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Abstract

Interactions between Plasmodium parasites and their Anopheles vectors are central to the
epidemiology of human malaria. This chapter highlights how an evolutionary perspective on
Anopheles-Plasmodium interactions can provide important insights into the history,
distribution and dynamics of malaria transmission. It focuses on three aspects: (1) the macro-
evolutionary history of malaria parasites in relation with their vectors, (2) the micro-
evolutionary mechanisms shaping mosquito-parasite interactions and their impact on malaria
transmission, and (3) the contribution of evolutionary concepts in the assessment of novel
strategies to control malaria. The geographical distribution of diverse anopheline species and
populations has played an important role in the past and present distribution of malaria. In
particular, speciation processes and genetic differentiation of vectors may have been
important drivers of the evolution of human malaria parasites. A full understanding of the
epidemiology of malaria also requires careful consideration of the micro-evolutionary
relationships between mosquitoes and malaria parasites. Malaria parasites have evolved, for
example, to manipulate several parameters of the vector biology that are expected to increase
their transmission. Finally, an evolutionary approach is useful for assessing the feasibility of
innovative malaria control strategies such as the release of transgenic mosquitoes.
Considering the epidemiological feedback and the evolutionary response of wild mosquito
and parasite populations is crucial for predicting the evolutionary trajectory of such a control
measure. A major challenge for future research is to obtain quantitative, epidemiologically
relevant estimates of the critical parameters underlying Anopheles-Plasmodium interactions in

natural systems.



Introduction

This chapter deals with evolutionary aspects of the interactions between malaria parasites and
their mosquito vectors. Rather than exhaustively covering the topic, it describes examples of
three aspects: macro-evolutionary patterns, the role of evolutionary ecology in shaping
epidemiology, and the use of evolutionary ideas for control. The first section reviews
approaches of population biology and phylogenetics that have shed light on the macro-
evolutionary history of malaria parasites in relation with their mosquito vectors. In particular,
it describes the association of mammalian Plasmodium species with their specialization to
Anopheles mosquito vectors, and the link between anopheline diversity and the current
distribution of Plasmodium species and populations. The second section describes the micro-
evolutionary mechanisms shaping interactions between Plasmodium and mosquitoes and their
impact on malaria transmission. Special emphasis is put on recent insights provided by
ecological immunology approaches into the role of mosquito immunity in malaria
transmission. The third section focuses on the contribution of evolutionary concepts in the
assessment of novel strategies to control malaria based on the release of transgenic
mosquitoes. Specifically, it examines the conditions and consequences of the evolution of
mosquito resistance to a lethal genetic construct (population suppression strategy) and
evolution of parasite resistance to genetically engineered mosquito resistance (population

replacement strategy).



1. Role of mosquitoes in the evolutionary history of Plasmodium parasites

With the exception of a single species of lizard malaria, Plasmodium mexicanum, which is
transmitted by sandflies, all known Plasmodium species use mosquitoes (Culicidae) as vectors
(Ayala & Lee 1970). While avian and reptilian malaria parasites are transmitted by many
mosquito species from several genera (Levine 1988), all known Plasmodium species of
mammals are transmitted by mosquitoes of the genus Anopheles. Recent phylogenetic
analyses indicate that Plasmodium species infecting mammalian hosts form a well-supported
clade associated with anopheline vectors (Fig. 1). Although this clade is paraphyletic (it
includes parasites of the genus Hepatocystis), it suggests that expansion of Plasmodium
parasites into mammals, including humans, corresponds with specialization into anophelines.
This switch from culicine to anopheline mosquitoes, coincident with the expansion into
mammals, is believed to have occurred once (Martinsen et al. 2008). It is unknown whether
specialization into mosquitoes of the genus Anopheles is a cause or a consequence of
Plasmodium expansion into mammals, for a phylogenetic pattern does not enable to infer the
mechanism that drove evolution. Nevertheless, the striking associations between the
phylogeny of Plasmodium parasites and their vertebrate and insect host taxa clearly reveal

their three-way phylogenetic interdependence.

The evolutionary origin of P. falciparum, the deadliest human malaria parasite, has been a
highly debated topic over the last two decades (Prugnolle ef al. 2011). What has been
controversial is whether P. falciparum became a human pathogen as a result of a transfer from
ancestral birds, rodents or primates. The most recent evidence supports the origin of P.
falciparum in gorillas (Liu et al. 2010). Although the exact time of the cross-species

transmission event is unclear, this finding suggests a relatively recent origin of P. falciparum.



It supports the view that P. falciparum emerged and expanded in the human population within
the last 6,000 years (Rich et al. 1998; Volkman et al. 2001), coincidental with the emergence
of agricultural societies in sub-Saharan Africa. The change in lifestyle from small nomadic
groups to larger settled communities would have provided conditions for sustained P.

falciparum transmission (Hume et al. 2003).

In addition, it has been proposed that the expansion of P. falciparum in the last few thousand
years was facilitated by the speciation process of African mosquito vectors of the Anopheles
gambiae species complex (Coluzzi et al. 2002). The most efficient P. falciparum vector
species in the complex is An. gambiae sensu stricto (s.s.). Originally from the African rain
forest, this highly anthropophilic species is thought be the product of a speciation process
driven by environmental change following the agricultural revolution. Unlike most other
anopheline species, An. gambiae s.s. mosquitoes typically breed in small, temporary, sunlit
freshwater pools. Opening of the vegetation cover by human agriculture, therefore, would
have created increased opportunities for larval breeding. Subsequent spread of An. gambiae
s.s. from the rain forests into savanna areas probably occurred through close association with
humans. Interestingly, this scenario is echoed by the current expansion of An. darlingi, the
principal South American malaria vector, following deforestation of the Amazon Basin

(Vittor et al. 2009).

In Africa, An. gambiae s.s. is further diversifying into sympatric ecotypes named M and S
(Lawniczak et al. 2010). This diversification, probably promoted by adaptation to different
larval habitats, may have important consequences for malaria transmission, for the adaptive
divergence between incipient species includes that of immune genes conferring resistance to

Plasmodium (White et al. 2010). Another example of diversification is a recently discovered



outdoor-resting (exophilic) subgroup of An. gambiae s.s., which lives in sympatry with its
indoor-resting (endophilic) counterparts (Riehle ef al. 2011). This previously unknown
population subgroup appears to be highly susceptible to wild P. falciparum isolates, and may
play a key role in malaria transmission in places where disease control relies primarily on

indoor-based vector control measures.

The geographical distribution of anopheline species and populations is clearly an important
factor underlying the past and present distribution of human malaria (Hume et al. 2003). For
example, the relatively inefficient malaria vectors in North Africa (4n. pharoensis and An.
sergentii) and in the Middle East (4n. pulcherrimus) probably constrained the expansion of P.
falciparum out of Africa (Hume ef al. 2003). At a more local scale, the genetic structure of
vector populations may also play an important role in shaping that of malaria parasites.
Combined with the genetic structure of mosquito populations, genetic specificity of
compatibility between malaria parasites and their mosquito vectors, both at the species
(Billingsley & Sinden 1997) and at the intraspecific level (Christophides et al. 2002;
Lambrechts et al. 2005; Harris et al. 2010), promotes opportunities for parasite adaptation to

local vector species and populations.

A textbook example of parasite local adaptation to vector species is provided by P. vivax, a
human malaria species, in southern Mexico. Two malaria vector species are present at the
southern tip of the region between the Pacific coast and the Guatemala border, but with
largely non-overlapping geographic distributions. Anopheles albimanus is found in the costal
region whereas An. pseudopunctipennis occurs in the foothills region. Using microsatellite
markers to characterize parasite samples from 98 localities in an area of less than 100 km?,

Joy et al. (2008) found that P. vivax consisted of three genetically distinct populations. One



population (Fig. 2A; yellow dots) is distributed in the coastal ecoregion, where An. albimanus
is found, whereas the two other populations (Fig. 2A; blue and red dots) are found in the
foothills ecoregion, where An. pseudopunctipennis occurs. When they were artificially
exposed to the three parasite populations in the laboratory, the two mosquito species were
significantly more susceptible to the parasite genotypes encountered in their own ecoregion
(Fig. 2B). The number of parasite oocysts developing on the mosquitoes’ midgut was, on
average, about three times higher in sympatric mosquito-parasite combinations than in
allopatric pairs. This pattern is suggestive of parasite adaptation to local vectors, indicating
that vector distribution can play an important role in generating parasite population structure
(Joy et al. 2008). Although this process may also act at the mosquito population level within a
single vector species, it has, to our knowledge, to date not been documented. In one study that
examined the genetic co-structure between An. gambiae and P. falciparum populations, no
pattern was found because of the lack of detectable genetic structure (Prugnolle ez al. 2008).
Because of the recent range expansion of vector and parasite populations, it is very
challenging to find neutral markers that are genetically differentiated. In this case, reciprocal

experimental infections provide an alternative test of local adaptation (Harris et al. 2012).

Understanding the factors shaping the adaptive evolution of Plasmodium populations has
fundamental implications for public health (Mackinnon & Marsh 2010). Arguably, too little
attention has been paid to the role of vectors, relative to humans (e.g., Tanabe et al. 2010), in
driving the evolution of malaria parasites at different spatial and temporal scales. In addition
to the patterns of genetic compatibility between vector and parasites populations discussed
above, variation in host preference among vectors may also have evolutionary and
epidemiologically important consequences for malaria transmission (Lyimo & Ferguson

2009). For example, evolutionary invasion analysis accounting for variation in vector



anthropophily can help to predict the risk of emergence of P. knowlesi, usually considered a
macaque malaria species, in the human population (Yakob et al. 2010). More generally, a
deeper understanding of macro-evolutionary relationships between Plasmodium and their
vectors, as well as with their vertebrate hosts, will provide important insights into the history,

distribution and incidence of malaria.



2. Evolutionary ecology of mosquito-malaria interactions

While the precedent section discussed macro-evolutionary patterns among species, this
section considers evolutionary forces within single parasite-vector associations, thereby

linking micro-evolutionary dynamics with epidemiology.

The epidemiology of malaria is generally summarized by a single metric, the basic
reproductive number (Ry), which represents the number of subsequent infections that arise
from a single malaria case introduced into an entirely susceptible host population.

Mathematically, Ry can be found from the Ross-Macdonald dynamics (Macdonald 1957) as
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where m is the density of mosquitoes per human host, a is the daily biting rate on humans, u
is the daily mortality rate of mosquitoes, 7 is the duration in days of the parasite’s
developmental period within a mosquito (the extrinsic incubation period), and 7 is the daily
recovery rate of infected humans. More precisely, one must distinguish between the biting
rate of uninfected mosquitoes on infectious humans, i.e. with gametocytes circulating in their
blood (a;), and the biting rate of mosquitoes that are infectious, i.e. with sporozoites in their
salivary glands (a2). One should also distinguish between the mortality rate of mosquitoes
during the parasite’s development (u;) and the mortality rate once the mosquitoes are
infectious (u2). Malaria transmission also depends on successful completion of the parasite’s
development within the mosquito. This is summarized with a parameter, b, which combines
the probability that the mosquito becomes infected upon biting a gametocytic human, the

probability that the parasite survives through the extrinsic incubation period, and the



probability that the bite of a mosquito with sporozoites in its salivary glands infects a human.

Thus, equation (1) can be modified to
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It is striking to note, as Macdonald (1957) realized, that the intensity of malaria transmission
is almost exclusively determined by traits related to either the mosquito or the mosquito-
parasite interaction. Therefore, the evolutionary pressure for malaria parasites to increase the
intensity of transmission will mostly be directed at their interaction with the vectors. Indeed,
malaria parasites are able to manipulate most of the parameters in equation (2) in a way that is

expected to increase Ry.

First, infection by the transmissible stages of malaria in humans increases their attractiveness
to mosquitoes. Thus, in a semi-natural situation in western Kenya, about twice as many
mosquitoes were attracted to children with gametocytes, the infectious stage of malaria in
humans, than to children with no detectable infection or with a non-infectious stage of the
parasite, but no gametocytes (Lacroix et al. 2005). In other words, the biting rate of
uninfected mosquitoes on infectious humans (parameter a; in equation (2)) is higher than the

biting rate on non-infectious humans, which is epidemiologically irrelevant.

Second, infection by the transmissible stages of malaria in mosquitoes increases their biting
rate. In natural situations, mosquitoes with sporozoites, the infectious stage of malaria in the
vector, are almost twice as likely to feed on more than one host than mosquitoes without
sporozoites (Koella ez al. 1998). One of the suspected underlying mechanisms is that
sporozoites can reduce the activity of apyrase (Rossignol ef al. 1984), an anticoagulant
injected with the mosquito’s saliva. As a consequence, mosquitoes take up less blood during

the limited time available for a feeding attempt, which increases the probability that the

10



mosquito bites a second time to top up its blood meal (Koella et al. 2002). Sporozoites also
make mosquitoes more persistent if their blood-feeding attempts are not successful (Anderson
et al. 1999). Overall, sporozoites increase the biting rate of infectious mosquitoes (parameter
a2 in equation (2)). Note that, as biting is risky (Day & Edman 1984; Edman et al. 1984),
sporozoites that manipulate the biting rate of mosquitoes also increase their feeding-
associated mortality rate (Anderson et al. 2000). However, the selective pressure for increased

biting overrides the pressure for lower mortality (Koella 1999).

Third, infection by the non-transmissible stages of malaria in mosquitoes decreases their
biting rate. Malaria parasites at the oocyst stage do not profit from mosquito biting, because
they cannot be transmitted. Rather, any (risky) biting reduces the probability that mosquitoes
survive the parasite’s extrinsic incubation period. Therefore, oocysts decrease the mosquitoes’
biting rate by manipulating them in the opposite way of sporozoites: they decrease persistence
if feeding is prevented (Anderson et al. 1999), and if feeding is interrupted they decrease the
likelihood that the mosquitoes make a second feeding attempt to top up their blood meal
(Koella et al. 2002). A recent study in Mozambique suggested that malaria parasites may also
reduce their vector’s biting rate by delaying gonotrophic cycles in An. funestus (Charlwood &

Tomas 2011).

Thus, four of the parameters in equation (2) are affected by manipulation of the mosquito’s
biting behavior by malaria parasites. Unfortunately, quantitative estimates for malaria-
induced changes of these parameters under field conditions are not available. Clearly,
however, even small changes of each parameter in equation (2) will have a large effect on
transmission intensity because they act on Ry in a multiplicative way. Thus, if, say, each

parameter is manipulated by the factor 2, transmisssion is affected by the factor 8. Accounting
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for manipulation of the biting behaviour of mosquitoes by malaria parasites may help to
understand the unusually intense malaria transmission in endemic areas. Whereas, for
example, the basic reproductive number (a measure of the intensity of transmission) of
common childhood diseases ranges within about 10 to 30 (Anderson & May 1991), it can
reach more than 1000 for malaria (Smith ez al. 2007). Importantly, ignoring the evolutionary
forces that shape malaria-mosquito relationships would be misleading for entomological
studies designed to understand the epidemiology of malaria. For example, mosquito biting
rates on gametocytic humans, and biting rates and mortality rates of infected mosquitoes are
epidemiologically relevant parameters, whereas biting and mortality rates of mosquitoes in
the absence of infection are epidemiologically irrelevant. Measuring the latter would therefore
not only underestimate the intensity of malaria transmission, potentially by a considerable

amount, but might also underestimate the efforts needed for its control.

Evolutionary forces acting on the mosquito’s biting rate also apply to parameter b in equation
(2), which represents the ability of malaria parasites to complete their development within the
mosquito. As malaria parasites manipulate the mosquito’s biting and mortality rates away
from values that maximize their reproductive success (Koella 1999), natural selection is
expected to favour mosquitoes that resist infection. In experimental infections, however, a
substantial proportion of mosquitoes appear to be susceptible to malaria. For example, P.
falciparum oocysts developed in 30% of An. gambiae mosquitoes exposed to gametocytes in

a recent study in East Africa (Menge et al. 2006).

To date, most attempts to explain the observed variability of mosquito resistance to malaria

have focused on elucidating its genetic basis. Selection procedures demonstrated the existence

of a genetic basis for resistance (Collins ef al. 1986; Vernick et al. 1995). Conclusions from
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these laboratory studies were confirmed with the identification of quantitative trait loci that
explain the resistance of field-caught mosquitoes against malaria (Niaré et al. 2002; Menge et
al. 2006; Riehle ef al. 2006). In parallel, functional studies have revealed the complexity of
molecular mechanisms underlying mosquito resistance to malaria. Although resistance also
depends on other physiological factors than immunity (Vlachou et al. 2005), it is largely
governed by a variety of immune responses, which are initiated by pattern recognition
receptors regulating downstream effector mechanisms through signal modulation and
transduction (for a recent review see Yassine & Osta 2010). Despite considerable progress, it
is debatable whether the current understanding, mostly based on molecular studies in
laboratory models, of the immune response of anophelines against malaria adequately
addresses the complexities of resistance and the intimate co-evolutionary processes between
malaria and mosquitoes in nature (Boéte 2005; Cohuet ef al. 2006; Michel et al. 2006; Boéte

2009; see related Chapter by Pike et al. in this book).

One complicating factor is that environmental variation can have a considerable effect on the
expression of resistance, including its genetic basis. For example, symbiotic gut bacteria
(Dong et al. 2009; Meister et al. 2009) and parasitic microsporidia (Bargielowski & Koella
2009) strongly influence the prevalence of Plasmodium infection in mosquitoes. In addition,
the concentration of sugar fed to mosquitoes after infection by malaria affects not only
infection success, but also the differences among isofemale lines, i.e. the extent to which

genes contribute to the observed variation of resistance (Lambrechts et al. 2006a; Hurd 2007).

More importantly, the interaction between malaria and mosquitoes is not governed by the

mosquito’s genes alone, but by the interaction between the mosquito’s and the parasite’s

genes (Lambrechts ef al. 2005; Harris et al. 2010), as is the case for many host-parasite
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interactions (Lambrechts et al. 2006b). Thus, a particular gene variant may make mosquitoes
(partly) resistant against some malaria genotypes but not to others, while other gene variants
make other mosquitoes resistant to other malaria genotypes. As a consequence, it is unlikely
that a single resistance gene variant can confer resistance against all malaria genotypes, and
that a single malaria genotype can overcome all mosquito resistance gene variants. Such a
situation leads to either of two co-evolutionary outcomes: a stable coexistence of multiple
resistance variants, or continuous cycling of the different variants (e.g., Leonard 1994). Due
to such genotype-by-genotype interactions and their evolutionary dynamics, it is not very
surprising that attempts to find adaptive signatures in anti-Plasmodium mosquito immune
genes, which test for positive, directional selection on gene variants, were inconclusive so far

(Slotman et al. 2007; Obbard et al. 2008; Parmakelis et al. 2008).

The realization that studies of laboratory systems provide limited insights into the intimately
co-evolved systems of malaria and mosquitoes in nature is bringing molecular biologists and
evolutionary ecologists together to study the variation of mosquito resistance against malaria
in their natural ecological and evolutionary context, an emerging field referred to as the
“ecological immunology” of mosquito-malaria interactions (Tripet ez al. 2008; Tripet 2009).
This approach focuses on questions of function and adaptation, with less emphasis on the
molecular mechanisms of immunity and resistance (Schmid-Hempel 2005). At the centre of
this approach is the idea that a balance between evolutionary costs and benefits determines the
level of resistance in a population. On the one hand, as discussed above, malaria parasites
manipulate the mosquito’s biting rate and mortality away from the mosquito’s optimum.
Malaria infection can also directly affect the mosquito’s physiology, reducing its fecundity
and survival (reviewed in Tripet ef al. 2008). Because of such fitness costs associated with

malaria infection, resistance is clearly beneficial to the mosquito. On the other hand, the
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mosquito’s immune response and resistance also involve costs, which are thought to result in
part from physiological trade-offs due to shared pathways between immune responses and
other physiological functions (Tripet ef al. 2008). Such an evolutionary trade-off was
demonstrated by the observation that mosquitoes selected for rapid development have a
weaker melanisation immune response than those selected for slow development (Koella &
Boéte 2002). Because of the genetic correlation between the two traits, any evolutionary
change in one trait would be associated with changes in the other trait. Overall, it is expected
that evolution will increase resistance (resulting from increased immune function) only to the

level where its benefit is balanced by its cost.

That evolution balances costs and benefits may be the main mechanism for the maintenance
of susceptibility in natural populations (Boéte & Koella 2003; Tripet et al. 2008; see related
Chapter by Pike et al. in this book). This evolutionary perspective may also help to
understand why the number of malaria oocysts observed in naturally infected mosquitoes is
low. Indeed, most mosquitoes infected with P. falciparum in natural populations have a single
oocyst of the parasite (e.g., Lyimo & Koella 1992), whereas in laboratory systems they
harbour many more. One possible explanation is that evolution has led to a balance between
the disadvantages and advantages of resistance. On the one hand, weak resistance would lead
to high oocyst loads, which would result in substantial damage. For example, the ability to
manipulate biting rate increases with parasite load. Re-analysis of the data in Koella ef al.
(1998) shows that whereas about 22% of the mosquitoes infected with sporozoites bit more
than one person if their sporozoite load was lower than the median, about 36% did so if their
sporozoite load was greater than the median. On the other hand, a very effective immune
response leading to complete parasite clearance is likely to be very costly, both in terms of

expenditure of energy and in terms of the production of toxic compounds such as melanin.
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Therefore, an intermediate level of resistance, enabling low-level infection with moderate
pathogenic effects, may be optimal for the mosquito. While some preliminary data support

this idea (Boéte et al. 2004), the idea has not been formally tested.

This section emphasized that fully understanding the epidemiology of malaria and the biology
of its vectors requires careful consideration of the micro-evolutionary relationships between
mosquitoes and malaria parasites. Although the influence of evolutionary forces on the
vectorial capacity of mosquitoes for malaria has been clearly demonstrated by proof-of-
principle, qualitative experiments, much work remain to be done to turn predictions and
speculations into quantitative assessments. Understanding how the co-evolution of malaria
and mosquitoes affects the epidemiology of malaria and the pattern of resistance of

mosquitoes in nature remains a major challenge.
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3. Evolutionary assessment of genetically-modified mosquitoes for malaria

control

This last section is intended to illustrate how the approach of evolutionary ecology described
in the previous section can be used to assess the feasibility of a malaria control strategy. As it
is beyond the scope of this chapter (and current knowledge) to give a detailed and quantitative
prediction, we restrict ourselves to a few selected studies describing critical aspects rather
than giving an extensive review of the relevant literature. In the prospect of releasing
genetically-modified mosquitoes to control or eliminate malaria, it is crucial to understand the
potential evolutionary trajectory and evaluate the impact on the incidence of disease. More
details on this topic are available in several earlier publications (Boéte & Koella 2002; Koella

& Boéte 2003; Koella & Zaghloul 2008).

Failure of existing malaria control methods have stimulated research to develop novel,
innovative strategies. In the last two decades, breakthroughs in the molecular genetics of
mosquitoes have provided the groundwork for implementing vector control strategies based
on the release of genetically-modified mosquitoes (Alphey et al. 2002; Christophides 2005;
Catteruccia 2007). These strategies aim at either replacing the existing wild vector population
with engineered vectors that are refractory to the pathogen (population replacement) (Nirmala
& James 2003) or eliminating the wild vector population using a genetic system that reduces
reproductive capacity (population suppression) (Alphey et al. 2008). In the case of a
population replacement strategy, the task is two-fold. It consists of (1) genetically engineering
mosquitoes that are refractory to the pathogen and (2) driving the genetic construct conferring
refractoriness to fixation into the wild target population. Although transgenic mosquito lines

impaired in malaria transmission have been created in the laboratory (Ito et al. 2002; Corby-
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Harris et al. 2010), much remains to be done before these proofs-of-principle are converted
into a feasible malaria control tool (Hill ez al. 2005). One of the major challenges ahead is
optimization of genetic drive systems to deliver the refractory transgenes into wild vector
populations (Marshall & Taylor 2009). Naturally occurring selfish genetic elements, such as
transposons, meiotic drive genes, endosymbiotic bacteria or homing endonuclease genes, are
promising candidates to develop such genetic drive systems (Sinkins & Gould 2006). A
synthetic selfish genetic element has been shown to drive population replacement in

Drosophila (Chen et al. 2007), and very recently in An. gambiae (Windbichler et al. 2011).

By contrast, genetic strategies of vector population suppression generally do not require such
a gene drive system because they rely on the repeated mass releases of transgenic sterile
insects (Alphey et al. 2008). The disabled insects mate with wild individuals in the target
population, thereby reducing its reproductive output, and potentially resulting in the
subsequent collapse of the wild population if sufficient numbers of sexually competitive
transgenic insects are released. The potential of this strategy has been recently supported by
the successful elimination of caged populations of the dengue virus vector Aedes aegypti
under semi-field conditions (Wise de Valdez et al. 2011), and during a recent open-field trial
on the Cayman Islands (Harris ez al. 2011). Thus, despite reduced mating competitiveness and
smaller adult body size of genetically-modified mosquitoes compared to their wild type
counterparts (Bargielowski et al. 2011a; Bargielowski et al. 2011b), frequent releases can

compensate for the fitness costs.

There are at least three critical aspects that are often overlooked in the development of

malaria control strategies based on genetically-modified mosquitoes. First, in the case of a

population replacement strategy, the epidemiological feed back on the population genetic
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process influences the conditions allowing fixation of the trait of interest. The spread of an
allele conferring refractoriness to malaria in a mosquito population was examined by a model
combining population genetics with epidemiology (Boéte & Koella 2002). This model
demonstrated that because the change in malaria prevalence in the human population feeds
backs onto the mosquito fitness, which depends in part on the evolutionary costs and benefits
of refractoriness, fixation of refractoriness requires a genetic drive mechanism that increases
the frequency of inheritance of the genetic element compared to regular Mendelian
inheritance. Although refractoriness confers a clear evolutionary advantage to the mosquitoes
when parasite prevalence is high (Marrelli ef al. 2007), this advantage decreases progressively
when transmission and parasite prevalence are decreasing due to the spread of refractoriness
(Lambrechts et al. 2008). Luckily, a moderate efficacy of the drive mechanism is enough to

spread a refractoriness allele to fixation in most situations (Boéte & Koella 2002).

Second, the evolutionary response of the parasite can significantly threaten the effectiveness
of the intervention outcome. Parasites are often able to evade or suppress the defence
mechanisms of their hosts, including Plasmodium parasites in their mosquito vectors (Boéte
et al. 2004; Lambrechts ef al. 2007). A co-evolutionary model predicted that the optimal level
of malaria parasite investment into evasion or suppression mechanisms depends on the
relative investment into defence mechanisms of the mosquito (Koella & Boéte 2003). Thus, in
the case of a vector population replacement strategy, introducing a genetic construct
conferring refractoriness to malaria infection may alter this co-evolutionary balance towards
greater investment of the parasite into evading or suppressing the refractoriness mechanism.
This would result in a decreased efficacy of refractoriness, which was showed to dramatically
reduce the impact of the control program on malaria prevalence in the human population

(Boéte & Koella 2002; Koella & Zaghloul 2008). One way of avoiding, or at least delaying,
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this co-evolutionary response may be to transform mosquitoes with mechanisms of
refractoriness that are not found in natural systems. It would be less likely that standing
genetic variation for suppressing or evading the refractory mechanism is already present in
the parasite population. Therefore, the co-evolutionary response would be delayed until the

necessary mutations have arisen.

Third, in the case of a population suppression strategy, it is important to carefully consider the
evolutionary response of the wild vector population. For example, evolution of resistance to
the lethal mechanism is a potential threat to population suppression strategies based on the
release of mosquitoes carrying a dominant, repressible, lethal genetic construct. Mathematical
modelling showed that although resistant alleles are unable to spread to fixation, they can
become more common than the alternative susceptible allele and therefore have a detrimental

impact on the release program (Alphey ef al. 2011).

In conclusion, there is much to gain by including an evolutionary approach to assess the
feasibility of using genetically-modified mosquitoes for malaria control. Not only
evolutionary mathematical modelling, but also experimental evolutionary ecology, can
provide important insights into the potential success of these strategies (Boéte & Koella

2003).
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Conclusions and Perspectives

The evolutionary forces underlying the vectorial capacity of anopheline mosquitoes for
malaria parasites are still poorly understood. One of the greatest challenges for future research
is to obtain quantitative, epidemiologically relevant estimates of some of the critical
parameters underlying malaria transmission. This will only be achieved by studying natural
systems of Anopheles-Plasmodium interactions. At least in studies designed with the goal of
understanding malaria epidemiology, efforts must be made so that experiments emulate more
closely the natural conditions that are meaningful for parasite transmission. For example,
whether malaria parasites kill their vectors has been largely debated (Ferguson & Read 2002),
but most of the studies on the effect of malaria infection on mosquito survival ignore feeding-
associated mortality, which is likely to account for most of the mortality in nature. A related
challenge is to account for the influence of manifold abiotic factors on mosquito-parasite
interactions and their implications for malaria transmission. For example, the impact of short-
term temperature fluctuations on the development of malaria parasites in mosquitoes has
recently been revealed, either speeding up or slowing down processes depending on the mean
temperature (Paaijmans ef al. 2010). This highlights the need for a better understanding of the
mechanistic link between environmental heterogeneity and vectorial capacity. More
generally, deciphering mosquito-parasite dynamics and co-evolution will require moving

from laboratory conditions to more realistic systems.
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Figure 1. Schematic relationships between the phylogeny of Plasmodium parasites and
their vertebrate host and vector taxa. All clades shown are well supported across different
phylogenetic methods. This simple phylogram ignores the only Plasmodium species

transmitted by sandflies. Adapted from Martinsen et al. (2008).

22



Mean number of oocysts
g8 & 8

g

0 T 1

An. albimanus An. pseudopunctipennis

Figure 2. Pattern of adaptation to local vectors in Plasmodium vivax malaria. (A) Spatial
genetic structure of P. vivax populations in the Pacific coastal region of southern Chiapas
State, Mexico. Each sample was assigned to one of three identified genetically different
populations, indicated by different colours. Circle size is proportional to the frequency of the
sample, with the exception of the town of Tapachula in the centre. (B) Infection intensities
observed in experimental infections of each combination of the three parasite populations and
the two mosquito species. Lines represent the parasite genotypes according to the colours of
panel A. Vertical bars are 95% confidence intervals. The interaction between mosquito
species and parasite genotype is highly statistically significant (P<0.0001). Modified, with

permission, from Joy et al. (2008).
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