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Malaria remains a key hindrance to the improvement of health in
Africa. Transmission rates and the risk of the disease can be greatly
reduced by vector control. At present, control of adult mosquitoes is
almost exclusively based on chemical insecticides. However, develop-
ment of resistance to chemicals is of great concern for sustainable
malaria control. Entomopathogenic fungi are effective against adult
vectors and can be used as an alternative to insecticides. As slow-
killing agents, fungi are expected to impose limited evolutionary pres-
sure for resistance formation in exposed populations. The host-seeking
response, feeding propensity, blood meal size (quantified through
haematin analysis), and fecundity was evaluated by exposing mosqui-
toes infected with the fungus Metarhizium anisopliae to human volun-
teers. It was found that fungal infection reduces feeding propensity but
blood meal size and fecundity remained unaffected. The implications
of these findings with regard to potential resistance development
against fungal infection are discussed.
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Malaria remains a major global problem, exerting an unacceptable toll on the
health and economic welfare of the world’s poorest communities (WHO 2005,
Breman et al. 2007). The burden of disease is greatest in Africa where children
under the age of five and pregnant women are most vulnerable due to their lower
level of malaria immunity (WHO 2006). Each year, over one million deaths
from the direct effects of the disease occur in the continent (World Bank 2007)
and it is therefore regarded as the leading cause of morbidity and mortality in
the sub-Saharan region. Malaria is caused by protozoan parasites of the genus
Plasmodium and is transmitted through bites of mosquitoes belonging to the
genus Anopheles. Females of An. gambiae s.l. are the principal vectors of malaria
in Africa, besides An. funestus. Their dominance as malaria vectors is largely due
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to a preference for human blood, high vector competence, and high daily sur-
vival rates (Day 2005, Besansky et al. 2004).

The transmission rates and risks of the disease can be greatly reduced by vec-
tor control (WHO 2006). Contemporary adult mosquito control is almost exclu-
sively based on indoor application of chemical insecticides in the form of
impregnated bed nets or as indoor residual spraying (of walls and ceilings).
However, sustainable use of chemicals is undermined by problems of insecticide
resistance in mosquito populations, environmental contamination and risks to
human health. Growing concern to these problems has increased interest in the
search for alternative approaches (Zaim & Guillet 2002). Biological control is
one option, and several biological control agents, like Bacillus thuringiensis israe-
lensis have been used successfully to control mosquito larvae (Fillinger et al. 2003,
2006). Entomopathogenic fungi are effective against adult vectors and are cur-
rently being developed as biopesticides (Scholte et al. 2004, 2005, Blanford et al.
2005, Knols & Thomas 2006, Thomas & Read 2007). As slow-killing agents,
fungi are expected to impose limited risks for resistance formation in malaria
mosquitoes (Thomas & Read 2007). Fungal resistance is not considered an
immediate risk in mosquito populations based on their multiple modes of action.
Fungi use an array of weapons to attack the insect, such as chitinases, proteases
and release of toxins (Hajek & St. Leger 1994). Compared to insecticides, fungi
have low virulence as they kill an insect in 6-14 days after infection depending
on the fungal species and isolate used. Within this period, the females are like-
ly to be able to mate and reproduce. Therefore, the slow killing mechanism of
the fungus imposes a limited selection pressure on the mosquitoes thus reducing
the likelihood of anti-fungal resistance (Knols & Thomas 2006).

To curb malaria transmission, understanding behavioural consequences of
fungal infections in mosquito populations is vital. The propensity to select
humans for blood feeding is arguably the most important component of mosqui-
to vectorial capacity (Zwiebel & Takken 2004). This aspect further determines
the success of mating, blood feeding and oviposition. A laboratory study in
which infected female mosquitoes were blood fed by arm in small cups revealed
that fungal infection reduces (but not eliminates) feeding propensity and fecun-
dity (Scholte et al. 2006). However, it remains unknown if under more realistic
conditions, whereby mosquitoes have to perform a host-seeking response, simi-
lar results are obtained.

Here we report findings of the impact of progressive fungal infections on the
feeding propensity, blood-meal size and subsequent number of eggs laid by
female An. gambiae one, three and five days after infection with spores of M.
anisopliae. The experiment was conducted under simulated room conditions in
the laboratory where insects had a choice to locate and bite a host instead of
making the host directly available to them when placed in cups.
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MATERIALS AND METHODS

Mosquitoes
Anopheles gambiae (Suakoko strain; courtesy Prof. M. Coluzzi) were maintained
at 27 ± 1°C, 80 ± 5% relative humidity (RH) and a photoperiod of 12:12 light:dark.
Adults were held in 30 × 30 × 30 cm gauze cages and had ad libitum access to a 6%
glucose solution on filter paper. They were fed on a human arm twice a week.
Eggs were laid on wet filter paper and transferred to water trays. Larvae were
reared in tap water in plastic trays and were fed daily on Tetramin® fish food.
Pupae were collected daily and placed in adult cages for emergence. A cone of
damp white filter paper held in pint-sized cups was introduced in the cages
where mated females oviposited following a bloodmeal.

Fungus application in clay pots
Four Ghanaian clay water storage pots (two for control and two for infection
with fungus) were used in the study according to protocols described by
Farenhorst et al. (2008). These pots have previously been shown to be highly
attractive resting sites for anopheline mosquitoes in Western Kenya (Odiere et
al. 2007). Each of the control pots was sprayed with 50 ml of Ondina oil (Shell,
The Netherlands) while each of pots for infection was sprayed with 35 ml
Ondina oil. Two hours later, pots for infection were each sprayed with 17 ml of
M. anisopliae (IC30 isolate) formulated in Ondina oil at a concentration of 4.0 ×
1010 spores/m2. Both control and fungus-treated pots were left to dry for 15 hours.

Mosquito infection
A wet cotton pad soaked in 6% glucose solution was placed at the mouth of each
pot and covered with a cylindrical nylon paper firmly held with a rubber band.
Groups of 800 female adults, 3-5 days old, were randomly collected from rearing
cages with a mouth aspirator and were introduced in clay pots through a round
hole at the base of the pot. The holes were sealed with a stopper to prevent mos-
quito escape. Each control and fungus-treated pot had 150 and 250 adults, respec-
tively. Six hours later, both infected and control mosquitoes were transferred
into separate rearing cages and were provided with 6% glucose solution (sup-
plied on filter paper wicks). For the human volunteer experiments mosquitoes
of one, three and five days post infection were used. Approximately 2 hours
before each experiment, two groups of 30 mosquitoes, from control and fungus-
treated mosquito cages were removed at random and released in a large netting
cage (3 × 3 × 3 m) fitted in an experimental room maintained at 26 ± 1°C, 75 ± 5%
RH. For mosquitoes one and three days post infection, the experiment was repli-
cated twice, for mosquitoes 5 days post infection thrice.

Assessing feeding propensity
Upon release, the insects were given the option to respond, locate and bite a
human host and take a blood meal for a fixed period of 30 minutes. The volun-
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teer entered the cage into which the mosquitoes had been released, and laid down
on a bed with exposed arms and legs to facilitate biting. Both blood fed and
unfed mosquitoes were collected individually into 30 ml cylindrical plastic tubes
(9 × 2.5 cm) covered with hollow plastic caps. The tubes were lined with a strip
of thin filter paper firmly held with a paper clip for mosquitoes to rest on. The
caps had several holes to allow for feeding. Cotton pads soaked in 6% glucose
water were placed in each cap. Thereafter, the tubes were assigned numbers
(both for blood-fed and non blood-fed). They were then arranged in holding
racks and maintained at 27 ± 3°C, 70 ± 10% RH and 12:12 L:D photoperiod for
hematin (excreted during the post-diuresis phase) collection. Cotton pads were
replaced daily. After two days, blood-fed mosquitoes were transferred into
oviposition tubes fitted with wet filter paper that served as oviposition substrate.
The tubes were assigned numbers corresponding to labels on the hematin tubes.
Hematin within the tubes was quantified using a standard curve to provide an
estimate of blood meal size (see below). Two days later, filter paper in oviposi-
tion tubes containing eggs were removed and the number of eggs per individual
recorded by counting under a stereomicroscope. Dead individuals in hematin or
oviposition tubes including the non-bloodfed insects were collected and plated
on petri dishes containing wet filter paper to allow growth of fungus on the
cadaver. Petri dishes were placed in an incubator for three days at 26 ± 2°C to
promote fungal growth. Mosquitoes without fungal growth were assumed to
belong to the control treatment. The procedure described above was repeated
with mosquitoes 3 and 5 days post infection.

Estimation of blood meal size
The amount of hematin excreted was determined by the method of Briegel
(1980). The excreta in holding tubes were dissolved in 1 ml of 1% lithium carbon-
ate (LiCO3) solution. The absorbance of the resulting solution was read at 387
nm and compared to a standard curve made from bovine haematin (Hogg &
Hurd 1997, Hurd et al. 1995).

Statistical analysis
Individuals that took a blood meal and died in the hematin or oviposition tubes
were excluded from the analysis. Feeding propensity was expressed as mean per-
centage (± SE) of the total number of mosquitoes that took a blood meal in both
the control and infected groups while blood meal size and number of eggs
oviposited were expressed as means (± SE) per individual mosquito. These
means were compared using χ2 square analysis.

RESULTS
Reduction in feeding propensity was significant (P=0.006) for mosquitoes that
were three days old after fungus infection when compared against uninfected
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mosquitoes of that age. However, this difference was not significant between
the fungus-infected and control groups one (P=0.68) and five day(s) (P=0.33)
post infection (Fig. 1A). The amount of blood consumed by fungus-treated mos-
quitoes was not significantly different from the amounts taken by mosquitoes
from the control groups for all periods post infection (Fig. 1B). Unfortunately, a
considerable number of mosquitoes in both treatments died before oviposition.
Nevertheless, the number of eggs laid by the few surviving individuals was not
affected by fungal infection (Fig. 1C).
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Figure 1. A: Proportion (mean ± SE) of M. anisopliae-infected or control female An. gam-
biae blood feeding 1, 3 and 5 days post infection; B: Blood meal size (mean ± SE) of
mosquitoes surviving to oviposition, and C: Number of eggs laid by surviving females
that blood fed 1, 3 and 5 days post fungus infection. Numbers inside bars indicate num-
ber of mosquitoes tested (n).
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DISCUSSION
Results from the current study show that feeding propensity decreased in adult
female An. gambiae mosquitoes that were three days old after infection with fun-
gus M. anisopliae, but not one or five days post infection. Such an impact on
behaviour will result in a reduction of female lifetime vectorial capacity and
hence malaria transmission risk. Scholte et al. (2006) observed virtually similar
effects 2, 3 and 4 days post infection where the 4-day treatment yielded margin-
al significance (P=0.048) in feeding propensity reduction compared to control
mosquitoes. Interestingly, therefore, it appears as if mosquito feeding appetite
decreases 2-3 days after infection, but that this effect is no longer apparent one
or two days later. From the perspective of resistance developing against fungal
infections, this finding is important in the sense that mosquitoes with infections
do still engage in host-seeking behaviour and are willing to consume blood meals
in similar proportions as their uninfected counterparts.

We further observed that fungal infection had no effect on blood meal size
and fecundity. Scholte et al. (2006) reported a significant reduction in blood-meal
size for mosquitoes four, but not two and three days post infection. Our findings
differ only for the groups four days post infection, which consumed similar
amounts of blood as control mosquitoes. Again, considering that blood meal size
remains unaffected by fungal infection in the first five days, it is likely that
these mosquitoes will engage in egg development and completion of at least one
gonotrophic cycle, thereby enabling reproduction and thus reduction of the
potential for resistance development. Lifetime fecundity in An. gambiae, follow-
ing infection with M. anisopliae, was also reported to reduce significantly
(Scholte et al. 2006), though we did not observe this effect in the present study.
Such findings have also been reported for other insects infected with fungus. For
instance, Ekesi and Maniania (2000) reported a reduction in fecundity in thrips
Megalurothrips sjoistedti upon infection with M. anisopliae.

According to Blanford et al. (2005), fungus interferes with blood meal intake
in An. stephensi 8-14 days after infection. Assuming that this is the same for An.
gambiae then our focus on insects 1-5 days post infection would not reveal such
effect. Generally, upon contact with a mosquito, the fungal spores begin to
invade and develop inside the mosquito, after which the fungus multiplies and
kills its host within two weeks; the approximate time a malaria parasite takes to
develop into its infective form (sporozoites). This slow-kill approach by fungi is
an advantage given that mosquitoes cannot transmit sporozoites until about two
weeks after an infectious blood feed (Kanzok & Lorena 2006). Besides, Blanford
et al. (2005), when evaluating blood meal intake and using a mouse malaria
model system established that fungal infection has a negative effect on
Plasmodium development in the mosquito. Putting the effects of blood meal
intake, which also directly influences fecundity and Plasmodium development
together, M. anisopliae could reduce malaria transmission by approximately 80
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times. Nonetheless, mouse malaria may have different characteristics from
human malaria and many different factors can come into play when applying
research findings in the field. The factors include fungal specificity and the pos-
sibility of insects developing resistance to fungi. Mosquitoes might evolve ways
to prevent the fungus from entering their body or limit its growth if they
become infected but it seems unlikely that they would intensify Plasmodium
transmission or virulence (Michalakis & Renaud 2005).

The future of using M. anisopliae as a novel vector control tool is increasing
as pressure mounts on the search for alternative public health insecticides.
Studies by Jenny Stevenson (Stevenson et al., unpubl. data) have shown that
fungus is effective against a multiple insecticide-resistant strain of An. stephensi,
fuelling hope to solve problems of insecticide resistance (Knols & Thomas 2006).
However, the big challenge towards sustainable use of fungus-based measures
for vector control is the possible resistance development by mosquitoes. So far,
this has not been reported in mosquitoes or any other insect, and our current
findings support the idea that the evolutionary pressure exerted on populations
will remain small. Nevertheless, we intend to conduct similar studies under
semi-field and field conditions before drawing final conclusions.
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