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1 Introduction

Approximately 40% of the world’s 6 billion people remain at risk of contracting malaria.
Greater than 300 million people, primarily in sub-Saharan Africa, are afflicted by the disease
resulting in more than 1 million deaths per year. These staggering numbers are compounded
by unbearable social and economic losses, primarily in endemic countries.

It has been over 100 years since the work of Ronald Ross and Giovanni Grassi first
demonstrated the role of the mosquito in the transmission of malaria. Since then, a great deal
of knowledge has been obtained about the complex life cycle of the malaria parasite (Genus:
Plasmodium) as it grows and differentiates in the mosquito vector and human hosts.
Although the disease-causing forms of the parasite exist only in human blood stages, the
mosquito is the obligatory vector for transmission. Here, we focus on the mosquito stages of
the parasite life cycle, from its initial uptake as gametocytes to the infective salivary gland
sporozoites that initiate infection of a new vertebrate host. Through this complex
developmental progression, the parasite must overcome many roadblocks and barriers to
ensure transmission. Whereas much of our knowledge has been obtained with the murine
malaria model due to the ease of handling in the laboratory, recent work has begun to
emphasize the more relevant P. falcijparum human malaria model. Here we review current
knowledge of Plasmodium-mosquito interactions and discuss research questions that may
lead to the development of disease prevention strategies.

2 The Plasmodium life cycle in the mosquito
2.1 GAMETOGENESIS

Egg production by female mosquitoes requires a blood meal. In principle, the process of
feeding and reproduction can be repeated every 3—4 days for the duration of the female
mosquito’s lifespan. Plasmodium utilizes this cyclic feeding behaviour for its transmission
from one vertebrate host to the next.

The vast majority of the circulating parasites in an infected human are asexually dividing
merozoites. These parasites play no role in transmission and die after ingestion by the
mosquito. However, a small proportion of the circulating parasites enter a terminal
differentiation pathway that culminates with the production of male and female
gametocytes. These non-dividing sexual forms are solely responsible for establishing the
parasite life cycle in the mosquito vector and ultimately the transmission to a new vertebrate
host.

After a mosquito feeds on an infected host, ingested gametocytes undergo rapid
differentiation within the mosquito midgut lumen (outlined in Fig. 1). Within minutes,
gametocytes egress from their host erythrocytes to initiate gametogenesis (differentiation of
gametocytes into gametes). Female gametocytes (macrogametocytes) emerge to produce a
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single non-motile spherical female gamete, while male gametocytes (microgametocytes)
undergo ‘exflagellation’, a process originally described by Laveran, resulting in the
production of eight motile male gametes. These initial steps are triggered in part by the drop
in temperature from ~37 °C in the vertebrate body to ambient temperature and can be
stimulated /n vitro through an increase in pH from 7.4 to 8.0-8.2 (Nijhout and Carter, 1978).
However, the change in pH that accompanies the mosquito blood meal is minimal and
gametogenesis /n vivo requires the presence of a mosquito-derived factor originally defined
as the gametocyte-activating factor (GAF) (Nijhout, 1979; Sinden et a/., 1996). Identified as
xanthurenic acid (XA) (Billker et al,, 1998; Garcia et al,, 1998), an intermediate product
involved in tryptophan metabolism, this small molecule was shown to stimulate
exflagellation at neutral pH /n vitro. As a conserved component of the eye pigmentation
pathway of insects, mosquito eye colour mutants may possess reduced concentrations of
GAF activity (Billker et al,, 1998; Arai et al., 2001). Subsequently, it has been suggested
that variation in XA production by different mosquito species may influence the rate of
exflagellation and determine the specificity of vector—parasite interactions (Siden-Kiamos
and Louis, 2004). An unidentified serum-derived factor may also have GAF activity,
suggesting that a component of gamete activation may also be derived from the host blood
(Arai et al., 2001).

2.1.1 Male gametogenesis—Male gametogenesis occurs in the mosquito midgut, and
involves three rapid rounds of DNA replication to generate eight microgametes in a process
known as exflagellation (Janse et al., 1986). The mechanisms by which these dramatic
changes are accomplished within the span of 10 min are poorly understood. The influx of
second messengers such as Ca2*, cGMP, and inositol (1,4,5) triphosphate (1P3) are known
requirements to initiate male gametogenesis (Kawamoto et a/,, 1990, 1993; Martin et al.,
1994), presumably through a signalling cascade in response to an external stimulus.

As previously mentioned, XA is essential for the induction of gametogenesis. XA triggers a
rapid increase in the concentration of cytosolic calcium through an unknown mechanism
(Billker et al., 2004). A calcium-dependent protein kinase, CDPK4, has been shown to
translate this Ca2* signal into the activation of the cell cycle and initiate DNA replication in
the male gametocyte (Billker et al., 2004). Elevated levels of guanylyl cyclase and cGMP-
dependent protein kinase (PKG) activity have also been implicated in the initiation of
gametogenesis by XA (Muhia et al., 2001; McRobert et al,, 2008). In fact, the precise timing
and regulation of cGMP levels is critical in gametocyte activation and is maintained by the
cGMP-phosphodiesterase (PDEd) prior to gametogenesis in P. falciparum (Taylor et al.,
2008). Once activated, cGMP and Ca2* signalling appear to also influence gamete
morphology. Evidence suggests that PKG activation triggers gametocyte rounding, while
intracellular Ca2* signalling functions downstream in activating cell cycle progression and
exflagellation (McRobert ef a/., 2008).

2.1.2 Female gametogenesis—The regulation of female gametogenesis is not well
understood. Upon entry into the mosquito midgut, macrogametocytes egress from their host
red blood cells but undergo only minimal morphological changes. While evidence suggests
that the signalling cascades leading to the induction of gametogenesis may be the same as in
the male, there appears to be some degree of sex-specificity as demonstrated by the male-
specific requirement of the putative mitogen-activated protein (MAP) kinase 2 to produce
functional male gametes. Inactivation of the Map-2 gene blocks microgametocyte
cytokinesis and gamete formation while female gametogenesis is unaffected (Khan et af,
2005; Tewari et al., 2005a).

Distinct morphological characteristics can distinguish female gametocytes from their male
counterparts. An abundance of mitochondria, ribosomes, and Golgi-derived osmiophilic
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bodies are present within the female gametocyte suggesting a role of these organelles in the
production and storage of proteins required for later stages of development (Sinden, 1982).
The function of osmiophilic bodies is not well understood, but it was observed that pfg377
gene disruption leads to a dramatic decrease in the occurrence of osmiophilic bodies and
macrogametocyte emergence from the erythrocyte (Severini et al., 1999; de Koning-Ward et
al., 2008).

2.2 FERTILIZATION AND FUSION OF GAMETES

Upon completion of gametogenesis in the mosquito midgut, the exflagellating motile male
gametes form exflagellation centres. This clustering effect between nearby RBCs and an
exflagellating male gamete are produced shortly after emergence and are likely caused by
the interaction between sialic acid on the erythrocyte surface and the microgametes
(Templeton et af., 1998).

Recognition, attachment and fusion (fertilization) of macro- and microgametes leading to
the formation of the zygote all occur within 1 h of blood uptake by the mosquito. Several
proteins on the extracellular surface of the macro- and microgametes have been implicated
in these processes. Among these proteins are Pfs230 and Pfs48/45, members of a highly
conserved family containing a characteristic pattern of cysteine residues (Carter et al., 1995;
Templeton and Kaslow, 1999). Pfs230 is secreted from the gametocyte and later interacts
with the glycosylphosphatidylinositol (GPI)-anchored Pfs48/45 present on the surface of
male and female gametes of P, falciparum (Kumar, 1987; Kumar and Wizel, 1992). The
presence of Pfs230 on the male gamete surface is necessary for the formation of
exflagellation centres (Eksi et al.,, 2006), while Pfs48/45 is required by the microgamete for
the attachment and fertilization of the macrogamete (van Dijk et a/., 2001).

Recently, two groups independently determined that HAP2 (or glutamylcysteine synthetase
1 (GCS1)), a highly conserved component of the gamete fusion apparatus shared between
Plasmodium, green algae, and plants, is required for fertilization and zygote formation (Hirai
etal., 2008; Liu et al., 2008). Exposed on the surface of the male gamete, deletion of HAP2
prevents gamete fusion while the adherence between gametes remains uncompromised
(Hirai et al., 2008; Liu et al., 2008). HAP2 immune sera drastically inhibited ookinete
differentiation (presumably by inhibition of gamete fertilization), suggesting its application
as an anti-malaria transmission-blocking vaccine (Blagborough and Sinden, 2009).

2.3 ZYGOTE TO OOKINETE PROGRESSION

Zygote formation is followed by nuclear fusion, genome replication, and meiosis. During
this developmental stage, the nuclear envelope remains intact following meiosis. Nuclear
division does not occur, resulting in the formation of a tetraploid zygote nucleus. During this
period, members of the NIMA-related protein kinase family behave as important regulators
of cell cycle progression and are essential for the differentiation into an ookinete. Expressed
in the female macrogamete, parasites lacking nek-4 are able to fertilize, but are unable to
initiate DNA replication within the newly formed zygote (Khan ef a/., 2005; Reininger et al.,
2005). A similar phenotype was determined for parasites lacking nek-2, yet evidence
suggests that these enzymes perform non-redundant functions during DNA replication in
meiosis (Reininger et al., 2009).

Many of the genes required for the differentiation of the zygote into an ookinete are
translationally repressed in the female gametocyte by a DEAD-box RNA helicase, DOZI.
Loss of DOZI causes the destabilization and subsequent degradation of a discrete subset of
female mMRNAs, thus impairing further zygote development (Mair et al., 2006). DOZI-
dependent translational repression of specific transcripts (including P25, P28, and AP2-0O) is
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released shortly after zygote formation, resulting in the precise temporal regulation of
protein production (Mair et al., 2006; Yuda et al., 2009). Through its DOZI-dependent
regulation, the transcription factor AP2-0O is translated shortly after zygote formation to
trigger the induction of additional genes required for ookinete development and midgut
invasion (Yuda et al., 2009).

After this switch in development, the spherical zygote transitions into an intermediate retort
form and then into the invasive, banana-shaped ookinete. These dramatic morphological
changes rely on calcium-dependent signalling pathways similar to those that regulate the
onset of gametogenesis. Both intracellular calcium and calmodulin (CaM) are required for
the zygote to ookinete transition, presumably through signalling mediated by the CaM-
dependent protein kinase (CaMK) (Silva-Neto ef al., 2002). However, the molecular basis
for the complex set of events leading to the differentiation of the zygote into an ookinete
remains largely unknown.

2.4 OOKINETE INVASION OF THE MOSQUITO MIDGUT

2.4.1 The role of the mosquito peritrophic matrix—Distension of the mosquito
midgut following a blood meal triggers the secretion by the midgut epithelial cells of an
extracellular chitinous layer known as the peritrophic matrix (PM). Initially soft and fragile,
the PM gradually thickens and polymerizes as it surrounds the ingested food bolus
(Devenport and Jacobs-Lorena, 2005). The PM is composed of proteins, glycoproteins,
proteoglycans, and chitin and represents a physical barrier to the ookinete (Billingsley and
Rudin, 1992).

Approximately 20 h after ingestion of an infected blood meal, mature ookinetes begin their
escape from the food bolus. It is unclear if the movement of the ookinete is random or
directed by environmental cues that guide its movements to the PM. Upon contact with the
PM, the ookinete secretes a chitinase from its micronemes (apical secretory vesicles) to
locally disrupt the chitinous PM, thus facilitating traversal of this physical barrier.
Inactivation of the chitinase genes dramatically reduces the ability of the ookinete to traverse
the PM (Dessens et al., 2001; Tsai et al., 2001). P. gallinaceum (but not P. falciparum or P,
berghei) ookinetes secrete chitinase as a zymogen that is then activated by mosquito midgut
proteases (Shahabuddin ef af,, 1993; Shahabuddin and Kaslow, 1994), demonstrating that
the parasite has adapted to the protease-rich environment of the mosquito midgut to facilitate
its own development.

2.4.2 Interactions with the mosquito midgut—~Following traversal of the PM, the
ookinete invades the midgut epithelium (outlined in Fig. 2). Based on in vitro observations,
it is believed that ookinetes display extensive gliding motility along the lumenal surface of
the midgut epithelium that may be important to initiate midgut invasion (Zieler and Dvorak,
2000). The lumenal surface of the midgut is coated with a glycocalyx composed of an
intricate mixture of at least 28 glycoproteins displaying complex glycosylation patterns, with
which the ookinetes first interact (Shen et a/, 1999; Wilkins and Billingsley, 2001;
Dinglasan and Jacobs-Lorena, 2005; Dinglasan et al., 2007a).

Sugar-binding proteins, known as lectins, bind specifically to the lumenal surface of midgut
epithelial cells (Rudin and Hecker, 1989), suggesting that carbohydrate moieties may play a
role in ookinete binding to the midgut (Ramasamy et a/,, 1997). This idea was reinforced by
a dramatic reduction of ookinete binding in vitro following the removal of carbohydrates
present on the midgut lumen upon periodate treatment (Zieler et al., 1999). Certain lectins
were also identified that impair ookinete binding, suggesting that ookinetes interact with
specific carbohydrate ligands (Rudin and Hecker, 1989; Zieler et a/., 2000). Experimental
feeding studies demonstrate that an antibody (MG96) that recognizes midgut

Aav In Insect Phys. Author manuscript; available in PMC 2013 May 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith and Jacobs-Lorena Page 5

oligosaccharides completely blocked Plasmodium development (Dinglasan et al., 2003),
providing further evidence of an interaction between mosquito sugars and parasite lectins to
establish invasion. Chondroitin sulphate proteoglycans displayed on the apical microvilli
appear to play an essential role for ookinete midgut invasion. Repression of
glycosaminoglycan biosynthesis using RNA interference diminished chondroitin sulphate
abundance on the adult midgut surface and substantially inhibited ookinete development
(Dinglasan et al., 2007a).

Based upon previous observations that the lectin jacalin significantly inhibits ookinete
attachment to the midgut microvilli (Zieler et al,, 2000), Dinglasan et al. (2007b) used a
jacalin affinity column to determine that a leucine aminopeptidase (APN1) is the major
glycoprotein recognized by this lectin. Antibodies against APN1 strongly inhibited the
formation of oocysts (presumably interfering with ookinete invasion), identifying a possible
mosquito-based transmission-blocking antigen.

In an attempt to identify midgut receptors for ookinete invasion, Ghosh et a/. (2001)
screened a phage display library for peptides that bind specifically to the lumenal side (the
one invaded by the parasite) of the midgut epithelium. Identified as a result of this screen,
the salivary gland and midgut peptide 1 (SM1) dodecapeptide strongly inhibits P. bergher
ookinete invasion, presumably through competitive binding to a mosquito midgut receptor.
These findings led to the creation of a transgenic mosquito that secretes SM1 into the midgut
lumen every time it feeds on a blood meal, making it refractory to malaria parasite
transmission (Ito et al., 2002).

Other factors mediating ookinete attachment and invasion have also been suggested,
including the role of annexins to facilitate ookinete invasion (Kotsyfakis et a/., 2005). In
contrast, phospholipase A2 (PLA?2) interferes with ookinete attachment presumably through
association with the midgut lumen (Zieler et a/., 2001) and transgenic mosquitoes expressing
PLAZ2 are impaired in Plasmodium transmission (Moreira ef a/., 2002; Rodrigues et al.,
2008). The mechanism of PLAZ inhibition is unknown, but is independent of its enzymatic
activity (Zieler et al., 2001).

It appears that the invading ookinete interacts with a wide range of sugar, lipid, and protein
moieties on the lumenal surface of the midgut epithelium and its surrounding extracellular
matrix. We are just beginning to understand these complex interactions and the
characterization of these interacting molecules remain a focus for future research.

2.4.3 Ookinete invasion—After a period of gliding along the midgut epithelium (Zieler
and Dvorak, 2000), the ookinete commits towards the process of invasion. Using the ~.
gallinaceum/Ae. aegypti model, Shahabuddin and Pimenta (1998) suggested that a specific
cell type (‘Ross cells’) rich in vesicular ATPase and containing few microvilli may serve as
targets for midgut invasion. However, further studies challenged this concept, suggesting
that invasion occurs at random and that phenotypic differences between neighbouring cells
are the result of ookinete invasion (Han et al,, 2000; Zieler and Dvorak, 2000).

After adherence, ookinetes produce a localized invagination that surrounds the ookinete
(Kadota et al., 2004). The Plasmodium membrane attack ookinete protein (MAOP) plays an
essential role in the process of invasion. Detailed electron microscopy demonstrated that
MAQRP is required for the rupture of the midgut epithelium on the lumenal surface through
an interaction with the apical tip of the ookinete, suggesting that MAOP is involved in
producing a poreforming complex necessary for entry into the cytoplasm of midgut
epithelial cells (Kadota et al., 2004). MAOP-disruptant ookinetes are incapable of invasion
but display a tight and irreversible attachment to the lumenal surface of the midgut
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epithelium, implying that midgut invasion is preceded by adherence to the midgut surface
(Kadota er al., 2004). A perforin-like protein (PPLP5) containing a putative pore-forming
MACPF-like domain similar to MAOP exhibits a similar function. PPLP5 disruptant
parasites remain localized to the apical surface and do not invade the midgut epithelial cells.
This virtually identical phenotype to MAOP-disruptant parasites has led Ecker et al. (2007)
to propose that these two proteins (MAOP and PPLP5) may interact to form an ookinete
invasion complex.

Ookinete motility is critical for midgut invasion and for its intracellular journey through the
cytoplasm. Gliding motility involves an actomyosin motor (Siden-Kiamos ef a/., 2006b) and
several other Plasmodium proteins whose exact role is not yet understood. Knockout of a
conserved membraneassociated guanylate cyclase (GCP) severely impairs ookinete motility
and fails to produce oocysts (Hirai et a/., 2006; Taylor ef al., 2008). This effect can likely be
attributed to the failure to produce cGMP, which in turn may activate downstream signalling
pathways leading to ookinete motility (Hirai et al., 2006). Another second messenger,
calcium, may also be important for ookinete motility. Deletion of a calcium-dependent
protein kinase (CDPK3) leads to the inhibition of oocyst formation most likely via inhibition
of midgut invasion (Ishino et a/., 2006; Siden-Kiamos et al,, 2006a). In vitro experiments
have shown that upon contact with insect cells, ookinete intracellular calcium concentration
is greatly reduced (Siden-Kiamos and Louis, 2008). While this suggests a regulatory role of
calcium in ookinete motility, it is unclear how this correlates with modulation of CDPK3
function (Siden-Kiamos and Louis, 2008). The role of second messengers in the expression
and/or secretion of proteins from the micronemes that are involved in ookinete motility and
invasion remains to be investigated.

During the process of invasion, the ookinete relies on several surface proteins to migrate
through the midgut epithelium. One component, CTRP, is localized within the apical
secretory organelles called micronemes, suggesting that the protein is secreted during
invasion (Limviroj et al., 2002). CTRP knockout parasites are non-motile, and are unable to
invade the midgut epithelium (Dessens et al., 1999; Yuda et al., 1999; Templeton et al.,
2000). Other proteins present on the ookinete surface and required for midgut traversal
include a pair of highly abundant GPIl-anchored proteins (P25 and P28) and the secreted
ookinete adhesive protein (SOAP). However, their role in invasion is presently unknown
(Tomas et al., 2001; Dessens et al., 2003).

2.4.4 The ookinete-induced ‘time bomb’—Ookinete invasion induces dramatic
changes of the invaded cell cytoskeleton (Han et a/., 2000) including formation of a
contractile ring around the basal membrane, resulting in the “pinching’ of the cell and its
extrusion from the midgut epithelium (Han et al., 2000). As a result, the adjacent epithelial
cells then converge to fill the gap left by the extruded cell (Han et a/., 2000; Gupta et al.,
2005).

Invasion also induces epithelial cell expression of nitric oxide synthase (NOS) (Luckhart et
al., 1998) leading to the formation of nitrites and peroxides that in turn trigger apoptosis
(Herrera-Ortiz et al.,, 2004; Kumar et al., 2004). Presumably, these highly unstable and toxic
compounds create a cellular environment harmful for the subsistence of the ookinete and
present a narrow period of time during which the ookinete must escape the cell to ensure its
own survival. A series of physiological changes occur within invaded cells that includes the
loss of microvilli, DNA fragmentation and cell death (Han et a/., 2000). Evasion from this
‘time bomb’ by the ookinete is thought to occur either by invading a neighbouring naive cell
or by escaping the invaded cell to reach its final extracellular destination between the
epithelium and the basal lamina facing the haemocoel. While it remains unclear how
ookinete invasion triggers programmed cell death, this is likely a general response to remove
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damaged epithelial cells and may not be specific to parasite invasion (Okuda et a/., 2002,
2007; Baton and Ranford-Cartwright, 2005). To what extent this response limits parasite
development is unknown.

2.5 DIFFERENTIATION INTO AN OOCYST

Ookinetes that have successfully traversed the midgut epithelium emerge within the space
between the midgut epithelium and the acellular basal lamina. Within this setting,
components of the basal lamina (e.g. collagen, laminin) may serve as a trigger for oocyst
differentiation (Sinden, 2002). Each of the aforementioned ookinete surface proteins (CTRP,
P25, P28, and SOAP) interacts with laminin and may participate in the adhesion and
attachment to the basal lamina to initiate oocyst progression (Vlachou et al., 2001; Limviroj
et al., 2002; Dessens et al., 2003). After emerging from the midgut epithelium, the ookinete
rounds up and begins a sessile stage of development in which a single ookinete differentiates
into an oocyst containing thousands of sporozoites.

Through a period of extensive cell division known as sporogony, the oocyst grows in size as
the parasite undergoes multiple rounds of endomitosis from the original tetraploid nucleus.
Over a variable incubation period according to the species of the parasite, 2000-8000
sporozoites are formed within a single oocyst (Sinden, 2002). Once fully differentiated, the
oocyst occupies approximately 1000 times its original volume and protrudes into the
mosquito haemocoel.

Very little information is available about the molecular signals that initiate oocyst
development, yet one recent paper has identified a factor involved in the ookinete—oocyst
transition. Gene disruption experiments demonstrate that a formin-like protein, MISFIT,
presumably regulates DNA replication or chromosomal segregation during zygote
development (Bushell et a/., 2009). Mutant ookinetes have reduced DNA content and
display aberrant microneme development, yet are uncompromised in their ability to invade
the midgut (Bushell et al., 2009). Mutant oocysts are impaired in growth, develop in reduced
numbers, and are gradually cleared by the mosquito (Bushell et a/., 2009). The precise role
of MISFIT is unclear, but represents the first identified factor that mediates the
differentiation and development of oocysts from ookinetes.

The oocyst is surrounded by a protective capsule that is thought to perform two vital
functions. One is to allow the flux of nutrients and metabolites into and out of the
developing oocyst to sustain its massive growth. Secondly, the capsule may interact with
mosquito proteins to provide a ‘masking’ effect to prevent the detection of the oocyst by the
mosquito immune system (Adini and Warburg, 1999). A parasite-derived transglutaminase
was identified that is hypothesized to crosslink parasite- and mosquito-derived proteins,
including laminin that may protect the oocyst from an immune response (Adini et al., 2001,
Nacer et al., 2008). The molecular composition of the capsule is largely unknown, and only
recently, the first apicomplexan capsule protein was identified as PbCAP380 (Srinivasan et
al., 2008). PbCAP380 is a large protein of about 380 kDa that is synthesized soon after
emergence of the ookinete into the haemocoel and is an essential component of oocyst
development. PbCAP380-deficient parasites form oocysts in normal numbers but are
gradually eliminated, presumably via the mosquito’s immune defences. In -y-GCS-deficient
parasites, oocyst development is severely attenuated, implicating a critical component of the
glutathione biosynthesis pathway in oocyst survival (Vega-Rodriguez et al.,, 2009). High
levels of reactive oxygen species are produced within the mosquito midgut and haemolymph
in response to a parasite-infected blood meal (Molina-Cruz ef a/., 2008), and it is possible
that oocysts require glutathione biosynthesis to provide antioxidants for a redox defence
necessary for survival.

Aav In Insect Phys. Author manuscript; available in PMC 2013 May 29.
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A puzzling question remains of how the rigid capsule grows with the oocyst. As the capsule
is formed during the earliest stages of oocyst development (Srinivasan et a/., 2008), the
oocyst diameter increases dramatically as it grows and differentiates. Perhaps, components
of the capsule continuously disassemble and reassemble in a dynamic process to
accommodate growth, but the details of this process are not clear.

2.6 SPOROZOITE DEVELOPMENT AND EGRESS

As the nuclei of the developing oocyst divide, the oocyst cytoplasm is partitioned into
compartments termed sporoblasts. The plasma membrane then invaginates in between each
nucleus to form individual sporozoites within the oocyst. Members of the Limilus
coagulation factor C LCCL/lectin adhesive-like protein family have been found to play
important roles in oocyst development. Referred to as LAP genes in P. bergheiand as CCp
in P. falciparum, the role of this family of presumed surface proteins is perplexing given that
the genes are expressed only in gametocytes yet their inactivation leads to defects during
sporozoite differentiation in the oocyst (Delrieu ef al., 2002; Trueman et a/., 2004; Raine et
al., 2007; Scholz et al., 2008; Lavazec et al., 2009). It remains unclear how this protein
family modulates the process of sporogony within the oocyst.

The circumsporozoite protein (CS) is the major sporozoite surface protein and is also present
on the oocyst plasma membrane. Interestingly, inactivation of the CS gene arrests oocyst
differentiation at an early stage and sporoblasts never form (Menard et al., 1997; Thathy et
al., 2002). Further studies have demonstrated that the GPI-anchored C-terminus of CS is
involved in the establishment of sporozoite budding sites and the cytokinesis within the
oocyst (Wang et al., 2005b).

Upon maturation of the oocyst, the sporozoites must leave (egress) from the oocyst to invade
the salivary glands. It appears that egress is not mediated by mechanical stress to the oocyst
capsule, but rather requires a cysteine protease (ECP1) for rupture (Aly and Matuschewski,
2005). The substrate of ECP1 is unknown but this enzyme may function directly or
indirectly to initiate the proteolytic processing of target proteins required for egress (Aly and
Matuschewski, 2005). Proteolysis of CS within the oocyst plasma membrane is required for
sporozoite egress, and may therefore be a possible candidate for ECP1 processing (Wang et
al,, 2005a).

2.7 SPOROZOITE INVASION OF THE SALIVARY GLANDS

Following release of the sporozoites from the oocyst, they must traverse the basal lamina
that surrounds the entire midgut to enter circulation in the haemolymph. No information is
available on how escape from the basal lamina is accomplished, but a mechanism similar to
that promoting sporozoite from the oocyst may also operate to disrupt the basal lamina.
Alternatively, different specialized enzymes may accomplish this task. Once in the
haemolymph, it is likely that the sporozoites passively circulate with the haemolymph
throughout the mosquito’s body cavity (Rodriguez and Herna'ndez-Herna'ndez, 2004). The
flow of haemolymph along the dorsal vessel occurs in an anterior direction from the
abdomen to the head where it is delivered in close proximity to the salivary glands thus
facilitating sporozoite invasion (Hillyer et al,, 2007). An alternative view is that the
sporozoites respond to a chemotactic signal from the salivary glands (Akaki and Dvorak,
2005), but how this occurs is more difficult to understand given the rapid flow of the
haemolymph.

Sporozoite invasion of the salivary glands is specific and occurs only at the distal lateral and
medial lobes of the salivary gland (Sterling et a/,, 1973). Additional evidence for the
specificity of sporozoite recognition of salivary glands has been provided by Rosenberg
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(1985) who showed that 2. knowlesi sporozoites efficiently invade An. dirus but not An.
freeborni salivary glands. Similar to parasite invasion of the midgut, carbohydrate residues
may play a role in sporozoite recognition/invasion of the salivary glands (Perrone et al.,
1986; Barreau et al.,, 1995). Sporozoite invasion is blocked by specific lectins that
presumably compete for sporozoite binding sites on the salivary glands (Barreau et af.,
1995).

Recently, new insight into the process of salivary gland invasion has been reported. A phage
display library screen, similar to that previously mentioned for the midgut, was conducted to
identify peptides that bind specifically to the salivary glands of anopheline mosquitoes.
Surprisingly, these experiments determined that the same dodecapeptide, SM1, binds to both
salivary glands and midguts, inhibiting parasite invasion of both tissues (Ghosh et a/., 2001).
These results imply that the peptide binds to a surface receptor that the parasite needs to
recognize in order for invasion to occur. Using a double-derivatized SM1 peptide, the
receptor was identified as the protein saglin (Ghosh et a/., 2009). Saglin contains a signal
peptide but no transmembrane domain, and is rich in glutamines, suggesting that these
residues may be involved in protein— protein interactions. RNAi-mediated knock-down
experiments indicated that saglin is essential for sporozoite salivary gland invasion (Ghosh
et al., 2009). Since saglin is present on the salivary gland surface (SGS), anti-saglin
antibodies administered to mosquitoes inhibit 2. berghei (Brennan et al., 2000; Okulate et
al., 2007) and P. falciparum (Ghosh et al., 2009) sporozoite invasion of salivary glands.

Inhibition of sporozoite invasion by SM1 suggested the hypothesis that SM1 competes with
a parasite protein for binding to the putative saglin receptor. However, the amino acid
sequence of SM1 does not share homology to any predicted Plasmodium protein, suggesting
that its conformation, rather than primary amino acid sequence, may resemble a sporozoite
protein. Through the use of an anti-SM1 antibody, the sporozoite protein TRAP was
identified as a mimotope of SM1 (TRAP is recognized by the anti-SM1 antibody) and its
binding to saglin was confirmed /n vitro (Ghosh et al., 2009). These data strongly argue for
an essential role of saglin—-TRAP interactions for the invasion of the salivary glands.
However, sporozoite invasion of the salivary gland is a complex process (Pimenta et al.,
1994) that depends on the successful completion of a number of other steps. Thus, the
saglin—-TRAP interaction should be considered as only one of many steps required for
successful sporozoite invasion of the salivary gland.

The essential role of TRAP in salivary gland invasion and sporozoite motility has been
previously defined (Sultan et al., 1997). The extracellular adhesive domains of TRAP
interact with the cell surface, while TRAP’s cytoplasmic domain connects with the
actomyosin motor via aldolase to drive sporozoite gliding motility (Jewett and Sibley,
2003). Given that TRAP-deficient sporozoites are still capable of attachment to the salivary
glands, it would appear as though TRAP performs an active role during salivary gland
invasion.

The CS comprises ~ 15% of total sporozoite protein (Yoshida et a/, 1981) and has a
functional role in motility and salivary gland invasion. Secreted from the apical end of the
sporozoite, CS presumably attaches to the sporozoites outer membrane via a GPI anchor. It
is translocated to the posterior end of the parasite through an apparent actin-mediated
surface motor (Stewart and Vanderberg, 1991), thus propelling the sporozoite forward. Once
at the posterior end, CS is cleaved leaving a trail of processed protein (Stewart and
Vanderberg, 1991). While a clear association with the cytoskeletal network has not been
found, it has been suggested that CS may interact with the extracellular domains of other
membrane-bound proteins to function in motility (Kappe ef a/., 2004). Involved in
sporozoite binding to the salivary glands, CS interacts specifically with the medial and distal
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lateral lobes, the preferred sites for sporozoite invasion (Sidjanski et a/., 1997). Given the
ability of CS to bind heparin sulphate in the liver, CS may likewise play a role in the
recognition and attachment of specific carbohydrate residues on the basal lamina of the
salivary glands (Myung et al., 2004). Possibly, as a result of this specific recognition
response, the expression of P. gallinaceum CS protein in transgenic P. berghei parasites
resulted in dramatically reduced numbers of salivary gland sporozoites and suggests that the
protein may determine specific vector/parasite combinations (Tewari et al., 2005b).

Two sporozoite transmembrane proteins, S6 and MAEBL, have also been implicated in
salivary gland recognition and invasion. S6 has been shown to function in sporozoite
motility and may perform a role similar to that of TRAP during salivary gland invasion
(Steinbuechel and Matuschewski, 2009). However, unlike TRAP, S6 does not appear to
contain any conserved extracellular adhesive domains (Steinbuechel and Matuschewski,
2009). The secreted protein MAEBL also mediates sporozoite recognition and attachment to
the salivary glands (Kariu et afl., 2002). MAEBL shares structural homology with merozoite
proteins involved in erythrocyte invasion and in the mosquito is presumed to play a similar
role as an essential ligand during the early stages of salivary gland invasion (Saenz et al.,
2008).

A family of SGS proteins has also been implicated during the process of sporozoite invasion
of the salivary glands. Identified as a component of the basal lamina, SGS proteins contain
heparin-binding domains that may interact with the sporozoite surface proteins in the initial
stages of salivary gland invasion (Korochkina et al., 2006).

In summary, a number of components involved in salivary gland invasion have been
identified, yet beyond the recent description of the saglin—-TRAP interaction, the precise role
they play in this process is unknown. As outlined in Fig. 3, the sporozoite initially attaches
to the basal lamina of the salivary glands, possibly via CS- or MAEBL-mediated
interactions (Kappe et al., 2004). Sporozoite invasion of the salivary gland epithelial cell is
accompanied by the formation of a parasitophorous vacuole around the sporozoite (Pimenta
et al,, 1994). Once inside the host cell, this vacuole disintegrates and the sporozoites migrate
to the basal side of the cell, from where it exits to the salivary gland lumen while forming
again a transient parasitophorous vacuole (Pimenta et a/, 1994). During each feeding cycle,
a few sporozoites enter the salivary gland ducts by an unknown mechanism, from where
they are delivered to the vertebrate host with the saliva (Pimenta et a/, 1994). Although
some damage may occur to the plasma membrane as a result of sporozoite invasion, the
infected cells only display some localized swelling and protein reorganization within the
affected tissues (Maier et al., 1987). Based upon these mild effects, the formation of a
parasitophorous vacuole may limit the ability of invaded cells to recognize the invading
pathogen and elicit a physiological response, a direct contrast to ookinete invasion of the
midgut.

2.8 SPOROZOITE REPROGRAMMING AFTER SALIVARY GLAND INVASION

Sporozoite invasion of the salivary gland triggers extensive reprogramming of gene
expression. “Midgut sporozoites’ are virtually non-infectious to the vertebrate host, in
contrast to the high infectivity of ‘salivary gland sporozoites’ (Vanderberg, 1975).
Phenotypically displayed as an increased circular gliding motility after invasion of salivary
glands (Vanderberg, 1975), this maturation coincides with a significant reprogramming of
gene expression (Matuschewski er al., 2002; Mikolajczak et al,, 2008). Microarray analysis
indicates expression changes in approximately 10% of sporozoite genes (Mikolajczak et af.,
2008). The maturation of salivary gland sporozoites also coincides with the redistribution of
MAEBL on the sporozoite surface, and the expression of previously translationally
repressed AMA-1 transcripts (Srinivasan ef al., 2004). Sporozoite maturation seems to

Aav In Insect Phys. Author manuscript; available in PMC 2013 May 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith and Jacobs-Lorena Page 11

correlate with changes in expression of genes required for the recognition, invasion, and
survival in vertebrate tissues. Once inside salivary glands, sporozoites are unable to re-
invade salivary glands (Touray et al., 1992), supporting the hypothesis that salivary gland
invasion triggers the reprogramming for transmission to the vertebrate host. The precise
trigger that initiates this reprogramming remains unclear.

The accumulation of sporozoites within the secretory cavity alters salivary gland function
and mosquito behaviour. Mature sporozoites may interfere with the secretion of saliva
during probing and feeding as measured by reduced levels of apyrase activity found in
infected mosquitoes (Rossignol er al., 1984). Thus, by interfering with the secretion of
saliva, sporozoites may promote an increase in mosquito probing behaviour to increase their
chances of delivery to the vertebrate host (Rossignol ef al.,, 1984).

3 Mosquito immune response to Plasmodium

In addition to the physical barriers (PM, midgut epithelium, salivary gland epithelium), the
innate immune system poses a significant challenge for parasite development in the
mosquito. Efforts to understand the mosquito immune responses to Plasmodium is a rapidly
developing field (see Christophides et a/. (2004) and Blandin et al. (2008) for excellent
reviews). Here we address mosquito immunity in general terms and focus only on a few
selected aspects.

The signals that operate in the activation of the mosquito innate immune system in response
to Plasmodium are largely unknown, yet the mosquito appears to sense the presence of the
parasite in an infected blood meal (Dong et al., 2006). Although some activation may occur
before ookinete invasion of the midgut, a major induction of the innate immune response is
triggered by the physical contact between the ookinete and midgut epithelial cells (Dong et
al., 2006). Localized immune responses by infected cells may trigger a systemic response to
initiate the production and release of mosquito immune factors from the distally located fat
body and haemocytes. Moreover, antimicrobial peptides produced by the Toll and IMD
immune pathways provide strong anti-Plasmodium defences (Garver et al., 2009). Other
factors, including nitric oxide (Luckhart ef al,, 1998) and the predicted serine protease
inhibitor, SRPN6 (Abraham ef a/., 2005), have been shown to impede the success of midgut
invasion. On the other hand, the parasite has also evolved means to escape the mosquito
defences and increase its survival. Mosquito factors such as CTL4 and CTLMA2 provide
protection to the ookinete from mosquito immune responses. When expression of these
genes is inhibited, the success of the parasite development is significantly reduced (Osta et
al., 2004).

The identification of mosquito strains resistant to parasite development has provided insights
into the mechanisms of parasite killing. The laboratory selection of Plasmodium-resistant
mosquito strains has led to the identification of two possible Killing mechanisms. The
ookinete can be lysed while traversing the midgut epithelial cell (Vernick et al.,, 1995), or
alternatively, the ookinete can undergo melanotic encapsulation in the basal epithelium as it
emerges from the invaded midgut cell (Collins et al., 1986). Natural variations in
susceptibility to Plasmodium infection have also been detected within field isolates of An.
gambiae. By genetic mapping, a major locus was identified that confers natural resistance to
P. falciparum (Niaré et al., 2002). RNAi-mediated knock-down experiments identified
APL1C as a candidate resistance gene against P. berghes within this locus (Riehle et al.,
2006, 2008). Evidence now suggests that APL1C only confers protection against P. berghei,
while another APL1 gene family member, APL1A, confers the response against 2,
falciparum (Mitri et al., 2009).
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After several years of research, it now appears as though the mosquito factors TEP1,
LRIM1, and APL1C (or presumably APL1A against P. falciparum) form a complex that
circulates within the haemolymph and targets invading parasites for destruction (Fraiture et
al., 2009; Povelones ef al., 2009). Upon immune activation, the cleavage of TEP1 by an
unknown protease produces an active form that binds directly to the surface of the ookinete.
TEP1 binding then initiates a complement-like cascade resulting in the killing of the parasite
(Blandin et al., 2004; Fraiture et al., 2009). The other components of the complex, LRIM1
and the aforementioned APL1C, have been previously characterized for their involvement in
a strong anti-parasitic response (Osta et a/., 2004; Riehle et al., 2006) and are required for
stabilizing the activated TEP1 to ensure parasite killing (Fraiture et al,, 2009; Povelones et
al., 2009).

Although the majority of immunity studies have focused on midgut invasion, the mosquito
innate immune system also acts in limiting the success of sporozoite invasion of the salivary
glands. After sporozoite release from mature oocysts into the haemolymph, they are exposed
to the circulating components of the mosquito immune system. Within minutes of their
release into the haemocoel, the majority of sporozoites are degraded (Hillyer et a/., 2007)
and only ~20% of the released sporozoites reach the salivary gland lumen (Rosenberg and
Rungsiwongse, 1991; Barreau ef af., 1995). It is unclear what mechanism is responsible for
this dramatic attenuation.

Initial evidence of immune activation within the salivary glands was provided by the
analysis of a subset of immune genes induced at the time of invasion (Dimopoulos et af.,
1998). More recently, 37 immunity-related genes were identified using serial analysis of
gene expression (SAGE) analysis in response to salivary gland infection (Rosinski-Chupin
et al., 2007). Among the genes recognized by this study, the previously characterized serine
protease inhibitor SRPN6 was identified, and independently shown to impair sporozoite
development in the salivary glands (Pinto et a/., 2008). With a similar inhibitory role within
the midgut in response to ookinete infection (Abraham et a/., 2005), there may be a similar
mechanism of SRPNG6 activation in the salivary gland. These findings suggest an overlap
between the immune activation within the midgut and salivary gland in response to parasite
invasion.

4 The role of commensal bacteria on Plasmodium midgut invasion

Like most metazoans, mosquitoes contain microbiota in their midgut. Shortly after blood
ingestion, the resident microbiota undergoes rapid proliferation that peaks roughly 24 h later
(Pumpuni et al,, 1996). This is also the approximate time of ookinete invasion, and bacteria
proliferation is likely to result in an immune response that is independent of the parasite.

Co-feeding experiments in which bacteria are fed at the same time as an infectious blood
meal reduce the survival of P. falciparum parasites within the midgut (Dong et a/., 2009).
Conversely, antibiotic treatment to remove the endogenous microbiota increased the levels
of parasite infection (Dong et al., 2009). Taken together, this suggests that the endogenous
microbiota primes an immune response independent of parasite invasion that impacts the
success of parasite survival (summarized in Fig. 4A - C).

A delicate balance exists between the commensal gut microbiota and its mosquito host to
limit bacterial overproliferation and the subsequent mosquito immune response. Kumar et a/.
(2010) have recently demonstrated that this tight regulation is at least in part mediated by
dual oxidase (Duox) and an immunomodulatory peroxidase (IMPer). RNAi-mediated
knock-down of both genes results in increased permeability of the midgut, suggesting that
the Duox/IMPer system mediates the cross-linking of proteins within the extracellular
matrix on the lumenal side of the midgut epithelium (Fig. 4D). As a result, this limits the
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diffusion of immune elicitors from bacteria (or Plasmodium) within the midgut to maintain
the natural balance of commensal bacteria. While ensuring the survival of the commensal
bacteria, this manner of regulation allows for precious time for Plasmodiumto evade
detection, thus making the mosquito more susceptible to parasite infection.

While many questions remain as to the interaction with the endogenous microbiota and
Plasmodium, efforts to capitalize upon this interaction with the mosquito immune response
may lead to novel malaria intervention strategies.

5 Vector—parasite co-evolution

Successful completion of the Plasmodium cycle in the mosquito is an absolute requirement
for transmission to occur and for parasite survival in nature. Thus, there has been enormous
pressure on the parasite to evolve means to escape mosquito immune defences. Some
examples illustrate this point. In the study by Collins et a/. (1986), the selected refractory
An. gambige strain displayed variability to melanize and destroy P. falciparum depending on
its geographical origin. African parasites were significantly more proficient in evading the
melanization response than those of New World or Asian origins. Although the molecular
basis for these differences remains unclear, it is striking that the refractory African An.
gambiae mosquitoes are the least effective in destroying the co-indigenous African malaria
parasites as compared with the parasites originating from other continents (Collins et al.,
1986).

A second example is the comparison of the immune response of An. gambiae towards the
human parasite P. falcjparum (a natural vector—parasite combination) and the rodent parasite
P. berghei (a combination that does not occur in nature). Dong et a/l. (2006) conducted a
microarray analysis comparing the mosquito transcriptional responses between the two
parasites. Although some universal immune responses were detected across Plasmodium
species, many more were species specific. Only limited gene activation was observed in the
natural An. gambiae—P. falciparum combination, while a much broader and extensive
transcriptional activation was observed for the artificial An. gambiae—P. berghei
combination.

Both examples are suggestive of parasite strategies to evade the mosquito’s immune
defences. However, parasite—mosquito interactions are complex in that even a small number
of parasites decrease mosquito fitness, while mosquito activation of immune responses
against the parasite have the same fitness effect (Hurd et a/,, 2005; Voordouw et al., 2009).
From the parasite’s perspective, low numbers are sufficient, since one oocyst can generate
enough sporozoites to render the mosquito infective for life. From the mosquito’s
perspective, permissiveness to the parasite is perhaps advantageous because of the high cost
of mounting an immune defence. In nature, parasite prevalence is low even in high
transmission areas, and infected mosquitoes carry low parasite numbers (Niaré et al., 2002).

6 Concluding remarks

The past decade has witnessed enormous strides in our understanding of how Plasmodium
develops in the mosquito, yet many questions remain. The sequencing of multiple genomes
of the malaria parasite and the mosquito host facilitates the application of powerful genomic
and proteomic approaches to these questions. Analysis of gene expression with microarrays
has provided important new insights on vector—parasite interactions (Dong et a/., 2006).
Technical advances in proteomic approaches have allowed researchers to dissect the
composition of specific vector structures (Dinglasan et al., 2009) or collect information from
specific stages of parasite development (Hall et a/, 2005; Khan et al., 2005). Genetic
transformation technologies have become routine for Plasmodium, and the advent of RNAI
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has had a profound influence on mosquito genetics where germ line transformation
technologies remain cumbersome.

Through the use of anti-Plasmodium effector genes, proof-of-concept experiments to utilize
genetically modified mosquitoes to interfere with parasite transmission have shown promise
(Ito et al., 2002; Moreira et al., 2002; Marrelli et al,, 2007). Yet, a major challenge is to
devise safe and effective means to drive these interfering (effector) genes into mosquito
populations in the field.

Identification of proteins involved in parasite development in the mosquito has revealed new
targets for transmission-blocking vaccines. Moreover, vaccines that target conserved vector
proteins required for ookinete invasion may lead to the development of transmission-
blocking strategies that are effective across multiple Plasmodium species (Dinglasan and
Jacobs-Lorena, 2008).

Given the complexity of the Plasmodium life cycle, it is perhaps surprising how successful
this parasite has been in overcoming the numerous roadblocks imposed as it develops in its
insect (and vertebrate) host. On the other hand, targeting the resultant developmental
bottlenecks presents an opportunity for intervention and reduction of vector competence.
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FIG. 1.

Plasmodium sexual development in the mosquito midgut. Sexual maturation and fertilization
are triggered by specific stimuli such as drop in temperature and exposure to xanthurenic
acid (XA) when the parasites arrive in the mosquito midgut. A signalling cascade triggered
by increased levels of cGMP and Ca2* induce gametocyte rounding up (in some parasite
species) and egress from the erythrocyte in a process known as gametogenesis. Resultant
male and female gametes fertilize to form a zygote and subsequently a motile ookinete.
Factors known to participate in this developmental progression are displayed above the
arrows and the affected genes involved in the transition between each stage below the
arrows. Gene identification and function at each stage of gametogenesis are described in the
text.
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FIG. 2

Ookinete invasion of the midgut epithelium. As the ookinete moves to the periphery of the
blood bolus, it secretes chitinase (CHT) to penetrate the peritrophic matrix (1). The ookinete
then interacts with several components of the mosquito midgut to initiate attachment to the
midgut epithelium (2). This interaction can be inhibited by SM1 and PLA2 through an
unknown mechanism. Following irreversible attachment, the ookinete penetrates and
invades the epithelial cell and then traverses the cytoplasm to egress at the basal end (3).
Invasion triggers a series of events that result in cell death and the extrusion into the midgut
lumen (4). After emerging from the midgut epithelium, ookinetes interact with the basal
lamina (5) where they become exposed to circulating components of the mosquito innate
immune response (6). Surviving ookinetes differentiate into oocysts leading to the formation
of thousands of sporozoites (7). Further details are described in the text.
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Sporozoite invasion of the salivary gland. Sporozoites circulating in the haemolymph
recognize and attach to the basal lamina of the salivary gland (1). This is followed by the
traversal through the space between the basal lamina and the salivary gland epithelium (2)
until it begins the process of invasion of the plasma membrane through the formation of a
parasitophorous vacuole (3). Within the cytoplasm of the secretory cell, the vacuole is
degraded (4) and the sporozoite forms a new vacuole as it invades the secretory cavity (5).
Once the sporozoite passes into the secretory cavity, the vacuole is again degraded (6) and
sporozoites begin to assemble into large bundles within the secretory cavity (7). A small
subset of these sporozoites enter the salivary duct (8) from where they are then delivered
along with saliva components to a vertebrate host upon probing and biting. Salivary gland
invasion is examined at the molecular level in the inset. Initial attachment of the sporozoite
may be mediated by interactions of carbohydrate residues on the basal lamina with a parasite
lectin, CS, MAEBL, or SGS1. Although the TRAP/saglin interaction is an important
component of salivary gland invasion, it is unclear whether this occurs at the junction of the
basal lamina or the salivary gland epithelium. This association can be competitively
inhibited by the SM1 peptide. As a component of the mosquito immune response, SRPN6
presumably acts upon sporozoites once they invade the cytoplasm of the secretory cell to
limit sporozoite numbers. The figure was adapted from Pimenta et a/. (1994) and Rodriguez
and Herna’ndez-Herna ndez (2004).
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FIG. 4.

Proposed model of the interactions between commensal bacteria on Plasmodium
development. Under normal circumstances (A), there is a delicate interplay between the
mosquito immune system to regulate the abundance of endogenous microbiota. Basal levels
of immune activation (dashed upward purple arrow) are regulated by the Duox/IMPer
system that limits the amount of immune elicitors (dashed downward red arrow) allowed to
pass through the constitutive extracellular matrix (different from the peritrophic matrix)
lining the midgut epithelium. As a result, the immune response limits the ability of the
parasite to successfully invade the midgut epithelium and transition into an oocyst. In
bacterial co-feeding experiments (B), the dramatically increased number of bacteria elicits a
much stronger immune response (bold red and purple arrows) resulting in further reduction
of the success of parasite invasion. Upon pre-treatment with antibiotics to remove the
endogenous gut microbiota (C), bacterial priming of the immune response does not occur
(broken red arrow) and therefore immune activation is limited (broken purple arrow). As a
result, parasite survival is significantly increased. By removing components of the Duox/
IMPer system by RNAI (D), increased permeability of the extracellular matrix covering the
midgut epithelium produces a strong NOS response (bold green arrow) that drastically
reduces the number of commensal bacteria and parasite survival. These concepts are based
on data from Dong et al. (2009) and Kumar et a/. (2010).
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