian malaria parasite
Plasmodium gallinaceum deliniates the homologous
proteomes of the lethal human malaria parasite
Plasmodium falciparum. Proteomics 8, 2492—-2499.

Poudel, S., Newman, R. A. and Vaughan, J. A. (2008).
Rodent Plasmodium: population dynamics of early
sporogony within Anopheles stephensi mosquitoes.

The Fournal of Parasitology 94, 999-1008.

Povolones, M., Waterhouse, R. M., Kafatos, F. and
Christophides, G. K. (2009). Leucine-rich repeat
protein complex activates mosquito complement in
defense against Plasmodium parasites. Science 324,
258-261.

Pradel, G. and Frevert, U. (2001). Malaria sporozoites
actively enter and pass through rat Kupffer cells prior to
hepatocyte invasion. Hepatology 33, 1154-1165.

Raine, J. D., Ecker, A., Mendoza, J., Tewari, R.,
Stanway, R. R. and Sinden, R. E. (2007). Female
inheritance of malarial lap genes is essential for mosquito
transmission. PLoS Pathogens 3, €30.

Read, A.F., Lynch, P. A. and Thomas, M. B. (2009).
How to make evolution-proof insecticides for malaria
control. PLoS Biology 7, ¢1000058.

Rowland, M. and Boersma, E. (1988). Changes in the
spontaneous flight activity of the mosquito Anopheles
stephensi by parasitization with the rodent malaria
Plasmodium yoelii. Parasitology 97, 221-227.

Schiefer, B. A., Ward, R. A. and Eldridge, B. F. (1977).
Plasmodium cynomologi: effects of malaria infection on
laboratory flight performance of Anopheles stephensi
mosquitoes. Experimental Parasitology 41, 397-404.

Schneider, I. and Vanderberg, J. P. (1980). Culture of
the invertebrate stages of plasmodia and the culture
of mosquito tissues. In Malaria (ed. Kreier, J. P.),
pp. 235-270. Academic Press, New York, USA.

Silvestrini, F.; Alano, P. and Williams, J. L. (2000).
Commitment to the production of male and female
gametocytes in the human malaria parasite Plasmodium
falciparum. Parasitology 121, 465-471.

Silvestrini, F., Bozdech, Z., Lanfrancotti, A.,

Di Guilio, E., Bultrini, E., Picci, L., deRisi, J. L.,
Pizzi, E. and Alano, P. (2005). Genome-wide
identification of genes upregulated at the onset of
gametocytogenesis in Plasmodium falciparum. Molecular
and Biochemical Parasitology 143, 100-110.

Sinden, R. E., Canning, E. U. and Spain, B. (1976).
Gametogenesis and fertilization in Plasmodium yoelit
nigeriensis: a transmission electron microscope study.
Proceedings of the Royal Society of London, B 193, 55-76.

Sinden, R. E., Dawes, E. J., Alavi, Y., Waldock, J.,
Finney, O., Mendoza, J., Butcher, G. A.,

Andrews, L., Hill, A. V., Gilbert, S. C. and
Basanez, M-G. (2008). Progression of Plasmodium
berghei through Anopheles stephensi is density-
dependent. PLoS Pathogens 3, e195.

Sinden, R. E., Hartley, R. H. and Winger, L. (1985).
The development of Plasmodium ookinetes in vitro:
an ultrastructural study including a description of
meiotic division. Parasitology 91, 227-244.

Smalley, M. E. (1976). Plasmodium falciparum
gametocytogenesis in vitro. Nature, London 264,

271-272.


https://doi.org/10.1017/S0031182009990667

R. E. Sinden

Smith, T. G., Lourenco, P., Carter, R., Walliker, D.
and Ranford-Cartwright, L. C. (2000). Commitment
to sexual differentiation in the human malaria parasite,
Plasmodium falciparum. Parasitology 91, 127-133.

Strome, C. P. A., DeSantis, P. L. and Beaudoin, R. L.
(1979). The cultivation of the exoerythrocytic stages of
Plasmodium berghei from sporozoites. In Vitro 15,
531-536.

Sullivan, M., Li, J., Kumar, S., Rogers, M. J. and
McCutchan, T. F. (2000). Effects of interruption of
apicoplast function on malaria infection, development
and transmission. Molecular and Biochemical
Parasitology 109, 17-23.

Tarun, A. S., Peng, X., Dumpit, R. F., Ogata, Y.,
Silva-Rivera, H., Camargo, N., Bergman, L. W. and
Kappe, S. H. I. (2008). A combined transcriptome and
proteome survey of malaria parasite liver stages.
Proceedings of the National Academy of Sciences, USA
105, 305-310.

Terenius, O., Marinotti, O., Sieglaff, D. and
James, A. A. (2008). Molecular genetic manipulation of
vector mosquitoes. Cell Host and Microbe 4, 417-423.

Thomas, M. B. and Read, A. F. (2007). Can fungal
pesticides control malaria? Nature Reviews Microbiology
5, 377-383.

Trager, W. and Jensen, J. B. (1976). Human malaria
parasites in continuous culture. Science 193, 673—-675.
Vaidya, A. B., Morrisey, J., Plowe, C. V., Kaslow, D. C.
and Wellems, T. E. (1993). Unidirectional dominance

of cytoplasmic inheritance in two genetic crosses of
Plasmodium falciparum. Molecular Cell Biology 13,
7349-7357.

Valkiunas, G. (2005). Avian Malaria Parasites and other
Haemosporidia. CRC Press, Boca Raton, London,

New York and Washington DC, USA.

van Dijk, M. R., Janse, C. J., Thompson, J., Waters,
A.P., Braks, J. A. M., Dodemont, H. J.,
Stunnenberg, H. G., van Gemert, G-]J.,

https://doi.org/10.1017/50031182009990667 Published online by Cambridge University Press

1434

Sauerwein, R. W. and Eling, W. (2001). A central
role for P48/45 in malaria parasite male gamete fertility.
Cell 104, 153-164.

van Schaijk, B. C. L., van Dijk, M. R., van de
Vegte-Bolmer, M., van Gemert, G-]J., van
Dooren, M. W., Eksi, S., Roeffen, W. F. G.,

Janse, C. J., Waters, A. P. and Sauerwein, R. W.
(2006). Pfs47, paralog of the male fertility factor
Pfs48/45, is a female specific surface protein in
Plasmodium falciparum. Molecular and Biochemical
Parasitology 149, 216-222.

Vaughan, J. A. (2006). Population dynamics of
Plasmodium sprorogony. Trends in Parasitology 2,
63-70.

Vernick, K. D., Fujioka, H., Seeley, D. C., Tandler, B.,
Aikawa, M. and Miller, L. H. (1995). Plasmodium
gallinaceum : a refractory mechanism of ookinete killing
in the mosquito, anopheles gambiae. Experimental
Parasitology 80, 583-595.

Wernsdsorfer, W. H. and McGregor, 1. (1988).
Malaria. Principles and Practice of Malariology. Vols 1
and 2, Churchill Livingstone, Edinburgh, London,
Melbourne and New York.

Yoeli, M. and Upmanis, R. S. (1968). Plasmodium berghei
ookinete formation in vitro. Experimental Parasitology
22, 122-128.

Young, J. A., Fivelman, Q. L., Blair, P. L., de la
Vega, P., Le Roch, K. G., Zhou, Y., Carucci, D. J.,
Baker, D. A. and Winzeler, E. A. (2005). The
Plasmodium falciparum sexual development
transcriptome: a microaaray analysis using ontology-
based pattern identification. Molecular and Biochemical
Parasitology 143, 67-79.

Yuda, M., Iwanaga, S., Shigenobu, S., Mair, G. R.,
Janse, C. J., Waters, A. P., Kato, T. and Kaneko, 1.
(2009). Identification of a transcription factor in the
mosquito-invasive stage of malaria parasites. Molecular
Microbiology 71, 1402—1414.


https://doi.org/10.1017/S0031182009990667

