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Abstract

Interactions between the Anopheles mosquito vector and Plasmodium parasites shape how malaria
is transmitted in endemic regions. The long association of these two organisms has led to
evolutionary processes that minimize fitness costs of infection and benefit both players through
shared nutrient resources, parasite immune suppression and mosquito tolerance to infection. In
this review we explore recent data describing how Plasmodium falciparum, the deadliest malaria
parasite, associates with one of its most important natural mosquito hosts, Angpheles gambiae, and
we discuss the implications of these findings for parasite transmission and vector control strategies
currently in development.
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Revisiting questions of vector and parasite fitness in natural associations

Plasmodium parasites cause malaria, a tropical and sub-tropical disease that infected 229
million people and claimed the lives of 409,000 people in 2019 alone [1]. Human malaria
parasites are transmitted by the infectious bite of Angpheles mosquitoes, with the most
anthropophilic (see Glossary) vectors, including members of the Anopheles gambiae
species complex, found in sub-Saharan Africa, where malaria burden is highest. As any
organism, mosquitoes must allocate available resources to balance their energetic investment
into multiple life processes, including development, flight, reproduction, immunity and
survival. Should a Plasmodium infection occur, these allocations may be perturbed by costs
associated with possible immune responses, tissue repair or nutrient theft by the parasites,
causing trade-offs between fitness components such as decreased longevity or investment in
reproduction.
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We examine recent data on how natural combinations of Angphelesand Plasmodium

have settled these allocations to minimize the fitness costs of infection, and compare

them to non-natural associations (Figure 1, Key Figure). We consider how interactions
between mosquitoes and parasites may have evolved, shaping current parasite development
and transmission potential, and how they affect malaria control strategies currently in
development.

Interactions between Plasmodium parasites and Anopheles mosquitoes

have ancient origins

Anophelines only began transmitting Plasmodium falciparum, the deadliest human malaria
parasite, relatively recently (10,000-100,000 years) [2-4]. The most closely related parasite
species, P, praefalciparum, is one of three found in western lowland gorillas and is more
genetically diverse than £ falciparum, suggesting a single transfer event was responsible
for the creation of the deadliest disease in human history [3]. Despite this relatively short
interaction, Plasmodium parasites have provided a strong genetic pressure in humans,
causing the selection of multiple red blood cell variants that confer malaria protection in
heterozygotes but have adverse effects in homozygotes (reviewed in [5]).

Plasmodium has undoubtedly also acted as a selective force on the genomes of its definitive
host, the Angpheles mosquito, but many millions of years of evolution obscure the mosquito
factors that are or have been under parasite pressure. This genus of mosquitoes, which
contains more than 70 Plasmodium-competent vectors, broke off from the Culicinae lineage
(containing Aedes and Culex mosquito species, which transmit avian and reptilian but not
human malaria) about 217 million years ago [6]. Angpheles subsequently separated into
three subgenera— Cellia, Anopheles and Nyssorhynchus—approximately 100 million years
ago [7], concurrent with the split between the South American and African continents [8]
and now occupy diverse geographic and ecological niches [9, 10]. With these ancient origins
to the genus, anophelines have been transmitting the ancestral forms of 2. falciparum and
related parasites to our mammalian ancestors for 13-64 million years [11, 12].

Following a host transition from gorillas to humans, £ falciparum spread beyond Africa with
human migration, adapting to local anopheline species along the way (reviewed in [13]),

but it did not cross into the Americas until the 16! century, when it was introduced with

the trans-Atlantic slave trade [14]. Therefore, while Old World vectors (species in the Cellia
and Angpheles subgenera) have been transmitting £ falciparum for thousands of years, New
World anophelines (in the Nyssorhynchus subgenus) have interacted with this parasite for a
considerably shorter time.

Development of £ falciparum and its ancestors in the Anopheles vector has surely affected
multiple facets of mosquito and parasite biology. On the mosquito side, adaptation must
have shaped how fecundity and fertility as well as survival are impacted by infection.
Conversely, parasite numbers, developmental rates and transmission efficiency must be the
product of long-lasting interactions with the Angpheles female. Many of these parameters
differ in natural associations (defined herein as human Plasmodia infecting human-biting
Anaopheles mosquitoes, including in a laboratory setting) versus non-natural (rodent
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Plasmodia infecting human-biting mosquitoes) so that their comparison provides useful
insights into the evolutionary processes that may have influenced the mosquito-parasite
partnership over time.

Physiological and temporal link between Plasmodium development and
Anopheles oogenesis

The initial stages of P falciparum development occur during a time period that is crucial

for mosquito reproduction. Angpheles females may acquire Plasmodium parasites from

an infected individual while feeding on blood to obtain nutrients for egg development.
After bloodmeal ingestion, parasite gametocytes (the sexual stages) transform into gametes
which fuse to produce a diploid zygote that differentiates into a motile ookinete within ~24
hours (h). Ookinetes then cross the midgut epithelial cells, entering at the apical surface
membrane and egressing from the basal side, where they contact the basal lamina and round
up to form oocysts by ~48 h (reviewed in [15]). Here, oocysts grow over the next 6-12 days
and undergo amplification of the parasite genome, forming thousands of sporozoites [16,
17]. Once mature, the oocysts rupture, releasing into the mosquito hemolymph sporozoites
that then invade the salivary glands [18, 19] from where they can be transmitted to a

human host at the next bite the female takes. The time taken for parasite development

from ingestion to potential transmission is known as the extrinsic incubation period (EIP),
and it varies between parasite species and in different mosquito species. The EIP is a
critical parameter of malaria transmission dynamics: mosquitoes harboring faster developing
parasites are more likely to survive long enough to become infectious and spread malaria
[20]. Identical events occur in the rodent malarias Plasmodium chabaudiand Plasmodium
berghei, but the timing of these events is extended in P berghei across 21 days, as this
species must infect mosquitoes at 19-21 °C.

During the 48 h after blood ingestion, the Angpheles females will initiate and complete a
gonotrophic cycle, consisting of egg development (oogenesis) and, if mated, egg laying
(only mated females lay eggs). This cycle is largely orchestrated by the function of the
steroid hormone 20-hydroxyecdysone (20E) via signaling cascades regulated by its nuclear
receptor heterodimer ecdysone receptor (EcR)/ultraspiracle (USP) [21-23]. Additional blood
meals taken by the mated female will trigger further batches of egg production, while also
affecting the nutritional milieu surrounding the developing oocysts during their incubation
period.

Due to this temporal overlap between parasite development and oogenesis cycles,
researchers have long postulated that parasite infection may subtract resources or induce
immune responses that could negatively affect fecundity and fertility or more broadly impair
survival. Additionally, parasite invasion of the midgut and the ensuing tissue damage and
immune response could all cause fitness costs to the mosquito host. Angpheles vectors may
have therefore benefited from evolving mechanisms to regulate infection, by limiting either
Plasmodium numbers (a strategy known as resistance) or costs associated with infection
(referred to as tolerance). Conversely, Plasmodium, rather than enhancing its virulence, may
have evolved mechanisms to preserve its viability while reducing the costs inflicted on the
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mosquito by either lowering its virulence or avoiding triggering immune responses. Such
evolutionary developments are expected when costs of infection to mosquito fitness begin to
negatively impact parasite transmission (reduced mosquito survival/quality) and have been
theoretically proposed [24, 25].

Numerous studies using rodent model species have detected a fitness cost of infection

to mosquito fecundity [26-29], fertility [27, 28] and survival [30], most likely due to

the considerable investment by the infected female in immune responses (Box 1) . When
Anopheles stephensi or An. gambiae were infected with Plasmodium yoelli nigeriensis,
there was a reduction in fecundity of 21-41% [26-28], but with no significant correlation
between egg numbers and oocyst loads [26, 28]. The reduction in fecundity was due

to apoptosis of follicular epithelium cells, promoting resorption of ovarian follicles in
infected females [31, 32]. The density independence between egg and oocyst numbers
suggests an all-or-nothing cost to activation of the mosquito immune system preventing
significant egg investment [33, 34]. An. stephensi also showed reduced survival when
infected with a number of rodent malarias [26, 35-37]. Compared to uninfected controls,
mortality rates were significantly higher when mosquitoes were infected with 2. berghei or
with P yoelii nigeriensis, while infections with 2 chabaudireduced median survival (with
parasite strain- and experiment-dependent effects).

On the other hand, a meta-analysis on 11 published studies found that in infections involving
P, falciparum and their natural mosquito vectors An. gambiae, Anopheles funestus, and

An. stephensi, no costs to survival were detected [38]. Similarly, in recent studies An.
gambiae and An. stephensi females infected with £ falciparum developed the same number
of eggs than their uninfected sisters [39]. On the contrary, in An. gambiae an unexpected
positive correlation existed between paired egg and oocyst numbers from individual infected
mosquitoes, with females that invest more in reproduction supporting higher infection
intensities [40]. These observations were not dependent on mosquito size [40], arguing
against a greater blood meal volume or nutrient acquisition ability in larger females as the
driver of this positive correlation [41]). These findings were confirmed using field colonies
of Anopheles coluzzii and natural £ falciparum isolates, where again females that have a
higher likelihood of egg development harbor increasing oocyst loads [39]. The egg-parasite
correlation appears to be regulated at the level of the ookinete-to-oocyst transition (by yet
unknown mechanisms), and interestingly, is lost when mosquito reproductive physiology is
disrupted by impairing steroid hormone signaling as we will discuss later [40]. Combined,
these observations suggest that evolution between naturally interacting organisms has acted
to lessen infection virulence or fitness costs associated with infection, resulting in less/non-
competitive strategies.

Evolution of mechanisms of immune suppression in P. falciparum

While rodent malarias induce strong immune responses that likely cause the fitness costs
to survival and reproduction observed in infected females (Box 1), P falciparum parasites
have instead evolved mechanisms to silence the immune responses of nitration and the
complement-like Thioester protein 1 (TEP1) system. The first mechanism to be identified
is based on the parasite surface protein Pfs47 [42, 43], which interacts with the midgut
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transmembrane protein P47Rec during ookinete invasion [44]. This interaction is proposed
to act as a ‘key’ in a ‘lock’ to inactivate TEP1-mediated immune responses within invaded
cells, avoiding parasite killing. Effects of 7EP1 silencing on £ falciparum survival are
highly variable and depend on the mosquito-parasite combinations used [45-48]. This is
largely because Pfs47has many different haplotypes with strong geographical associations
[49], such that haplotypes from a given region can suppress immune responses in Angpheles
vectors from the same region, but not in species from other parts of the world [47]. How
P47Rec is able to achieve this immune suppression is unclear, as its endogenous function is
unknown and there are cases where Pfs47 does not seem to be wholly sufficient to silence
immunity [44], suggesting the existence of additional parasite factors that are required for
survival.

One such factor may be the ookinete (and sporozoite) surface protein PIMMS43
(Plasmodium Infection of the Mosquito Midgut Screen 43), which in An. coluzzii infections
with P, bergheiis required to avoid TEP1-mediated ookinete Killing [50]. Analysis of

the ortholog in natural 2. falciparum isolates shows that PIMMS43 also has considerable
geographic structure in its haplotypes even within Africa, leading to the hypothesis that
regional differences in TEP1 alleles and the abilities of vectors to kill parasites may have
driven parasite evolution of PIMMS43 to lessen immune activation [50]. Indeed, fluctuations
in TEP1 allele frequencies among Angpheles species have been suggested to be driving
Plasmodium transmission dynamics over multiple years [51]. By avoiding an immune
response, parasites may not only increase their numbers, but also lessen costs to the vector
that would be caused by a strong immune response. Together, these observations suggest that
Plasmodium has adapted to its local natural vectors in order to ensure maximal survival and
transmission.

Mosquito reproductive factors affecting parasite survival

Parasite numbers in the Anopheles midgut are also linked to 20E-regulated hormonal
signaling pathways that are critical for mosquito reproductive biology, as briefly mentioned
above. Upon blood feeding, 20E synthesis is initiated by the ovaries and is completed

by the fat body, where 20E binds to its nuclear receptor heterodimer ECR/USP to control
transcription of nutrient transporters [21-23]. Reducing 20E levels by ovary ablation or
enzymatic inactivation, or impairing its function by silencing the £cR receptor result in a
consistent reduction in parasite numbers, as well as an expected drop in egg production
[40]. Additionally, £cR silencing removes the positive correlation between egg and parasite
numbers. Our hypothesis is that 20E signaling may control a trade-off between reproduction
and immunity or other somatic processes that can negatively affect parasite survival. While
the precise killing mechanism is unknown, parasites in these 20E-disrupted backgrounds die
during the ookinete-to-oocyst transition (around the time when 20E levels would peak) via
TEP1-independent mechanisms, suggesting alternative processes such as disrupted midgut
cell homeostasis or other immune pathways may be involved [40]. Other explanations
involving competition for resources causing death by starvation, may be less likely as
circulating lipids in the hemolymph are sufficient to produce (albeit a reduced number of)
eggs, and resources accumulate in the very tissue where the parasite is found, the midgut.
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Whatever the mechanism, parasite survival is intimately connected to mosquito reproductive
biology via the function of the 20E ecdysteroid.

Interestingly, reductions in survival of 2 falciparum NF54, a common laboratory strain

of African origin, are also observed in An. gambiae after knockdown of the major lipid
transporter Lipophorin (Lp) [17, 24, 40, 52-54]. Lp transports lipids to the ovaries during
egg development and its transcription is suppressed by 20E signaling [40]. Work in 2
berghei shows Lp can cause neutral lipid accumulation in and around parasites and may
obscure them from the immune system, antagonizing TEP1-mediated killing [24, 54]. It
would be interesting to know if Lp mediates lipid accumulation also around P, falciparum
and if in Lp-silenced mosquitoes parasites become recognized and killed by TEP1 (implied
in [24]), circumventing the fact that African parasites should not trigger TEP1-dependent
immune pathways in African mosquitoes. However, such a protective role for Lp does not
restore parasite numbers in £cR-silenced females, where Lp levels increase from 24 h pIBM,
since P, falciparum ookinetes have already crossed the midgut epithelium by this time, and
parasite Killing is TEP1-independent [40].

While the mechanisms need further investigation, 20E signaling post blood feeding shows a
pivotal role in regulating parasite intensity of infection. Additionally, signaling via this same
hormone after mating also regulates, albeit differently, how Angpheles females are affected
by P falciparum infection, as discussed below.

The evolution of mosquito tolerance to P. falciparum infections

A cost of P, falciparum infection has been observed in An. gambiae females depleted for

a reproductive protein named Mating-Induced Stimulator of Oogenesis (MISO). M/SOis
induced in the female atrium by the sexual transfer of the same steroid hormone 20E that
regulates oogenesis, this time however synthesized by the male in their reproductive glands.
Upon sexual transfer, which occurs as part of a gelatinous mating plug containing other
seminal secretions, male steroids first induce M/SO and then interact with this protein to
transduce hormonal signals into increased egg development [55]. In field infections using A,
falciparum isolates circulating in Burkina Faso, MISO depletion caused decreased fecundity
as the number of gametocytes in the blood increased, without affecting parasite numbers
[39]. When levels of gametocytes were high in infectious blood meals, M/SO-silenced
females were far less likely than control females fed the same blood to develop any

eggs [39]. Therefore, MISO supports the reproductive fitness of 2. falciparum-infected
Anopheles females not by limiting parasite numbers but rather by reducing fitness costs
associated with infection, an evolutionary strategy known as tolerance. There are several
explanations for these observations, invoking potential roles for steroid-MISO signaling

in protecting the ovary from parasite-induced oxidative damage, or promoting the timely
accumulation of resources towards the ovary and away from parasites. It is worth noting that
the molecular mechanisms underlying tolerance are generally neither well understood nor
universal, and can involve intrinsic genetic factors in the host, or extrinsic factors from the
host’s environment [56, 57]. This is the first tolerance factor to A falcjparum identified in the
Anopheles genome.
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Intriguingly, sexual transfer of male 20E as part of a mating plug transfer has evolved
specifically in anopheline mosquitoes of the Cellia subgenus, while this hormone is detected
at negligible levels in species in the Angpheles subgenus and is absent in males from
Nyssorhynchus species [58]. Previous work had indicated that the evolution of such mating
system has induced reciprocal adaptations in females, causing the divergence of the 20E-
interacting partner MISO [58]. As Cellia species comprise all major malaria vectors on

the African continent, these findings suggest the hypothesis that tolerance mechanisms to

P, falciparum may have been promoted by male-female sexual interactions driven by the
evolution of male steroid hormone transfer during mating [39].

Through these two 20E-signaling dependent interactions, tolerance and a reproductive
investment link with Plasmodium survival, it may appear that 2 falcjparum may be
preferentially transmitted by females with high reproductive fitness. However, reproductive
biology affects parasite development in other unexpected ways that strongly impact their
chances of transmission.

Mosquito reproductive factors influencing oocyst growth rates

During the oocyst stage, parasites grow considerably in size under the basal lamina of

the mosquito midgut and undergo multiple rounds of DNA replication. After several days,
extensive invaginations of the plasma membrane surround each nucleus and coordinately
subdivide the oocyst into individual sporozoites [16, 59]. Once this process is completed,
many thousands of sporozoites are released from each oocyst into the mosquito hemolymph
from where they invade the salivary glands, ready for transmission.

The factors and mechanisms behind this extensive oocyst growth are becoming better
characterized, and mosquito nutrients appear to play a major role. Once again, the
comparison between £ bergheiand P falciparum reveals interesting differences. Studies

in P berghei have shown that Lp and presumably Lp-transported lipids are required for
oocyst growth and for the production and infectivity of sporozoites [24, 54], although there
seems to be some variability as other studies do not report strong growth defects after
Lpsilencing [52, 60]. FITC-labelled lipoparticles have been visualized within oocysts of
the bird malaria parasite Plasmodium gallinaceum [61] and neutral lipids appeared to be
present in and accumulate around P, berghei oocysts [24]. Host phospholipids and neutral
lipids transported by Lp may be required to generate the phospholipid membranes required
for oocyst growth and sporozoite individualization [62]. Differences between oocysts in
accessing Lp-transported lipids may contribute to the considerable variation in metabolic
activity observed even in wild type sporozoites [24].

The role of lipids in facilitating £ falciparum growth is less clear. Here Lpsilencing has very
limited effects on oocyst growth [17, 40] or parasite protein expression (measured by pre-
tRNATY levels) [60], although decreased development has been noted in some studies [24,
53]. While strain-dependent or other experimental differences may explain this discrepancy,
these results also suggest that £ falciparum may principally rely on other nutrients (amino
acids or carbohydrates) to make its own phospholipids for synthesizing membranes. Notably,
P, falciparum activates so-called FASII metabolism for de novo lipid synthesis during other
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life stages [63], and FASII pathway mutants cannot complete sporulation in the mosquito,
among other defects [64]. In contrast, 2. berghei FASII mutants develop normally during
the mosquito stages [65], highlighting a difference between these species in their ability to
scavenge host lipids.

Interestingly, disrupting egg development (via a number of different manipulations to 20E
signaling post blood feeding) increases P, falciparum oocyst growth rates significantly,
likely as resources not utilized for oogenesis become available to the parasite [40]. As a
consequence, sporozoites reach the salivary glands in a shorter period of time and become
infectious sooner. Although Lp does not appear to affect oocyst growth in normal conditions,
when oogenesis is reduced accelerated growth can be substantially reversed by silencing
Lp, suggesting that Lp-transported lipids are utilized when they become available [40].

P, falciparum is therefore capable of, but not reliant on, host lipid scavenging during the
oocyst stage, plastically altering its growth rate in response to its physiological environment.
This scavenging process does not impose a reduction in eggs on the Angpheles female,

as it exploits only those resources remaining after egg development is completed [39,

40], although egg fertility and larval survival remain to be assessed. The oogenetic cycle
associated with infection overlaps with ookinete-to-oocyst differentiation, rather than a
significant oocyst growth phase, and it is possible the parasite is better adapted to utilize
resources for growth from additional blood meals (below) rather than those destined for

egg development. Conversely, high investment in oogenesis does appear to impact the speed
of parasite development by limiting the remaining resources available. Indeed, we observe
a negative correlation between numbers of eggs a female produces and the mean oocyst
size in her midgut, a proxy for parasite growth rates [40]. From these observations a
scenario emerges whereby £ falciparum parasites avoid a competitive interaction with egg
development by entering their growth phase only as the gonotrophic cycle associated with
infection is completed, although further work is required to assess exactly when parasites
can begin to accelerate their development.

P, falciparum therefore perfectly tailor their development to the female reproductive
investment, ensuring their transmission in most physiological circumstances.

Additional blood meals accelerate oocyst growth rates

Anaopheles naturally have multiple cycles of blood feeding and oogenesis in their lifetime.
At the second or subsequent gonotrophic cycles, the non-competitive relationship with £
falciparum may change in nature or become more complex. What is known is that the waves
of available resources provided by an additional blood meal (provided between 3-11 d post
infectious blood meal (pIBM)) considerably boost parasite growth rates [17, 60, 66, 67].

P, falciparum oocyst size in An. gambiae was much larger, and sporozoites were already
detectable in the salivary glands at 7 d pIBM, a time when most oocysts are still developing
in females receiving a single blood meal [17]. Both Plasmodium DNA content and protein
expression increased at 9 d pIBM if a second blood meal was given at 3 d pIBM [60],
molecularly confirming accelerated development.
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This boost in oocyst development could come at a cost to the second gonotrophic cycle,
although the accelerated growth is once again not due to Lp-transported lipids [17, 60].

P, falciparum oocysts developing in females depleted for Lp still increased in size and
accelerated their development after a second blood meal as much as controls. Nevertheless,
there is evidence supporting a greater impact of £, falciparum infection at subsequent
cycles: infected and uninfected females produced similar numbers of eggs at the first blood
meal, but when fed again on rabbits, eggs were reduced only in the infected group [68].

A second infectious blood meal may also introduce new parasites, and primed innate
immune responses which limit the development of incoming parasites [69] could also
expend resources intended for egg development.

Interestingly, a second proteinaceous meal (2% BSA + 2mM ATP in phosphate-buffered
saline) was sufficient to accelerate P, falciparum development to some degree, indicating
amino acid availability may be more important than lipids for this parasite [67]. Further
support for a potential role for amino acids, especially branched chain amino acids
(BCAA, isoleucine, leucine, valine), comes from manipulations to amino acid metabolism:
prolonging BCAA breakdown in the mosquito after an infectious blood meal negatively
affects sporozoite levels 14 days later [70]. This finding coincides with a requirement for
isoleucine in growth of asexual stage parasites, where human hemoglobin lacks isoleucine
entirely and therefore parasites must scavenge this amino acid from the blood [71].

Additionally, the content of amino acids or other nutrients in the bloodmeal, which varies

in profile between mammalian hosts, can affect how parasites develop. In side-by-side
experiments, the anthropophilic An. gambiae and the zoophilic Anopheles arabiensis were
infected with £ falciparum and fed a second uninfectious meal of either human or bovine
blood. At 16 d pIBM, a higher prevalence of sporozoites in the salivary glands was observed
when An. gambiae fed on human rather than bovine blood, and when An. arabiensis fed on
bovine rather than human blood [72]. This suggests that parasites can benefit from a certain
composition and/or processing of metabolites by the mosquito to increase development
speed in a manner consistent with their vectors’ host feeding preferences.

Interplay between mosquito reproduction and parasite transmission

Increased parasite development rates have consequences for the EIP and malaria
transmission, with sporozoites appearing sooner in the salivary glands after either a second
bloodmeal or impairment to oogenesis [17, 40]. Parasites are reliant on the mosquito
survival exceeding the EIP for successful transmission to a human host and would therefore
benefit from shortening their developmental time, especially considering the short, 2-3 week
lifespan of a female mosquito in the field [73]. The EIP has been shown to depend on
environmental temperature (higher temperatures shorten the EIP up to a point) but also on
mosquito resources, with larval and adult nutrition playing a role [74, 75]. Following a blood
meal, the appearance of sporozoites was delayed in egg-bearing females fed a restricted

diet during larval stages compared to those fed a control diet. This finding suggests that
lower adult reserves remaining after oogenesis limit parasite development rates. In contrast,
our experimental females, manipulated to invest less in reproduction, have higher available
reserves which accelerate parasite development compared to controls [40]. The decision
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of a female to invest in egg development may have substantial consequences for parasite
development in malaria endemic settings, as many mosquitoes exhibit pre-gravid behavior
and do not produce eggs following an initial blood meal due to poor larval nutrition [76, 77]
and might therefore harbor faster developing parasites than their gravid sisters.

As described earlier for AP falciparumin An. gambiae, we expect that other combinations of
Anopheles and Plasmodium will also show accelerated parasite development after a second
blood meal. In support of this hypothesis, this effect can be seen in multiple vector-pathogen
combinations [78-81] and may be a generalized mechanism for pathogens to increase their
chances of transmission. This also has implications for malaria transmission potential, with
a greater proportion of younger mosquitoes, known to be more resistant to insecticide
killing [82, 83], contributing to the force of infection. Importantly, salivary gland sporozoites
derived from faster developing oocysts are as infectious as those dissected from the salivary
glands of control mosquitoes: impairing 20E signaling in mosquitoes caused sporozoite
accumulation sooner but did not affect the numbers of exo-erythrocytic forms present in
primary liver cells 3 days after infection [40]. How mosquito nutrients affect sporozoite
invasion of liver cells is largely unknown, with only one report showing that in Lpg-silenced
An. gambiae, P. berghei salivary glands sporozoites are severely compromised in their
infectiousness [24]. In these mosquitoes, oocysts show abnormal intracellular vacuoles and
electron-dense membranes, and although low numbers of sporozoites can be recovered that
appear normal in structure and gene expression, they are limited in their infectivity to
mammalian hepatocytes, perhaps due to impaired formation of mitochondrial membranes
[24]. Given the lack of strong effects of Lpsilencing on £ falciparum oocyst growth,
however, it is unlikely that the same abnormal phenotype will be observed in this human
parasite. Recent profiling of transcriptomes from immature and infectious sporozoites
[84-87] may reveal which pathways might be important for infectivity and could be targeted
to prevent malaria transmission in transmission blocking strategies or by using recently
developed methods to target parasite development directly within the mosquito [88].

Concluding Remarks

Plasmodium and Anopheles have endured a long but dynamic relationship whereby fitness
costs of infection to survival and reproduction have been lessened over time. While many of
the molecular players dictating this interplay have been discovered by studying non-natural
associations, their relative importance must be considered in the context of natural infection,
which may be quite different due to many millions of years of evolution of these two
organisms. Many outstanding questions remain regarding if and how mosquito reproductive
processes interact with immune pathways and affect Plasmodium survival and growth,

and how and which nutrients support parasite infectivity (see Outstanding Questions).

The strength of the vector-parasite association means manipulations to mosquitoes may
reasonably be expected to also impact parasite development in ways that may not always

be easily predictable. Specifically, targeting egg development may increase the likelihood
of malaria transmission due to an unexpected effect of accelerating parasite development.
Interactions of Plasmodium parasites with the physiological environment of their Anopheles
hosts must therefore be carefully evaluated when methods aimed at controlling mosquito
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reproduction are implemented in the field, as these strategies may have unintended
consequences for parasite transmission and malaria control.
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Anthropophilic
preferring to bite and feed on humans

Apoptosis
an orchestrated program of cell death in which proteases are activated to destroy the cell

Atrium
organ of the female lower reproductive tract into which the mating plug is received and
through which eggs are laid

Basal lamina
a thin external extracellular matrix layer containing fibrous proteins that acts to support
tissues and organs

Definitive host
the host in which sexual reproduction of the parasite takes place

Ecdysteroid
a steroid hormone found in arthropods with roles in molting, development or reproduction

Epithelium
a tissue layer containing polarized cells that is exposed to an exterior environment such as
the lining of the gut

Exo-erythrocytic form
the liver stage of the parasite which produces liver merozoites to establish infection in red
blood cells (erythrocytes)

Fecundity
the reproductive potential of a female, her physiological capability to produce eggs or
offspring

Fertility
the number of live offspring produced by a female

Follicle
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an egg-producing unit of the ovary, consisting of the oocyte (the future egg) and nurse cells
which provision the developing egg, all surrounded by a single layer of epithelial cells

Gonotrophic cycle
the cycle of blood feeding, egg production and laying, which is repeated to give multiple egg
batches

Hemolymph
the fluid that surrounds the organs of the mosquito in an open circulatory system.

Isolate
a strain of parasites that is isolated from a patient blood sample

Neutral lipid
a lipid such as cholesterol or triglyceride with no charged groups

Primary liver cells
cultured liver cells (hepatocytes) isolated from human donors

Resorption
the process of unloading of nutrients from ovarian follicles when egg development is aborted

Species complex

a group of closely related species that are difficult to distinguish, particularly by
morphology, often occurring in the same or overlapping regions, requiring DNA sequencing
to be able to assign individuals to one species or another

Sporulation
the production of sporozoites

Thioester protein 1 (TEP1)
is a component of the mosquito immune system analogous to complement in mammalian
blood that coats invading pathogens, triggering their lysis or destruction by immune cells

Zoophilic
preferring to bite and feed on animals
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Box 1.
Rodent malaria parasites stimulate mosquito immune responses

Infections involving non-natural combinations of rodent model malaria species with
human-biting mosquitoes have been frequently used to decipher the molecular
mechanisms of Angpheles immunity, in part because of the difficulties in establishing
reliable infections with £ falciparum. Rodent malaria infections induce several potent
immune factors that can greatly decrease parasite invasion of the midgut epithelium and
survival. Immune functions are largely mediated by the fat body-produced complement-
like factor thioester-containing protein 1 (TEP1), which when stabilized by two proteins
of the leucine-rich repeat family, LRIM1 and APL1C, effectively kills 2 berghei
ookinetes that have crossed the midgut epithelium and come in contact with mosquito
hemolymph, by lysis or encapsulation by melanization [89-92]. Lysis occurs because
reactive oxygen and nitrogen species (ROS and RNS) in infected midgut cells, produced
by JNK-mediated expression of nitric oxide synthase and heme peroxidase enzymes,
mark parasites for killing by TEP1 [93-95]. In addition, cell-based immunity is
stimulated through the proliferation of hemocytes, the circulating immune cells of the
hemolymph, which express melanization enzymes, produce further ROS, phagocytose
dead parasites, and play a role in unknown mechanisms of late-phase immunity targeting
the oocyst [96, 97]. Recent studies have revealed a conserved role in mosquitoes

for a class of C20 polyunsaturated fatty acids known as eicosanoids in activating
immune pathways [98, 99] and increasing immune cell differentiation into circulating
granulocytes [100, 101], priming an innate immune memory.
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Outstanding Questions

. How does reproductive signaling in the ovary feedback on the fat body and
midgut?

. Does reproduction interact with immunity to affect Plasmodium survival and
growth? Which immune pathways are affected?

. What are the molecular mechanisms of Plasmodium tolerance and how do
20E and MISO fit into the tolerance network?

. Which nutrients support parasite growth and infectivity and how do parasites

acquire these nutrients?
. Can we target parasite development for malaria control?

. Can we manipulate mosquito reproduction safely?
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Highlights
. Parasites can exploit mosquito resources for their own development.
. Reproductive fitness costs are minimized in natural combinations of

Plasmodium and Anogpheles.

. A mating-induced tolerance mechanism has evolved in An. gambiae to limit
reproductive fitness costs of high intensity Plasmodium infections.

. Nutrient resources within the mosquito can affect parasite development,
sporozoite function and infectivity.

. Manipulations to mosquito physiology have consequences for malaria
transmission and proposed vector control strategies.
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Anopheles - Plasmodium interactions
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Figure 1, Key Figure. Summary of Plasmodium interactions with human-biting Anopheles.
The four quadrants represent four different conditions with outcomes on several mosquito

and parasite factors relative to a natural association, 2. falciparum infecting human-biting
Anaopheles (top left), indicated. Infection with £ falciparum does not reduce egg numbers or
mosquito survival and parasites suppress TEP1-mediated immune responses. In contrast,
when P berghei infects human-biting Angpheles (non-natural association — top right),
immune responses are increased and both egg and parasite numbers and mosquito survival
are decreased. Manipulations to 20E signaling (bottom left) decrease egg numbers and £,
falciparum parasites, although fewer in number through TEP1-independent immunity or
otherwise, can exploit remaining resources to grow faster. When lipid transport is perturbed
(bottom right), eggs and parasites are both decreased in number, and differences emerge
between P, falciparumand P. bergher. while lack of lipophorin slows growth of P berghei
and renders parasites vulnerable to TEP1-mediated killing, the role of immunity is less clear
for A falciparum, which does not rely on lipids for growth.
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