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Abstract
Due to the increasing resistance against chemical pesticides in mosquitoes, the need is high to find
an alternative, sustainable (biological) control agent to control the mosquitoes that transmit deadly
diseases such as malaria. Previous studies have proven that entomopathogenic fungi such as
Beauveria bassiana and Metarhizium anisopliae can kill larvae and adult mosquitoes. Due to their
complex pathogenesis and delayed kill, the selection pressure will be lower than with chemical
pesticides. Although fungi do not kill instantly, they will strongly reduce malaria transmission,
because it takes 9-14 days for Plasmodium to become transmittable by a mosquito.
Entomopathogenic fungi have already been tested in (semi) field situations and have
proven to effectively reduce mosquito populations. The research reported here investigated the
possibilities for treating netting material with B. bassiana to reduce mosquito longevity. These
nets will be used to make eave curtains for local houses in a field trial in Tanzania. Eaves are a
main entrance route for Anopheles gambiae s.s., the main African malaria vector. Laboratory
experiments were performed with this species to determine the optimal conidial concentration and
netting type, how the fungus must be applied and if treating eave curtains is feasible. In the field,
mosquitoes will not spend long periods on the eave curtains, so a short exposure time to the
fungus must be sufficient to deliver an effective and lethal infection.
The conidial concentration needed for maximum mosquito survival reduction is between
1011 and 1012

condia/m2, depending on the virulence of the fungus batch. Exposure of

mosquitoes to the fungus-treated netting for as short as 5 minutes was shown sufficient to receive
an effective infection. Netting produced by Vestergaard Frandsen was suitable for fungus
application, which was best applied by spraying the fungus/Shellsol solution on the net, using a
spray gun that vaporises the solution in order to apply an equal layer. Most suitable was a net with
a small mesh size which the mosquitoes could not pass, because mosquitoes will receive an
infection when trying to pass the net but as secondary prevention (i.e. a physical barrier) they will
not be able to reach the inhabitants. All An. gambiae mosquitoes exposed to nets treated with B.
bassiana died within 12-13 days.
These results show that B. bassiana applied on netting can greatly reduce the mosquito population
before these mosquitoes can transmit the Plasmodium parasite. These fungus impregnated eave
curtains are, compared with other strategies such as ITN’s or fungus-treated clay pots, the best
malaria prevention/eradication strategy available and will be tested in a field trial in Tanzania this
year.
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Introduction
Although it constitutes only a small part of the global pesticide market, biopesticides are very
promising control agents against harmful insect pests and disease vectors. Entomopathogenic
fungi are already used instead of chemical pesticides in some very successful cases (Thomas and
Read, 2007). For instance, Metarhizium anisopliae var. acridum has been used in Africa and
Australia against locusts and grasshoppers (Roberts and StLeger, 2004). Various Metarhizium
strains are now commercially produced, relatively cheap, and commonly used. Currently there are
field trials ongoing in China, where a different strain of M. anisopliae var. acridum proves to be a
very effective biocontrol agent against the oriental migrating locust (Peng et al., 2008). In Mexico,
a strain of M. anisopliae is used against ticks. When the fungus is sprayed onto the cattle, just like
acaricides, it kills the majority of ticks within days (Alonso-Dıaz et al., 2007). Beauveria bassiana
is another entomopathogenic fungus that is being used to control pest insects such as the
greenhouse white fly (Trialeurodes vaporariorum), plant bugs and aphids. For instance, applying
low concentrations of B. bassiana spores on bumblebees can be used to spread the spores in
greenhouses and infect and kill pest insects (Kapongo et al., 2008). B. bassiana and M. anisopliae
can infect and kill many species of (pest) insects (Bustillo et al., 1999;Danfa and Van der Valk,
1999;Ondiaka et al., 2008) and have recently been shown to be effective against mosquitoes.
Several strains of M. anisopliae and B. bassiana have been shown to be lethal to both adult
and larval stages of Anopheles. These mosquitoes are vectors of Plasmodium parasites that cause
malaria in humans. It is important to find a good biocontrol agent for Anopheles, because these
mosquito species have become increasingly resistant to insecticides (Coleman et al., 2008). There
are now many insecticide-resistant Anopheles strains found in the field and increasing the use of
insecticides will only aggravate the problems caused by resistance (Roberts and StLeger, 2004).

Malaria
Malaria is a infectious disease caused by protozoan parasites that results in 500 million clinical
cases and 1 million deaths annually, mostly among children and pregnant woman (Chen et al.,
2008). Human malaria is mainly caused by four kinds of the protozoan parasite Plasmodium;
Plasmodium falciparum, P. vivax, P. ovale and P. malariae, the first being the deathliest, the
second the most common. Though recently, a fifth human malaria parasite was reported. P.
knowlesi, a parasite normally found in primates, caused several human infections in Asia
(Luchavez et al., 2008).
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Plasmodium parasites are transmitted to humans through the bite of a female Anopheles
mosquito in its immature stage; a sporozoite. When taking a blood meal, the mosquito injects the
sporozoites into the bloodstream, where they are carried to the liver. In the liver cells the parasite
will divide and form thousands of merozoites, the second life-cycle stage. These merozoites will
break out of the liver into the bloodstream to invade red blood cells. In the blood cells they
continue to grow and divide. The red blood cell will rupture, releasing new merozoites that will
invade other blood cells, destroying them in the progress. Most merozoites will divide and
reproduce asexually, though some develop into a third life-cycle stage, the gametocyte, which is
able to sexually reproduce inside the mosquito midgut. If a gametocyte is ingested by an
Anopheles mosquito during blood feeding, the parasite will enter the mosquito gut. If the mosquito
is already infected with another Plasmodium or gets infected with both male and female
gametocytes, the gametocytes can sexually reproduce and form ookinetes. Ookinetes will pass
through the gut wall and take 9 to 14 days to mature into oocysts on the outside of the gut. When
sporozoites have matured inside the oocyst, they break open and release thousands of sporozoites.
The sporozoites migrate through the haemocoel, into the salivary glands, where they are ready to
infect another human (Talman et al., 2004).

Anopheles
Anopheles mosquitoes lay their eggs in water, from temporary rainwater pools to wells or
swamps, and after one or two days the eggs hatch into the first larval stage. The larvae are filter
feeders, filtering organic matter from the water. The larvae go through 4 larval stages, and than a
pupal phase, before emerging as adult. Depending on temperature, food supply and larval density,
it takes them 7-20 days to emerge. After emerging they rest shortly before searching for plantsugars. The males will form swarms at sunrise and sunset. Females are attracted to these swarms,
fly in and copulate. The females will search for a blood meal. Host preference, time of feeding,
place of feeding and resting greatly differ between Anopheles species. For example; An.
arabiensis is exophagic, zoophilic and exophilic, while An. gambiae are endophagic,
anthropophilic and endophilic (Scholte, 2004). When cattle is abundant, An. arabiensis mainly
feeds on cattle, An. gambiae still prefers to feed on humans. After a human feed An. arabiensis
usually leaves the house to rest outside, whereas An. gambiae rests indoors. After the blood meal,
the eggs are developed and the female will oviposit 2-3 days later (depending on ambient
temperature). The female will immediately search for a new blood source to start the cycle again.
The first gonotrophic cycle takes about 3 to 4 days, the following cycles only 2 to 3 days. The life
span of a mosquito ranges from 1-5 weeks. It will take 9 to 14 days after an infectious blood meal
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before the Plasmodium parasites can be transmitted to another host. There are several terms used
to indicate the (risk of) transmission of the parasite. Vector competence is used as an evaluation of
the capacity of the vector to transmit the parasite. Vector capacity is a value used to indicate the
efficiency of a vector to transmit a vector-borne disease, a high value means a high efficiency.
Vector capacity is determined by several variables including the vector, host and parasite
behaviour and their relations with the following equation:
C = ma2 VPn
-loge P

C=
m=
a=
V=
P=
n=

Vectorial capacity, the number of infective bites
received daily by a single host
Density of vectors in relation to density of hosts
Proportion of vectors feeding on a host divided by
the length of gonotrophic cycle in days
Vector competence
Daily survival of vectors
Extrinsic incubation period

The risk of receiving an Plasmodium infection is measured by the entomological inoculation rates
(Fenello et al.,2003), the mosquitoes biting-rate times the proportion of infected mosquitoes in a
population.

Resistance against chemical pesticides
Insecticides, such as DDT and dieldrin were extensively used for malaria vector control
during the

global eradication campaign in the 1950s and 1960s. Initially these were very

effective, but the effectiveness of DDT and dieldrin was not sustained because of the emergence
of resistance. In 1960 the first case of dieldrin resistance in An. gambiae was recorded in Burkina
Faso. Ten years later, high levels of resistance against DDT and dieldrin were reported in Togo,
Senegal, Nigeria, Cameroon and Guinea. Due to the increasing resistance against commonly used
insecticides, a new range of insecticides, pyrethroids, was promoted since the 1990. Pyrethroids
were highly efficient, not very toxic for mammals, killed fast and mosquitoes were still
susceptible. It was widely used for indoor residual spraying and bednet impregnation. In The
Gambia, Ghana, Kenya and Tanzania, the large scale use of insecticide-treated bednets (ITNs)
reduced mortality due to malaria with 20-30% (Akogbéto et al., 2006). Three years later the first
case of pyrethroid resistance was recorded in Côte d'Ivoire, after which many cases followed in
Kenya, Benin, Burkina Faso, Cameroon, Central African Republic and Mali (Akogbéto et al.,
2006). The effect of ITNs was assessed in Benin and showed that in areas with resistant groups of
An. gambiae, ITNs do not have any effect on blood-feeding anymore (N’Guessan et al., 2007).
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There also appears to be cross-resistance between DDT and pyrethroids. Both DDT and
pyrethroids target the voltage-gated sodium channel, thus a mutation in the sodium channel can
result in resistance against pyrethroid and DDT. Therefore, it is possible for pyrethroid resistant
mosquitoes to be resistant to DDT without ever being exposed to it (Ranson et al., 2000). These
point mutations in the sodium channel genes are called knockdown resistance (kdr) mutations. In
Burundi the occurrence of kdr mutations was monitored before and after a period of spraying with
pyrethroids. Before intervention about 1% of the population had kdr mutations, 5 years later it was
up to 86%. But in non-sprayed areas the occurrence also increased greatly, up to 67%
(Protopopoff et al., 2008). It is suggested that not only the direct use of insecticides against
mosquitoes, but also the use of pesticides and insecticides in agriculture increase mosquito
resistance. The chemicals flow into the water and soil, increasing the selection pressure for
insecticide tolerance or resistance in larvae. Mosquitoes in non-sprayed areas or exophilic and
zoophagic mosquitoes are less affected by indoor spraying and ITN’s, but also show high levels of
kdr mutations and reduced susceptibility to insecticides (Mzilahowa et al., 2008;Protopopoff et al.,
2008).
The occurrence of kdr mutations in several populations is known to be increasing (Czeher
et al., 2008;Dabiré et al., 2008;Kerah-Hinzoumbé, 2008;Moreno et al., 2008;Mzilahowa et al.,
2008;Protopopoff et al., 2008). Increasing levels of insecticide resistance in anophelines imposes a
serious problem for the prevention of malaria. Especially since pyrethroid-treated bednets and
indoor residual spraying are still the central components in the main malaria control programs
(Global Strategy for Malaria Control, the Roll Back Malaria program, Presidents Malaria
Initiative and the Global Fund to Fight against AIDS, Tuberculosis, and Malaria.) (Chen et al.,
2008).

Entomopathogenic fungi
There are numerous species of entomopathogenic fungi, some generalist and some
specialized on specific insect species. Metarhizium anisopliae and Beauveria bassiana
(Deuteromycotina: Hyphomycetes) have a wide host range. Especially B. bassiana is a generalist,
while some strains of M. anisopliae can be very species-specific. One strain of M. anisopliae, for
example, is so specific that it only infects the African desert locust (Lomer et al., 2001). The
spores of both fungi, called conidia, are hydrophobic. The conidia of M. anisopliae are green and
weigh about 2.1*10-11 grams. The conidia of B. bassiana are smaller, white and weigh
approximately 5*10-12 grams (Fig. 1) Both fungi have isolates that are virulent against larval and
adult stages of mosquitoes. They do not naturally infect adult mosquitoes, because both fungi are
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soil-borne. Two stages of the fungi can infect the mosquito, the conidia and the blastoconidia,
Both stages are fairly easy to mass-produce but blastoconidia are very difficult to store and are
therefore less suitable to use than conidia (Scholte, 2004). Fungal virulence is determined through
many different factors. High conidial viability and germination speed, and low conidial C:N ratio
are positively correlated with virulence (F. A. Shah et al., 2005). Talaei-Hassanloui et al. 2007
suggest a positive correlation between virulence and unidirectional germination of B. bassiana.
Spores are harmed by solar irradiation, as viability decreases rapidly when the conidia are exposed
to UV-light. High temperatures can also harm the conidia. Differences in virulence can also be
due to differences in the production process, because variation between temperature, CO2, O2,
humidity and the media used during production can result in variations in conidial nutrient and
moisture content, C:N ratio, hydrophobicity and size, which all affect the viability, virulence and
persistence of the conidia.

Fig 1. Conidia of Beauveria bassiana

Conidium of Metarhizium anisopliae

Infection process
Fungal conidia infect insects by penetrating the cuticle.
Infection starts with the attachment of a conidium to the cuticle.
The attachment is not host-specific, but mediated by
hydrophobic binding forces (Roberts and StLeger, 2004).
Immediately after the conidia make contact, they start to change
the hydrocarbons in the cuticle, resulting into better binding to
the cuticle (Sosa-Gomez et al., 1997).Under the right
conditions, the conidia will form an appressorium and produce
cuticle-degrading proteases, enabling the penetration peg to
penetrate the cuticle and enter the haemocoel. If the fungus can
overcome the innate immune response of the insect, it can
Fig 2. Infection by entomopathogenic fungi
(Thomas and Read, 2007)
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proliferate in the haemocoel (Blanford et al., 2005;Thomas and Read, 2007). Hyphae can then
grow, spread and invade other tissues, whilst producing various toxins. Some of these lower the
insect’s defense system, enabling the fungus to grow and deplete the fat body and other nutrients
in the insect. Some toxins cause a loss of structure in the membranes and fluid loss in the host
tissues. This leads to dehydration and degeneration of these tissues. The incubation time, when the
fungus is releasing toxins and continuing to invade tissues with its hyphae, can be days or weeks,
depending on the host, the isolate and environmental conditions. Eventually the mosquito will die
(Zimmermann, 2005).
It is still unknown what eventually kills the mosquitoes, the toxins or the depletion of
nutrient resources by the fungi (Roberts and StLeger, 2004). Besides killing the insect, the release
of toxins and growing hyphae during fungal infection can also affect the behaviour of the host and
cause malformations.

Fungi against malaria mosquitoes
M. anisopliae and B. bassiana have been shown to kill Anopheles mosquitoes. When a
mosquito is infected with the fungus, it dies within approximately 14 days (Blanford et al., 2005).
Fungal virulence can vary due to differences in production, application methods and the fungal
strain used. For malaria transmission control, the fungus does not need to kill instantly, because
Plasmodium requires approximately 9 to 14 days in the mosquito to become transmissible.
Moreover, the fungi are not only lethal to the mosquitoes, they affect malaria parasite
development as well. Of the mosquitoes infected with both Plasmodium and fungi, only a small
number compared to the mosquitoes only infected with Plasmodium, produced sporozoites after
14 days (Blanford et al., 2005). The combined effect of a reduced mosquito lifespan and the
reduction in Plasmodium development caused by fungal infection was estimated to lead to 80-fold
reduction of malaria transmission.
Furthermore, fungi can also alter the behaviour of infected mosquitoes. Female An.
gambiae infected with M. anisopliae were shown to take fewer and smaller blood meals and have
a reduced fecundity (Scholte et al., 2006). Similarly, female An. stephensi infected with B.
bassiana were shown to take fewer and smaller blood meals (Blanford et al., 2005). Reduced
biting rates and smaller Anopheles populations may potentially reduce malaria transmission even
further.
Since many Anopheles species are becoming resistant to chemical insecticides, the need
for new methods to control Anopheles populations is high. Using entopathogenic fungi can be a
very good option. M. anisopliae and B. bassiana can kill insecticide-resistant mosquitoes and
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make them more susceptible to the chemical insecticides they are resistant to (Farenhorst 2008,
unpublished data). Furthermore, there are no known cases of fungus-resistant mosquitoes, and it is
considered unlikely that mosquitoes will ever become resistant to fungi, since fungal infection
induces late-acting mortality (Thomas and Read, 2007). Mosquitoes are able to reproduce before
they are killed by the fungus (Ondiaka et al., 2008), resulting in low natural selection pressure on
resistance against fungi and therefore less chances of resistance formation in a short period of time
(Thomas and Read, 2007). Moreover, for malaria control, it is not necessary to kill all the
mosquitoes immediately because a slight decrease in daily survival rate of the mosquito (P) or
increase of development within the mosquito (n), will reduce the vectorial capacity (C) according
to the equation: C = ma2 VPn
-loge P
Thus, without killing the mosquitoes instantly, fungi can reduce malaria transmission by reducing
the vectorial capacity of mosquitoes. By reducing the lifespan of mosquitoes, fungi will evidently
reduce mosquito populations and, more importantly, kill mosquitoes before they can transmit
Plasmodium parasites.

Application methods
Because heat, drought and solar radiation reduce the viability and virulence and thus the
persistence of fungal conidia, they should be applied in a humid, cool, and dark environment in
order to remain effective over a long period of time. To protect conidia from environmental
conditions, they can be suspended in oil (Leland, 2001) which leaves a protective layer around
the conidia. The choice of formulation for different application methods is important, because
some oils get too thick when they contain a high fungal concentration, making them difficult to
apply. Entomopathogenic fungi can only induce an effective infection if the concentration of
conidia is high enough and therefore the application method must suitable for a high concentration
solution. Fungal suspensions can be applied on surfaces in various ways. Methods of spraying,
dipping, coating and painting can be used to apply suspensions on different materials. The
preferred application method will depend on the suspension and material used.

Delivery of spores in the field
Anopheles mosquitoes are nocturnal and feed at night. Some of the main malaria vectors
such as An. gambiae enter houses to feed. The mosquitoes mainly enter and exit houses through
the eaves and sometimes through the door, windows or cracks in the wall (Kirby et al., 2008). The
number of mosquitoes in a house is partly related to the design of the house. Houses made of mud
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with lots of cracks in it, or with large and open windows, doors or eaves will have higher numbers
of mosquitoes inside. It depends on the mosquito species how long the mosquitoes stay inside.
Some species rest inside, and some prefer to leave the house as soon as they have fed (Kirby et al.,
2008). In order to find methods to infect mosquitoes with fungal spores of M. anisopliae or B.
bassiana, there are two kinds of behaviour that could be targeted, resting and host-seeking
behaviour.
Anopheles mosquitoes vary in their resting behaviour; some rest indoors, others outdoors.
Some prefer to rest on ceilings and high up the wall, where others prefer lower and more sheltered
places (Harbison et al., 2006). Options to apply fungal spores indoors on attractive resting sites,
include painting or spraying the walls with a conidial suspension, and hanging conidia-treated
black cotton cloths on the ceiling (Scholte et al., 2005). The black cotton cloths were tested in a
field experiment in Tanzania and effectively infected and killed some 23% of the mosquitoes
entering the house (Scholte et al., 2005). Mosquito sampling methods that target resting
mosquitoes could also be used for fungus application. The wicker basket for example, is an
attractive indoor resting site. About one third of all mosquitoes inside a house were found resting
in these baskets (Harbison et al., 2006). The cotton curtains and the cotton cloth inside the wicker
basket can be sprayed, painted or even coated with fungal suspensions. These indoor application
options are expected to be beneficial for the persistence of conidia. However, they will only target
mosquitoes that rest indoors. Some mosquitoes will find a cool, dark resting place outside and to
target this proportion of the mosquito population, options for outdoor application of fungal spores
need to be sought. Clay water storage pots were recently shown to be good places to sample
mosquitoes in the field, because the dark, cool pots were highly attractive resting sites for both
male and female Anopheles mosquitoes (Odiere et al., 2007). The pots can also be used as
application sites for fungi. In an experimental set up, clay pots sprayed with an oil-suspension of
M. anisopliae were still an attractive resting site for female and male An. gambiae and An.
funestus. With high M. anisopliae concentrations, 95% of the mosquitoes obtained a fungal
infection and were killed within 10 days (Farenhorst et al., 2008). These pots maintain humid and
dark and the conidia have a protective layer of oil, which enhances the longevity of the spores.
It is also possible to target the host-seeking mosquito females. In this way all endophagic
mosquito species are targeted instead of only the species that rest indoors. Anopheles mosquitoes
that can transmit human malarias are highly attracted to humans. When humans are sleeping under
a bednet, mosquitoes will make contact with the net. Therefore, it may be a good option to treat
bednets with conidia. The fungus holds little danger for the human health (Zimmermann, 2007),
but there might be some objections; locals could dislike the idea of sleeping under a net with
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fungus. A bednet will only protect one person, and only during the time the person occupies the
net. It might, therefore, be a better idea to protect the whole house by targeting the main entry and
exit points of mosquitoes; the eaves (Kirby et al., 2008). Research showed that when the eaves of
a house are covered with untreated nets, the number of mosquitoes inside a house is reduced with
50 percent. This indicates that at least 50% of all mosquitoes use the eaves to enter the house
(Fenello et al., 2003). Using eave curtains impregnated with fungus may, therefore, provide a
suitable tool to infect a large proportion of host-seeking mosquitoes. When using netting with a
mesh size that will allow mosquitoes to crawl through, it will not affect mosquito house-entering
and exiting behaviour, and may increase exposure to the fungus. A relatively large mesh size will
sustain the airflow, allowing the attractive smell produced by the inhabitants to circulate. The
mosquitoes will still be attracted to the eaves and will stay motivated to try to enter the house,
which may greatly increase the time of contact with the netting. Fungus-impregnated eave curtains
could be used in addition to insecticide-treated bednets, since the repellent effect of chemical
insecticides is not so strong that it will stop mosquitoes from coming into the house (Kirby et al.,
2008). The combination with bednets, to protect the inhabitants from mosquito bites, will greatly
improve the acceptability of the eave application method for field implementation of the fungus.
Moreover, closing only the eaves with conidia-impregnated nets will require a relatively small
amount of netting and spores and will therefore reduce the application costs.
A field trial will be undertaken in Tanzania to test the effect of non-blocking eave curtains
coated with fungal spores of Beauveria bassiana. A special coating is currently being developed
to protect fungal conidia and gradually release them over time to the surface, in order to increase
the overall persistence. However, manual spraying of fungal spores will be used as application
method if a suitable coating cannot be developed in time.

Study aim
This study will focus on finding the optimal netting for eave curtain use, the most suitable manual
application method and determining the efficacy of Beauvaria-impregnated eave curtains.
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Objectives
A range of experiments are performed to determine:
•

the optimal concentration for a lethal fungal infection with a short exposure time to B. bassiana
conidia

•

what type and mesh size of netting is most suitable

•

the best method for applying such spore concentrations manually on eave curtain netting

•

the relation between body size, type of contact and infection

•

the efficacy of B. bassiana-impregnated eave curtains in terms of their effect on the survival rate
of female Anopheles mosquitoes.
To find the most optimal spore concentration, i.e. the lowest concentration needed for
effective infection, different concentrations were tested using a standardised bioassay with funguscoated papers. Since in field situations mosquitoes will not make contact with the eave curtains for
long periods of time, paper bioassays were used to test the effectiveness of fungal spores under
different (short) exposure times, in relation to concentration.
Two types of netting were tested, one produced by the Danish company Vestergaard
Frandsen, which is a major producer of permethrin-impregnated mosquito nets (Permanet®), and
one produced by the Dutch company Van Heek, which is a large producer of textiles and has
expertise in the coating of fibers. Both companies produce netting material using different fibers,
treatments and weaving patterns. To determine if the type of contact between the mosquito and
the fungus is an important factor, two different mesh sizes were tested of each netting type, a large
mesh size (large holes) and a small mesh size (small holes). Mosquitoes will be able to pass
through the large mesh, which may cause conidia to attach not only to the tarsi but also to the
abdomen and other body parts which may result in a more effective and virulent infection. A
crossing set-up will be used to test the mosquito’s ability to crawl through an impregnated net and
its effect on the infection efficacy.
The fungus can be applied on the net on various ways, but the application method tested
must be easy to use in the field. Two application methods were tested, spraying and submerging
the net in the fungal-solution (dipping). Different drying times and modes of applications, i.e.
applying different layers, were also tested.
The efficacy of netting with the most optimal spore concentration, minimal exposure time,
and most suitable application method was assessed. These experiments will included
measurements on mosquito body size, to determine the relation between body size, their ability to
pass the netting, fungal infection and mosquito survival.
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Materials and methods
Mosquitoes
In all the experiments 4-6 day-old female Anopheles gambiae s.s. were used. This mosquito strain
originates from Suakoko, Liberia (Courtesy Prof. M. Coluzzi) and has been maintained in the
Laboratory of Entomology since 1987. Larvae were reared in plastic trays filled with tap water
and were fed on Tetramin fish food (Tetra, Melle, Germany) once per day. Pupae were collected
daily and transferred to holding cages of 30 × 30 × 30 cm. Adults were maintained in a climatecontrolled room, at 27 ± 1°C and 80 ± 5% RH with a 12 hr L:12 D photoperiod and fed ad libitum
on a 6% glucose solution. For experiments a maximum of 20 female mosquitoes at the time were
selected using a mouth aspirator.

Fungus
Two different production batches of the same Beauveria bassiana isolate, IMI 391510 were used.
One was produced through solid state fermentation with glucose-impregnated hemp by the Food
and Bioprocess Engineering Group of Wageningen University (BPE) and the other batch was
produced by colleagues at the Department of Entomology of Pennsylvania State University, USA,
BbBPE and BbDEP respectively. The conidia were dried and stored in the dark at 4°C. The two
production-batches were obtained through different production methods and previous tests
showed large differences in virulence between the two batches of the same fungus isolate. Though
BbDEP was scheduled to be used in the Tanzania field trial, the more virulent BbBPE was also tested
for its effectiveness on eave curtains. Shellsol T was used as a solvent, which is a synthetical
isoparaffinic hydrocarbon solvent produced by Shell. For some experiments to assess the effect of
solvent, a mineral oil Ondina was used (Shell Ondina Oil 917, Shell, The Netherlands).
Prior to use the solution of spores and Shellsol T was homogenised through sonification at 1000
Hz, for 10-15 seconds with a Branson sonifier B12. The spore concentration of each solution was
determined using a heamocytometer (Bürker-Türk, W.Schrek Hofheim/TS Germany).
The viability of the spores was assessed weekly. A small drop of solution (concentration around 1to 5*108 spores/ml) was placed on Sabouraud Dextrose Agar and incubated at 27°C for 20-26 hrs.
The proportion of germinated conidia was determined using a light-microscope at magnification
400X. Only solutions showing 85% or higher sporulation were used for experiments. The agar
was enriched with 0.001% Benomyl, a fungicide, that inhibits the growth of hyphae without
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affecting the germination (Milner et al., 1991). This reduces the excess hyphal growth, facilitating
the counting of the spores.
Concentration and exposure time
Experiments on concentration and exposure time were performed using a standardised bio-assay
with coated papers. Papers were coated using an automatic K202 coating machine (RK Print Coat
Instruments, London) (Fig. 3.), that equally distributed 0.9 ml of spore solution on the paper over
a surface of 15 by 25 cm. The green coating bar was used, with a 0.31 mm wire diameter that
deposits an equal layer of 24 µm. (RK Print Coat Instruments, London). Since the solutions were
equally distributed on the paper surface and the volume and concentration of the solution was
known, the exact end-concentration of spores /m2 could be determined. Coated papers were left to
dry overnight in a climate room (27 ± 1°C, 80 ± 5% RH) before being placed inside a PVC-tube
of 15 cm long and 8 cm diameter. The paper was firmly attached to the tube with paperclips and
the tube closed with two pieces of foil (Fig. 4.). Mosquitoes were released in the tube and were
kept in it for a determined (exposure) time. Due to the small size of the tube, all mosquitoes would
make contact with the (treated) surface. Different concentrations were tested with three exposure
times, 5 minutes, ½ hrs and 3 hrs. For every experiment 3 replicates with 40 female mosquitoes
were undertaken.

Fig. 3. K202 coating machine

Fig. 4. PVC-tube set-up

After exposure, a holding cage was connected to the set-up and the mosquitoes took flight into the
cage. The mosquitoes were kept in the climate chamber as described above. Mosquitoes that died
because of handling, within 24 hrs after the experiment, were removed and not included in the
analysis. Mosquito mortality was monitored daily, determining the mosquito survival for each
cage. Dead mosquitoes were removed, dipped in 70% ethanol, placed in petri dishes containing
moist filter paper, sealed with Parafilm and incubated at 27°C. Mosquito cadavers were checked
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after 3 days for sporulation of B. bassiana, i.e., emerging hyphae, using a dissection microscope to
verify fungal infection.

Netting type/ application
Experiments on different types of netting and application methods for the manual application of B.
bassiana spores were performed using the PVC-tube set up. The impregnated netting samples
were placed inside the tubes and 40 female mosquitoes were exposed for 30 minutes (4 replicates
were performed in total). Two types of netting were used, one
produced by Vestergaard Frandsen (VF) and one produced by
Van Heek (vH) (Fig. 5.). For each netting type, samples with
small and large holes were tested. The mosquitoes were only able
to pass the nets with the large holes.
The nets had the following mesh size (nr of holes per cm2):
VF small: 28 holes/cm2
VF large: 12 holes/cm2
vH small: 56 holes/cm2
vH large: 15 holes/cm22

Fig. 5. Netting types produced by VF
(top) and vH (bottom) with a small mesh
(left) and a large mesh (right).

Small pieces of sprayed netting, both types and mesh sizes, were vortexed in a tube with Shellsoll.
The majority of the spores were shaken of the netting, into the Shellsol. The spores that were
sprayed through the holes onto the surface behind the netting (residue), were also solved in
Shellsol. The solutions with Shellsol and spores were plated on Sabouraud Dextrose Agar with
0.001% Benomyl and incubated at 27°C for 20-26 hrs. The proportion of germinated conidia was
determined using a light-microscope at magnification 400X.

Two application methods were tested, spraying and dipping. The spraying
was done using a SATA mini jet 4 HVLP spray gun (vd Belt, Almere, The
Netherlands) (Fig. 6.) at a constant pressure of 1.5 bars, with a distance of 30
cm from the net. The netting was placed vertically when sprayed and dried.
For dipping, the netting was submerged in an excess of solution and placed
horizontally on a wire frame to dry. The nets were dried overnight in the
climate room before placing it in the PVC-tube. Each net was sprayed with or
dipped in 5 ml of 1011 BbDEP spores/ml.

Fig. 6. Spray gun
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It was not possible to determine the concentration on the net. An attempt was made to calculate
the number of spores that were sprayed through the holes of nets onto the surface beneath the net
(Appendix 2), but that was not accurate enough. Therefore the concentration will not be given in
spores/m2 but in amount of solution with a certain concentration or amount of spores that were
applied.

Solvent
Two solvents that had been used in previous experiments with B. bassiana, a thick mineral oil,
Ondina, and a synthetic solvent, Shellsol, were compared. VF Large-holed nettings were sprayed
and dipped with 5 ml of 1011 Bb

DEP

spores/ml and tested in the PVC-tube set up, exposing 40

female An. gambiae s.s. mosquitoes for 30 minutes (3 replicates).

Mode of application
Different spraying methods were assessed. The end-concentration on the nets were the same, 2.5
1011 Bb

BPE

spores, only the methods used to spray the solution differed. The first method was

spraying the nets with 5 ml solution of 5*1010 spores/ml at once, in one layer. The second
spraying method was spraying the nets with 2.5 ml 5*1010 spores/ml, and left it to dry for 5 hours
before applying the next layer of 2.5 ml solution. For the third method a layer of 2.5 ml Shellsol
was applied and left to dry for 5 hours prior to application of 2.5 ml solution with 1011 spores/ml.
The nettings, VF Large-holed , were placed in the PVC-tube set up. Three replicates were done
with 40 female An. gambiae s.s. mosquitoes exposed to the nets for 30 minutes.

Mesh size
The effect of mesh size was determined using a crossing set up (Fig. 7) that imitated a more
natural situation where the mosquitoes were not forced to make contact with the netting. It
contained 2 plastic tubes (25 cm long, 15 cm diameter) that were open on one end and closed with
gauze on the other end. Both open sides were taped together with the netting sample to be tested
in between. Mosquitoes were released on one side and attracted to the hand of the observer on the
other side.
Female mosquitoes were selected based on a strong response to a human hand one day prior to
experiments and fed on water during the night to make them hungry and eager to find a blood
source. Experiments were preformed in a climate chamber the following morning in the dark
(under red light conditions) to simulate normal conditions for feeding behaviour.
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Forty females were released in the left cylinder of the crossing set-up and were given 30 minutes
to respond to the hand of the observer behind the gauze of the right cylinder. Most mosquitoes
showed a strong response and only few (<10%) did not. The mosquitoes made different types of
contact with the netting samples, either they passed the netting or stayed on the net trying to pass
(probing and walking) and each individual therefore experienced had a different exposure
duration.

Fig. 7. Crossing set up, schematic drawing on the left and actual set/up on the right. Mosquitoes were released
in the left cylinder and lured to the right cylinder using human hand odours

To test which mesh size was most suitable, i.e. what type of contact resulted in the most effective
fungal infection, large and small holed VF nets were impregnated with B. bassiana, tested in the
crossing set-up and compared for their effect on mosquito survival. Two different spore
concentrations were used, 5 ml of 5*1010 and 10 ml of 5*1011 Bb BPE spores/ml. The proportion of
mosquitoes that were able to pass the netting was recorded. Both groups of mosquitoes, i.e. the
ones that passed the net and the ones that did not, were transferred to separate holding cages and
were monitored daily for survival. After death, the right wing of each mosquito was removed and
measured under the binocular (to the nearest 0.01 mm) and used as an proxy for the mosquito’s
body size (Briegel, 1990) after which each mosquito was plated on moist filter paper to verify
fungal infection as described before. For each individual mosquito used in these experiments data
on their day of death, ability to pass the net, fungal infection and wing-size were analysed to find
the relation between mosquito size, their ability to pass the netting and fungal infection.
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Drying methods
The effect of drying was assessed by prolonging the drying time with 2 days, to test if drier spores
are picked up more easily by the mosquitoes. Three replicate samples of VF Large-holed nets
were sprayed with 5 ml 5*1010 BbBPE spores/ml, left to dry for 3 days in the climate room and
tested in the crossing set up.

The efficacy of impregnated netting on the survival on A. gambiae
The effect of B. bassiana spores applied in high concentrations using the best application method
(spraying) on the best netting type (Vestergaard Frandsen) on mosquitoes was measured using the
crossing setup. Large- and small-holed VF nets were impregnated with two concentrations of Bb
BPE

, 5 ml of 5*1010 and 10 ml of 5*1011 BbBPE spores/ml, and 40 hungry females were exposed to

the nets for 30 minutes in the crossing set-up. In case of the large mesh size, data on both groups
(mosquitoes that passed the netting and the mosquitoes that did not pass) were pooled and
compared with survival data of mosquitoes exposed to the small mesh size nets to show the effect
of the impregnated nets on the survival of the entire mosquito groups. This gave an indication of
effect eave curtains could have on mosquito population.

Statistics
Differences between mosquito survival curves due to different kinds of treatments with B.
bassiana were analysed using Cox Regression (α<0.05) in SPSS 16.0 software. Next to
significance, Cox Regression also provides a Hazard Ratio (HR) which indicates the risk per day
for a mosquito to die with this treatment, compared with the other treatment. For example, the
daily risk to die for mosquitoes exposed to B. bassiana compared to the control mosquitoes. For
all data, the hazard ratios were checked to be proportional over time, to asses whether or not the
proportional hazard assumption was justified, before using Cox Regression. Comparisons were
made between different tests, but only when the controls could be grouped and did not differ
significantly. When there was a significant difference, a more complex model of Cox Regression
was used, in which all the covariates and the relation between the covariates were entered in the
model.
The relation between the mosquito’s ability to pass the netting and its susceptibility to fungal
infection was tested using an Independent Sample T test (α<0.05) in SPSS.
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Results

Concentration and exposure time
Pilot tests were done with both production batches of B. bassiana, produced in Wageningen
(BbBPE) or the USA (BbDEP), to determine the spore concentration needed for an effective
infection. The fungus solution was based on Shellsol and applied on paper, using the coating
b.)spores/m2 with an exposure time of 3 hours
machine. The concentrations tested were 109 and 1010
(3 replicates with 40 females).
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Fig. 8. Cumulative proportional survival of mosquitoes exposed to control paper (Blue line, n=1) and paper
treated with a.) 109 (red line, n=3) or 1010 spores/m2 (green line, n=3) of B. bassiana BPE b.) 1010 spores/m2 of B.
bassiana DEP (red line, n=3).

The tests clearly show a dose-dependent response, a concentration of 109 BbBPE spores/m2 hardly
showed any effect on survival, 90% of the mosquitoes was still alive after 3 days, while a
concentration of 1010 spores/m2 reduced the survival, only ~30% of the mosquitoes was still alive
after 13 days. 1010 spores/m2 of BbDEP also had a great effect on mosquito survival, less than 10%
was alive after 14 days.
Higher concentrations of 1011 and 1012 spores/m2 had a larger effect on survival, whereas even
higher concentrations were too thick to be applied on paper (or netting). For these two
concentrations, the effect of the two different Bb batches and the effect of exposure time were
assessed (3 replicates with 40 females).

20

21

0

0

5

5

Time (days)

10

15

BbDEP 1011 spores/m2

Bb DEP 10^11 spores/m

15

10 spores/m

10
Time (days)

Bb

Bb BPE
spores/m2
BPE 10^11
11

20

20

3 h exposure time

1/2 h exposure time

5 min exposure time

Control

3 h exposure time

1/2 h exposure time

5 min exposure time

Control

0

20

40

60

80

100

d.)

0

20

40

60

80

100

b.)

0

0

5

15

10
Time (days)

15

BbDEP 1012 spores/m2

Bb DEP 10^12 spores/m

5 Time (days) 10

Bb BPE 10^12 spores/m

BbBPE 1012 spores/m2

20

3 h exposure time

1/2 h exposure time

5 min exposure time

Control

20

3 h exposure time

1/2 h exposure time

5 min exposure time

Control
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Table 1. Results from the survival analysis with the Cox regression model; significance levels and Hazard
Ratios (HR) between each treatment and control

Test

Significance

Hazard ratio

1011, BbBPE, 5 minutes

P < 0.001

10.570

1011, BbBPE, 30 minutes

P < 0.001

14.895

P < 0.001

14.715

1012, BbBPE, 5 minutes

P < 0.001

8.867

1012, BbBPE, 30 minutes

P < 0.001

11.016

1012, BbBPE, 3 hours

P < 0.001

10.161

1011, BbDEP, 5 minutes

P < 0.001

7.866

1011, BbDEP, 30 minutes

P < 0.001

8.627

1011, BbDEP, 3 hours

P < 0.001

10.554

1012, BbDEP, 5 minutes

P < 0.001

5.303

1012, BbDEP, 30 minutes

P < 0.001

6.122

1012, BbDEP, 3 hours

P < 0.001

5.338
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10 , Bb

BPE

, 3 hours

All the treatments had a significant effect on mosquito survival (Table 1.)
With a concentration of 1011 B. bassianaBPE spores/m2, there was no significant difference
between ½ and 3 hrs exposure time (HR= 0.985; P = 0.9). With ½ hr exposure time the fungus
had a significantly stronger effect on survival than with an exposure time of 5 min (HR=1.349; P
= 0.018) compared with the exposure time of 3 hrs (HR= 1.370; P= 0.014)(Fig. 9.a).
With a concentration of 1011 B. bassianaDEP spores/m2, there was no significant difference
between 5 min and 1/2 hr exposure time (HR=1.013; P= 0.919). With 3 hrs exposure time the
fungus had significantly more effect on survival than with an exposure time of 5 min (HR= 1.349;
P= 0.15) and with an exposure time of 1/2 hr (HR=1.331; P= 0.19)(Fig. 9.b).
With a concentration of 1012 B. bassiana BPE spores/m2, only 5 min and 30 min exposure time to
B. bassiana showed significant differences, 30 min exposure time has more effect on survival than
5 min exposure time (HR= 1.329; P= 0.025)(Fig. 9.c).
With a concentration of 1012 B. bassiana

DEP

spores/m2, there was no significant difference in the

effect of the fungus on survival between the three exposure times (Fig. 9.d).

In general, exposure time had no large impact on the effectiveness of B. bassiana. There is a clear
dose-dependent response, a concentration of 1012 spores/m2 had significantly higher impact on
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survival than a concentration of 1011 spores/m2 for BbBPE (HR= 3.144; P< 0.001) as well as for
BbDEP (HR= 2.417; P< 0.001).
The difference in production between the two batches had no significant effect on survival when
the concentration was high, i.e.1012 spores/m2 (P= 0.86). When the concentration was lower, i.e.
1011 spores/m2, BbBPE spores had a greater impact on mosquito survival than the BbDEP spores
(HR= 1.634; P= 0.010).

Netting type
Two netting produced by different companies, Vestergaard Frandsen (VF) and van Heek (vH)
with large and small meshes were sprayed and dipped with 5 ml 1011 BbDEP spores/ml and their
effect on mosquito survival was compared.
Spray
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Fig. 10. Survival curves of mosquitoes exposed to two types of untreated (C, n=4) and treated netting
(Vestengaard Frandsen (VF) and van Heek (vH), n=4) with small (S) and large (L) mesh size a.) sprayed with 5
ml 1011 BbDEP spores/ml b.) dipped in 5 ml 1011 BbDEP spores/ml.
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Fig. 11. Survival curves of mosquitoes exposed to two types of netting (vH= blue line, VF= red line) sprayed
Shellsol (n=4) or with 5 ml 1011 BbDEP spores/ml (n=4) a.) VF and vH netting with small holes b.) VF and vH
netting with large holes.
Table 2. The results from the survival analysis with the Cox regression model; significant difference and HR
between applying B. bassiana on VF or vH netting.

Test

Significance

Hazard Ratio

Spray, small holes, between VF & vH

P < 0.001

1.897

Spray, large holes, between VF & vH

P < 0.001

2.373

Dip, small holes, between VF & vH

P = 0.005

1.471

Dip, large holes, between VF & vH

P < 0.001

2.018

For each application method and mesh size, B. bassiana had significantly more impact on survival
when applied on VF netting than on vH netting (Fig. 10,11 and Table.2), indicating that the
netting material produced by Vestergaard Frandsen was more suitable for the manual application
of fungus solutions against mosquitoes.
Three small pieces of each netting type sprayed with B. bassianaDEP were vortexed in a tube with
Shellsol. The spores were shaken off the netting. The solution with Shellsol and spores was plated
on agar to test the viability of the spores. The spores that were sprayed through the holes onto the
surface behind the netting (residue), were also solved in Shellsol and plated.
Table 3. Germination of B. bassianaDEP spores on agar after being applied on different netting types (n=3)

Netting type

Percentage of germinated spores

Vestergaard Frandsen, small holes

60.8%

Vestergaard Frandsen, large holes

61.4%

Van Heek, small holes

60.3%

Van Heek, large holes

61.0%

Residue

79.4%
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Germination percentage of B. bassianaDEP spores in Shellsol that had been stored in the fridge was
around ~95%. Spores that have been sprayed on netting showed a lower germination rate, about
~60.9% (Table 3). There was little difference in germination between different netting types. The
spores that were not sprayed on netting, but on the surface behind the netting, had higher
germination rates, ~79.4% (Table 3).

Application
Two ways of application were tested and compared, spraying and dipping, on both the netting
types (Vestergaard Frandsen (VF) and van Heek (vH)) and mesh sizes (Small (S) and Large (L)).
The nets were treated with 5 ml of 1011 BbDEP spores/ml
Netting type VF
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Fig. 12. Survival curves of mosquitoes exposed to VF (top) and vH netting (bottom) with large holes (L) and
small holes (S) impregnated with Shellsol (n=4) or B. bassiana ( n=4) using two application methods, spraying
and dipping.
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Fig. 13. Survival curves of mosquitoes exposed to two nets treated with Shellsol (n=4) or with fungus (n=4)
using two application methods (spraying red and dipping blue) on two types of netting, Vestergaard Frandsen
(left) and van Heek (vH) with large mesh size.
Table 4. The results from the survival analysis with the Cox regression model; significant difference and HR
between spraying or dipping B. bassiana on VF or vH netting.

Test

Significance

Hazard Ratio

VF Small, between spray and dip

P = 0.012

1.368

VF Large, between spray and dip

P < 0.001

1.862

vH Small, between spray and dip

P = 0.019

1.879

vH Large, between spray and dip

P = 0.001

2.064

Spores that were sprayed on the nets gave significantly more reduction in survival than spores that
were applied on nets by dipping (Fig.12 & 13, Table 4).

To test the effect of different formulations, two solvents were compared; a thick mineral oil
Ondina and a synthetical hydrocarbon solvent Shellsol. Both solvents were tested on large holed
VH netting, and were sprayed with or dipped in 5 ml of 1011 BbDEP spores/ml. The nets were
placed in the PVC-tube set up and 3 replicates of 40 female mosquitoes were exposed to netting
for 30 minutes.
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Fig. 14. Survival curves of mosquitoes exposed to control (blue, n=3) or treated VF Large netting (red, n=3)
a.) dipped in a fungus-Ondina oil solution b.) dipped in fungus-Shellsol solution c.) sprayed with a fungusOndina oil solution d.) sprayed with a fungus-Shellsol solution.

Table 5. The results from the survival analysis with the Cox regression model; significant difference and HR
between control and test with B. bassiana in different solvents, Ondina oil or Shellsol, with different
application methods, dip and spray.

Test

Significance

Hazard ratio

Ondina oil dip

P = 0.518

0.895

Shellsol dip

P < 0.001

5,96

Ondina oil spray

P = 0.001

1.918

Shellsol spray

P < 0.001

5.79

When the nets were dipped in a solution with Ondina oil as solvent, there was no difference in
survival between B. bassiana treated and control mosquitoes (Fig. 14.a and Table 5), when
Shellsol was used as solvent, B. bassiana has an effect on survival (Fig 14.b and Table 5). When
spraying, fungus with Shellsol as solvent had significantly more impact on survival than the
solution with Ondina oil (HR= 2.123; P < 0,001).

The effect of different ways of spraying the fungal solution on netting was tested and compared,
on VF Large netting. Nets were impregnated with the same end concentration, 2.5 1011 spores
using different spraying techniques. The solution was sprayed all at once, applied in 2 layers with
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drying in between, and sprayed with 1 layer of solvent before spraying another layer with a two
times higher concentrated solution.
Spray method
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Fig.15 Comparison between different methods of spraying fungal-solution on VF netting Large, control n=1
test n=3.

All application methods showed to be suitable since B. bassiana significantly reduced mosquito
survival in all treatments compared with the control. Spraying the solution in two layers showed
significantly less effect on mosquito survival than spraying in one layer (HR= 0.58; P < 0.001)
and spraying a layer of solvent before spraying a layer of solution (HR= 0.672; P= 0.004).
Therefore, spraying one layer of B. bassiana dissolved in Shellsol was considered to be the most
suitable application method for netting material and was used in subsequent experiments.

The effect of drying was assessed by comparing the effect on survival of Beauveria bassiana on
nets that dried 2 days longer than the normal drying time. The VF Large-holed netting was
sprayed with 5 ml 5*1010 Bb BPE spores/ml and placed in the crossing set up were three replicates
of 40 hungry females were released for 30 minutes.
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Fig. 16 The effect of normal (red line, n=3) and a prolonged drying time (blue line, n=3) of the
nets on mosquitoes survival curves, left mosquitoes that did not pass the netting, right
mosquitoes that did pass.

The effect of drying the nets for two extra days was not significant for the mosquitoes that did not
passed the impregnated netting (P= 0.869) (Fig. 15.a). However, for mosquitoes that did pass the
treated nets, the two days extra dried spores showed to a affected mosquito survival less strongly
than the normally dried spores (HR= 0.0564; P= 0.001) (Fig. 15.b).
Mesh size
For every net type two mesh sizes were tested, a small and large mesh. 48% of the female
mosquitoes were able to pass the netting with the large mesh. The effect on survival due to this
passing was measured with three replicates with 40 hungry females in the crossing set-up (30
minutes exposure time), using VF large-holed net, sprayed, with 2.5*1011 or 5*1011 B.
bassianaBPE spores.
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Fig 17. The survival curves of mosquitoes exposed to two concentrations (2.5*1011 spores= blue line, 5*1011
spores= red line, n=3) B. bassiana that not passed the net (left) and passed the net (right).
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The type of contact with the netting B. bassiana received when passing the net, showed
significantly higher effect on survival compared with those not passing the net, for both
concentrations; 2.5*1011 (HR= 3.733; P<0.001) and 5*1011 (HR= 1.623; P= 0.009).
For mosquitoes that did not pass the net, the higher concentration had a significantly higher effect
on their survival (HR=1.828; P= 0.003)(Fig.16.a) than the lower concentration. The higher
concentration had no increased impact on the survival of mosquitoes that passed the net (P= 4.02).

Body size and ability to pass the netting
Of all mosquitoes exposed to netting with a large mesh size in the crossing setup, it was monitored
whether the mosquito had passed the net, and wing size was measured an indicator of body size.
The mosquitoes were divided in two groups, mosquitoes that had passed and not passed the net.
Wing size: VF Large, 12 holes/cm2
Wing Size:
VF Large, 12 holes/cm

size: vH Large, 15 holes/cm2
WingWing
Size:
VF Large, 15 holes/cm

2

2

3.4

3.4
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3
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2.8
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3.0
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2.8
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netting
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2.4
2.2

2.2

2.0

2
3

0

1

2

Not passed

2

Passed

1

Not passed

Passed

0

3

Fig. 17. Comparison between wing size of mosquitoes that passed (blue dots) or not passed the netting (red
dots) produced by Vestergaard Frandsen net (left) or van Heek (right).

There was no significant difference in wing size between mosquitoes that did and did not pass the
netting (P= 0.319). This indicates that mosquitoes were not restrained from passing the nets due to
their body size and that other factors, such as motivation (‘feeding drive’) may have been
involved.

The effect on body size on infection
Of all mosquitoes exposed to netting in the crossing set-up, body size and fungal infection of each
individual was monitored. The mosquitoes were divided in two groups, infected and not infected,
and their wing sizes were compared.
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Wing size: infection
3.4

Wing size (mm)

3.2
3
2.8

infected

2.6

not infected

2.4
2.2
2
0

1

2

3

Not infected

Infected

Fig. 18. Comparison between wing size of mosquitoes that received infection (blue dots) or not (red dots).

There were no significant differences between the wing size of mosquitoes that received and did
not received a fungal infection (P= 0.245). This indicates that obtaining a lethal fungal infection
was not dependent on body size and that the fungus was equally infective to small and large An.
gambiae mosquitoes.

The efficacy of impregnated netting on the survival on A. gambiae.
The effect of the most optimal Beauveria bassiana impregnated net (Vestergaard Frandsen, 30
minutes exposure time, Shellsol as solvent, sprayed all solution in one layer) on the survival
whole groups of mosquitoes was measured using the crossing set-up, for both mesh sizes. Two
concentrations were tested, 2,5*1011 and 5*1012 spores. In case of large mesh, data of the two
groups (mosquitoes that passed the netting and the mosquitoes that did not pass) were pooled for
analysis to determine the effect on survival of the whole group.
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Fig. 19 The effect of the optimal (treated) netting small mesh (blue line) and large mesh (red line) with different
concentrations on survival of mosquitoes (n=3).
Table 6. The results from the survival analysis with the Cox regression model; the effect of the treated netting
on mosquito survival compared with the control.

Test

Significance

Hazard ratio

VF Small 2.5*1011

P < 0.001

12.748

11

P < 0.001

16.53

VF Small 5*1011

P < 0.001

20.785

VF Large 5*1011

P < 0.001

10.922

VF Large 2.5*10

With 2.5*1011 spores, there were no differences between the two mesh sizes, with the higher
concentration 5*1011 spores VF Small-holed netting had a significantly higher effect on survival
(HR= 1.345; P= 0.026).
With VF Large-holed netting, there was no difference between the concentrations. On VF Smallholed netting, the higher concentration of 5*1011 spores had a significantly higher effect on
survival than 2.5*1011 spores (HR= 1.232; P = 0.001).
Both net mesh sizes and spore concentrations showed to be highly effective in infecting An.
gambiae mosquitoes, 100% of the mosquitoes was dead within 14 days.
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Discussion

Concentration
The virulence of the spores is affected by the inherent spore virulence and the spore
concentration. We have observed that there are large differences in virulence between differently
produced spores or different batches of spores. The optimal concentration, meaning the lowest
concentration needed to receive maximal infection, therefore varies between batches. We tested
several batches and the optimal concentration was usually between 1011 and 1012 spores/m2. To
use the spores efficiently and minimize costs, it is recommended to determine the optimal
concentration for each new batch before applying it on large scale.

Exposure time
In previous experiment the mosquitoes were exposed to the fungus for several hours.
When the fungus is applied on eave curtains, the mosquitoes will only make contact with the
fungus for a short period, while seeking a host. A mosquito will not exhibit this behaviour for a
long period of time. For fungus-impregnated eave curtains to be effective, the fungus must be able
to infect the mosquito with a short exposure time. Our research showed that an exposure time of
only 30 min was just as effective as a exposure time of 3 hrs and that an exposure time as short as
5 min also reduced the survival of the exposed population greatly. If the fungus is able to infect
and kill mosquitoes if the exposure time is lower than 5 min is still unknown. Low effect of
fungus-impregnated eave curtains on mosquitoes populations in the field, might be due to a
shorter exposure time.

Netting type
The netting produced by Vestergaard Frandsen showed to be more suitable to apply B.
bassiana on. The quality that makes Vestergaard Frandsen netting more suitable is unclear. The
concentration and viability of the spores after being applied on both nettings were the same. The
difference could be from the treatment of the fibers, the weaving pattern or there could be other
differences than noticed so far. For example, the fibers of van Heek contain starch which could
have an effect on the conidia.
Two types of netting were tested. It is not proven that the netting from Vestergaard
Frandsen is the absolute optimal netting, there might be more suitable netting types produced by
other companies.
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Application method
We have looked at two application methods that are most practical for manual application,
spraying and dipping. But a kind of paint brush or a kind of roller similar to the coating machine,
could also be used. Another option, coating the net during the production process, is still in
development.
When spraying or dipping, it is very hard to determine the end concentration of spores on
the netting. A large part of the solution is sprayed through the holes or drips of the netting when
drying. Therefore it is difficult to say whether the end concentration of sprayed netting was the
same as dipped netting. Differences in concentration may be the reason for differences in survival
decrease.
Shellsol was the best solvent,

compared with Ondina oil. But there might be other

solvents that are perhaps easier to apply, have less odour, or are able to protect the conidia from
harmful external conditions such as UV-light or drought.
There were three modes of application tested, but there are more possibilities; spraying
smaller amount of higher concentrated solution, letting the layers dry longer or shorter between
layers, drying longer before using the netting in set-up etc. Although applying all the solution in
one layer was shown to be effective, there might be other modes of application that are more
effective.

Mesh size
The effect of mesh size, the effect of passing or not passing the netting, was assessed with
an experiment in a crossing set-up in which the mosquitoes made different kinds of contact with
the net; sitting, walking, probing, actively trying to pass and the actual passing of the net. Some
mosquitoes passed the net within 5 sec, others probed and tried for 30 min and did not pass and
some mosquitoes did not respond at all. But it was only possible to discriminate between passing
or not passing the netting, it is not possible to see whether the actual crossing improves infection,
or whether it is the probing or sitting on the netting.
Survival of the group of mosquitoes that did not pass the net was influenced by the mosquitoes
that did not respond and thus received no infection. Looking at the reduction in survival of the
whole group of mosquitoes released in the crossing set up, there were little differences between
the netting they could and the netting they could not pass. This suggests that maybe the crossing
of the net does not improve the infection and the difference between ‘passed’ and ‘not-passed’
mosquito groups was due to the non-responding mosquitoes in the ‘not-passed’ group. Concluding
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that mesh size has no impact on the effectiveness of a treated net to reduce the survival of
mosquitoes.
Because the mesh size had no impact on the ability of the fungus to infect and kill the
mosquitoes, the choice of mesh size should be determined by external factors. The mesh size
must, for example, allow enough air circulation, but also inhibit mosquitoes to enter the house, to
give a secondary protection (i.e. physical barrier) against malaria. The mesh size needed to created
a physical barrier for the mosquitoes, depends on the body size of the mosquitoes in the field.

The effect of body size on ability to cross netting
Unexpectedly, body size had no influence on the ability to cross netting in this research.
Regardless of size, only 50% of the mosquitoes were able to pass the net. When observing the
mosquitoes during the experiments, different types of behaviour were observed; responding or not
responding to the hand, sitting and walking on the net, actively probing and trying to get through
and the actual passing. We observed that mosquitoes that were actively trying to cross, succeeded
in almost all of the cases. After 20 minutes there were very few mosquitoes actively trying to get
through and were just sitting on the netting or wall. This suggests that the ability to cross the
netting was not related to body size but might be related to some kind of internal motivation,
hunger for example.

The effect of body size on infection.
Body size had no effect on the mosquito’s susceptibility to infection. There was however
still variation in day of death, some mosquitoes survived 10 days before dying from infection,
whilst others died after only 4 days. Some mosquitoes did not die of infection, even if they were
forced to make contact with the fungus (PVC-tube set-up). There might be some natural
resistance, or large variety of virulence between spores in one batch. Mosquitoes exposed to lower
concentrations died later than mosquitoes exposed to high concentrations, suggesting that the
number of conidia on the insect influences the death rate, more conidia means a quicker death. It
could be that mosquitoes that died after 10 days picked up fewer conidia than mosquitoes that died
after 4 days.

The efficacy of impregnated netting on the survival on An. gambiae
In the crossing setup the mosquitoes made different types of contact and had different
exposure durations, but still 100% of the exposed population died within 14 days (high spore

35

concentration). When survival of ‘passed’ and ‘not passed’ mosquitoes was analysed together,
there were only small differences between small and large mesh size. The big advantage of a
small mesh is that mosquitoes cannot enter. The eave curtain will protect the house occupants in
two ways, mosquitoes will pick up a deadly infection and will have difficulty to get to their host.

The persistence of the spores applied on the eave curtains was not assessed in this
research. The eave curtains may effectively reduce the mosquito population for two weeks, two
month or longer. Resent experiments tested the persistence of Beauvaria bassiana (Farenhorst,
2009, unplublished data). The fungus was applied on paper and stored in a climate chamber. After
10 weeks, Anopheles Gambiae s.s. were exposed to the fungus-treated paper and consequently
100% of the mosquitoes died of infection within 12 days. When applied on paper, the fungus
remains virulent under humid condition for at least 10 weeks. Further research must be done to
determine whether spores applied on netting remain virulent for such a period of time as well.

There are several strategies that can be used to decrease the number of humans suffering
from malaria. Health organizations mainly use pyrethroid-treated bednets and indoor residual
spraying with chemical pesticides. Currently, new strategies are being developed using
entomopathogenic fungi. Three strategies have been tested so far; hanging fungus-impregnated
cloths in a house, fungus-treated clay pots as resting sites around houses and fungus-impregnated
eave curtains. In Table 7 the advantages and disadvantages of these strategies are compared. The
strategies are evaluated on the basis of several qualities; “Effectiveness to kill” indicating how
efficient and quickly the strategy kills mosquitoes, “no threat of resistance” indicating how low
the risk of resistance to the pesticide used in the strategy is, “low cost” indicating the cost
effectiveness of the strategy, “longevity/persistence” means how long the strategy can be effective
without any maintenance, “protection from mosquito bites” indicates the protection against
mosquito bites. “Safety to human/environment” does not only indicate the direct threat to humans,
but also the long term effects on the environment. With “social acceptability” the reaction of the
inhabitant that uses the strategy is indicated, are they enthusiastic and willing to use the strategy.
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Indoor
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Fungusimpregnated
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-

-
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+++

+

+++

+

++
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Resistance

mosquito bites
Safety to humans/
environment (toxic)
Social acceptability

Table 6. A comparative analysis of five malaria prevention/eradication strategies.

Chemical pesticides kill mosquitoes instantly and can therefore be considered more
effective than entomopathogenic fungi. The threat of resistance to chemical pesticides however, is
much higher and can lead to a decrease in kill efficiency, whereas resistance to biological agents
such as entomopathogenic fungi is unlikely. ITN’s are mass produced and relatively cheap.
Indoor residual spraying uses large amounts of pesticides which increases the costs. Clay pots and
eave curtains have smaller surfaces and require lower amounts of fungi than ceiling cloths and can
therefore be considered more cost-effective. Chemical pesticides stay effective over a long period
of time, whereas fungi are affected by external conditions and remain virulent for only a few
months. Methods for increasing fungal spore persistence, however, are being developed. Killing
the mosquitoes is one way to decrease malaria occurrence, but preventing mosquito bites will also
decrease the transmission of malaria and other vector-borne diseases. ITN’s and eave curtains
prevent mosquitoes from reaching their host and indoor residual spraying can knock out
mosquitoes before they reach their host, decreasing the number of mosquito bites. Malaria control
strategies must be safe for humans, acceptable and have long term effects. Safety to the
environment is not necessary for malaria control, but advisable for long term use. The chemical
pesticides used in these strategies are not directly harmful to humans, especially the chemicals
used in ITN’s are save, but they are still toxic chemicals and may cause long term effects.
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Entomopathogenic fungi pose no danger to human health but excessive exposure to dry spores
may cause health problems such as allergies. Therefore, strategies that expose the inhabitant for
large amounts of fungi are less safe. Social acceptability is difficult to determine and will probably
differ between countries and inhabitants. Indoor residual spraying and ITN’s are widely used and
accepted as strategy, but might be due to the lack of alternatives. People whose houses were
improved with maze in the doors and windows, ceiling or bednets considered the changes an
improvement and associated them with reduction is mosquito disturbance (Lindsay et al.,2003),
which increases the acceptability for bednets and eave curtains. There has been little research on
the acceptance of the use of entomopathogenic fungi, but inhabitants will probably have fewer
objections if fungi are not applied closely to them, decreasing possible contact. With clay pots and
eave curtains, the contact between inhabitants and fungal spores will be minimal.
Fungus treated clay pots and eave curtains can therefore be considered as the best malaria
vector control strategies. Eave curtains have one big advantage: preventing mosquitoes from
entering the house. Small-holed curtains will not only prevent Anopheles gambiae s.s. but all
mosquitoes from entering the house through the eaves, which could also decrease the occurrence
of other diseases such as filariasis or anaemia. To have the greatest possible impact on malaria
transmission, current tools against mosquitoes should be combined and used in integrated vector
management (IVM) strategies.

Fungus impregnated eave curtains can easily be used in

combination with current chemical-based control methods such as ITN’s. Feasible and costeffective application methods such as eave curtains will allow the use of fungi as an additional
malaria prevention method and may help to improve the overall sustainability of malaria control
programs.
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Conclusions
The optimal spore concentration, which had the largest impact on mosquito survival while the
solution was still being thin enough to be applied on netting, for both B. bassiana production
batch was between 1011 and 1012 spores/m2.
An exposure time of 30 min was the lowest exposure time that had maximal effect on
mosquito survival, when the concentration was 1011 spores/m2. With a higher concentration of
1012 spores/m2 however, an exposure time of 5 min had the same effect as 30 min exposure. With
both concentrations an exposure of 5 min had a great impact on mosquito survival, therefore it is
concluded that 5 min exposure of the mosquitoes to fungus can result in a lethal infection.
Fungus applied on netting produced by Vestergaard Frandsen had more effect on mosquito
survival than fungus applied on netting produced by van Heek. The best application method is
spraying. Spraying the fungus-solution on the netting instead of dipping the netting in a excess of
solution, works better on all the netting types and mesh sizes. Shellsol was the best solvent to use
on netting, solutions with Ondina oil had no effect on survival. The solution could best be sprayed
on in one layer. Letting the netting dry extra long before use had no impact on how effective the
fungus reduces the mosquito survival. It is concluded that it is best to use netting produced by
Vestergaard Frandsen, that has been sprayed with a fungus/Shellsol in one layer.
Mosquitoes that passed fungus-treated netting had more infection and died faster than
mosquitoes that did not pass the net. But, overall, the effect of Vestergaard Frandsen netting with
small holes had the same effect on mosquito survival as netting with large holes. Mosquitoes
exposed to treated Vestergaard Frandsen netting (both mesh sizes) for different exposure times,
with different types of contact (crossing set-up) were all dead after 15-17 days (5 ml 1010
spores/ml) and 12-13 days (10 ml 1010 spores/ml). There was no difference in body size between
mosquitoes that passed the net and mosquitoes that did not, nor was there a relation between body
size and receiving an infection. Taking the field situation (smaller mosquitoes, physical barrier
and needed air circulation) into account it is advised to use the netting with the small holes.
Since resistance in mosquitoes against most of the commonly used chemical pesticides is
growing, it is becoming increasingly important to find simple and low cost methods to use
entomopathogenic fungi as biocontrol agents in the field. One such way is applying B. bassiana
on netting that can be used as eave curtains. 100% of the mosquitoes exposed to netting treated B.
bassiana are killed within 14 days. The application methods used to treat the netting are simple
methods that can easily be used in the field. Fungus impregnated eave curtains are, compared with
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other strategies, the best malaria prevention/eradication strategy available and will be tested in a
field trial in Tanzania this year.

40

Acknowledgements
I would like for their help and guidance:

Marit Farenhorst, for her daily guidance, help with deciding what experiment to continue with,
how to select mosquitoes without killing them, for refreshing the mosquitoes’ sugar water
on Sundays but most of all for helping me start and monitor all the experiments, which
enabled me to collect so mush data.
Bart Knols, for teaching me how to undertake an experiment and how to present it, on paper and
by presentation.
All the other coworkers at the Entomology Lab, for the nice coffee breaks, lunches and fun
moments in the Beer Hive and useful suggestions during the vector meeting.
Sander Koenraadt for helping me with the statistical analysis.
The rearers and Gabriella Bukovinskine Kiss for providing me with (loads of) fresh mosquitoes
every day.
Mgeni Jumbe of the Department of Bioprocess & Engineering at Wageningen University, for
providing me with enough conidia of Beauvaria bassiana.

41

References
Akogbéto, M.C., Djouaka, R.F., Kindé-Gazard, D.A., 2006. Screening of pesticide residues in soil
and water samples from agricultural settings. Malaria Journal 2006 5.
Alonso-Dıaz, M.A., Garcıa, L., Galindo-Velasco, E., Lezama-Gutierrez, R., Angel-Sahagun, C.A.,
Rodrıiguez-Vivas, R.I., Fragoso-Sanchez, H., 2007. Evaluation of Metarhizium anisopliae
(Hyphomycetes) for the control of Boophilus microplus (Acari: Ixodidae) on naturally
infested cattle in the Mexican tropics. Veterinary Parasitology 147, 336-340.
Blanford, S., Chan, B.H.K., Jenkins, N., Sim, D., Turner, R.J., Read, A.F., Thomas, M.B., 2005.
Fungal Pathogen Reduces Potential for Malaria Transmission. Science 308, 1638-1641.
Briegel, H., 1990. Metabolic relationschip between female body size, reserves, and fecundity of
Aedes eagypti. J. Insect Physiol. 36, 165-172.
Bustillo, A.E., Bernal, M.G., Benavides, P., Chaves, B., 1999. Dynamics of Beauveria bassiana
and Metarhizium anisopliae Infecting Hypothenemus hampei (Coleoptera: Scolytidae)
Populations Emerging from Fallen Coffee Berries. The Florida Entomologist 82, 491-498.
Chen, H., Githeko, A.K., Githure, J.I., Mutunga, J., Zhou, G., Yan, G., 2008. Monooxygenase
Levels and Knockdown Resistance (kdr) Allele Frequencies in Anopheles gambiae and
Anopheles arabiensis in Kenya. J. Med. Entomol. 45, 242-250.
Coleman, M., Casimiro, S., Hemingway, J., Sharp, B., 2008. Operational Impact of DDT
Reintroduction for Malaria Control on Anopheles arabiensis in Mozambique. J. Med.
Entomol. 45, 885-890.
Czeher, C., Labbo, R., Arzika, B., Duchemin, J.B., 2008. Evidence of increasing Leu-Phe
knockdown resistance mutation in Anopheles gambiae from Niger following a nationwide
long-lasting insecticide-treated nets implementation. Malaria Journal 7.
Dabiré, K.R., Diabaté, A., Djogbenou, L., Ouari, A., N'Guessan, R., Ouédraogo, J.B., Hougard,
J.M., Chandre, F., Baldet, T., 2008. Dynamics of multiple insecticide resistance in the
malaria vector Anopheles gambiae in a rice growing area in South-Western Burkina Faso.
Malaria Journal 7.
Danfa, A., Van der Valk, H.C.H.G., 1999. Laboratory Testing of Metarhizium spp. and Beauveria
bassiana on Sahelian Non-target Arthropods. Biocontrol Science and Technology 9, 187198.
F. A. Shah, C. S. Wang, Butt, T.M., 2005. Nutrition influences growth and virulence of the insectpathogenic fungus Metarhizium anisopliae. FEMS Microbiology Letters, 7.
Farenhorst, M., Farina, D., Scholte, E.J., Takken, W., Hunt, R.H., Coetzee, M., Knols, B.G.J.,
2008. African Water Storage Pots for the Delivery of the Entomopathogenic Fungus
Metarhizium anisopliae to the Malaria Vectors Anopheles gambiae s.s. and Anopheles
funestus. Am. J. Trop. Med. Hyg. 78, 910-916.
Fenello, C., Carneiro, I., Ilboudo-Sanogo, E., Cuzin-Ouattara, N., Badolo, A., Curtis, C.F., 2003.
Comparative evaluation of carbosulfan- and permethrinimpregnated curtains for
preventing house-entry by the malaria vector Anopheles gambiae in Burkina Faso.
Medical and Veterinary Entomology 17, 333-338.
Harbison, J.E., Mathenge, E.M., Misiani, G.O., Mukabana, W.R., Day, J.F., 2006. A Simple
Method for Sampling Indoor-Resting Malaria Mosquitoes Anopheles gambiae and
Anopheles funestus (Diptera: Culicidae) in Africa. J. Med. Entomol. 43, 473-479.
Kapongo, J.P., Shipp, L., Kevan, P., Broadbent, B., 2008. Optimal concentration of Beauveria
bassiana vectored by bumble bees in relation to pest and bee mortality in greenhouse
tomato and sweet pepper. Biocontrol Science and Technology 53, 797-812.
Kerah-Hinzoumbé, C., 2008. Insecticide resistance in Anopheles gambiae from south-western
Chad, Central Africa Malaria Journal. Malaria Journal 2008 7, 192-201.

42

Kirby, M.J., Green, C., Milligan, P.M., Sismanidis, C., Jasseh, M., Conway, D.J., Lindsay, S.W.,
2008. Risk factors for house-entry by malaria vectors in a rural town and satellite villages
in The Gambia. Malaria journal 7, 2-11.
Leland, J.E., 2001. Environmental-Stress Tolerant Formulations of Metarhizium anisopliae var.
acridum for Control of African Desert Locust (Schistocerca gregaria).
Lomer, C.J., Bateman, R.P., Johnson, D.L., Langewald, J., Thomas, M.B., 2001. Biological
control of ocust and grasshoppers. Annu. Rev. Entomol. 46, 667-702.
Luchavez, J., Espino, F., Curameng, P., Espina, R., Bell, D., Chiodini, P., Nolder, D., Sutherland,
C., Lee, K.S., Singh, B., 2008. Human Infections with Plasmodium knowlesi, the
Philippines. Emerging Infectious Diseases 14, 811-813.
Milner, R.J., Huppatz, R.J., Swaris, S.C., 1991. A New Method for Assessment of Germination of
Metarhizium Conidia. JOURNAL OF INVERTEBRATE PATHOLOGY 57, 121-123.
Moreno, M., Vicente, J.L., Cano, J., Berzosa, P.J., De Lucio, A., Nzambo, S., Bobuakasi, L.,
Buatiche, J.N., Ondo, M., Micha, F., Do Rosario, V.E., Pinto, J., Benito, A., 2008.
Knockdown resistance mutations (kdr) and insecticide susceptibility to DDT and
pyrethroids in Anopheles gambiae from Equatorial Guinea. Tropical Medicine and
International Health 13.
Mzilahowa, T., Ball, A.J., Bass, C., Morgan, J.C., Nyoni, B., Steen, K., Donnelly, M.J., Wilding,
C.S., 2008. Reduced susceptibility to DDT in field populations of Anopheles
quadriannulatus and Anopheles arabiensis in Malawi: evidence for larval selection.
Medical and Veterinary Entomology 22.
N’Guessan, R., Corbel, V., Akogbéto, M., Rowland, M., 2007. Reduced Efficacy of
Insecticidetreated Nets and Indoor Residual Spraying for Malaria Control in Pyrethroid
Resistance Area, Benin. Emerging Infectious Diseases 13, 199-206.
Odiere, M., Bayoh, M.N., Gimnig, J., Vulule, J., Irungu, J., Walker, E., 2007. Sampling Outdoor,
Resting Anopheles gambiae and Other Mosquitoes (Diptera: Culicidae) in Western Kenya
with Clay Pots. J. Med. Entomol. 44, 14-22.
Ondiaka, S., Maniania, N.K., Nyamasyo, G.H.N., Nderitu, J.H., 2008. Virulence of the
entomopathogenic fungi Beauveria bassiana and Metarhizium anisopliae to sweet potato
weevil Cylas puncticollis and effects on fecundity and egg viability. Annals of Applied
Biology 153, 41-48.
Peng, G., Wang, Z., Yin, Y., Zeng, D., Xia, Y., 2008. Field trials of Metarhizium anisopliae var.
acridum (Ascomycota: Hypocreales) against oriental migratory locusts, Locusta migratoria
manilensis (Meyen) in Northern China. Crop Protection 27, 1244-1250.
Protopopoff, N., Verhaeghen, K., Van Bortel, W., Roelants, P., Marcotty, T., Baza, D.,
D’Alessandro, U., Coosemans, M., 2008. A significant increase in kdr in Anopheles
gambiae is associated with an intensive vector control intervention in Burundi highlands.
Tropical Medicine and International Health 13.
Ranson, H., Jensen, B., Vulule, J.M., Wang, X., Hemingway, J., Collins, F.H., 2000. Identification
of a point mutation in the voltage-gated sodium channel gene of Kenyan Anopheles
gambiae associated with resistance to DDT and pyrethroids. Insect Molecular Biology 9.
Roberts, D.W., StLeger, R.J., 2004. Metarhizium spp., Cosmopolitan Insect-Pathogenic Fungi:
Mycological Aspects. ADVANCES IN APPLIED MICROBIOLOGY 54.
Scholte, E.J., 2004. The entomopathogenic fungus Metarhizium anisopliae for mosquito control,
Entomology. WUR, Wageningen, pp. 184.
Scholte, E.J., Knols, B.G.J., Takken, W., 2006. Infection of the malaria mosquito Anopheles
gambiae with the entomopathogenic fungus Metarhizium anisopliae reduces blood feeding
and fecundity. Journal of invertebrate pathology 91, 43-49.

43

Scholte, E.J., Nghabi, K., Kihonda, J., Takken, W., Paaijmans, K., Abdulla, S., Killeen, G.F.,
Knols, B.G.J., 2005. An Entomopathogenic Fungus for Control of Adult African Malaria
Mosquitoes. Science 308, 1641-1642.
Sosa-Gomez, D.R., Boucias, D.G., Nation, J.L., 1997. Attachment of Metarhizium anisopliae to
the Southern Green Stink Bug Nezara viridula Cuticle and Fungistatic Effect of Cuticular
Lipids and Aldehydes. Journal of invertebrate pathology 69, 31-39.
Talman, A.M., Domarle, O., McKenzie, F.E., Ariey, F., Robert, V., 2004. Gametocytogenesis :
the puberty of Plasmodium falciparum. Malaria journal 3, 24-38.
Thomas, M.B., Read, A.F., 2007. Can fungal biopesticides control malaria? Nature revieuws
microbiology 5, 377-383.
Zimmermann, G., 2007. Review on safety of the entomopathogenic fungi Beauveria bassiana and
Beauveria brongniartii. Biocontrol Science and Technology 17, 553-596.

44

Appendix 1
Examples of Statistic output from SPSS
Cox Regression
Before each test, the data was checked whether the proportional hazard assumption was justified,
meaning that for different values of the covariates, the hazard rates must be proportional. This was
done by adding a hazard plot to the output. If the two lines were linear and the difference between
them remained equal over time, the proportional hazard assumption was justified.
No significant difference between control groups:
Concentration and exposure time: Comparison between exposure times, 5 minutes as indicator
(1011 BbBPE)
Variables in the Equation
95.0% CI for Exp(B)
B

SE

Wald

Exposure

df

Sig.

Exp(B)

Lower

Upper

7.701

2

.021

Exposure(1)

.299

.127

5.575

1

.018

1.349

1.052

1.729

Exposure(2)

.315

.128

6.087

1

.014

1.370

1.067

1.759

A significant difference between control groups:
Comparison between application methods on vH netting Small
Variables in the Equation
B
controltest

Wald

Lower
1.838

Upper
.450

Lower
16.712

.713

.226

-.632

.269

dipspray
controltest*dipspray

SE

df

Sig.

Upper

Exp(B)

95.0% CI for Exp(B)

1

Lower
.000

Upper
6.283

Lower
2.603

Upper
15.164

9.942

1

.002

2.040

1.310

3.178

5.525

1

.019

.532

.314

.900

Independent sample T test
Before each test, data was checked to be normal distributed.
Levene's Test for
Equality of
Variances

wingsize

Equal
variances
assumed
Equal
variances
not
assumed

t-test for Equality of Means

F

Sig.

t

df

Sig.
(2-tailed)

Mean
Difference

Std. Error
Difference

Lower

Upper

Lower

Upper

Lower

Upper

Lower

Upper

Lower

4.745

.030

95% Confidence Interval
of the Difference

1.163

875

.245

.322257

.277132

-.221665

.866179

1.241

467.0

.215

.322257

.259684

-.188036

.832550
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Appendix 2
Three pieces of each netting, Vestergaard Frandsen (small and large mesh) and van Heek (small
and large mesh) were sprayed with a B. bassiana solution. The pieces of net were 3 by 3 cm, were
placed randomly on a smooth vertical surface and were sprayed with in total 2.5 ml of 1011 BbDEP
spores/ml. The nets were dried for one day after application. The small pieces of netting were each
placed in a test tube with 20 ml Shellsol and vortexed for 5 minutes. Due to the vortexing, the
spores were shaken off the net. The piece of netting was removed, the spores left were suspended
in Shellsol. The pieces of netting were plated on Sabouraud Dextrose Agar with 0,001% Benomyl
and incubated at 27°C for 20-26 hrs, to determine if there were still spores on the netting. The
concentration of spores in the 20 ml of Shellsol of each piece of netting was determined using a
heamocytometer (Bürker-Türk, W.Schrek Hofheim/TS Germany). The spores left on the surface
behind the netting, because they were sprayed through the holes, were removed from the surface
by suspending them in Shellsol. Of this residue spores solution, the concentration was also
determined.
Netting type
Vestergaard Frandsen, small holes
Vestergaard Frandsen, large holes
Van Heek, small holes
Van Heek, large holes
Residue

Concentration of spores
in Shellsol after vortexing
1.5*108 spores/ml
1.5*108 spores/ml
1.2*108 spores/ml
8.5*107 spores/ml
2.6*109 spores/ml

Amount of spores in the
Shellsol after vortexing
3*109 spores
3*109 spores
2.4*109 spores
1.7*109 spores
5.5*1010 spores

There were still many spores attached to the netting. On each plate, there were uncountable
numbers of (germinated) spores present. Therefore the concentrations found in the solutions were
not very accurate in determining the effective spore concentration applied on the net. It is not
possible to determine the concentration or amount of spores on netting with this method. It did
provide us with an estimation of the number of spores that were not sprayed on the netting but
through the netting. The number of residue spores was 5.5*1010, which was about 20% of the total
number of applied spores. More replicates must be done in order to conclude, but it seems that the
concentration on the netting will be about 80% of the concentration applied.
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