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Abstract

Microsporidian parasites are being considered as alternatives to conventional
insecticides for malaria control. They should reduce malaria transmission by
shortening the lifespan of female mosquitoes and thus killing them before they
transmit malaria. As the parasite replicates throughout the mosquito’s life, it
should have little detrimental effects on young mosquitoes, thus putting less
selection pressure on the hosts to evolve resistance. Here, we examined these
expectations for the microsporidian Vavraia culicis on Anopheles gambiae Giles
sensu stricto mosquitoes under varying environmental conditions. Infection by
the microsporidian delayed pupation by 10%, decreased fecundity by 23% and
reduced adult lifespan by 27%, with higher infectious doses causing greater
effects. The decrease of lifespan was mostly because of an increase of the mor-
tality rate with age. Similarly, the parasite’s effect on mosquito fecundity
increased with the mosquitoes’ age. Neither infection nor food availability
affected juvenile survival. Thus, as V. culicis reduced the longevity of A. gambiae
(s.s.), yet affected mortality and fecundity of the young mosquitoes only
slightly, the microsporidian is a promising alternative to insecticides for effec-
tive malaria control that will impose little evolutionary pressure for resistance.

Introduction

Malaria remains a major cause of human morbidity and
mortality, with half of the world’s population at risk of
contracting malaria and an estimated 243 million cases
leading to 863 000 deaths every year (WHO 2009). Cur-
rently, the best tools available and implemented by the
World Health Organization and the Roll Back Malaria
campaign against malaria are indoor residual spraying
(IRS), insecticide-treated nets (ITNs) and artemisinin-
combination therapy (ACT) (Enayati and Hemingway
2010). High insecticide coverage and efficient drug-man-
agement programs have led to significant decreases in
malaria cases (Mabaso et al. 2004; Wakabi 2007; Ceesay
et al. 2008, 2010). However, these improvements may not
be sustainable if resistance of the malaria parasite to
drugs and of the mosquito vector to insecticides contin-
ues to evolve. Indeed, the very effectiveness of the insecti-
cides approved for IRS and ITNs makes such evolution

likely. As they kill mosquitoes shortly after contact, they
prevent not only transmission but also egg laying, thus
exerting strong selection pressure for resistance (Heming-
way and Ranson 2000; Nauen 2007; Ranson et al. 2009).
Evolutionarily sustainable alternatives to malaria con-
trol could be late life—acting biopesticides. By killing mos-
quitoes before the malaria parasite has completed its
development and made the mosquito infectious, they
block transmission; by letting the youngest mosquitoes
survive, they enable them to lay eggs, thus decreasing
selection pressure for resistance (Koella et al. 2009a,b;
Read et al. 2009). Possibilities for such late life—acting
insecticides include various biopesticides, such as entomo-
pathogenic fungi (Thomas and Read 2007; Hancock et al.
2009) and microsporidia (Koella et al. 2009a). Their suc-
cess will be determined by the balance between killing the
mosquito early enough to block transmission, yet killing
them and reducing their fecundity late enough to slow
down evolution of resistance. As the parasites replicate



throughout the period of infection and their density
within the host increases with the host’s age, their detri-
mental effects should also increase with age. Indeed, the
mortality rate of mosquitoes infected with the fungus
Beauveria bassiana is similar to that of uninfected individ-
uals for the first several days after exposure and then
increases substantially with time (Blanford et al. 2005).
The age-specific effect of this parasite (or any other
potentially late-acting biopesticide) on fecundity has,
however, not been reported, despite the importance of
fecundity for evolutionary success. Here, we estimate the
age-specific effects on several life-history traits — including
mortality rate and fecundity — in several environments for
the microsporidian Vavraia culicis in the main vector of
malaria in Sub-Saharan Africa, Anopheles gambiae Giles
sensu stricto (s.s.).

Two of the environmental parameters that can influ-
ence parasite growth rates and, therefore, its harmful
effects on the host are the parasite’s infectious dose (Ebert
et al. 2000; Timms et al. 2001; Brunner et al. 2005; de
Roode et al. 2006) and the host’s condition (which is
affected by the quality of the host’s environment, such as
food availability, blood-feeding success or temperature).
Hosts reared on high food levels store more resources
and may, therefore, present a better environment for the
parasite to proliferate than hosts reared in poor condi-
tions (Bedhomme et al. 2004; Seppild et al. 2008). Thus,
well-fed hosts can have more parasites, which in turn can
lead to more severe parasitic effects (Bittner et al. 2002).
Alternatively, malnourished hosts may be weaker and
therefore more susceptible to disease (Moret and Schmid-
Hempel 2000; Krasnov et al. 2005; Mnyone et al. 2011),
so that the lower the food availability, the higher the costs
of parasitism (Jokela et al. 1999, 2005; Brown et al. 2000;
Ferguson and Read 2002). In Aedes aegypti mosquitoes,
for example, increasing infectious dose of a microsporidi-
an and decreasing larval food availability lead to higher
larval mortality and more parasitic spores (Agnew and
Koella 1999). Thus, the epidemiology of a parasite and
the expression of its virulence depend on a combination
of the parasite’s growth characteristics and the host’s con-
dition (e.g. Mitchell et al. 2005; de Roode et al. 2006,
2008; Vale and Little 2009).

Vavraia culicis parasitises several mosquito genera, for
example Aedes, Culex and Anopheles and natural preva-
lence rates of infection range between 1% and 54%
depending on the species and geographical location
(Andreadis 2007). For example, prevalence of the micro-
sporidian in A. gambiae mosquitoes was shown to be
6.6% in Senegal (Diarra and Toguebaye 1990). Vavraia
culicis infects and can kill larvae. The surviving mosqui-
toes remain infected, and the parasite has various effects
on the adult, including a shorter lifespan (Koella et al.

2009a) and reduced susceptibility to malaria (Bargielowski
and Koella 2009). While the parasite has mainly been
studied in the yellow-fever mosquito Ae. aegypti (for a
summary see (Michalakis et al. 2008)), we consider its
age-specific effects on A. gambiae (s.s.) with two experi-
ments. In the first, we investigate how the parasite’s infec-
tious dose and its host’s nutritional status affect parasite
load and several of the host’s life-history traits: pre-emer-
gence survival, development time and adult lifespan. In
the second, we restrict the design to estimate only the
effect of one infectious dose and investigate how the
host’s nutritional status influences age-specific fecundity.
Our results help to evaluate the potential of the micro-
sporidian parasite V. culicis as a late life—acting candidate
for malaria control under a range of environmental con-
ditions.

Materials and methods

The mosquitoes came from a genetically diverse (based
on SNP-analysis) (Mendes et al. 2008) colony established
from A. gambiae (s.s.) caught in Yaoundé, Cameroon (G.
Christophides, Imperial College, London, UK). Mosqui-
toes were reared under standard laboratory conditions
(26 £ 1°C and 70 * 5% relative humidity with 12 h light/
dark cycles) at Silwood Park Campus (Imperial College,
London, UK). The Vavraia culicis floridensis spores, which
were originally provided by J.J. Becnel (USDA, Gaines-
ville, USA) (Vavra and Becnel 2007), were propagated in
large groups of Ae. aegypti and A. gambiae (s.s.) mosqui-
toes at Silwood Park Campus. Although acknowledging
the subspecies status of the Florida isolate (Vavra and
Becnel 2007), we continue to call the parasite species used
in our experiments Vavraia culicis for consistency with
earlier studies.

Experiment 1

Anopheles gambiae (s.s.) larvae were exposed to seven
V. culicis doses: uninfected (= Control), 5000, 10 000,
20 000, 40 000, 80 000 and 160 000 spores per individual
(dilution series from the same stock of V. culicis spores).
For each dose, larvae were reared in two food environ-
ments in a fully balanced design. Larvae with high food
obtained a standard amount of Tetramin fish food [Day
0 (hatching): 0.06 mg, Day 1: 0.12 mg, Day 2: 0.24 mg,
Day 3: 0.36 mg, Day 4: 0.48 mg, Day 5 and any following
day: 0.6 mg per individual], the low food contained half
of this amount. Food levels were chosen on the basis of
past experience in JCK’s laboratory: The standard amount
resulted in optimal larval development (approximately
8 days from larva to adult) and low levels of juvenile
mortality, whereas half of this amount put larvae under



increased nutritional and developmental stress, resulting
in smaller and shorter-lived adults (unpublished data).
Each treatment (dose by food) consisted of 48 larvae.

Larvae were reared individually in 2 mL de-ionised
water in 12-well plates and fed every 24 h. They were
infected when they were 2 days old. Larval mortality and
age at pupation were recorded every 12 h. Pupae were
transferred into individual emergence tubes (1.5 mL tubes
filled with de-ionised water within 50 mL tubes). After
adult mosquitoes had emerged, they were supplied daily
with cotton soaked with 6% glucose solution. Age
at adult death was recorded every 24 h. Dead adult
mosquitoes were stored individually at —20°C. They were
homogenised in 0.1 mL of de-ionised water, and V. culicis
spores were counted under a phase-contrast microscope
(400x magnification) with a haemacytometer.

Statistical analysis

Full models included V. culicis dose, larval food level and
sex (except for the analysis of larval survival as larvae
cannot be sexed), and all two-way interactions between
them. In all analyses, dose was considered an ordinal
response. The final models were selected by stepwise
model simplification by comparing Akaike information
criterion (AIC) values, and models with the smallest AIC
values were selected as the minimum models (Crawley
2002). The significance level o was set to 0.05. Analyses
were performed with JMP 8 (SAS Institute Inc 1989—
2008).

The probability of emergence was analysed with logistic
analysis. So that the analysis of age at pupation was not
biased by the individuals that died before emergence, we
analysed age at pupation with a survival analysis (propor-
tional hazard), with the mosquitoes that died before
pupation censored at their age at death. As all but
about 1% of the mosquitoes pupated within a narrow
range (6-9 days), we present the results as the proportion
of mosquitoes that emerged before they were 8 days old.
Adult lifespan was analysed with a survival analysis
(proportional hazard). To explicitly evaluate age-specific
mortality rates, we also analysed mortality rate as a func-
tion of age after emergence with a GLM with binomial
distribution, corrected for overdispersion. The number of
V. culicis spores was analysed with an ANOVA.

Experiment 2

In a separate experiment, we considered the age-specific
effects of larval food and infection by the microsporidian
on the mosquito’s fecundity. As in the first experiment,
we fed larvae with the 50% and 100% food regime. In
contrast to aforementioned, we used only one infectious

dose (an intermediate dose of 20 000 spores per larva).
Larvae were reared and exposed to the parasite as
described earlier. Adult females were held in cages accord-
ing to treatment and age at pupation. Thirty males from
the standard colony were introduced to the cage, and the
mosquitoes were given 5 days to mate. The females were
subsequently moved to individual tubes lined with wet fil-
ter paper and fed on the arms of JCK for 7 min. Three
days later, the bottom of the tube was covered with water,
enabling the mosquitoes to lay eggs. Five days after blood
feeding, the mosquitoes were moved to a new tube, and
the eggs in the previous tube were counted. We repeated
this procedure four times, giving each mosquito the
opportunity to lay eggs every 5 days for a total of four
clutches. Throughout the experiment, the mosquitoes
were given access to sugar (with a cotton ball soaked with
a saturated sugar solution), except for the day before
blood feeding.

Statistical analysis

We analysed the likelihood that mosquitoes laid eggs at
any of the blood-feeding events with a logistic analysis
including exposure to the parasite, larval food and their
interaction. Using the mosquitoes that laid at least one
egg after each blood feeding, we analysed the number of
eggs laid at each clutch with a repeated analysis, including
exposure to the parasite, larval food and their interaction
as factors, and considering age (i.e. clutch) as an ordinal
factor.

Results

Experiment 1
The analysis included 654 mosquitoes, with each dose by
food treatment consisting of between 44 and 48 individu-
als. Forty-eight percent of the 470 emerging mosquitoes
were female. Ninety-three percent of the 562 exposed
mosquitoes harboured V. culicis spores at their death,
irrespective of infectious dose (x% =2.0, P=0.153) and
sex (/% =24, P=0.118). Well-nourished individuals
were less likely to be infected (90%) than poorly nour-
ished individuals (97%; 73 = 9.6, P = 0.002). When indi-
viduals were infected, their sex had the greatest effect on
the log-transformed number of spores (F;, 435 = 11.2,
P < 0.001), with females (450 000, SE 23 000) harbouring
twice as many spores as males (230 000, SE 12 000). Nei-
ther food (Fj, 435 = 1.2, P = 0.267) nor infectious dose
(Fy, 435 = 0.02, P = 0.774) affected the number of spores.
The probability of surviving up to emergence decreased
from 85% of the high-food, uninfected individuals to
69% of the low-food individuals infected with the highest
spore concentration (Fig. 1). However, although individuals
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Figure 1 The effect of Vavraia culicis infectious dose and the mos-
quito’s nutritional status on the survival of mosquitoes up to their
emergence. Data points are presented as the proportion sur-
vival + standard error of the proportion; diamonds represent mosqui-
toes reared on low food, squares mosquitoes reared on high food.

exposed to the highest doses and reared at low food were
least likely to survive, neither the difference between doses
( Xé = 4.5, P = 0.611) nor the difference between food lev-
els (37 = 0.05, P = 0.830) was statistically significant.
Female mosquitoes pupated later (38% at least 8 days
after hatching) than males (23%; X% = 3.6, P =0.058).
Larvae reared with low food pupated later (38% at least
8 days after hatching) than those reared on high food
(23%; x% =14.6, P <0.001), and age at pupation
increased with increasing V. culicis dose from 10% pupat-
ing at least 8 days after hatching when uninfected to 52%
when infected with 160 000 microsporidian spores
(y2 = 47.3, P < 0.001) The delay in pupation because of
low food availability was more marked in uninfected and
low-dose mosquitoes than in those infected with high
spore doses (dose by food: y2 = 12.8, P = 0.046; Fig. 2).
On average, adult females lived 17.5 (= SE 0.3) days
and males 15.4 (£ SE 0.3) days (y; = 57.3, P < 0.001).
Low-food mosquitoes lived 15.5 (£ SE 0.3) days and
high-food mosquitoes lived 16.2 (£ SE 0.3) days
(y3 = 6.7, P =0.010). Lifespan decreased with increasing
dose from 19.1 (+ SE 0.7) days in uninfected mosquitoes
to 14.0 (£ SE 0.5) days in adults infected with the highest
spore concentration (y2 = 75.8, P < 0.001). The mortality
rate of the youngest individuals was only slightly affected
by the parasite, so that fewer than 20% of the mosquitoes
died before they were 10 days old in any of the treat-
ments (Fig. 3). Confirming the results of the survival
analysis, the mortality rate increased with age (32 = 145.7,
P <0.001), was higher for males than for females
(X% = 62.0, P < 0.001), was higher for low-food than for
high-food mosquitoes (3 = 5.8, P = 0.017) and increased
with dose (ﬁ = 54.0, P < 0.001). Most importantly, the
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Figure 2 The effect of Vavraia culicis infectious dose and the mos-
quito’s nutritional status on the proportion of Anopheles gambiae lar-
vae pupating at least 8 days after hatching. Data points are presented
as the mean = standard error of the proportion; diamonds represent
mosquitoes reared on low food, squares mosquitoes reared on high
food.

increase of mortality rate with age became more pro-
nounced as the infectious dose increased (age by dose:
Xé = 12.4, P = 0.054), confirming that the effect of infec-
tion was lower in young mosquitoes than in old ones.

Experiment 2

Between 75% and 84% of the mosquitoes laid eggs after
having been blood-fed. Neither exposure to the parasite
(y5 =4.6, P=0.100) nor larval food level (33 =0.3,
P =0.590) affected the likelihood that mosquitoes laid
eggs at least once. When mosquitoes laid eggs, microspo-
ridian infection decreased fecundity from 45 to 33 eggs
(among mosquitoes component of repeated analysis:
Fi, 45 = 149, P < 0.001), and low larval food (50%) non-
significantly decreased fecundity from 41 to 32 eggs
(F1, 45 = 3.1, P = 0.087). The effect of food on fecundity
was similar for the four ages at blood feeding (within
mosquito component of repeated analysis: F; 45 = 1.4,
P =0.250), but the effect of microsporidian infection
increased with age from a difference of 16% in the first
clutch to 45% in the fourth clutch (F; 45 = 4.5,
P = 0.008; Fig. 4).

Discussion

In our experiments, the microsporidian Vavraia culicis
had properties that make it a promising candidate for a
late life—acting insecticide that could control malaria
effectively. In particular, its detrimental effects were small
in young mosquitoes and increased with the mosquitoes’
age, leading to a considerable reduction in adult lifespan.
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Mosquitoes reared at high food (B) Mosquitoes reared at low food.

60
o | T[Tt A T
g 404 L Thug| e
@
©
9]
-g high
[ —ve, hi
3 204 ® 9
O Ve, low
—— +ve, high
—o— +ve, low
0 T T T T
0 1 2 3 4 5

Clutch

Figure 4 Effects of larval food and exposure to the microsporidian
Vavraia culicis on the number of eggs laid at the first four clutches.
Data points are presented as the mean + standard error of the mean;
diamonds represent mosquitoes reared at low food, squares represent
mosquitoes reared at high food. Open symbols represent uninfected
mosquitoes, solid symbols infected ones.

This is consistent with the continuous replication of the
parasite within its host, leading to higher spore loads as
mosquitoes become older.

Properties of the host—parasite relationship

As in other studies (Reynolds 1970; Agnew et al. 1999),
V. culicis had little effect on the survival of mosquitoes
up to their emergence under optimal host conditions.
Although the increased mortality of the badly nourished
individuals exposed to the highest infectious doses
(Fig. 1) was not statistically significant, it corroborates
experiments with Aedes aegypti, where lower food level
and higher infectious doses led to lower levels of emer-
gence (Bedhomme et al. 2004; Fellous and Koella 2009).
The parasite probably has little effect on juveniles in

laboratory conditions, where development is rapid even
under low food conditions, because its spores do not pro-
liferate enough during larval and pupal development (the
spores of V. culicis usually mature 8-10 days after infec-
tion) to kill the mosquito before it emerges (Biron et al.
2005; Michalakis et al. 2008), unless larvae are weakened
by stressful conditions and are exposed to a high concen-
tration of infectious spores.

As generally observed (Bradshaw and Johnson 1995;
Fellous and Koella 2010), the mosquitoes’ pupation was
delayed by low food availability. Infection by V. culicis
also delayed pupation. Microsporidia are intracellular,
amitochondrial parasites that completely depend on their
host’s ATP (Weidner etal. 1999).
host’s resources, so that, for example, V. culicis-infected
Ae. aegypti larvae contain fewer lipids, sugars and
glycogen than uninfected larvae (Rivero et al. 2007).
Therefore, critical resources for rapid development, and
thus, early pupation are lacking. The delay in pupation
because of low food availability was especially marked in
individuals infected with lower infectious doses, suggest-
ing that the parasite utilises a larger proportion of the
available resources of poorly nourished individuals than
of well-nourished ones. That the parasite uses the
mosquito’s resources may also be responsible for the
parasite’s effect on fecundity. In the youngest mosqui-
toes, the parasite and low food availability had similar
effects; a reduction of fecundity by about ten eggs. In
the oldest mosquitoes tested, infection had a much
greater effect on fecundity, whereas food had no impact.
Again, as spore load increases (with age), the parasite
may have used a greater proportion of the available
resources, so that most of the observed effects are
because of the parasite.

As in other mosquitoes (Bedhomme et al. 2004; Fellous
and Koella 2009), V. culicis reduced the lifespan of adult

They use their



A. gambiae (s.s.) mosquitoes by up to 5.1 days (27%),
with shorter lifespans of individuals infected with higher
V. culicis concentrations. The shorter life was almost com-
pletely because of increases in the mortality rates of the
oldest mosquitoes; fewer than 20% of the mosquitoes
died before they were 10 days old in any of the treat-
ments. Mechanisms that could explain the shortened life-
span with increasing dose and decreasing host food are
that microsporidia interact with other parasites present in
the gut, which can lead to harmful effects of multiple
infection (van Baalen and Sabelis 1995; Fellous and Koella
2009), or that they activate a costly immune system [the
insect immune system produces cytotoxic substances,
which can adversely affect the host; (Moret 2006) and ref-
erences within]. Consistent with our findings on the
effects of the other mosquito life-history parameters is the
possibility that the parasite load in the oldest mosquitoes
simply starves the mosquito so they die earlier than unin-
fected ones.

In the context of malaria control

Late life—acting agents for malaria control should have two
properties (Koella et al. 2009b; Read et al. 2009). First, they
should kill old mosquitoes to prevent the transmission of
malaria. Vavraia culicis significantly reduced adult mos-
quito lifespan by up to 27%, with lower food availability
and higher parasite concentrations causing higher adult
mortality. As even in the most malarious areas, mosquitoes
must bite several times before they are infected (Lyimo and
Koella 1992), most mosquitoes become infected with Plas-
modium parasites several days after emergence. It then takes
10-14 days for the mosquito to become infectious (Bradley
et al. 1987; Killeen et al. 2000). Extrinsic mortality rates for
the key vector species are very high — on average about 10%
per day and ranging from 5% daily mortality in some areas
to 20% in others (Costantini et al. 1996; Charlwood et al.
1997; Takken et al. 1998; Killeen et al. 2000; Okech et al.
2004; Midega et al. 2007). Therefore, most females die
before becoming infectious, even in the absence of any
public health measures. Decreasing longevity with the
microsporidian thus has the potential to kill even more
mosquitoes before they become infectious, thereby severely
limiting the potential of transmission. [For a more detailed
description of the effect of late-acting insecticides see
(Koella et al. 2009b; Read et al. 2009).]. Second, late
life—acting agents should have little detrimental effects on
young mosquitoes, thus enabling them to lay eggs and
minimising the pressure for the mosquitoes to evolve
resistance against the microsporidian. This was the case in
our experiments. Unlike the insecticides currently
approved for ITN and IRS, V. culicis had little effect on
juvenile survival, a much smaller effect on the fecundity of

young adults than of old ones, and almost no effect on the
mortality rate of up to 10-day-old mosquitoes.

Environmental conditions can change the pressure that
the parasite exerts on its host. Poorly nourished larvae
and those infected with higher parasite concentrations
took longer to develop into adults, thus prolonging the
mosquito’s generation time, an important parameter of
evolutionary fitness (Stearns 1992). Therefore, the highest
spore concentration is not necessarily the best option for
sustainable vector control, regardless of its impact on the
mortality of adults. An essential part of the evaluation of
a potential vector control agent should be the incorpora-
tion of ecological fluctuations probably experienced by
mosquitoes in the field and their long-term impact on
epidemiologically and evolutionarily important life-his-
tory parameters.

Finally, the impact of all potential control agents,
including V. culicis, on the environment and nontarget
organisms should be measured. While that is beyond the
scope of this paper, we note that V. culicis infects not
only the anopheline vectors of malaria but also several
other genera of mosquitoes, e.g. Culex and Aedes (Weiser
1980). As the larvae of the other species live in different
habitats, it should be possible to target the microsporidi-
an to the larval sites containing anopheline mosquitoes.
Even if the nontarget species are infected, the idea under-
lying the use of V. culicis is that evolutionary pressure is
minimal, implying that its effect on population dynamics
and densities should also be weak.
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