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Abstract
Malaria causes an estimated 225 million cases and 781,000 deaths every
year. About 85% of the deaths are in children under five years of age. Malaria
is caused by the Plasmodium parasite which is transmitted by the Anopheles
mosquito vector. Mainly two methods of intervention are used for vector
control, i.e. insecticide-treated bed nets and indoor residual spraying. Both
involve the use of insecticides and target Anopheles adults indoors. A rising
increase in resistance against these insecticides plus the fact that some
Anopheles mosquitoes blood-feed outdoors can result in malaria transmission
despite the currently extensively deployed interventions. By targeting the
aquatic stages, larval control can complement these interventions. The main
aim of this study was to develop non-chemical larval control tools for
Anopheles mosquitoes and to evaluate their potential under field conditions.
Two biological and one physical control tool were evaluated: the
entomopathogenic fungi, Beauveria bassiana (Bals.-Criv.) Vuillemin and
Metarhizium anisopliae (Metchnikoff) Sorokin and a silicone-based
monomolecular film, Aquatain®. These tools were evaluated in the laboratory
against the primary African and Asian malaria vectors Anopheles gambiae and
An. stephensi, respectively, and mainly against An. gambiae under field
conditions.
Beauveria bassiana and M. anisopliae conidia are known for their
potential to control Anopheles adults. However, their ability to control larval
stages of Anopheles, especially under field conditions, remains largely
unknown. Laboratory bioassays showed that, after ingestion or attachment to
the cuticle, conidia of both B. bassiana and M. anisopliae caused high
mortality of An. gambiae and An. stephensi larvae. Both An. gambiae and An.
stephensi were equally susceptible to each fungus. Early-stage (L1-2) larvae
were more susceptible compared to late-stage (L3-4) larvae. Higher
concentrations of fungal conidia did not cause increased mortality as the
conidia clumped together. Larvae exposed to fungal conidia for one day were
found to be equally affected as those exposed for seven days. Fungal
infection was detected in pupae and adults that developed from the surviving
larvae. Larval mortality was higher when larval density increased and a higher
amounts of food did not reduce the efficacy of fungal conidia against
Anopheles larvae.
Results of this laboratory study also indicated the necessity to
formulate fungal conidia prior to application. Formulation was required not
only to prevent conidia from clumping but also to improve their persistence
as the pathogenicity of fungal conidia rapidly declined after application on
water surface. Beauveria bassiana and M. anisopliae conidia, when
formulated in ShellSol T (a synthetic oil), were easy to apply on the water
surface and effective against Anopheles larvae. In addition, ShellSol T
improved the persistence of the conidia. Under field conditions in Kenya, B.

bassiana and M. anisopliae conidia, formulated in ShellSol T, reduced the
percentage pupation of An. gambiae 39 - 50 % more than the unformulated
conidia. This is the first report of the efficacy of fungal conidia against An.
gambiae larvae under field conditions.
Monomolecular films prevent mosquito larvae and pupae from
breathing by reducing the surface tension of water. The reduced surface
tension also prevents adults from emerging and ovipositing on the treated
water surfaces. Compared to previously tested monomolecular films,
Aquatain® has a better spreading ability and flexibility on the water surface.
Tests were initially carried out with Aquatain mosquito formulation (AMF®),
which contained 2% eucalyptus oil in addition to the original Aquatain®
formulation. In the laboratory, AMF® showed larvicidal, pupicidal, and
oviposition repellent effects against both An. stephensi and An. gambiae. In
contrast with fungal conidia, late-stage larvae were more susceptible to
Aquatain® treatment than early-stage larvae. Larvae from treatments showed
no pupation at all and pupae died within two hours. When provided with a
choice between an AMF®-treated cup and an untreated oviposition cup,
female mosquitoes avoided the treated cup and laid their eggs in the
untreated cups. In a no-choice situation the lowered water surface tension
caused most females to drown while attempting to oviposit. Aquatain®
(without the eucalyptus oil) did not have a repellent effect as even in the
presence of an untreated cup, females attempted to oviposit in the treated
cups and drowned. Therefore, to prevent ovipositing females from searching
and depositing eggs at untreated sites, it was recommended to use Aquatain®
without eucalyptus oil for the efficacy field trials.
Field trials with Aquatain® were done in rice paddies at the Ahero rice
irrigation scheme in western Kenya. In general, rice paddies are difficult to
treat with a mosquito control agent because of their large size, soft mud and
vegetation. It is also important for the mosquito control agent to be safe for a
variety of non-target organisms that are found in the rice paddies. After
Aquatain® application on the rice fields, there was a significant reduction in
the densities of early and late stage Anopheles larvae. Adult emergence was
reduced by 93%. Aquatain® had no negative effect on a variety of non-target
organisms except backswimmers (Heteroptera: Notonectidae). Moreover,
Aquatain® had no adverse effect on the growth and development of rice
plants, and did not affect the rice yield. This field study thus shows that
Aquatain® can be used as an effective control agent against Anopheles
mosquitoes in rice-agro ecosystems.
The study described in this thesis identifies new candidate tools for the
control of Anopheles larvae with additional negative effects on pupae and
adults in contact with the breeding sites. However, follow-up studies are
required before these fungi and Aquatain® can be used operationally. For
application of the fungi the crucial step is to develop a cost-effective system
to mass-produce fungal conidia. It is also important to develop a formulation

that reduces the quantity of conidia required to significantly reduce
anopheline densities in natural aquatic habitats. In the case of Aquatain®,
next step is to carry out a field trial that determines the impact of Aquatain®
application on Anopheles mosquito density as well as on malaria
transmission. Development and availability of biological and physical tools is
necessary for sustainable and environmentally safe integrated malaria vector
management.
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General introduction

Malaria: The burden of disease

The Plasmodium parasite
Human malaria cases are usually due to five Plasmodium species,
Plasmodium falciparum, P. vivax, P. malariae, P. ovale (two types) and P.
knowlesi (Duval, 2009). Plasmodium falciparum is the most lethal.
Approximately 1.38 billion people are at risk of P. falciparum malaria (Figure
1). High levels of P. falciparum malaria endemicity are common in Africa (Hay,
2009). In the Americas and Asia, sub-tropical regions have predominantly P.
vivax malaria, while the tropical regions have a mix of P. falciparum and P.
vivax malaria (Feachem, 2010). Plasmodium vivax malaria often has milder
symptoms but it can stay dormant for months or even years in patients,
which makes it difficult to cure people and identify carriers (Vogel, 2010).
Plasmodium malariae and P. ovale malaria are less common. The recently
described human malaria cases of P. knowlesi are mostly limited to

Figure 1: The spatial distribution of Plasmodium falciparum malaria in 2007.
The areas are categorised based on endemicity where PfAPI refers to P. falciparum annual
parasite incidence per 1000 persons and PfPR to P. falciparum parasite rate. PfAPI<0.1 per
1,000 persons per annum, unstable risk; PfPR=<5%, low risk; PfPR>5%-<40%, intermediate
risk and PfPR>=40%, high risk (figure slightly modified after Hay, 2009).
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Malaria is a mosquito-borne disease caused by parasites of the genus
Plasmodium. Nearly three billion people are at risk of malaria worldwide
(Guerra, 2006). In 2009, there were an estimated 225 million malaria cases
and 781,000 malaria deaths. Most of these cases and deaths occurred in
Africa, followed by Southeast Asia. About 85% of the deaths were among
children under five years of age (WHO, 2010). Apart from children, pregnant
women are also very susceptible to malaria infection. Primigravidae (first
time pregnant) are most affected by malaria (Steketee, 1996). In sub-Saharan
Africa, approximately 25 million pregnant women are at risk of Plasmodium
falciparum infection every year. Plasmodium falciparum infections can cause
severe maternal anaemia, low birth weight and perinatal mortality. Low birth
weight associated with malaria during pregnancy is estimated to result in
100,000 infant deaths in Africa each year (Desai, 2007).
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Malaysia, where they can be common (Cox-Singh, 2008).

Mosquito vectors of the genus Anopheles
All human malaria vectors belong to mosquitoes of the genus Anopheles
(Diptera: Culicidae). Worldwide, 52 Anopheles species are primary malaria
vectors (most of these are indicated in Figure 2) (Hay, 2010; Kiszewski, 2004;
Sinka, 2010a). There are seven dominant Anopheles species (or species
complexes) in Africa including Anopheles merus, An. moucheti and An. nili in
addition to the ones mentioned in Figure 2. In Europe and the Middle East,
there are six primary vectors species (Sinka, 2010a). In the case of the
Americas the nine dominant Anopheles species (or species complexes) are
An. albitarsis, An. marajoara plus the seven mentioned in Figure 2 (Sinka,
2010b). In Pacific Asia, however, 26 Anopheles species (and species
complexes) are the primary vectors of human malaria which, apart from
those mentioned in Figure 2, include An. aconitus, An. balabacensis, An.
campestris, An. donaldi, An. koliensis, An. lesteri, An. letifer, An. leucosphyrus,
An. ludlowae, and An. nigerrimus (Hay, 2010).

Life cycle and ecology of malaria vectors
Anophelines exhibit complete metamorphosis, which means that after
hatching the larva passes through a pupal stage to develop into an adult
(Figure 3). The adult female mosquito deposits eggs on water at night
(McCrae, 1984; Sumba, 2004b). Ovipositing females show a preference for
certain types of aquatic habitats which depends on abiotic and biotic factors.
Anopheles gambiae prefer small, sunlit and transient, and often turbid
habitats to lay their eggs (Service, 1993). Anopheles stephensi and An.
culicifacies prefer fresh water over sea water (Roberts, 1996). Anopheles
albimanus mostly lay eggs in habitats with cyanobacteria (Rejmánková,
1996). Anopheles gambiae lay more eggs in water with bacteria and fewer
eggs in water that contains conspecific larvae or contained predators, e.g.,
tadpoles and back swimmers (McCrae, 1984; Munga, 2006; Sumba, 2004a).
Eggs lie individually on the water surface and are boat-shaped. Anopheline
eggs cannot resist drought (Clements, 1992). Anopheles gambiae eggs do not
hatch after being exposed to 45 °C for 10 min. In a tropical climate, dry soil
temperature can reach 40 - 50 °C, however, temperature of moist soil rarely
exceeds 35 °C (Huang, 2006). Anopheles gambiae eggs can, therefore, survive
and hatch on moist soil (Koenraadt, 2003).
Anopheles larvae are legless. They breath air and feed on particulate
matter (microorganisms, diatoms, bacteria, algae, detritus of decaying plants,
etc.) at the water surface and, therefore, spend more or less all of their time
at the air-water interface (Clements, 1992). Anopheles stephensi larvae prefer
shade and can be found in man-made breeding sites in urban areas and rice
fields, and polluted and saline water habitats in rural areas (Hati, 1997;
Klinkenberg, 2004). Anopheles gambiae sensu stricto and An. arabiensis
14
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Figure 2: Distribution of dominant or potentially important malaria vectors (after Kiszewski, 2004).
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Figure 3: Stages of Anopheles life cycle.

larvae are mostly found in shallow, temporary and sun-lit breeding sites with
algae but little to no vegetation (Fillinger, 2009b; Gimnig, 2001; Mwangangi,
2010; Sinka, 2010a). However, An. arabiensis is also found in rice paddies
(Mwangangi, 2010). Anopheles funestus breeds in rice paddies and other
large, semi-permanent bodies of water containing aquatic vegetation and
algae (Gimnig, 2001). If the larvae hatch on moist soil they are capable of
moving up to 10 cm to reach the water surface for further development
(Koenraadt, 2003).
The larval development consists of four instars. The instar duration of
An. gambiae larvae is 1.5 days for first-, 3 days for second-, 2 days for thirdand 4 days for fourth-instar larvae (Mwangangi, 2006; Service, 1971). The first
three larval instars can survive on damp soil for 2.6 - 2.8 days while fourthinstar larvae can survive for a maximum of 4.7 days (Koenraadt, 2003). Larval
survival and development is influenced by many factors. Some Anopheles
larvae survive better in fresh water, while others such as An. stephensi are
able to tolerate up to 50% sea water (Roberts, 1996). The rate of larval
development and survival varies with temperature, larval density and
available nutrition (Clements, 1992). At a mean temperature of 26 °C, An.
arabiensis larvae develop in 11 days while at 18 °C the development takes 29
days (Maharaj, 2003). Larval survival of An. gambiae is best between 22 - 26 °
C and decreases with an increase or decrease in temperature (Bayoh and
Lindsay, 2004; Kirby and Lindsay, 2009). Water turbidity can also affect the
rate of larval development and survival because, at the same air temperature,
turbid water is warmer than clear water (Paaijmans, 2008a). Rainfall affects
larval survival by decreasing water temperature as well as by direct
mechanical impact of raindrops on larvae (Paaijmans, 2007). Natural larval
density of An. gambiae is 13 - 722 larvae/m2 (Koenraadt, 2004b). At high
larval density the rate of larval development is slow (Clements, 1992). High
larval density (200 - 300 larvae/m2) can lead to intraspecific competition for
space and food. Cannibalism, found in An. gambiae, is caused by limited

16
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space rather than limited food. Fourth instar An. gambiae s.s. and An.
arabiensis larvae prey on younger instar larvae of each other and their own
species (Koenraadt, 2004a). Inter-specific competition also influences the
development rate of larvae (Paaijmans, 2009). Many predators, e.g.,
invertebrates, tadpoles and fish live in anopheline aquatic habitats (Fillinger,
2009b; Service, 1977) and predation can account for up to 84% of larval
mortality. Pathogens such as microsporidians, Coelomomyces and nematodes
are also found in aquatic habitats (Service, 1977). Slower development rate
increases the chance of a larva to be infected by a pathogen or killed by a
predator. Natural larval mortality can be as high as 96% (Service, 1971).
Anophelines breed in a variety of aquatic habitats (Box 1 in Chapter 2) most of
which are man-made (Fillinger, 2004; Mutuku, 2006a). Adult emergence
varies in different habitats and is associated with habitat stability (Mutuku,
2006b).
The pupa that develops from a fourth-instar larva is aquatic, motile and
floats at the air-water interface. Anopheles pupae breath through conicalshaped respiratory trumpets and do not feed (Clements, 1992). The pupal
stage may last for nearly two days in a tropical climate after which the adult
emerges from the pupal cuticle (Clements, 1992; Service, 1971).
The emerged adult has piercing and sucking mouth parts and an
elongated body with long legs and wings. Emergence occurs in about 15
minutes and the adult rests for nearly an hour on the water surface before
flying off. Both males and females use plant juices as a source of energy
(Clements, 1992). Females live longer than males but the life span depends on
temperature. Anopheles arabiensis females live for nearly 21 days and males
for 17 days at 26 °C (Maharaj, 2003). Larval density and temperature
experienced during larval development impacts adult body size and fitness. At
high larval density and 24 and 30 °C, large adults are produced (Lyimo, 1992).
A large female can lay eggs after the first blood meal and produce more eggs
(Lyimo and Takken, 1993) whereas smaller females may require two blood
meals before laying eggs. Large males are more likely to acquire a female for
mating (Ng'habi, 2005). The males are attracted to the females by the wing
beat frequency of females during a swarm, which occurs at dusk. In principle,
a female mates only once in her lifetime, although multiple mating has been
found in 4% of field-collected An. gambiae (Tripet, 2003). After mating the
female requires a blood meal as a protein source to lay eggs (Clements, 1992).
Female mosquitoes detect a blood host by the body odour and CO2 produced
by the host (de Jong and Knols, 1995). They blood feed at night and can ingest
large volumes of blood; blood cells are concentrated and unneeded plasma
and ions are rapidly removed through diuresis (Clements, 1992). After a blood
meal, a female mosquito rests to digest her blood meal and develop eggs.
Anopheles gambiae can rest indoors or outdoors after a blood meal whereas
Anopheles funestus rest mostly indoors once blood fed. After the eggs are
developed, the female mosquito deposits the eggs in a suitable habitat.
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Tropical Anopheles spp. deposit a batch of eggs every 2 - 3 days. The egg
batch size of An. stephensi can vary between 5 to more than 500 eggs but the
batch size remains the same over consecutive ovipositions (Suleman, 1990).

Malaria transmission
Plasmodium is transmitted from one infected person to another by
mosquitoes. An Anopheles mosquito injects Plasmodium intradermally into
the human body, in the form of sporozoites during a blood meal. Only a few
sporozoites (10-30) are injected at a time, and they migrate through the skin
cells. Some of the injected sporozoites reach the blood circulation and are
rapidly transferred to the liver. Plasmodium sporozoites develop and multiply
into thousands of newly-formed merozoites in the liver cells, which are then
released into the bloodstream. The merozoites attach to and enter red blood
cells and replicate asexually within them. The red blood cells subsequently
rupture and release the merozoites, which attach to adjacent red blood cells
and the asexual replication cycle is initiated again (Ménard, 2005; Silvie,
2008). The sexual stages, male and female gametocytes, are also produced in
the red blood cells. The male and female gametocytes are taken up by a
mosquito whilst feeding. Inside the mosquito mid-gut, the gametocytes fuse
to form a zygote that develops into a motile ookinete. The ookinete enters
the mid-gut epithelium and migrates to the outer layer of the mid-gut, called
the basal lamina. Here, the ookinete transforms into an oocyst and after
several mitotic divisions forms sporozoite buddings which contain
sporozoites. The sporozoites are released into the haemolymph and are
transferred to the salivary glands. These sporozoites are injected into the
human skin by an Anopheles female while blood feeding (Matuschewski,
2006; Ménard, 2005). The development period of Plasmodium spp. in the
mosquito is sensitive to temperature. As a result, malaria is limited to areas
where the temperature is suitable for the Plasmodium spp. to complete their
development within the life span of the adult mosquito (Enayati and
Hemingway, 2010). At 15 - 17 °C the complete development of P. vivax takes
38 days, which is longer than the adult mosquito life time. However, at 22 23 °C complete development occurs in 14 days, so at this temperature P.
vivax malaria can be effectively transmitted (Stratman-Thomas, 1940). In the
case of P. falciparum, the development period is 9 - 10 days at 28 °C and 22
days at 20 °C (Gilles and Warrell, 1993).
The intensity of malaria transmission can be expressed by the stability
index, which is the average number of bites by an average mosquito during a
normal mosquito lifetime (Macdonald, 1956). If the index is >2.5 it indicates
stable malaria transmission, a value between 0.5 and 2.5 indicates
intermediate malaria transmission and <0.5 indicates unstable malaria
transmission. Stable malaria is transmitted by an Anopheles with a frequent
biting habit, moderate to high longevity and living at a temperature
favourable for the rapid development of Plasmodium. Stable malaria is
18
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Malaria control
Presently, there are two strategies to control malaria, vector control and drug
treatment (Enayati and Hemingway, 2010). Currently, no vaccine is available
for the prevention of malaria (Crompton, 2010).
Vector control aims to reduce vector-human contact by targeting the
larval or adult stage of Anopheles. The use of larviciding is limited and
considered suitable mostly for application in urban and peri-urban areas
where breeding sites are well-defined and approachable (President’s Malaria
Initiative, 2011; Walker and Lynch, 2007; WHO, 2010). Adult mosquito control
is the main vector control approach that is currently used. This is based on
epidemiological models which predict that targeting adult female mosquitoes
is the most effective way of reducing malaria transmission (Macdonald,
1956). Adult control involves indoor residual spraying (IRS), space spraying
and insecticide treated bed nets (ITNs) (Raghavendra, 2011). The latter
include long-lasting treated bed nets (LLINs) and prevent mosquitoes from
biting people. Only chemicals that are approved by WHOPES (WHO Pesticide
Evaluation Scheme) can be utilised for IRS and treating bed nets. Approved
chemicals belong to four insecticide classes: organochlorines, carbamates,
organophosphates and pyrethroids (Nauen, 2007). Indoor residual spraying
targets female mosquitoes that enter the house and rests, on the walls and
19

Chapter 1

difficult to control as even a low density of Anopheles can maintain
transmission (Enayati and Hemingway, 2010).
Vectorial capacity is the daily rate at which future inoculations arise
from a currently infective person (Macdonald, 1956). It directly depends on
the man-biting rate, feeding habits (anthropophilic (preference for human
blood meals) vs zoophilic (preference for animal blood meals)) and life
expectancy of anophelines. Each species has a different behaviour and,
therefore, the vectorial capacity in a certain area depends on the local
Anopheles species. Anopheles gambiae s.s. and An. funestus are highly
anthropophilic and bite indoors. Anopheles arabiensis mostly bites outdoors
and is more opportunistic as it equally feeds on humans and animals (Sinka,
2010a). Anopheles stephensi is mainly an urban mosquito but also found in
rural areas where, unlike in urban areas, it has a secondary role in malaria
transmission (Klinkenberg, 2004). One of the reasons for this secondary role
is that An. stephensi is zoophilic. In the urban areas An. stephensi feeds on
humans due to unavailability or low number of animal hosts and, therefore,
plays a primary role in malaria transmission (Hati, 1997). A study at a refugee
camp in Pakistan showed that sponging cattle with insecticide reduced
malaria transmission as much as indoor spraying of houses because it
targeted the zoophilic malaria vectors (Hewitt and Rowland, 1999). It is,
therefore, important to understand the distinct behaviour of each Anopheles
species even within a species complex in order to control the transmission of
malaria.

General introduction

ceiling, before and/or after a blood meal. The Global Malaria Eradication
Programme (1955 - 1969) was based on the use of IRS against the vector
mosquitoes. The programme caused significant reductions in the global
malaria burden, particularly in Asia, Latin America, North America, Southern
Africa and Europe (WHO, 2006). The global eradication programme was
halted in 1969 for technical and logistical reasons, leaving much of malaria in
Africa untouched. In 1997 a regional partnership initiative known as the
African Initiative on Malaria Control was launched by representatives of the
World Bank, WHO, UNICEF and others. This initiative provided the foundation
for the launch of the Roll Back Malaria programme in 1998. With renewed
vigour, malaria control was initiated in most malaria-endemic countries.
Presently, IRS is recommended for the control of malaria by 71 countries, 32
of which are in Africa and eight in Southeast Asia. In some countries such as
Botswana, Mozambique, Namibia, South Africa, Swaziland and Zimbabwe, it
is the primary vector control intervention (WHO, 2010). Indoor residual
spraying is known to be effective in areas with unstable malaria transmission;
however, its effectiveness in areas with stable malaria is not well established
(Pluess, 2010). In contrast to IRS, an insecticide-treated bed net (ITN) targets
the female mosquito which is attracted by a human host. Insecticide-treated
bed nets are more cost effective than IRS and have a high community
acceptance (Curtis, 2003; Sood, 2010). There are indications that insecticidetreated bed nets provide better protection than IRS (Pluess, 2010). Nearly 254
million ITNs were distributed in Africa between 2008 and 2010 and a very
high percentage (80%), of these available ITNs, is being used (WHO, 2010).
Space spraying is reserved for application during emergencies to control
epidemics and is, therefore, used only in areas with unstable malaria
transmission (Enayati and Hemingway, 2010; Raghavendra, 2011).
Drugs such as chloroquine, amodiaquine, sulfadoxine-pyrimethamine,
primaquine and artesunate target different stages of Plasmodium in the
human body (Enayati and Hemingway, 2010). Chloroquine is used for the
treatment of P. vivax malaria while P. falciparum malaria is treated by
artemisinin-based drugs (WHO, 2010).

Challenges for malaria control
The challenges faced in malaria control efforts are mainly due to
development of resistance in Anopheles species against the chemical
insecticides used for vector control and in Plasmodium species against drugs.
Resistance against pyrethroids, the only class of chemicals approved for
application on bed nets, has been reported from many parts of Africa
(Morgan, 2010; Nauen, 2007; Ranson, 2011; Yadouleton, 2010b). Resistance
monitoring is incorporated in malaria control programmes of 74 out of 106
endemic countries and adds to the financial and logistical demands of these
programmes (WHO, 2010). Alternative chemical insecticides that can be used
for IRS and LLINs are being sought but no new chemical will be available for
20
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Background of this thesis
I will now focus on the interventions that are used to reduce the vector
population and vector-human contact. Considering the challenges faced in
malaria management and the limitations of various available interventions
21
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use in the near future (Ranson, 2011). This is quite alarming as the scaling up
of IRS and LLINs is likely to increase the pace of resistance development.
Apart from the problem of resistance development in Anopheles
species against insecticides, availability of bed nets in sufficient number,
reaching every household and ensuring that everyone sleeps under a bed net
are the limiting factors in complete LLIN coverage. In addition, the life span of
an LLIN is estimated to be three years. For malaria control programmes it is
therefore necessary to be able to successfully replace LLINs after three years
to avoid the risk of a resurgence of malaria cases and deaths (WHO, 2010).
Furthermore, before people are at home and therefore protected by IRS and/
or LLINs, early and outdoor infectious bites by Anopheles can contribute to
malaria transmission as well (The malERA Consultative Group on Vector
Control, 2011; Geissbuhler, 2007).
Plasmodium falciparum resistance against artemisinin-based drugs has
been reported from Asian countries and efforts are being made to contain
this resistance and prevent its spread to African countries. Monotherapies
contribute to the spread of resistance against drugs (Asante, 2010; WHO,
2010). In addition, over usage of these drugs due to prescription without
proper diagnosis and introduction of sub-therapeutic levels of artemisinin
due to substandard and counterfeit drugs also increases the pace of
resistance development to these drugs (Chrubasik and Jacobson, 2010; WHO,
2010). Monotherapy can be prevented by banning the sale of drugs without
prescription as is the case in Cambodia (WHO, 2010). An improved quality
control for rapid diagnostic tests and microscopy to detect Plasmodium
infections can be ensured by training the health staff (The malERA
Consultative Group on Diagnoses and Diagnostics, 2011; Asante, 2010).
The development of a malaria vaccine is hindered by the complexity of
the Plasmodium life cycle, extensive antigenic variation and a poor
understanding of Plasmodium and the human immune system (Crompton,
2010). The vaccine in the most advanced stage is RTS,S which targets the P.
falciparum circumsporozoite protein that is present in large amounts on the
surface of sporozoites and is also expressed by liver schizonts (Greenwood,
2011). This vaccine provided protection to 5 - 17 months old infants in Kenya
and Tanzania for at least 15 months (Olotu, 2011). A large trial is being carried
out in 11 African countries and results are expected by the end of 2011
(Greenwood, 2011). Vaccine studies have focused on P. falciparum to date. It
is important to expand these efforts to P. vivax and other Plasmodium species
to reduce malaria transmission in areas where these Plasmodium species
exist (The malERA Consultative Group on Vaccines, 2011).
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(IRS and ITNs), it is clear that malaria transmission can only be interrupted by
an integrated use of available and new interventions (The malERA Consultative
Group on Vector Control, 2011). This includes the use of entomopathogens
such as bacteria, fungi and viruses as well as mechanical and environmental
methods in addition to the currently employed IRS and ITNs (Takken and
Knols, 2009).
As mentioned before, epidemiological models predict that targeting
the adult stage of mosquito is most effective (Macdonald, 1956). Adult
control is also supported by the fact that a large proportion of the larval
population does not survive and, therefore, does not transmit malaria due to
high natural mortality (Service, 1971). However, larval control has certain
advantages. Unlike adult mosquitoes that are highly mobile and can readily
detect and avoid many interventions, a feature not accounted for in the
mentioned models, immature mosquito eggs, larvae and pupae are restricted
to aquatic habitats and, therefore, cannot escape control measures (Killeen,
2002b). Larval control equally targets the larvae of Anopheles species and/or
emerging subspecies that feed and rest outdoor (Geissbuhler, 2007; Killeen,
2002b; Riehle, 2011). Species-plasticity, similar to adult mobility and
responsiveness, was not considered in the previous epidemiological models
(Killeen, 2002b). In addition, even the small proportion of larvae or pupae
that emerge as adults cause malaria transmission. Any reduction in the rate
of adult emergence is, therefore, bound to have an impact on malaria
transmission (Killeen, 2000). Historically, larval control successfully caused
eradication of malaria from Northeast Brazil, Egypt and five states in USA
(Connelly and Carlson, 2009; Andrews, 1952; Killeen, 2002a; Soper, 1966). In
the perspective of integrated malaria vector management (IVM), there is a
renewed interest in larval control especially using environmentally-friendly
biological larvicides (Fillinger, 2009a; Walker and Lynch, 2007). Contemporary
studies show that a well-organised larval control programme reduces larval
densities, human-vector contact and effectively complements ITNs in
reducing the risk of acquiring malaria infection (Fillinger and Lindsay, 2006;
Fillinger, 2008; Fillinger, 2009a; Majambere, 2007).
Current studies have concentrated on two bacterial larvicides, Bacillus
thuringiensis var. israelensis and Bacillus sphaericus (Chapter 2) (Fillinger and
Lindsay, 2006; Fillinger, 2008; Fillinger, 2009a; Majambere, 2007). Both
larvicides are well established for their effectiveness against Anopheles larvae
and are available commercially. Bacillus sphaericus has a longer residual
effect but needs to be used alternately with B. thuringiensis var. israelensis to
prevent development of resistance against Bacillus sphaericus (Fillinger and
Lindsay, 2006; Fillinger, 2008; Mulla, 2003). Resistance developed in Culex
quinquefasciatus larvae against Bacillus sphaericus within six years (Yuan,
2000). This indicates that resistance development against biological control
tools is not completely avoidable. In addition, some aquatic habitats are
difficult to treat with these bacterial larvicides because of their large size and
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Specific research objectives
The specific research objectives were:
1. To determine how larval characteristics (Anopheles species, larval stage
and larval density), fungus (fungus species and concentration) and
environmental
effects (exposure duration and food availability)
influence larval mortality caused by fungal conidia of
entomopathogenic fungi, B. bassiana and M. anisopliae.
2. To develop a formulation of the entomopathogenic fungi that is
effective against anopheline larvae, improves persistence of fungal
conidia and has the potential to suppress populations of mosquito
larvae in field situations.
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soft mud (Fillinger, 2008; Majambere, 2007). It is, therefore, important to
identify other effective and environmentally-friendly larvicides that can be
used to prevent resistance development and to treat difficult aquatic
habitats.
The aim of this thesis was to identify alternative control tools that can
effectively reduce Anopheles larval populations. The focus was on nonchemical tools, both biological and physical, as these tools are
environmentally friendly, pose very little risk of resistance development and
are more specie-specific compared to chemical tools (Chapter 2) (van
Lenteren, 1997; Vincent, 2003).
Two entomopathogenic fungi, Metarhizium anisopliae (Metchnikoff)
Sorokin and Beauveria bassiana (Bals.-Criv.) Vuillemin, were evaluated as
biological tools. Recently, laboratory and field studies have been carried out
to determine the potential of these two fungi as alternatives to insecticides
(Farenhorst, 2009; Mnyone, 2009; Scholte, 2005a). Adult anopheline
mosquitoes are infected and killed by exposing them to surfaces treated with
fungal conidia (Farenhorst, 2009; Howard, 2010; Mnyone, 2009; Scholte,
2005a). In this thesis, I investigated the potential of these two fungi against
the larval stage of Anopheles larvae in the laboratory (Chapter 3) and field
(Chapter 4).
The monomolecular film, Aquatain® was evaluated as a physical tool.
Many studies were conducted during 1970 - 1990 with monomolecular films.
These studies demonstrated the effectiveness of monomolecular films
against mosquito larvae (Chapters 2, 5 and 6). Aquatain® was investigated in
this thesis because of its improved physical properties (compared to other
monomolecular films) and self-spreading ability which can be useful when
treating difficult aquatic habitats. Aquatain®, like the two fungi, was first
tested in the laboratory (Chapter 5) and then evaluated in the field (Chapter
6).
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3. To determine the larvicidal and pupicidal potential of Aquatain® and its
effect on ovipositing females.
4. To evaluate the efficacy of Aquatain® as a mosquito control agent in
rice paddies and investigate the potential side effects on non-target
organisms and rice plants.

Thesis outline
The thesis addresses the control of Anopheles larval populations with
biological and physical tools. The first part of this thesis focuses on the
laboratory and field studies that evaluate the larval control potential of the
entomopathogenic fungi M. anisopliae and B. bassiana. The second part
focuses on the laboratory and field studies that evaluate the larval control
potential of Aquatain®.
Chapter 2 presents an overview of the existing and potential biological and
physical control tools for anopheline larvae. The aim of the chapter was to
discuss the control agents in perspective of their status for operational use
and to highlight the unique features of each tool.
Chapter 3 addresses the laboratory bioassays carried out to determine the
efficacy of various concentrations of M. anisopliae (ICIPE-30) and B. bassiana
(IMI- 391510) conidia against Anopheles gambiae and An. stephensi larvae.
Differences in the susceptibility between the early (L1-2) and late (L3-4) larval
instars of both Anopheles species were also evaluated. Separate bioassays
were carried out to determine the effects of exposure time, larval density and
availability of nutrients in the environment on fungus-induced larval
mortality.
Chapter 4 was based on the need to formulate fungal conidia in order to use
them against larvae under field conditions. The formulation is required to
facilitate handling and application of the hydrophobic conidia and also to
increase their efficacy by improving contact with the host and protection
from environmental factors. This chapter describes the bioassays used to test
various aqueous, oil and dry formulations of M. anisopliae and B. bassiana for
their efficacy against Anopheles larvae. Selected formulations were further
tested to determine their ability to improve the persistence of fungal conidia.
Finally, the results of field bioassays that were carried out at Ahero, in Kenya,
with the most promising formulation are reported.
Chapter 5 addresses the laboratory bioassays conducted to evaluate the
larvicidal and pupicidal effect of the monomolecular surface film Aquatain®.
Two formulations of were tested, Aquatain and Aquatain mosquito
formulation (AMF®). The difference was the presence of eucalyptus oil in the
24
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AMF®. No-choice and choice bioassays were also conducted to determine
response of ovipositing Anopheles females to Aquatain® and AMF®.

Chapter 7 provides a summarizing discussion of the results and suggestions
for future research.
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Chapter 6 was a follow-up on the laboratory results (Chapter 5). Aquatain®
was evaluated in rice paddies at the Ahero irrigation scheme, Kenya. This
chapter addresses the impact of Aquatain® treatment on larval and pupal
densities of mosquitoes in the rice paddies and adult emergence.
Furthermore, it elaborates on the residual effects and retreatment interval
required for effective control. Finally, the non-target effects of Aquatain® and
its additional advantage of reducing water evaporation are described.
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The two main interventions presently being deployed for control of malaria
vectors, i.e., long lasting insecticide treated bed nets (LLINs) and indoor
residual spraying (IRS), involve the use of insecticides and target adult
mosquitoes. Meanwhile, the potential of larval control is increasingly being
acknowledged. Larval control has proven to be cost-effective and ideal for
localities where mosquito breeding sites are well defined and approachable.
Utilising biological and physical tools to control anopheline larvae can lower
the problem of resistance development, a common feature of chemical
control. Fortunately, there are many options of biological and physical larval
control tools. Besides their direct impact on mortality, the effects of these
tools can reach beyond the larval stage. Anopheline adults that develop from
larvae exposed to biological control tools, such as entomopathogenic fungi,
show reduced longevity, fecundity and susceptibility to Plasmodium
infections. Physical control tools such as surface films also prevent oviposition
in treated sites. Combining two or more larval control tools can increase their
efficacy against anopheline larvae. However, despite the identification of
larval control potential in the laboratory, and in a few cases in the field, many
potential biological and physical control tools have not been utilised to their
fullest extent. This review provides an overview of the existing and potential
non-chemical larval control options for malaria vectors and discusses the
advantages and requirements to develop them for malaria vector control.
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Vector Control
Malaria vector control aims to protect people against infective malaria
mosquito (Anopheles spp.) bites by reducing vector longevity, vector density
and/or human-vector contact. It also includes the reduction of malaria
transmission at human community level and hence the incidence and
prevalence of human infection and disease. The two broadly used
interventions for vector control are long lasting insecticide treated bed nets
(LLINs) and indoor residual spraying (IRS). Both LLINs and IRS are directed
against adult mosquitoes and involve the use of chemical insecticides (WHO,
2010). Currently twelve insecticides, which belong to four chemical classes
(organophosphates, carbamates, pyrethroids and organochlorines), are
recommended by the WHO Pesticide Evaluation Scheme (WHOPES) for IRS
and among them only pyrethroids are recommended for use on LLINs
(Nauen, 2007; WHO, 2010). These four chemical classes have only two
different modes of action, i.e., the inhibition of acetylcholinesterase and
modulation of voltage-gated sodium channels (Nauen, 2007). The
development of resistance in mosquitoes against these two modes of action
compromises the vector control strategies currently being used in malariaendemic countries (Ranson, 2011). Although insecticide resistance can be
managed, it requires early detection and reporting of resistance followed by
determining the type of resistance mechanisms, the Anopheles spp. most
resistant, the area over which resistance has spread and why resistance
emerged. Once all these data have been collected and analysed, an informed
decision on which insecticide or combination of insecticides to use in local
malaria vector control programme can be made (Djenontin, 2009; Kelly-Hope,
2008; Ranson, 2011). However, managing resistance will face difficulties
because: a) recommended chemicals have only two modes of action; b)
scaling up of IRS and LLINs (required for effective vectors control) puts a large
pressure on the selection for resistance and c) it is likely to be many years
before new chemicals become available as alternative options for malaria
control programmes (Nauen, 2007; Ranson, 2011). In addition, even when
both LLINs and IRS are effective they are limited in preventing malaria
transmission due to early feeding and/or outdoor dwelling Anopheles spp.
(Geissbuhler, 2007; Riehle, 2011). It is, therefore, important to incorporate
interventions that provide additional protection to humans against malaria by
targeting the resistant and/or outdoor Anopheles population into malaria
control programmes. Larval control can provide this additional protection.

Larval control
Larval control targets the aquatic stages of Anopheles mosquitoes which
results in reduced adult emergence from breeding sites and, therefore,
reduced numbers of adult mosquitoes in surrounding areas. Larval control is a
cost-effective approach and is especially suitable for localities where breeding
sites are few and/or fixed and easy to identify, map and treat (Fillinger and
30
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Tools for biological control
Biological control of anopheline larvae is the use of an organism to reduce
their population density. At the target sites the biological control tool may
need to be applied in small numbers (inoculate) or introduced in larger
numbers (inundate). The latter is required when the biological control tool
cannot persist and establish at the treated site in an infective form or when a
fast immediate effect is required. Biological control tools are much more
species-specific than chemical control tools (van Lenteren, 2008). Biological
control tools for anopheline larvae include viruses, bacteria, fungi,
oomycetes, Azolla, and natural predators. Natural products such as plant
extracts (neem oil etc.) and spinosad (derived from fermentation of bacteria
Saccharopolyspora spinosa) were not considered in this review as they do not
comply with the definition of biological control, but could be better defined
as biochemicals or biopesticides.

Viruses
Viruses that infect mosquitoes can be used either as biological control tools
to reduce mosquito populations or to introduce and express foreign genes
(transduction) that reduce the vectorial capacity of mosquitoes (Afanasiev,
1999; Carlson, 2006; Terenius, 2008).
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Lindsay, 2006; Gu, 2008; Utzinger, 2001; WHO, 2010). Such areas include
highlands, desert-fringes, urban settings and areas prone to epidemics. Larval
control is also effective in rural areas when carried out systematically
(Fillinger and Lindsay, 2006).
Larval control can complement current malaria control strategies by
reducing the adult population including resistant and/or exophagic Anopheles
populations (Fillinger, 2009a). Over the last decade the potential of larval
control has been increasingly acknowledged on the basis of both historical
successes and contemporary research (Fillinger and Lindsay, 2006; Fillinger,
2009a; Killeen, 2002a; Killeen, 2002b; Killeen, 2003; Shousha, 1948; Soper,
1966). Historically, larval control was carried out with petroleum oils,
chemicals and/or environmental management (Soper, 1966; Takken, 1990).
Considering the issues of environmental safety and resistance development,
petroleum products and chemicals are not suitable for larval control. Many
non-chemical tools for larval control are available but they have rarely been
utilised to the full extent for the control of Anopheles larvae.
The purpose of this review is to provide an overview of the existing and
potential non-chemical tools for larval control of Anopheles species (Table 1).
The review consists of three parts, first biological tools, second physical tools
and third a discussion about the advantages and requirements for
development of these non-chemical tools.

Biological
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Ref.

Infections can persist in
nature for up to 4 years

High larval mortalities in
laboratory colonies

Bacillus
thuringiensis var.
israelensis and B.
sphaericus

Coelomomyces

Smittium

Fungi

(Sweeney, 1981a)

(Chapman and
Glenn, 1972)

(Carlson, 1995;
Infections are vertically
transmitted from infected Ren, 2008;
female to the subsequent
Ren and Rasgon,
generation
2010)
Recombinant viruses can be
used for the transduction of
anti-Plasmodium peptides or
insect-specific toxins into An.
gambiae genome
(Fillinger and
Cost-effective
Lindsay, 2006;
Practical guidelines for
Fillinger, 2008;
operational use available
Lacey, 2007)

Properties/
advantages

Bacteria

Viruses

Tools
(Terenius,
2008)

Ref.

Laboratory studies
Field studies
Commercial
products available

Laboratory studies

Development
stage

Complex life-cycle is a (Scholte, 2004; Laboratory studies
hindrance in developing Whisler, 1975) Field studies
cultured inoculum for field
application
(Scholte, 2004) Laboratory studies
Moderate or high
mortalities have never
been recorded in field

Late fourth larval instar (Mulla, 2003)
larvae are less susceptible
Resistance has
developed against Bacillus
sphaericus in Culex spp.

Research is in an early
phase

Requirements/
Limitations

Table 1: Overview of existing and potential non-chemical options for control of anopheline larvae. The properties/advantages and requirements/limitations in
their application are mentioned as well as development stage in terms of studies (laboratory and/or field) and availability of commercial products.
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Microsporidia

Metarhizium

Beauveria

Culicinomyces

Nosema infection reduces
larval and pupal survival
Infection is carried to the
adult stage and adults show
reduced fecundity and
susceptibility to Plasmodium
infections

Can cause nearly 100%
mortality in first and second
instar larvae
Infection is carried to the
adult stage and adults show
reduced longevity and
fecundity
Can be stored at low
temperatures without
reducing its pathogenicity.
Worldwide distribution
Conidia non-toxic and noninfectious for aquatic
organisms
Mass production of conidia
feasible
Worldwide distribution
Mass production of conidia
feasible

(Zimmermann, Laboratory studies
2007b)

(Cali, 2004;
Laboratory studies
Federici, 1995; Field studies
van Essen and
Anthony, 1976)

Broad host range
Conidia are very
sensitive to
environmental
conditions such as
temperature, humidity
and solar radiations

(Haq, 1981;
It is an oopportunistic
Margos, 1992;
parasite and , therefore,
Nugud and White, may infect non-target
1985)
species
Low infection rates are
found in the field
Required application
rate is uneconomic

(Zimmermann,
2007b)

Conidia are very sensitive (Zimmermann, Laboratory studies
2007a)
to environmental
conditions such as
temperature, humidity
and solar radiations

Laboratory studies

(Sweeney, 1981b)

(Zimmermann,
2007a)

Laboratory studies

(Nnakumusana,
1985)

Chapter 2

Aspergillus
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Azolla

Parasitic
nematodes

Animals

L. giganteum

Pythium

Leptolegnia

Plant

Oomycetes

Tools

Table 1, continued

(Kerwin and
Washino, 1988;
Scholte, 2004;
Vyas, 2007)

Field studies following mass
production were successful
Can establish in breeding
sites and cause infection for
up to 3.5 years
No non target effect

(Gajanana, 1978;
Petersen and
Willis, 1974;
Petersen, 1978a;
Rojas, 1987)

At high coverage (> 80% of (Bao-lin, 1988)
the breeding site) reduces
adult emergence

Can establish in the
environment and is effective
even after overwintering
No non-target effects
reported

Temperatures higher
than 29°C reduce
infection percentage

Can cause high mortality in (Bisht, 1996)
first and second instar larvae

(McInnis and
Zattau, 1982)

Ref.

Laboratory studies

Development
stage

Commercial product is
not available

Useful in semipermanent and
permanent breeding sites

Laboratory studies
Field studies

Field studies

Laboratory studies
Field studies
Commercial
product was
available until 1999

Infections develop only (Clark, 1966;
Laboratory studies
Nnakumusana,
in injured larvae
Optimum temperature 1985)
range for infection is 2528°C

Requirements/
Limitations

Ref.

Properties/
advantages
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*commercial products available although not specifically for the control of mosquito larvae.

Cost-effective in the long run(WHO, 1982a)
Long-term effect
Has proven to be effective

Environmental
management

(WHO, 1982a;
Requires a thorough
Russell, 1999)
understanding of
mosquito ecology
In case of developmental
programmes intervention
is required at the design
and construction phase

(Chandrahas and
Effective only in stagnant
Sharma, 1987;
water confined within
Curtis and Minjas, walls or containers
1985; Reiter,
1978b)

Effective in pit latrines and
overhead water tanks
Remain for up to 3 years
after application

Self-spreading
No non-target effects

Polystyrene beads

Surface films

Chapter 2

Physical

Cost-effective
High public acceptance
Guidelines for operational
use available

Predatory fish

Field studies

Field studies
Commercial
products available*

Suitable for semiLaboratory studies
permanent and
permanent breeding sites
Field evaluation of
introduced predators
lacking
(WHO, 1982b;
Exotic fish can replace (WHO, 1982b) Laboratory studies
WHO, 2003; Alio, indigenous fish
Field studies
1985; Fletcher,
1992; Walker and
Lynch, 2007)
(Hester, 1989;
Disturbance (wind etc.) (Nayar and Ali, Laboratory studies
Hester, 1991;
in water breaks the film 2003)
Field studies
Nayar and Ali,
The films have a
Commercial
2003; Reiter, 1980) tendency to accumulate
products available
around debris and
vegetation

Many natural predators are (Munga, 2006)
known
Presence can indirectly
reduce oviposition

Predatory
arthropods and
amphibians
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Irridescent viruses, nuclear polyhedrosis viruses, cytoplasmic polyhedrosis
viruses, entomopox virus and densoviruses have been reported to infect and
kill mosquitoes (Chapman, 1974; Lebedeva, 1973). There are, however, very
few reports of natural occurrence and laboratory infection with these viruses
in anophelines (Anthony, 1973; Becnel, 2007). In the laboratory, An.
albimanus larvae were infected with cytoplasmic polyhedrosis virus (UsCPV)
in the presence of magnesium. In this case magnesium cations effectively
increased viral infection (Becnel, 2006). However, anopheline larvae could
not be infected with a nuclear polyhedrosis virus (CuniNPV) even in the
presence of magnesium cations (Becnel, 2001). Densoviruses have proven to
be more promising: a densovirus (AgDNV) that infects An. gambiae larvae
was discovered serendipitously. The densovirus infection can be carried over
to the adults stage and even transmitted vertically to subsequent generations
(Ren, 2008). The virus is not lethal but a recombinant of this virus can be used
for the transduction of anti-Plasmodium peptides or insect-specific toxins into
the An. gambiae genome (Carlson, 1995; Ren, 2008; Ren and Rasgon, 2010).
Although improving genetic engineering techniques may accelerate the
development of AgDNV and other viruses against anophelines much research
is still required (Terenius, 2008; Ward, 2001).

Bacteria
Two bacterial microbes of the class Bacilli, Bacillus thuringiensis var.
israelensis and B. sphaericus, have dominated the arsenal of biological control
tools against anopheline larvae in terms of operational use. The
mosquitocidal strains of B. thuringiensis var. israelensis (serotype H-14) and
B. sphaericus were commercialised soon after their discovery during the mid1970s (Charles and Nielsen-LeRoux, 2000). Commercial products of B.
thuringiensis var. israelensis include Vectobac®, Bactimos®, and Teknar®,
while VectoLex® is the commercial name for a B. sphaericus-based product
(Lacey, 2007). Both B. thuringiensis var. israelensis and B. sphaericus produce
crystals that dissolve and release δ-endotoxins, which bind to specific
receptors in the mosquito larva’s midgut. These δ-endotoxins disrupt the
midgut epithelium, allowing an ionic flow into the hemolymph which is
followed by gut paralysis and septicemia after spore germination (Charles,
1996; Gill, 1992). In the field, B. sphaericus has a longer residual effect than B.
thuringiensis var. israelensis (Pantuwatana, 1989; Zahiri, 2004). Resistance
has been reported to develop rapidly against B. sphaericus in Culex larvae
(Nielsen-LeRoux, 2002; Yuan, 2000). There are no reports of resistance in
anopheline larvae against B. sphaericus. However, in field trials against
Anopheles larvae both B. thuringiensis var. israelensis and B. sphaericus were
used alternately to reduce any chance of resistance development (Fillinger
and Lindsay, 2006; Fillinger, 2008; Majambere, 2007; Mulla, 2003).
As anopheline larvae are surface feeders (Box 1), formulations of B.
thuringiensis var. israelensis and B. sphaericus that spread over the water
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Fungi
Fungus species belonging to various phyla have shown potential for the
control of anopheline larvae. In this section, we consider both true and
Anamorphic fungi. Presently, true fungi are known to consist of six phyla in
total including Microsporidia, Chytridiomycota and Zygomycota. The four
genera (Aspergillus, Culicinomyces, Beauveria, Metarhizium) of Anamorphic
fungi described here belong to the class Hyphomycetes (Ainsworth, 2008).
Nosema algerae
Nosema algerae, a microsporidian (Phylum, Microsporidia), was isolated from
An. stephensi in 1970 (Vavra and Undeen, 1970). The ingested microsporidian
spores germinate in the larval midgut and cause an infection (Undeen, 1976).
Nosema infection not only reduces larval survival but also pupal survival, as
well as reducing the fecundity of resulting adults (Haq, 1981; Nugud and
White, 1985). Infection at the larval stage was also found to lead to immune
priming (increased immunity against a parasite due to previous experience,
not necessarily with the same parasite) (Moret and Siva-Jothy, 2003). When
An. stephensi larvae were infected with Nosema, a subsequent infection with
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surface are better in controlling them. Floating bait formulations of B.
thuringiensis var. israelensis were 40-70 times more effective against An.
stephensi, An. albimanus and An. quadrimaculatus than unformulated B.
thuringiensis var. israelensis and B. sphaericus (Aly, 1987). Granule (water
dispersible and corn granules) formulations are suitable for the control of
anopheline larvae (Fillinger, 2003; Fillinger and Lindsay, 2006; Fillinger, 2008;
Majambere, 2007; Shililu, 2003). Anopheline larvae are susceptible to B.
thuringiensis var. israelensis treatment throughout their development, except
for the late fourth instar (Lacey, 1988b). The reduced susceptibility of late
fourth instar larvae is due to reduced ingestion rates. Unlike the case with
viruses there are no reports that the bacterial infection at the larval stage is
carried over to the pupal stage.
Field application of B. thuringiensis var. israelensis and B. sphaericus
against anopheline larvae has been carried out in a variety of habitats and
many countries including India, Eritrea, Gambia, Kenya and Tanzania
(Fillinger, 2004; Fillinger, 2008; Fillinger, 2009a; Haq, 2004; Kumar, 1998;
Lacey, 2007; Shililu, 2003). These field applications not only proved the
effectiveness of B. thuringiensis var. israelensis and B. sphaericus to control
Anopheles larval population under natural conditions but also showed it to be
cost-efficient. In addition, the field applications provided practical guidelines
for operational use of B. thuringiensis var. israelensis and B. sphaericus. The
cost-effectiveness and guidelines together with the availability of commercial
products have made it convenient to use B. thuringiensis var. israelensis and
B. sphaericus for larval control (Federici, 1995; Fillinger and Lindsay, 2006;
Fillinger, 2008; Fillinger, 2009a; Lacey, 2007).
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Box 1: Key characteristics in the biology of Anopheles mosquitoes and their
relevance for application of larval control tools
Hatching
Larva is fully adapted to living in water (restricted to breeding site, limited
avoidance of control tools)
Larva cannot survive dry conditions (drainage or filling of breeding site is effective)
Growth and development
Extrinsic (temperature, nutrition, larval density etc.) factors determine the
development rate (low development rate increases the chance of parasitism and
predation)
Conditions faced during growth and development affect adult longevity and
fitness (effect of larval control tool goes beyond larval stage)
Moulting
Four larval instars (susceptibility to a larval control tool may vary with larval
stage)
Moulting occurs at the water surface (time is spent at the water surface)
Old epidermis is cast off (contact poisons less effective)
New epidermis is soft (opportunity for tools that penetrate the cuticle)
Feeding
Takes place at the water surface (time is spent at the water surface)
Food particle size 0.45µm-1mm (stomach poisons need to be within this particle range)
Late fourth instar feeds less (stomach poisons less effective)
Breathing
Takes place at the water surface (time is spent at the water surface)
Larva breaths atmospheric oxygen (asphyxiation occurs if larva is prevented
from contacting the air-water interface)
Cutaneous respiration can be adequate but depends on the concentration of
dissolved oxygen (larva can survive without atmospheric oxygen)
Oviposition
Most species prefer sunlit, fresh and clear water with little or no movement
Habitat size range from small (hoof print, puddles etc.) to large (rice paddies,
marshes, lakes etc.)
Breeding sites can be natural (pools, small streams, depressions in the ground
etc.) or man-made (over-head tanks, irrigation ditches, borrow pits etc.) (variety
of control tools is required)
Sources: (Clements, 1992; Hay, 2004; Killeen, 2002b; Sinka, 2010a; Sinka, 2010b)

Plasmodium at the adult stage was less successful. Anopheles stephensi larvae
exposed to Nosema algerae spores and later, at the adult stage, to
Plasmodium yoelli, had 85 and 70% fewer oocysts in the midgut after nine
and 14 days, respectively (Schenker, 1992). Similar reductions in the number
of oocysts were also observed when Nosema-treated An. stephensi were
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Coelomomyces species
All species in the genus Coelomomyces (Phylum, Chytridiomycota; Class,
Chytridiomycetes) are obligate parasites of insect larvae and, except for
Coelomomyces notonectae, they all parasitise mosquitoes (Laird, 1956).
Surveys of C. punctatus and C. dodgei infections in natural populations of An.
quadrimaculatus and An. crucians over a period of two and a half to four and
a half years in a lake at North Carolina and two ponds in Louisiana showed
two consistent results. First, natural infection levels decreased over years and
second, fungus infection lengthened the development time of the larvae
(Chapman and Glenn, 1972; Umphlett, 1970). An extensive list of laboratory
and natural Coelomomyces infection was compiled by McNitt and Couch
(1977). In the laboratory, repeatable infection rates with Coelomomyces
were successfully achieved only after the discovery that copepod species are
obligate intermediate hosts in the Coelomomyces life cycle (Whisler, 1975). In
the presence of Cyclops vernalis, Federici and Robert (1976) infected An.
quadrimaculatus with C. punctatus. Infections were also detected beyond the
larval stage (see Box 1), namely in the pupae and adults of An.
quadrimaculatus that developed from the surviving larvae. In another study,
Federici and Chapman (1977) infected An. quadrimaculatus larvae with C.
dodgei in the presence of C. vernalis. This study provided an insight into the
life cycle of Coelomomyces. Infected copepods harbour differentially
pigmented mycelia which develop into gametangia. The gametangia produce
male and female gametes, which fuse to form zoospores and these zoospores
cause infections in mosquito larvae. Resting sporangia, formed in the larvae
as a result of the infection, produce meiospores. The meiospores in turn
infect the copepods, thus completing the life cycle.
Studies to optimize the production of C. dodgei gametangia showed
that highest infection rates are obtained when 72-hour-old C. vernalis are
infected with meiospores (Federici and Chapman, 1977). Apart from the age
of copepods, the age of mosquito larvae and the relative sizes of both the
copepods and mosquito population influence the development and
progression of epizootics (Apperson, 1992a). Anopheles quadrimaculatus
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exposed to P. falciparum (Margos, 1992). Bargielowski and Koella (2009)
showed that adults that developed from An. gambiae larvae exposed to
another microsporidian, Vavraia culicis, had a reduced likelihood (59 vs. 82%)
and intensity (8.9 vs. 20.7 oocysts) of infection by Plasmodium berghei. In the
field, utilising the potential of N. algerae has been hindered by low infection
rates observed in nature and the required uneconomic application rates
(Federici, 1995). Nosema algerae is an opportunistic parasite. Infection with
N. algerae spores have been shown to develop progressively in corn earworm
(Heliothis zea), backswimmer (Notonecta undulata), mice tissue and human
muscle (Cali, 2004; Trammer, 1997; Undeen and Maddox, 1973; van Essen
and Anthony, 1976).
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larvae develop infections mostly at dusk. This coincides with the time that
fused or un-fused gametangia are released by infected cyclops (Apperson,
1992a; Apperson, 1992b). Two other copepods, Acanthocyclops robustus and
Mesocyclops edax were also found to be competent intermediate hosts for C.
punctatus (Apperson, 1992b). In the laboratory, Philippine and Thai strains of
C. indicus infected An. indefinitus and An. culicifacies but not An. maculatus,
An. gambiae, An. stephensi, An. freeborni, An. quadrimaculatus and An.
philippinensis (Whisler, 1999). Despite much research aimed at utilizing the
potential of Coelomomyces as a biological control tool of mosquitoes, the
complexity of its life cycle has been a hindrance in the development of a
culturable inoculum (Scholte, 2004). Recent research identified Potamocypris
unicaudata (Crustacea, Ostracoda), which is easily reared and can be stored
for long periods, as the intermediate host. This could renew interest in
Coelomomyces research (Whisler, 2009).
Smittium species
Smittium morbosum is the only species of the genus Smittium (Phylum,
Zygomycota; Class, Trichomycetes) that has been reported to be pathogenic
to mosquitoes. The remainder of Smittium species (e.g., S. culisetae) are
known to have a commensal relationship with their host (Horn and
Lichtwardt, 1981). Aedes aegypti larvae subjected to suboptimal nutrition
(without ribo-flavin, pyridoxine or nicotinamide), were more likely to develop
into the next larval instar or pupal stage if S. culisetae was present than when
S. culisetae was not present. The free growing mycelia of S. culisetae were
also a source of sterol and, therefore, led to better growth of Ae. aegypti
larvae (Horn and Lichtwardt, 1981). Unlike S. culisetae, which infects the hind
gut of larvae and is shed during moulting (thereby compromising control, see
Box 1), S. morbosum develops in the midgut. An infection with S. morbosum
was shown to be carried from the larval to adult stage of An. hilli. Sweeney
(1981a) mentioned a natural infection by a Smittium sp. in an An. gambiae
colony reported by Coluzzi (1966) ). Although S. morbusum has been reported
to cause high mortalities in An. hilli and An. annulipalpis larvae in the
laboratory, moderate or high mortalities have never been found in the field
(Scholte, 2004).
Aspergillus species
Among the Hyphomycetes genera that have been isolated from insects,
Aspergillus has been least studied for mosquito control (Seye, 2009). The
infective conidia are asexual and produced on conidiophores (de Hoog, 2000).
Aspergillus parasiticus, isolated from An. gambiae larvae caused 100%
mortality in the first instars in the laboratory. The mortality rate decreased to
60% mortality in fourth-instar larvae, showing that the larval stages are
differentially susceptible to the fungus (Box 1). Aspergillus parasiticus
infection of the larval stage also reduced the number of gonotrophic cycles in
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Culicinomyces species
Similar to Aspergillus, the infective stage of Culicinomyces is the asexual
conidium. The infection sites are the foregut and hindgut regions of the
digestive tract (Sweeney, 1975). Anopheles punctipennis, An. stephensi and
An. quadrimaculatus larvae were successfully infected with Culicinomyces
clavosporus in the laboratory (Couch, 1974). The lethal concentrations of
Culicinomyces, that had been stored at -70 °C for a period up to six months,
was determined by exposing An. hilli larvae to various doses. The median
lethal dose of Culicinomyces decreased from 2 × 103 conidia/ml before
storage to 1.2 × 103 conidia/ml after six months of storage despite a
reduction in viability from 70 to 50%. The result showed that storage at -70 °C
had no effect on the potency of Culicinomyces conidia against the larvae
(Sweeney, 1981b).
Beauveria species
Beauveria species have a world-wide distribution. The infective stage is the
conidium which germinates and penetrates the host cuticle after attachment.
Inside the host, mycelium is formed and this produces metabolites. The
mortality of the host is caused by the combination of metabolites produced
during the growth of fungal mycelium and disruption of the host tissues.
Beauveria species produce many metabolites with various properties, e.g.
beauvericin, bassianin, bassianolide, oxalic acid and oosporein (Strasser,
2000). Among them, beauvericin is the most important. Beauvericin is also
produced by other fungi such as Paecilomyces spp. and Fusarium spp.
(Strasser, 2000; Zimmermann, 2007a). It is a hexadepsipeptide with
insecticidal, antibiotic, cytotoxic, and ionophoric properties (Zimmermann,
2007a). Beauvericin showed toxic activity against Ae. aegypti larvae in the
laboratory (Gupta, 1995). The toxicity of beauvericin is known to persist in
sterile seawater for at least 3 but not more than 8 weeks (Genthner, 1994a;
Strasser, 2000). The toxicity and insecticidal activity of bassianin is generally
unknown. Bassianolide is a cyclo-octadepsipeptide with antibiotic and
ionophoric properties similar to beauvericin (Strasser, 2000). Oxalic acid
solubilises specific cuticular proteins and is, therefore, considered to play an
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the females as well as reducing the egg hatch rate. The optimum temperature
for germination of A. parasiticus is 25 - 28°C (Nnakumusana, 1985). Six
species of Aspergillus (A. flavus, A. fumigatus, A. niger, A. ochraceus, A.
terreus and A. versicolor) were isolated from An. stephensi larvae that were
exposed to water samples collected from buffalo wallows, water tanks and
the river Gomti in India (Sur, 1998). Aspergillus clavatus isolated from a locust
caused 95% mortality in An. gambiae larvae in the laboratory. The A. clavatus
conidia invaded the gastric caeca in these infected larvae (Seye, 2009). Field
studies are still required to determine the potential of Aspergillus as a
mosquito control tool.
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important role in fungal pathogenicity (Zimmermann, 2007a). Oosporein is
the major secondary metabolite of B. brongniartii and some isolates of B.
bassiana (Strasser, 2000; Zimmermann, 2007a). It is a red-coloured
dibenzoquinone and reacts with proteins and amino acids through redox
reactions causing enzyme malfunction (Strasser, 2000).
In a laboratory study, conidia of Beauveria bassiana were found to be
more effective against An. albimanus larvae when dusted over the water
surface compared to submerged conidia. The main infection site are
perispiracular lobes and the head region. The conidia remain fixed in the oily
coating of the stigmal plate and are protected from being washed off, when
the larva submerges, by the folding of perispiracular lobes (Clark, 1968). The
fungal development occurs in the larval gut (Miranpuri and Khachatourians,
1991). Apart from entering through the cuticle, fungal conidia enter the larval
body by ingestion. A species of Beauveria (B. tenella), isolated from Cx.
fatigans (now Cx. quinquefasciatus) larvae collected at Pondicherry in India,
infected An. stephensi in the laboratory. Similar results were also shown by B.
bassiana conidia against An. stephensi larvae. Second instars were found to
be more susceptible compared to third instars (Geetha and Balaraman, 1999).
Although many commercial products of Beauveria exist, none of them
are targeted against mosquitoes (Scholte, 2004; Zimmermann, 2007a).
Conidia of Beauveria spp. are very sensitive to environmental conditions such
as temperature, humidity and solar radiation which is a major hindrance in its
utilisation against mosquito larvae (Zimmermann, 2007a). In general, conidia
of Beauveria spp. are considered non-toxic and non-infectious for aquatic
organisms such as crustaceans (Daphnia magna), grass shrimp (Palaemonetes
pugio) and mysid shrimps (Americamysis bahia). The metabolite beauvericin,
however, was shown to be toxic against the mysid shrimp at a median lethal
dose (LC50) of 0.56 mg/L in the laboratory (Genthner, 1994a; Zimmermann,
2007a). Although there are reports of B. bassiana infection in collembolans,
beetles and parasitic wasps (Aphidius colemani) when exposed under
laboratory conditions, field investigation reveal no adverse effects. The
embryos of inland silverside fish (Menidia beryllina), ruptured and/or died
when exposed to B. bassiana at concentration levels between 8.3 x 104 and
1.5 x 106 conidia/ml. Higher concentrations (≥ 9.6 x 106 conidia/ml) did not
affect embryos significantly (Genthner and Middaugh, 1992). Beauveria
bassiana conidia did not cause mortality in leopard frogs (Rana pipiens) that
were fed on fungal suspension containing 9.8 x 108 conidia and fungus was
not recovered from any tissue. The oral LD50 of B. bassiana conidia in quail
and rats is > 2 g/kg. Thus far, no serious detrimental effects have been
reported after application of Beauveria species (Zimmermann, 2007a).
Metarhizium species
The genus Metarhizium also has a worldwide distribution. The infection
process is similar to that of Beauveria. Anopheles stephensi and An.
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albimanus were found to be susceptible to Metarhizium anisopliae (Crisan,
1971; Daoust and Roberts, 1982; Ramoska, 1981a; Riba, 1986). Ramoska et al.
(1981) showed that when M. anisopliae conidia were formulated in sand and
tested against second instar An. albimanus larvae, their efficacy was reduced.
The reduction was due to the lower number of spores available on the water
surface, which is the feeding site of anopheline larvae (see Box 1). The
virulence of M. anisopliae strains against larvae can be increased by insect
passaging (Daoust and Roberts, 1982). Unformulated conidia can be stored
for almost one year at 4 - 26 °C with relative humidity either zero or very high
(97%), without affecting their virulence. Conidia stored under such conditions
for one year still caused 96% mortality in An. stephensi (Daoust and Roberts,
1983). Apart from conidia, filtrates of M. anisopliae cultures were tested
against first- and fourth-instar An. stephensi larvae and found to be effective.
The fourth instars of An. stephensi were more susceptible to the culture
filtrates than the first instars (Mohanty, 2008b). Destruxins are the most
important metabolites produced by M. anisopliae (Zimmermann, 2007b).
Destruxins are found in many different forms but the basic structure consists
of five amino acids and an α-hydroxy acid. Destruxins are toxic but the
symptoms of toxicity vary between insect species from reduced growth and
development to paralysis (Strasser, 2000). Metarhizium anisopliae conidia
also produce chymoelastase, a cuticle-degrading enzyme, and a trypsin-like
protease. Contact between the M. anisopliae conidia and the cuticle of
mosquito larvae causes an increased production of chymoelastase and
trypsin-like protease (Mohanty, 2008a). Commercial products of M.
anisopliae exist but not for mosquito control. As with B. bassiana, viability
and germination of M. anisopliae conidia are influenced by environmental
conditions such as temperature, humidity and solar radiation (Zimmermann,
2007b). Metarhizium has a broad host range, which increases the chances of
non-target effects. Embryos of silverside fish, grass shrimps, and frogs
showed eye spot abnormalities when exposed to M. anisopliae (Genthner
and Middaugh, 1995; Genthner, 1998). Rana pipiens showed no mortality
when fed with a fungal suspension containing 1 x 10 9 M. anisopliae conidia
and no M. anisopliae was recovered from any tissue of the frog. The oral LD50
of M. anisopliae in rats is >2g/kg. Natural infections of M. anisopliae have
been found in mammals and humans; however, experimental infections had
no adverse effect on mammals. Metarhizium anisopliae is, therefore,
considered safe for use as a biological control tool with minimal risks
(Zimmermann, 2007b).
In addition to the above-mentioned fungi, species of Fusarium
(Anamorphic) and Trichophyton have been tested in the laboratory against
anopheline larvae. However, only a few studies have been done on these
fungal species (Mohanty and Prakash, 2004; Scholte, 2004; Sur, 1998).
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Oomycota
Oomycota is a phylum in the kingdom Chromista. Chromistans differ from
true fungi due to their cell wall composition. The cell wall of true fungi
contains chitin and β-glucan whereas the cell wall of Chromistans does not
contain chitin and β-glucan and is often cellulosic (Ainsworth, 2008). Three
oomycete genera have been studied as biological control tools against
anopheline larvae, i.e., Leptolegnia, Pythium and Lagenidium. Among
Lagenidium only one species, L. giganteum, was found to be a facultative
mosquito parasite (Scholte, 2004).
Leptolegnia species
It is actually the free swimming zoospores of Leptolegnia spp. that infect
larvae. All larval stages are infected by invasion of the cuticle while young
larval stages are commonly infected by feeding. Anopheles quadrimaculatus
and An. albimanus were found to be infected when exposed to sporulating
Leptolegnia at 25 °C. Temperatures higher than 29 °C were found to reduce
the infection percentages (McInnis and Zattau, 1982). Leptolegnia caudata
was isolated from An. culicifacies larvae in India and shown to be pathogenic
in the laboratory causing 100% mortality in second instars (Bisht, 1996).
Leptolegnia chapmanii, isolated in Argentina from Ochlerotatus albifasciatus
larvae, also caused 100% mortality in larvae (third instar) from unidentified
Anopheles spp. (Lopez Lastra, 2004). Leptolegnia chapmanii was also effective
against An. gambiae (Nnakumusana, 1986). Studies to determine the hostrange of L. chapmanii showed that infection developed only in chironomid
and nematoceran larvae among the various species tested, ranging from
crustaceans to amphibians (Lopez Lastra, 2004; Nnakumusana, 1986).
Pythium species
A Pythium species was isolated from Ae. sierrensis after high mortality was
observed during a field collection in California. In the laboratory, infection
rates were found to be high only in An. freeborni larvae that were pinched
with a forceps and, therefore, injured (Clark, 1966). In another study Pythium
spp. caused nearly 100% mortality in An. gambiae larvae. Susceptibility to
fungus infection decreased with larval development and fourth instars were
least susceptible. The optimum temperature range for infection was 25 - 28 °
C (Nnakumusana, 1985). Although Pythium spp. were isolated from an An.
gambiae larva, sensitivity to temperature and the fact that infections were
detected mostly in injured larvae shows that the larvicidal potential of this
fungus against anopheline larvae is not suitable for use in the field (Clark,
1966; Nnakumusana, 1985).
Lagenidium giganteum
Lagenidium giganteum, a facultative parasite of mosquito larvae, has two
infectious stages, i.e., the asexual zoospores and the sexual oospores
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(Federici, 1995). To produce zoospores, L. giganteum requires the presence
of exogenous steroids. The steroids found in An. stephensi larvae reared
under simulated natural conditions were found to be optimal for
zoosporogenesis (Warner, 1984). The first and fourth instars of An. stephensi
were found to be less susceptible to an infection (Box 1). Lord and Robert
(1987) concluded that the small currents produced by first instars while filter
feeding prevented the zoospores swimming just below the water surface
from reaching the larvae. In the case of fourth instars, the thick cuticle was
considered impenetrable for the zoospores. Larvae that survived carried their
fungal infection to the pupal stage.
When metabolites of L. giganteum were tested against An. stephensi
larvae, only the fourth instars was found to be less susceptible (Vyas, 2007). A
formulation consisting of floating alginate capsules containing L. giganteum
had an improved efficacy against An. quadrimaculatus (Rueda, 1991). It was
observed that although a large number of zoospores attached to An. gambiae
larvae, a strong defense reaction in the form of melanisation reduced the L.
giganteum infection rate by 57% (Golkar, 1993).
An aerial application of L. giganteum zoospores and oospores in rice
fields resulted in more than 90% mortality of An. freeborni larvae. A largescale single aerial application in fresh-water breeding sites caused a marked
reduction in an An. freeborni population for 15 days (Federici, 1995; Kerwin
and Washino, 1986 and 1987 and Kerwin, 1988). Zoospores were found to be
too fragile for operational use. The oospores were considered better for field
application because of their thick wall (Federici, 1995; Kerwin and Washino,
1988). Oospores were observed to cause a reduction of larval populations
even after overwintering (Kerwin and Washino, 1988). Two non-commercial
formulations of L. giganteum tested in rice paddies in Taiwan were
considerably different in their efficacy against An. sinensis larvae and pupae
(Teng, 2005). This and another pilot study by Kervin et al. (1994) underscore
the importance of a suitable formulation and production system for L.
giganteum (Kerwin, 1994). There was no non-target effect of L. giganteum
observed in Daphnia pulex, cyclops, Lymnea auriculeta (pond snail) or
tadpoles of Rana tigrina (Vyas, 2007). Viable zoospores were reported to
cause infections in Ceriodaphnia dubia (water flea), Daphnia magna,
Chironomus tentans but at an LC50 (96 hours exposure) 10 times higher than
that of Ae. aegypti larvae (Nestrud and Anderson, 1994). Oral or
intraperitoneal introduction of zoospores and mycelia showed that
Lagenidium was safe for fish, mallard ducks, mice and bobwhite quail
(Kerwin, 1988; Kerwin, 1990).
A commercial product, Laginex™, existed up to 1999 (Scholte, 2004).
The product was withdrawn later for unclear reasons, however, there are
unsubstantiated reports of health issues in workers involved in the
commercial production of Laginex™.
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Water Fern
Water fern (Azolla) grows symbiotically with blue-green algae, Anabaena
azollae. Azolla can completely cover the water surface and form a thick
floating mat. Azolla mats were shown to reduce oviposition and adult
emergence of Cx. quinquefasciatus from cement water tanks. Adult
emergence was reduced due to mortality at the pupal-adult stage
(Amerasinghe and Kulasooriya, 1985). Bao-lin (1988) referred to Lu et al.
(1987) who showed that Azolla cover reduced adult emergence of An.
sinensis from 96 to 15%. In a field study carried out in rice paddies, 80%
coverage with introduced Azolla microphylla, caused 54% reduction in larval
density but no reduction in the pupal density of anophelines. During the
whole rice crop period there was a 49% reduction in larval density due to
Azolla treatment (Rajendran and Reuben, 1991). Similarly in Tanzania, a
survey showed that brown or green coloured Azolla were frequently found in
larval breeding sites and low larval density (<50/m 2) of anophelines (mostly
An. funestus) was found associated with >80% Azolla coverage (Mwingira,
2009). During an entomological survey at Mwea irrigation scheme, in Kenya,
Azolla was recognised as a mosquito control measure employed by the local
farmers, but its effect on mosquito density could not be analysed (Okech,
2008). However, in a recent study at the same scheme, Azolla cover was
found to be negatively associated with anopheline larval abundance
(Mwangangi, 2010). The mosquito control potential of Azolla can be utilised
in rice paddies where it is beneficial also because of its ability to fix nitrogen.
Apart from Azolla, no other plants are reported to have a negative impact on
anopheline larval populations.

Animals
Parasitic nematodes
Mermithid nematodes have been found in many anopheline larvae. The
parasite eggs develop soon after they are laid in the water, and upon
hatching the free swimming preparasitic stage enters the host by penetration
of the cuticle. The parasitic mermithids develop in the abdomen of the hosts
and emerge once mature. A study by Petersen and Willis (1972) (cited by
Petersen, 1973), showed that introduction of Reesimermis nielseni in two
rice fields in central California at the rate of 500 and 1000 preparasitic worms
per square yard resulted in about 50 and 80 - 85% parasitism, respectively, in
first, second, and third-instar An. freeborni. In another study, Diximermis
peterseni was introduced into artificial ponds containing larvae of An.
quadrimaculatus. A high parasitism rate (96%) was observed immediately
after the introduction of the parasites and parasitism was observed, although
at varying rates, for the following three and a half years (Petersen and Willis,
1974). This study showed the ability of mermithids to establish in a breeding
site but also emphasized that techniques for mass production need to be
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Arthropods and Amphibians
Jenkins (1964) listed nearly 220 arthropod predators of mosquito larvae.
Service identified 39 arthropod and 2 amphibian predators of mosquito
larvae by serological analysis in rice paddies at Ahero irrigation scheme in
Kenya. Most of the predators belonged to the insect orders Coleoptera,
Hemiptera, Odonata and Diptera. As a result of insecticide
spraying in these rice paddies, An. gambiae larvae and predators were killed.
Anopheles gambiae reestablished earlier than the predators and it could,
therefore, be estimated that predation accounted for nearly 84% of the larval
mortality (Service, 1977). The presence of predators can also have an indirect
effect on larval populations. For example, An. gambiae females laid fewer
eggs in oviposition sites containing water that was conditioned by keeping 10
predatory backswimmers per liter in it for three days (Munga, 2006).
Copepods (crustaceans) have also been tested and observed for their
predatory activity against An. stephensi and An. quadrimaculatus in
laboratory and rice fields (Kumar, 2008; Marten, 2000).
In nature, predators can only establish in semi-permanent (rice
paddies) or permanent large breeding sites. Compared to the 41 predator
species found in rice fields, only 17 predators were recognised in small pools
and ponds (Service, 1977). In small and/or temporary breeding sites,
characteristic of urban areas, larval control through the use of natural
predators is probably limited (Sunahara, 2002). However, predators suitable
for small breeding sites, e.g., mosquito larvae (Cx. tigripes and Toxorhynchites
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developed. For a larger field trial, mass production of the parasite was
successfully achieved (Petersen, 1978a). At the field site, lake Apastepeque in
El Salvador, a 94% reduction in the An. albimanus larvae was recorded
(Petersen, 1978b). In another study, all breeding sites around El Valle town, in
Colombia, were treated with R. culicivorvax. Romanomermis culicivorvax
established in the breeding sites for 2 - 3 years and caused 90% reduction in
the anopheline larvae within eight months and adult female mosquitoes
caught (with human baits) within two months. A major accomplishment of
the study was that malaria prevalence in school children declined
progressively from 21 to 0.81% in two years during the study. After 3 years R.
culicivorvax was no longer detected at the treated sites (Rojas, 1987). In a
host-range study, R. iyengari showed no impact on the general health of
selected vertebrates, i.e., Gambusia fish, adult mice, guinea pigs, rabbits or
fowl, when introduced by intravenous, intraperitoneal, intradermal,
subcutaneous and oral routes (Gajanana, 1978). Commercial production of R.
culicivorvax is restricted because the survival time of the infective
juveniles is short. At low temperature the survival time is longer (2 - 3 days)
but the infectivity rate is reduced (Brown and Platzer, 1977; Song, 2001). In a
review by Platzer (2007), continuing commitment was considered essential
for exploitation of mermithids against mosquito larvae (Platzer, 2007).
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splendens) and shore flies (Ochthera chalybescens) may provide better
control (Appawu, 2000; Minakawa, 2007; Panicker and Bai, 1983). To use the
potential of predators for larval control it is important to study their ecology,
identify the efficient predators and evaluate their potential in the field.
Fish
A considerable number of studies has been undertaken to exploit the
potential of larvivorous fish species for malaria vector control. The potential
of larvivorous fish was identified as early as 1901 (Gerberich, 1946). In a list of
studies related to the use of fish for mosquito control compiled by Gerberich
and Laird (1968), as mentioned by Laird (1970), 719 studies had been carried
out between 1901-1966. The genera of larvivorous fish studied for their
efficacy to prey on mosquitoes include Aphanius, Aplocheilus, Colista,
Chanda, Oryzias, Danio, Macropodus, Carassius, Gambusia, Poecilia,
Nothobranchius, Xenentodon and Oreochromis (Chandra, 2008).
In 1967, exotic Gambusia affinis were operationally introduced to wells
of Hyderabad city in India. Based on the larval densities recorded for the
following two years, the authors concluded that, although fish were quite
effective in keeping down larval densities, they could never completely
replace chemicals (Sitaraman, 1975). However, a study in Burao district of
northern Somalia provided more encouraging results. Stocking of locallypresent Oreochromis (Tilapia) spilurus spilurus (1 fish/3 m2 water surface) in
rain-water storing cemented tanks for 2 years reduced the adult mosquito
density caught per room from 2.3 to zero. Malaria prevalence also declined
from 20% to zero while in the control area the initial and final malaria
prevalence rates were 15 and 13%. This suggested a complete interruption of
malaria transmission (Alio, 1985). Oreochromis spilurus spilurus is chlorinetolerant so can be used in chlorine-treated breeding sites as well (Fletcher,
1993; Mohamed, 2003). Rice fields stocked with edible fish e.g. common carp
(Cyprinus carpio), grass carp (Ctenopharyngodon idella) and Tilapia spp.
(Oreochromis) resulted in a marked decrease in malaria transmission and also
provided a source of animal protein to the local community in Guangxi, China
(Wu, 1991). Poecilia reticulata and two edible fish species, Tilapia
mossambica and Cyprinus carpio, were introduced into rice fields in Central
Java (Indonesia) in 1979. When water was drained, fish could survive in pits
dug in a corner of every plot until the plots were reflooded for the next rice
crop. By the use of fish alone, the mean number of An. aconitus decreased
from 13.7 larvae/m2 per day in 1979 to 5 larvae/m2 per day in 1984. Similarly,
malaria prevalence (as measured by the slide positivity rate) reduced from
16.5% in 1979 to 0.2% in 1984 (Bang, 1987). WHO recommended the use of
indigenous fish species for larval control to prevent replacement of local fish
species (WHO, 1982b). During 1987 - 1988 a randomized trial was carried out
in Ethiopia with Aphanius dispar, an indigenous fish known to consume 150 200 fourth instars in a day. Aphanius dispar was stocked biweekly or monthly
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Tools for physical control
Physical control of anopheline larvae aims to reduce their population size by
physical or mechanical means. Physical control tools available for anopheline
larvae include surface films, polystyrene beads and environmental
management.

Surface films
When used for larval control surface films differ from petroleum oils by their
non-toxic mode of action (Garrett and White, 1977; Hagstrum and Mulla,
1968). These films reduce the surface tension of water which in turn
prevents the larvae and pupae from breathing (Box 1) and causes soaking and
sinking of mosquito eggs (Garrett and White, 1977). The adults that alight on
the treated surface, e.g., for oviposition, also drown (Lorenzen and Meinke,
1968). Garrett and White (1977) characterised good surface films as the ones
that can reduce surface tension to below 36 dynes/cm, displace natural films,
easily and rapidly spread on water, are non-ionic, non-volatile, non-toxic,
flexible and available commercially at reasonable cost.
The first surface film extensively studied was lecithin (Reiter and
McMullen, 1978; Reiter, 1978a, 1978b and 1980). In 1977, at Ahero irrigation
scheme in Kenya a 50% lecithin and kerosene solution was applied 30 acres of
rice paddies. At five litres/hectare, the solution reduced the An. gambiae s.l.
larval and pupal population by 46 - 70% for 11 days. After 14 days the effect
was no longer observed (Reiter, 1980). This study revealed that dissolved
oxygen had an important role in reducing the efficacy of surface films. Larvae,
unlike pupae can make use of dissolved oxygen through cutaneous
respiration. Less than 30% dissolved oxygen is required for the film to be
effective. Rainfall, irrigation, high temperature and photosynthesis of the
algae increased the dissolved oxygen concentration in the rice paddies,
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in barrels, cisterns, wells and washbasins. Only 0.1% of the breeding sites that
were stocked with fish, harbored anopheline larvae (Fletcher, 1992). In
western Kenya, introducing edible Oreochromis niloticus (2 fish/m2) into
abandoned fishponds caused 94% reduction in An. gambiae s.l. and An.
funestus larvae within 15 weeks (Howard, 2007). A report, published by the
WHO provides guidelines for incorporating larvivorous fish into control
programmes (WHO, 2003). Without doubt, fish are one of the most
successfully employed predators for mosquito control. Their use has high
public acceptance and is cost-effective (Fletcher, 1992; Walker and Lynch,
2007). However, it is necessary to have a fish hatchery and distribution
programme for restocking after dry seasons and for control of containerbreeding anopheline larvae, which can be expensive (Fletcher, 1992; Walker
and Lynch, 2007). This is probably the reason why despite their efficacy fish
have not been utilised to their full extent in malaria control programmes in
Africa.

Review: Non-chemical tools for larval control

thereby obstructing the effect of the surface film.
Further studies on surface films were based on four commercial
products: BVA 2, Golden Bear (GB-1111®), Arosurf® MSF (ISA-2OE or 66-E2)
and Agnique® MMF (Floore, 1998; Nayar and Ali, 2003). BVA 2 and Golden
Bear (GB-1111®) are petroleum-based products and the fact that they cause
larval mortality within 24 hours suggests a certain degree of toxicity. Arosurf®
MSF and Agnique® MMF are chemically identical (ethoxylated isosteryl
alcohol), and are made from renewable plant oils. Agnique ® MMF is
chemically purer than the Arosurf® MSF and is easier to mix with other oils
and water (Nayar and Ali, 2003).
In the laboratory Arosurf® MSF (0.04 - 0.56 ml/m2) was effective
larvae and pupae of An. albimanus, An. quadrimaculatus and An. stephensi
(Das, 1986; Garrett and White, 1977; Levy, 1982a; Perich, 1987). However,
different life stages were differentially susceptible (Box 1): in general, pupae
were the most susceptible, followed by third-fourth instar larvae and firstsecond instars. Arosurf® MSF (0.04 - 1.12 ml/m2) was also effective against
larvae and pupae of An. albimanus, An. quadrimaculatus, An. arabiensis, An.
crucians, and An. stephensi when tested in a variety of breeding sites
including irrigation ditches, ponds, rice fields, slow-moving streams, sewage
ponds, cess pits, cement tanks, drains and wells (Das, 1986; Garrett and
White, 1977; Karanja, 1994; Levy, 1982a; Levy, 1985; Perich, 1990). Agnique®
MMF was found to be equally effective when tested in India and Sudan
against An. stephensi and An. arabiensis, respectively (Bashir, 2008; Batra,
2006).
Studies and general observations in the field showed that
monomolecular films had no adverse effect on fish (Gambusia, killfish) ,
invertebrates (shrimps, crabs, snails, Polychaeta), and aquatic vegetation
(cordgrass, arrow head, mangrove, saltwort and rice plants) (Batra, 2006;
Hester, 1989; Hester, 1991; Karanja, 1994; Reiter, 1980). Nayar and Ali (2003)
concluded that monomolecular films could be used for mosquito control in
areas where the surface films can be maintained undisturbed for sufficient
time to interfere with the suspension of larvae and pupae from water surface
and adult emergence. The limitation of the tested monomolecular films was
their tendency to accumulate around debris and vegetation and flexibility to
wind (Nayar and Ali, 2003).

Polystyrene beads
Polystyrene beads work on the same principle as surface films. They form a
layer on the water surface that inhibits egg laying, reduces larval and pupal
survival and adult emergence. However, polystyrene beads do not cause
ovipositing mosquitoes to drown. Young larvae can survive for several days
after the beads are applied but older larvae and pupae die rapidly under the
bead layer (Curtis and Minjas, 1985). The use of cheap and widely available
polystyrene beads was proposed by Reiter (1978b) and followed by Curtis and
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Environmental management
Each anopheline species has a preference for certain breeding sites. The
preferred breeding sites can be manipulated or modified to reduce
production of that particular anopheline species. An important concept in
environmental management is "species sanitation" which means that
attention should be directed primarily to local anopheline mosquitoes known
to be the principal transmitters of malaria. Environmental management
measures, therefore, depend on a good understanding of mosquito ecology.
Source reduction aims to reduce the number of potential breeding
by e.g. filling, draining or shading them. Source reduction is the most costeffective intervention for malaria vector control (Gu, 2008). Watson (1921),
as mentioned by Gu et al. (2008), described the selective elimination of An.
umbrosus, the main vector in Malaysia, by targeting only the preferred
shaded habitats in wooded areas and malaria control was obtained without
eliminating all larval habitats. Between 1920 and 1935 identification of An.
sundaicus and An. aconitus as the main malaria vector in Indonesia and
modifying their preferred breeding sites by drainage, allowing access to
brackish sea water, etc., led to successful control of these two species
(Takken, 1990). In the case of An. minimus, a malaria vector that breeds along
grassy and shaded banks of stable, clear, and slow-moving streams in
Thailand, it was suggested that the density of larvae could be reduced by
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Minhaj (1985) in Kenya and Tanzania. Polystyrene beads were mostly used
against Culex larvae in pit latrines (Curtis and Minjas, 1985; Maxwell, 1990).
The beads are retained in pit latrines for up to three years after application
(Curtis, 1994). In India, polystyrene beads applied in over-head water tanks
controlled An. stephensi larvae and adult emergence (Chandrahas and
Sharma, 1987). An important factor in using polystyrene beads is their
diameter. The diameter of the beads mostly used was 4-5 mm. Smaller beads
form a more compact layer which is less penetrable and therefore more
effective against mosquitoes of all aquatic stages (Curtis and Minjas, 1985;
Sivagnaname, 2005). Unexpanded polystyrene beads take 30 times less
volume, so expanding them onsite (in boiling water for five minutes) is
suggested to reduce transport costs (Curtis and Minjas, 1985; Sivagnaname,
2005). Polystyrene beads of 2 mm diameter were used to target An. subpictus
and An. culicifacies in shallow gem pits in Sri Lanka. The pupae and fourth
instars were killed in 1-2 days while first instars were killed in 8-9 days. Adult
emergence was completely prevented. However, because of flooding, reexcavation and filling of the gem pits the polystyrene beads were lost or
buried (Yapabandara and Curtis, 2002). Polystyrene beads are effective
against anopheline larvae that breed in stagnant water confined within walls
or containers. However, before polystyrene beads are utilised for larval
control it is important to determine possible methods of disposal and their
impact on the environment.
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increasing the water velocity by, for example, straightening the water
channels or removing edge vegetation (Overgaard, 2002; Overgaard, 2003).
Many developmental projects such as irrigation schemes, construction
of wetlands and dams are known to affect local malaria transmission (Ijumba
and Lindsay, 2001; Keiser, 2005; Russell, 1999). This, however, depends on
the local epidemiological setting, socioeconomic factors, vector management,
and health-seeking behaviour of local residents (Ijumba and Lindsay, 2001;
Keiser, 2005). A study at the Meskebet dam in Ethiopia, demonstrated that
filling, draining or shading of An. arabiensis breeding sites, which included
areas of seepage at the dam base, leaking irrigation canals and pools formed
along the bed of streams from the dam, caused a 49% reduction in adult
mosquito collection from the village near the dam (Yohannes, 2005).
Considering the health risks associated with these developmental projects
during the design and construction phase can prevent the formation of
breeding sites, altogether, as mentioned in the previous study (WHO, 1982a;
Russell, 1999). Environmental management measures are considered to be
effective, have long-term effects and, although the initial expenditure is high,
the long-term costs are comparable with other mosquito control operations
(WHO, 1982a; Takken, 1990).

Discussion
Anopheline larvae can be found in a variety of aquatic habitats (Box 1) and
have specific requirements for breeding in these habitats that could be
targeted for their control. As described above, a large number of nonchemical tools have been explored for the control of anopheline larvae. We
discuss the possible advantage and requirements to develop non-chemical
tools below.

Impacts of larval control tools beyond the larval stage
As mentioned in the description of various larval control tools, the impact of a
larval control tool is not limited to the larval population only. The larvae that
survive treatments can show reduced survival and fitness at later stages of
their life-cycle. Infection of An. gambiae larvae with the fungus Aspergillus
parasiticus is one such example. In the laboratory, susceptibility to A.
parasiticus conidia decreased with larval development. The percentage
mortality was shown to reduce from nearly 100% in first instars to 65% in the
fourth instars. However, the adults that developed from surviving larvae had
a reduced longevity which resulted in fewer gonotrophic cycles and a fewer
eggs. Also, the egg hatching rate was 24 - 47% lower compared to the control.
Dissection of dead female mosquitoes showed mycelial growth in the ovaries
(Nnakumusana, 1985). Similarly, Nosema algerae infection at the larval stage
also reduced the fecundity of the resulting adults (Haq, 1981; Nugud and
White, 1985). In addition, N. algerae also reduced the susceptibility to
Plasmodium infection (Bargielowski and Koella, 2009).
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Combination of complementary larval control tools
Probably every larval control tool has its limitations, but we argue that
combining complementary larval control tools makes it possible to overcome
these limitations and improve their efficacy against anopheline larvae.
Bacillus thuringiensis var. israelensis is effective only against the larvae,
specifically the feeding stages. Late fourth instars are therefore less
susceptible (Lacey, 1988b). Surface films on the other hand affect the egg,
larval, pupal and adult (emerging or ovipositing) stages. However, the surface
films are more effective against the late larval instars compared to early
instars (Clements, 1992; Nayar and Ali, 2003). As a result a combination of B.
thuringiensis var. israelensis and Arosurf MSF was found to be more effective,
compared to either tool by itself, against An. stephensi and An. albimanus
larvae and pupae (Perich, 1990).

Development of resistance
In general, the risk that mosquitoes develop resistance against biological
control agents is considered small (van Lenteren, 1997). This is mainly due to
their multiple modes of action. For example, Beauveria bassiana conidia
enter the larvae by ingestion or by attachment to the spiracular plate, anal
gills and cuticle (Miranpuri and Khachatourians, 1991). After attachment, the
conidia germinate, and grow following penetration into the larval tissues
while producing a combination of metabolites. The larvae, therefore, needs
to develop mechanisms to tackle each of these modes of action to become
resistant to fungal conidia. The chance that larvae will avoid fungal conidia
(behavioural resistance), altogether, is low (Killeen, 2002b).
High levels of resistance rapidly developed in Culex larvae against the
biological control tool Bacillus sphaericus but not against B. thuringiensis var
israelensis (Yuan, 2000). Bacillus sphaericus produces a single toxin protein
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Some larval control tools prevent oviposition in treated sites. Surface
films prevent oviposition by drowning the ovipositing females (Lorenzen and
Meinke, 1968). While laying eggs, female mosquitoes respond to various
physical, olfactory and visual cues. In a choice situation, An. gambiae females
laid fewer eggs in oviposition sites containing water previously conditioned
keeping predators (tadpoles or backswimmers) in it (Munga, 2006). In such
cases where a larval control tool has a repellent or deterrent effect,
ovipositing females are forced to seek and deposit their eggs at alternative
sites. This restricts the impact of the control tool to the larval population that
exists when the control agent is applied. Depending on the residual effect of a
control tool, several successive larval generations can be targeted if the
control tool is not an oviposition repellent or deterrent. Most of the studies
that show the impact of larval control tools beyond the larval stage have
been conducted in the laboratory. It is important to know if similar results are
also found under natural conditions.

Review: Non-chemical tools for larval control

(Bin B) while B. thuringiensis var israelensis produces multiple toxin proteins
(which include Cry4Aa, Cry4Ba, Cry11Aa and Cyt1Aa) during sporulation
(Mulla, 2003). To overcome this problem, recombinant studies have reported
the combination of B. thuringiensis var israelensis and B. sphaericus genes to
make new strains that are more effective against mosquitoes (Federici, 2003).
Based on this knowledge, it is better to utilise the biological control tool
(organism) as a whole and not a refined extract or a single toxin produced by
it. Using only biologically-produced chemical compounds can lead to similar
situations of resistance development as faced when using synthetic chemical
compounds. To date, resistance has never been reported to develop against
physical control tools (Vincent, 2003).

Field studies and commercial production
In the laboratory many control tools have been identified for their potential
to control larval populations; however, only some have been tested under
more realistic field conditions (Table 1). Extensive field studies in various
epidemiological settings are required not only to determine the actual
potential of a control tool but also the feasibility of their operational
deployment. In addition, it is also important to determine the impact of a
control tool on local malaria transmission. In this regard, B. thuringiensis var
israelensis, B. sphaericus, parasitic nematodes, fish and environmental
management have a demonstrated impact on malaria transmission (Alio,
1985; Bang, 1987; Fillinger, 2003; Fillinger and Lindsay, 2006; Fillinger, 2008;
Fletcher, 1992; Rojas, 1987; Takken, 1990). Other control tools need to be
studied similarly.
It can be assumed that follow-up studies on many control tools that
showed efficacy in the laboratory, were not reported due to inefficiency
under field conditions or unfeasibility for operational use. Control agents,
especially biological organisms, have generally low persistence under natural
environmental conditions. However, a good formulation can improve the
field-efficacy of these control agents. A control agent can be deployed
operationally only if it is being mass produced, is logistically manageable (low
application frequency, storage stability and easy handling) and cost-effective.
Mass production and formulation are challenging and important steps in the
practical application of biological control agents (Jijakli and Lepoivre, 1998;
Petersen and Willis, 1974; Petersen, 1978b). We believe that with the latest
developments in bio-engineering and formulation techniques it will be
possible to develop many control agents, including those that were previously
considered ineffective for practical use (Jijakli and Lepoivre, 1998).

Integrated vector management
Integrated vector management is clearly the most effective way to control
Anopheles mosquitoes (The malERA Consultative Group on Vector Control,
2011). Integrated use of various tools increases the efficacy and sustainability
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Future prospects
One of the main reasons why biological and physical control tools have not
been utilised for vector control is that the results of a biological or physical
control tool are not as rapid as that of a conventional insecticide. Also, the
additional benefits of utilising a biological or physical control tool are not
generally comprehended. Biological and physical control tools have been
reasonably utilised for control of pests in agriculture and provide an insight
into associated benefits (van Lenteren, 2008; Vincent, 2003). Biological
control can be logistically challenging due to difficulties of mass production,
transport and storage, and low persistence under field conditions as well as
high application rates and initial costs. However, biological control tools are
species-specific, lack harmful side effects on the environment and pose no or
a small risk of resistance development. All these properties, considered
together, prove biological control to be environmentally friendly and more
cost-effective compared to chemical control (van Lenteren, 2008). Similarly,
physical control when applied with a good understanding of the ecology of
the target species is also species-specific, environmentally friendly and costeffective (WHO, 1982a; Takken, 1990; Vincent, 2003). There are examples of
successful biological (fish) and physical (environmental management) control
of anophelines in Southeast Asia (Bang, 1987; Takken, 1990). Based on these
and similar examples from the field of agriculture, we believe that biological
and physical tools can be effective alternatives to chemical tools for the
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of vector control programmes (Fillinger, 2009a; Nauen, 2007). Application of
commercially produced Bacillus-based larvicides effectively complemented
insecticide treated bed-nets (ITNs) to reduce the risk of acquiring Plasmodium
-infection (Fillinger, 2009a). The larvicides and ITNs together had two
different modes of action against the Anopheles mosquitoes, compared to
one mode of action if either was used alone. Multiple modes of action slow
down the process of resistance development and, thus, provide sustainability
to control programmes (Nauen, 2007).
We acknowledge the importance of adult control. Unfortunately, no
biological or physical control tool is, presently, used to control adult
Anopheles population in malaria control programmes. Recently many
theoretical and experimental studies have been carried out, in laboratory and
field, to evaluate the potential of fungi as an alternative to insecticides for the
control of adult Anopheles populations. At the current development stage
fungi cannot be used as an alternative yet, but they are certainly promising
(Farenhorst, 2009; Hancock, 2009a; Hancock, 2009b; Howard, 2010; Mnyone,
2009; Scholte, 2005a). Similarly, house screening also has considerable
potential (Kirby, 2008; Ogoma, 2010). We need to aim for a control
programme that targets both larvae and adults with non-chemical control
tools by integrating various methods leading to the most effective control of
malaria vectors.
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control of Anopheles populations.
We conclude that many biological and physical control tools have the
potential to control the larval population of Anopheles. However, only some
of these control tools have been tested in the field. Mass-production and
formulation is still a major hindrance in the development of biological control
tools against Anopheles larvae and, therefore, only a few have reached the
commercial stage to date. It is important to develop biological control tools
and make them available for malaria control programmes. Unfortunately
physical control tools have not been used despite availability. Availability and
use of these non-chemical tools can result in cost-effective and sustainable
malaria control programmes.
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Entomopathogenic fungi have shown great potential for the control of adult
malaria vectors. However, their ability to control aquatic stages of anopheline
vectors remains largely unexplored. Therefore, we studied, how larval
characteristics (Anopheles species, larval stage and larval density), fungus
(species and concentration) and environmental conditions (exposure duration
and food availability) influence larval mortality caused by fungi. Laboratory
bioassays were performed on early (L1-2) and late (L3-4) larval stages of
Anopheles gambiae and An. stephensi with conidia of two fungus species,
Beauveria bassiana and Metarhizium anisopliae. The time to death was
determined and survival curves established for various larval and fungal
characteristics and environmental conditions. These curves were compared
by Kaplan Meier and Cox regression analyses. Beauveria bassiana and M.
anisopliae caused high mortality of An. gambiae and An. stephensi larvae.
However, B. bassiana was less effective (Hazard ratio (HR)<1) compared to M.
anisopliae. Anopheles gambiae and An. stephensi were equally susceptible to
each fungus. Late-stage larvae were less likely to die than early-stage larvae
(HR<1). The effect of increase in fungus concentration on larval mortality was
influenced by clumping of conidia. One day exposure to fungal conidia was
found to be equally effective as seven days’ exposure. In different exposure
time treatments 0 - 4.9% of the total larvae, exposed to fungus, showed
infection at either the pupal or adult stage. Mortality rate increased with
increasing larval density and amount of available food. This study showed
that both fungus species have the potential to kill mosquitoes at the larval
stage, and that mortality rate depends on fungus species itself, the larval
stage targeted, larval density and amount of nutrients available to the larvae.
Increasing the concentration of fungal conidia or reducing the time of
exposure to conidia did not show a proportional increase or decrease in
mortality rate, respectively, because the conidia clumped together. As a
result, conidia did not provide uniform coverage over space and time. It is,
therefore, necessary to develop a formulation that allows the conidia to
spread over the water surface. Apart from formulation, appropriate delivery
methods are also necessary to avoid exposing non-target organisms to fungi.
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Introduction
Over the last decade, the potential of larval control has been increasingly
recognized in the realm of integrated malaria control programmes (Gu, 2008;
Killeen, 2002a; Killeen, 2002b; Utzinger, 2002). Larval control can be
economical and effective when applied with a good understanding of local
disease determinants and vector ecology (Baragatti, 2009; Fillinger and
Lindsay, 2006; Utzinger, 2001). In urban areas, the breeding sites of
mosquitoes are well defined and accessible, making it easier to target them.
As a result, larval control can steadily support other intervention methods
such as indoor residual spraying (IRS) and/or insecticide-treated bed nets
(ITNs) (Fillinger, 2008). Increasing urbanization thus underscores the need to
develop larval control methods (Baragatti, 2009; Hay, 2005; Keiser, 2004). In
this perspective, Bacillus thuringiensis var. israelensis and B. sphaericus have
been applied on a large scale in urban settings and provided promising results
(Fillinger, 2008; Geissbuhler, 2009). In general, there is relatively little chance
of resistance developing against these biological control agents as compared
to chemical-based interventions like IRS and ITNs although it cannot be ruled
out completely. For instance, the development of resistance against B.
sphaericus in Culex spp. was reported within six years of field application
(Wirth, 2004; Yuan, 2000). It is, therefore, worthwhile to investigate other
biological control tools for their larvicidal properties in order to extend the
existing arsenal of biological control tools.
The entomopathogenic characteristic of Metarhizium anisopliae was
identified more than 125 years ago while that of Beauveria bassiana was
noted even earlier, in 1835 (Lord, 2005). These entomopathogens belong to a
group of anamorphic fungi called Hyphomycetes, which reproduce by conidia
(de Hoog, 2000). The conidia have proven effective against mosquito larvae
the genus Aedes, Culex and Anopheles in the laboratory (Alves, 2002; Clark,
1968; Ramoska, 1981; Sandhu, 1993; Wilson, 1990). Studies have been
undertaken to increase the virulence of the conidia by insect-passaging and
to increase the persistence of the conidia through formulation (Daoust and
Roberts, 1982; Daoust, 1982). Miranpuri and Khachatourians (1991) showed
that the primary infection sites of the fungal conidia in the larval body is the
head and anal region while fungal development mostly takes place in the
larval gut. Apart from the larval stage, eggs (Aedes) treated with M. anisopliae
and B. bassiana show a reduced hatch rate. The ovicidal property of M.
anisopliae is best expressed at high humidity, which is a normal characteristic
of anopheline oviposition sites (Curtis, 1994; Luz, 2007; Luz, 2008). Attempts
to infect emerging adults by dusting conidia on vegetation surrounding the
breeding sites were unsuccessful under semi-field conditions (Clark, 1968).
Scholte et al. (2005a) , however, infected adult mosquitoes by providing them
with a resting site consisting of fungus-treated black cloths attached to the
ceilings of rural houses in Tanzania. Furthermore, Farenhorst et al. (2008)
showed how water storage pots can serve as a suitable site for delivering a
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Materials and methods
Mosquitoes
Anopheles gambiae s.s. (Suakoko strain, courtesy of Prof. M. Coluzzi) and An.
stephensi (Strain STE 2, MRA no. 128, origin India) were reared in climatecontrolled chambers maintained at a temperature of 27 ± 1 °C, 12L:12D
photoperiod and a relative humidity of 70 ± 5%. The adults, kept in holding
cages (30 x 30 x 30 cm), had ad libitum access to 6% glucose/water solution.
Females (4 - 6 days old) were blood-fed on the forearm of a volunteer and
provided with oviposition cups, covered with a cone-shaped filter paper. The
eggs laid on the filter paper were transferred to plastic trays (25 x 25 x 8 cm).
Hatched larvae were fed on Liquifry No. 1 (Interpet Ltd., Dorking, Surrey, UK)
for the first two days and then on Tetramin® for the rest of the larval period.
Pupae were collected in small cups and transferred to holding cages.

Fungal conidia
Conidia of Metarhizium anisopliae (ICIPE-30) and Beauveria bassiana (IMI391510) (Plate 1) were provided by the Department of Bioprocess
Engineering, Wageningen University and stored in plastic tubes at 4 °C.
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fungal infection to resting adult mosquitoes (Odiere, 2007).
Use of fungal conidia as a larvicide could complement adult control but
only in areas where the breeding sites are well defined, accessible and are
not being used for domestic purposes. A number of factors can influence
larval mortality caused by fungus, e.g., species and larval stage of mosquito
targeted, the fungus species, isolate and amount of the fungus applied.
Because the persistence of conidia in the field can be affected by
environmental conditions, mosquitoes may not be exposed to virulent
conidia for long. Reduced exposure time may therefore influence the control
potential of fungi. Even without a control agent, the amount of nutrients in
the breeding sites and larval density is known to have impact on larval
survival (Koenraadt, 2004a). Availability of nutrients can also decrease the
intake of fungal conidia by larvae, as fungal conidia mainly enter the larval gut
by ingestion (Miranpuri and Khachatourians, 1991). These factors can
increase or decrease the impact of fungal conidia on the larvae. In this
laboratory-based study, the effect of the above-mentioned factors was
evaluated on fungus-induced larval mortality for a better comprehension of
its control potential and scope for field application. Two entomopathogenic
fungi, M. anisopliae and B. bassiana, were tested against Anopheles gambiae
and An. stephensi. Anopheles gambiae is an important African malaria vector
that breeds in temporary aquatic habitats while An. stephensi is the main
Asian malaria vector that breeds predominantly in man-made habitats.
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Plate 1: Conidia of Metarhizium anisopliae (x 1000) on the left side and Beauveria
bassiana (x 400) on the right side.

Experimental conditions
All experiments were performed in rooms with climatic conditions similar to
the rearing chambers. Tap water was left overnight in the plastic larval trays
for dechlorination.

Susceptibility of mosquito species, the effect of fungus species, larval
stage and fungus concentration
We determined whether larvae were more or less likely to be infected with
fungal conidia depending on their species, development stage, fungus species
and concentration of conidia. This was done by comparing the mortality of
early (L1-2, 1-3 days old) and late (L3-4, 4-8 days old) larval stages of An.
gambiae and An. stephensi caused by different concentrations of B. bassiana
or M. anisopliae conidia. Fifty (L1-2 or L3-4) larvae were placed in plastic trays
(25 x 25 x 8 cm), filled with 1 litre of dechlorinated water, and fed on
Tetramin® (0.1 - 0.2 mg/larva per day for L1-2 and 0.3 mg/larva per day for L34) (Benedict, 2007). Fungal conidia were dusted on the water surface (441
cm2) of treatment trays in different amounts, i.e., 2.5, 5, 10 or 20 mg. Dead
larvae and pupae were recorded daily and removed for the next 12 days. The
amount of food added was adjusted to the daily mortality and/or pupation.
The resulting 40 treatments (two mosquito species x two developmental
stages x two fungus species x four fungal concentrations and one control)
were each replicated four times. The treatments and the replicates were not
run in parallel but at different times depending upon the availability of
experimental space and mosquito larvae. Every replicate had a control and
the four fungal concentrations. The same protocol was followed each time
and the same batch of fungi was used for all these experiments.

Effect of exposure time
The mortality of late stage larvae of An. stephensi and An. gambiae when
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Effect of food quantity
This experiment was carried out to determine if the quantity of available food
can affect the intake of fungal conidia and, therefore, the mortality rate. In
separate trays, late stage larvae were exposed to the same amount of fungal
conidia but provided with two different quantities of food or no food at all.
Each replicate consisted of six trays. Fifty late stage larvae were added to
each tray. Three trays were treated with 10 mg of fungal conidia, while the
rest served as control. Larvae in one treated and one control tray were
provided with food at a rate of 0.5 mg/larva per day (F1). The quantity was
based on the study by Koenraadt et al. (2004a) in which it was shown that 0.5
mg/larva per day was more than optimal and adversely affected larval
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exposed to M. anisopliae or B. bassiana conidia for different time periods was
compared. Fifty larvae were placed in plastic trays and fed as described
above. Out of five trays, four were treated with 10 mg of conidia and one was
used as control. After one day, the larvae that had not died or pupated in a
fungus-treated tray were transferred by a plastic pipette to a clean water
tray, with an intermediate rinsing to reduce the chance of transferring
conidia. Similar transfers were carried out after 3, 5, and 7 days. The number
of larvae that could be transferred on these days was less than 50 because
larvae either pupated or died due to fungus infection. The control larvae were
also transferred to compensate for any mechanical injury caused by the
pipette. The control larvae were transferred to another tray containing fresh
water on day 1. This day was selected because at that time most of the larvae
had not yet pupated or died. Prior to and after the transfer, the larvae were
fed (0.3 mg/larva per day) and monitored over 10 days, for death or
pupation. All the trays (the untreated and treated water trays in which the
larvae were added first, the trays that were used for rinsing the larvae and
the trays into which the larvae were transferred) were all filled with water at
the same time. This was to ensure that when a larva was transferred from
one tray to another the only difference was the absence of fungus and not
fresh acclimatized water. The resulting pupae were kept in a plastic cup for
adult emergence. The wing length (right wing, ventral side, from the notch of
the alula to the wing tip) of the adults was measured (in mm), to the nearest
second decimal place, as a proxy for mosquito body size (Takken, 1998). The
20 treatments (two mosquito species x two fungal species x four time periods
and one control) were each replicated four times. The pupae and adults that
showed fungus infection, apparent due to mycelia growth, were observed
under a microscope to identify the fungus species (de Hoog, 2000) to make
sure that the infection was due to M. anisopliae or B. bassiana. Similar to the
first experiment the replicates and treatments were not carried out in
parallel. Every replicate consisted of a control and the four exposure times.
The same protocol was used for each replica and treatment. Also, the same
batch of fungi was used for all the treatments and replicates.
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survival. Similarly larvae in another control and treated tray were provided
with 0.3 mg/larva per day (F2) of food. This is the standard quantity of food
provided to late stage larvae in the laboratory. The last two trays had no food
(F3) at all. Food here refers to Tetramin®. Both mosquito and fungus species
were tested. The mortality and/or pupation of the larvae was recorded for 10
days. The experiment was replicated four times. For each mosquito, all the
treatments and replicates were carried out in parallel.

Effect of larval density
To determine the effect of larval density on fungal induced larval mortality,
50, 150 and 250 late stage larvae were added to plastic trays. This resulted in
three larval densities, i.e., 0.1 (D1), 0.3 (D2) and 0.5 (D3) larvae/cm2
(Koenraadt, 2004a). Apart from the three controls (D1, D2 and D3), all trays
were treated with 10 mg of fungus. Larvae were fed with Tetramin® at a rate
of 0.3 mg/larva per day. Mortality and pupation were taken into account for
10 days post treatment. The six treatments (D1, D2 and D3; both control and
fungus treated) were replicated three times for both fungus and mosquito
species. The replicates were carried out at different times.

Statistical analysis
The effect of covariates, on the mortality rate of larvae, was analysed using
Cox regression (Cox, 1972). This model describes the increased or decreased
likeliness of an event (in this case mortality) to occur, due to a covariate, in
terms of hazard ratios (HRs). All covariates were treated as timeindependent. The p-values were adjusted for multiple comparisons within
models and between analysis by comparing the Wald statistics with Chisquare distribution (at degrees of freedom equal to the number of covariates
assessed in that model) and Bonferroni correction, respectively.
The model is based on the assumption of proportional hazard, which
was tested graphically by plotting the cumulative hazard rates against time,
stratified for each covariate. If the resulting curves showed growth in the
same shape without crossing, the assumption was satisfied. The assumption
was also checked by plotting the log-log survival functions obtained by Cox
regression and Kaplan Meier (KM) analysis and confirmed if the resulting line
showed a 45° trend (Haccou and Hemerik, 1985). Larvae that pupated were
considered as censored.
Survival curves of different fungus concentrations, for each mosquito
and fungus species, were compared pair-wise by KM analysis (Kleinbaum and
Klein, 2005). One-way ANOVA was employed to determine any significant
difference in the wing lengths. All the analyses were performed using SPSS
version 15 software (SPSS Inc. Chicago, IL, USA).
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Results
Susceptibility of mosquito species, the effect of fungus species, larval
stage and fungus concentration

Table 1 - Hazard ratios (95% CI) of mosquito larvae treated with different species and
concentration of fungus: Mosquito species (An. stephensi (As) versus An. gambiae (Ag)), B)
fungus species (B. bassiana (Bb) versus M. anisopliae (Ma)) and C) larval stage (Late (L3-4)
versus early (L1-2)), for different concentrations (2.5, 5, 10, 20 mg/441 cm2) of the fungi.
Asterisks indicate significance (p < 0.01) following adjustment for multiple comparison.
Letters within parenthesis represent the graphs in Figure 1 that have been compared in the
analysis.
A. Mosquito
spp.

Ma
L1-2 (A-E)

Bb
L3-4 (B-F)

L1-2 (C-G)

L3-4 (D-H)

2.5

1.01 (0.63-1.62)

1.61 (1.07-2.43) 1.33 (0.82-2.17)

1.36 (0.86-2.16)

5

1.00 (0.66-1.69)

1.57 (1.04-2.37) 1.87 (1.15-3.03)

1.08 (0.69-1.69)

10

0.84 (0.52-1.34)

1.57 (1.04-2.36) 1.50 (0.92-2.44)

0.62 (0.40-0.98)

20

0.76 (0.48-1.22)

1.27 (0.84-1.90) 1.35 (0.83-2.19)

0.51 (0.32-0.80)

B. Fungus
spp.

Ag
L1-2 (E-G)

As
L3-4 (F-H)

L1-2 (A-C)

L3-4 (B-D)

2.5

0.35 (0.22-0.54)**

1.18 (0.77-1.81) 0.28 (0.16-0.47)**

1.00 (0.64-1.55)

5

0.26 (0.17-0.41)**

1.15 (0.76-1.76) 0.24 (0.14-0.41)**

0.78 (0.51-1.20)

10

0.25 (0.16-0.38)**

1.56 (1.02-2.38) 0.24 (0.14-0.41)**

0.61 (0.40-0.95)

20

0.22 (0.14-0.35)**

1.65 (1.08-2.52) 0.22 (0.13-0.37)**

0.67 (0.43-1.03)

C. Larval
stage

Ag
Ma (E-F)

As
Bb (G-H)

Ma (A-B)

Bb (C-D)

2.5

0.18 (0.12-0.28)**

0.57 (0.37-0.88) 0.23 (0.14-0.37)**

0.56 (0.33-0.93)

5

0.20 (0.13-0.31)**

0.85 (0.55-1.31) 0.22 (0.14-0.35)**

0.46 (0.27-0.76)

10

0.14 (0.09-0.22)**

0.83 (0.54-1.27) 0.20 (0.12-0.31)**

0.31 (0.18-0.52)**

20

0.14 (0.09-0.21)**

0.94 (0.61-1.44) 0.16 (0.10-0.26)**

0.31 (0.19-0.52)**
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When dead larvae were incubated at 27 ± 1 °C in a humid chamber (de Hoog,
2000), growing hyphae could be observed (Plate 2, 3 and 4). However hyphal
growth was not considered as an indicator of fungus infection as it varies with
difference in the number of conidia that enter the larvae and other factors
such a competition with more opportunistic fungi, e.g., Penicillium etc..
The HRs in Table 1A represent the hazard of An. stephensi larvae to die
at different fungus concentrations as compared to An. gambiae larvae
(reference species). As the values were not significant in any case, the results
show that An. stephensi and An. gambiae are equally susceptible to both
fungi at both early and late larval stage (Figure 1).
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In the case of fungus species, HRs in Table 1B show that the larvae that
were exposed to B. bassiana had a lower mortality rate than those exposed
to M. anisopliae (reference species). However this was apparent only at the
early larval (L1-2) stage of both An. gambiae and An. stephensi larvae. The HRs
of late larval (L3-4) stage compared to early larval stage (reference stage) in
Table 1C show that, at the early stage, larvae are more susceptible to fungal
conidia. This trend was clear in early stage larvae treated with M. anisopliae.
Kaplan Meier pairwise comparison showed all concentrations to be
significantly different from their control (Figure 1, Table 2). Mostly the 2.5 mg
treatment was significantly different from 5, 10, and 20 mg for both fungus
species. In the case of B. bassiana, except for the early larval stage of An.
stephensi, the 5 mg treatment was significantly different from the 10 and 20
mg treatments. Apart from the B. bassiana treatment of An. gambiae at the
late larval stage, 10 and 20 mg treatments were not significantly different.
For M. anisopliae, the average percentage pupation in the control
group of early stage An. stephensi larvae was 73.5% while in the treated
groups there was no pupation in the treatments. In case of the late-stage An.
stephensi larvae, the control group had an average pupation of 74 % and in

Plate 2: Metarhizium anisopliae growing on An. stephensi larva (SEM Images courtesy of eye of
science, Germany)
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Plate 3: Metarhizium anisopliae growing on the head and thorax of An. stephensi larva (SEM
Images courtesy of eye of science, Germany)

Plate 4: Metarhizium anisopliae growing on the palmate hair of An. stephensi larva (SEM Images courtesy of eye of science, Germany)
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the treatments pupation ranged from 7 - 11.5%. Similarly for B. bassiana
treatments the average pupation in the control early stage An. stephensi
larvae was 86% while in the treatments pupation ranged from 0 - 13 %. For
the late-stage An. stephensi larvae, the control group had an average
pupation of 72% while in the treatments pupation ranged from 9 - 24%.
Metarhizium anisopliae treatments the average percentage pupation in the
control group of early stage An. gambiae larvae was 78.5% while in the
treated groups it ranged from 0 - 1 %. The late stage An. gambiae larvae in
the control group had an average pupation of 60 % while in the treatments it
ranged from 4 - 12%. In case of B. bassiana treatments the average pupation
in the control early stage An. gambiae larvae was 77% while at different
concentrations it ranged between 0 - 1%. For the late stage An. gambiae
larvae the control group had an average pupation of 66% while in the
treatments pupation ranged from 6.5 - 25%.

Effect of exposure time
The larvae exposed to fungus for seven days were considered as the
reference group. The HRs (Table 3), therefore, represent the increased or
decreased hazard for the larvae when they were exposed to fungus (M.
anisopliae and B. bassiana) for 0 (control), 1, 3 or 5 days as compared to the
larvae exposed for 7 days. Anopheles stephensi and An. gambiae larvae
exposed to fungus for 1, 3, and 5 days did not have a significantly higher or
lower hazard than larvae that were exposed for seven days. In other words 1,
3 and 5 days exposure to fungus had the same effect as seven days exposure
(Figure 2). The control larvae were at a significantly lower hazard of dying as
compared to the larvae exposed for seven days. There was no significant
difference in the wing lengths of adults developing from larvae in the control
and treated trays (1, 3, 5 and 7 days exposure) as shown in Figure 3. Some
pupae and adults (Plate 5) showed fungal infection. The fungus was
confirmed as M. anisopliae or B. bassiana by microscopy. Table 4 shows the
pupation and adult emergence (%) in each treatment and the percentage of
larvae that showed infection at the pupal or adult stage, e.g., 36 An. stephensi
pupae developed from the larvae exposed to B. bassiana conidia for 5 days.
Among those, four pupae and 10 adults showed fungal infection. These 10
adults account for nearly 35% of the total adults that made it to the adult
stage.

Effect of food quantity
Table 5 represents the hazard for larvae treated with fungal conidia as
compared to untreated larvae (control) provided with the same quantity of
food (0.5, 0.3 or 0 mg/larva per day). The HRs show that the hazard
decreased with decreasing food quantity (Figures 4 and 5). In the fungal
treatment where larvae had no food the hazard was 1 - 2 times higher than
that for their control. The larvae that had food available were 4 - 19 times
70
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Table 2 - Kaplan Meier pairwise comparison of treatments (control, 2.5, 5, 10 and 20 mg):
Early (L1-2) and late (L3-4) larval stages of An. gambiae and An. stephensi treated with M.
anisopliae (Ma) or B. bassiana (Bb). *: p<0.05, **: p<0.01, ***: p<0.001, ns = not significant.

Mosquito
spp.

Larval
stage

Fungus
spp. Treatment

Control

An. gambiae

L1-2

Ma

2.5

***

5

***

ns

10

***

***

**

20

***

***

***

2.5

***

5

***

*

10

***

ns

***

20

***

*

***

2.5

***

5

***

***

10

***

**

ns

20

***

***

ns

2.5

***

5

***

**

10

***

***

**

20

***

***

***

2.5

***

5

***

***

10

***

***

ns

20

***

***

ns

2.5

***

5

***

**

10

***

**

ns

20

***

**

ns

2.5

***

5

***

**

10

***

*

ns

20

***

ns

*

ns

2.5

***

5

***

ns

10
20

***
***

**
***

***
***

ns

L3-4

Ma

Bb

An. stephensi

L1-2

Ma

Bb

L3-4

Ma

Bb
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5

10

ns

ns

ns

**

ns

ns
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Figure 1- Survival curves of mosquito larvae treated with different species and concentration
of fungus: Percentage cumulative survival curves of early (L1-2) and late (L3-4) larval stages of
An. stephensi (As) and An. gambiae (Ag) when treated with different concentrations (2.5 mg, 5
mg, 10 mg and 20 mg) of Metarhizium anisopliae (Ma) and Beauveria bassiana (Bb). The
survival curves include the larvae that survived due to pupation.
Table 3 (on the right)- Hazard ratios (95% CI) of mosquitoes for different exposure times:
Hazard ratio (HR) of An. gambiae (Ag) and An. stephensi (As) larvae of the control (0 day) and
treatments (exposed to M. anisopliae (Ma) or B. bassiana (Bb) conidia for 1, 3 and 5 days) as
compared to exposure for 7 days. *, p<0.05 (adjusted for multiple comparison).
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Plate 5: Beauveria bassiana growing on An. stephensi adult (SEM Images courtesy of eye of
science, Germany)

Mosquito spp.
An. gambiae

Fungus spp.
Ma

Treatment
Day(s)
0

Bb

An. stephensi

Ma

Bb

73

HR (95% CI)
0.30 (0.22-0.42) *

1

0.94 (0.74-1.19)

3

1.14 (0.92-1.42)

5

0.99 (0.79-1.24)

0

0.12 (0.08-0.17)*

1

0.97 (0.80-1.19)

3

0.96 (0.79-1.17)

5

0.79 (0.65-0.97)

0

0.19 (0.14-0.27)*

1

1.01 (0.79-1.28)

3

0.96 (0.75-1.23)

5

1.11 (0.87-1.43)

0

0.17 (0.12-0.25)*

1

0.73 (0.58-0.92)

3

0.81 (0.66-1.01)

5

1.07 (0.86-1.32)
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more likely to acquire a lethal infection than their control counterparts. The
overlapping 95% confidence interval (Table 5) indicates no difference in the
hazard for larvae provided with 0.3 or 0.5 mg of food. The HR’s were higher in
the presence of food. In the absence of food 100% of the control larvae died
within 3 - 4 days. The fungal conidia kill slowly so by the time the infected
larvae died due to both ingested conidia and absence of nutrients, the control
starving larvae also started to die. This led to a low hazard ratio. In the other
two treatments (0.3 and 0.5 mg/larva per day) the HRs were high because the
survival of the fed-control larvae was also high. The overlapping 95%
confidence interval (Table 5) indicates no difference in the hazard for larvae
provided with 0.3 or 0.5 mg of food.

Effect of larval density
Based on the result that infection, caused during the first 1 - 2 days of fungus
treatment, accounts for most of the mortality, density was considered a timeindependent covariate. For each density, the control was considered as the
reference, i.e., the HRs in Table 6 represent the hazard for the larvae treated
with fungus compared to untreated larvae at the same density. Except for the
M. anisopliae treatment of An. gambiae, the HRs increased with an increase

Figure 2 - Survival curves of mosquitoes for different exposure times: Percentage cumulative
survival curves of An. stephensi (As) and An. gambiae (Ag) larvae, exposed to Metarhizium
anisopliae (Ma) and Beauveria bassiana (Bb) conidia for 1, 3, 5 and 7 days. The survival curves
include the larvae that survived due to pupation.
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Figure 3 – Difference in wing lengths of adult mosquitoes: Box plot of wing measurements
(mm) for An. stephensi (As) and An. gambiae (Ag) larvae, exposed to B. bassiana (Bb) and M.
anisopliae (Ma) conidia for 1, 3, 5 and 7 days. Dots and stars represent outliers. Whiskers represent the range. Box limit, the 1st (lower) and 3rd (upper) quartiles and box dividing line, the
median. The number of adults dissected is shown below each box.

in density (Figures 6 and 7). Increase in HRs indicates that with increasing
larval density the mortality rate increases. However, the overlapping 95% CIs
(Table 6) indicate that, although such trends exist, this was not significant in
all cases.

Discussion
This study shows the susceptibility An. gambiae and An. stephensi larvae to
M. anisopliae and B. bassiana and how larval stage, fungus species and
fungus concentration can influence the mortality rate. In addition, it also
provides an insight into the impact of exposure duration, quantity of food
available, and larval density on the mortality rate.

75

Factors affecting fungus induced larval mortality

Both mosquito species were equally susceptible to M. anisopliae and B.
bassiana conidia. Beauveria bassiana and M. anisopliae conidia enter the
larval body by ingestion or by attachment to larval cuticle. When applied over
the water surface they are readily available to the larvae of An. stephensi and
An. gambiae as well as other anopheline species, which spend most of their
time on the water surface (Chapter 1 and 2). Because both An. stephensi and
An. gambiae have similar ingestion rates and both spend time at the water
surface they were equally affected by the fungal conidia (Aly and Mulla, 1986;
Aly, 1988; Merritt, 1992; O'Malley, 1992; Ramoska, 1981; Ramoska and
Hopkins, 1981).

Table 4 - The number and percentage of pupae and adults that showed fungus infection:
Anopheles gambiae and An. stephensi that developed from the larvae (n=200) treated with
fungus (M. anisopliae (Ma) or B. bassiana (Bb)) conidia.
Mosquito Fungus Treatment Pupation Pupae showing
spp.
spp.
(days)
infection
n
%*
n
%*
An.
gambiae

Ma

Bb

An.
stephensi

Ma

Bb

Adult
emergence
n
%*

Adults showing
infection
n
%*

0

150 74.3

0

0

138

68.3

0

0

1

52

26.5

0

0

45

23.0

3

1.5

3

49

23.6

0

0

40

19.2

0

0

5

42

21.2

0

0

36

18.1

5

2.5

7

37

18.3

0

0

36

17.8

1

0.5

0

127 70.6

0

0

116

64.6

0

0

1

7

3.4

0

0

6

2.9

0

0

3

11

5.5

0

0

10

5

1

0.5

5

19

8.9

0

0

16

7.5

5

2.3

7

9

4.3

1

0.5

8

3.9

0

0

0

153 72.5

0

0

107

50.7

0

0

1

52

25.3

2

1

28

14.1

4

2

3

48

24.9

2

1

34

17.7

9

4.6

5

40

22.2

3

1.7

22

13.3

7

3.9

7

38

19.7

1

0.5

19

11.1

1

0.5

0

159

82

0

0

141

72.7

0

0

1

66

34.9

6

3.2

35

18.5

5

2.6

3

51

24.9

10

4.9

29

14.1

8

3.9

5

36

17.6

4

2

29

14.1

10

4.9

7

17

8.5

2

1

10

5

1

0.5

* Percentages are based on total number of larvae treated.
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Figure 4 – Survival curves of An. gambiae provided with different quantities of food:
Percentage cumulative survival curves of An. gambiae larvae, exposed to 10 mg of M.
anisopliae (Ma) and B. bassiana (Bb) conidia, with different food quantities (F1, 0.5 mg; F2, 0.3
mg; F3, no food). The survival curves include the larvae that survived due to pupation.

The lower hazard of B. bassiana conidia as compared to M. anisopliae
conidia at the early larval stage is not due to the size of the conidium as in
this regard M. anisopliae (2.5-3.5µm) and B. bassiana (2-3µm) are
comparable and within the range of particle size appropriate for the
anopheline collecting-filtering feeding mode (0.45µm-1mm) (Box 1 in Chapter
2) (de Hoog, 2000; Merritt, 1992). However, the difference in rapidity of
vegetative growth found in M. anisopliae and B. bassiana may have caused
the difference in the observed effect of the two fungi. Metarhizium anisopliae
is characterized by a rapid vegetative growth, although at the expense of
sporulation, while B. bassiana has a slow vegetative growth with high total
sporulation (Sun, 2002). Slow vegetative growth may be associated with the
slow release of endotoxins inside the larval body and, thus, a delayed
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mortality.
The reason for the difference in lethal effects of M. anisopliae and B.
bassiana at the early larval stage and the reduced susceptibility of the late
larval stage can be considered together. The early stage larvae have a longer
developmental time ahead until pupation, during which they feed and moult
two to three times. Larvae are more vulnerable to infection immediately after
ecdysis because of the soft cuticle. Early larval stages thus have an increased
probability of acquiring an infection. Late larval stages, on the other hand,
have reduced food intake and a thicker cuticle and thus it is less likely that
conidia would enter or penetrate their body (Apperson, 1992a; Lord and

Figure 5 - Survival curves of An. stephensi provided with different quantities of food:
Percentage cumulative survival curves of An. stephensi larvae, exposed to 10 mg of M.
anisopliae (Ma) and B. bassiana (Bb) conidia, with different food quantities (F1, 0.5 mg; F2, 0.3
mg; F3, no food). The survival curves include the larvae that survived due to pupation.
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Table 5 - Hazard ratios (95% CI) of mosquitoes provided with different quantities of food:
Hazard ratio (HR) of treated (10 mg, M. anisopliae (Ma) or B. bassiana (Bb)) An. gambiae and
An. stephensi larvae compared to untreated larvae provided with the same quantity of food
(0.5, 0.3 or 0 mg/larva per day). HRs with letters in common indicate overlapping of 95%
confidence limits.

Mosquito spp. Fungus spp.
An. gambiae

Ma

Food provision
HR (95% CI)
treatment
0.5
5.25 (2.97-9.25)a

Bb

An. stephensi

Ma

Bb

79

0.3

4.30 (3.24-5.69)a

0

1.98 (1.59-2.46)b

0.5

4.40 (2.88-6.73)a

0.3

6.73 (4.79-9.45)a

0

2.57 (2.07-3.20)b

0.5

5.25 (2.97-9.25)a

0.3

7.04 (5.02-9.87)a

0

1.90 (1.54-2.34)b

0.5

19.21 (9.45-39.0)a

0.3

5.05 (3.56-7.16)b

0

1.22 (1.00-1.49)c
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Fukuda, 1990; Sandhu, 1993). Another reason may be the smaller body size of
the early stage larvae compared to the late stage larvae. As a result the
metabolites (toxins) produced by a conidium while germinating may have a
stronger impact due to higher dose to body mass ratio in the smaller larvae
than in the larger late-stage larvae.
Dry conidia were used and dusted on the water surface because they
are more effective than the normal laboratory formulations (0.1% Tween 80
solution) that reduce clumping but cause the conidia to sink, because the
water surface is the main foraging site of Anopheles larvae (Daoust, 1982;
Merritt, 1992; Ramoska, 1981). Although there was a difference in the effect
of fungal concentrations, this was not proportional. The fungal conidia are
hydrophobic and when applied over the water surface without a surfactant
they clump together into masses that become dense over time. Larvae may
have rejected the conidia-mass as food, most likely because of its large size
and the dense mass made it impossible for the conidia to attach to the
cuticle. As a result, high concentrations did not provide an increased spatial
or temporal coverage that could have resulted in increased mortality rate.
To achieve the full benefits of biological control it is better to use
fungal conidia rather than extracted endotoxins (Gunnarsson and Lackie,
1985). When conidia enter the larval body through the mouth or siphon they
attach to the interior and germinate which may mechanically block these
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passages. While the attached conidia germinate, they release endotoxins as
well as damage the larval tissues with their vegetative growth (Hegedus and
Khachatourians, 1995). In this case there are several modes of action that
need to be tackled by the larval immune system. The more variable the
modes of action, the lower is the probability that resistance will develop
against the control agent (Mulla, 2003).
The exposure time experiment showed that one-day exposure to
fungal conidia has more or less the same effect as an exposure of seven days.
One explanation would be the clumping of conidia which means that the
conidium coverage and thus its effect is not the same over time. Another
explanation may be the ingestion rate of larvae. Normally food passes
through the larval gut in 1 - 1.5 hours (Aly and Mulla, 1986; Merritt, 1992).
Within 24 hours of exposure, swollen (ready to germinate) conidia can be
detected in the gut and even in exuviae. Although mortality occurs after four
days, it takes only one day for the conidia to penetrate the tissues (Miranpuri
and Khachatourians, 1991). As a result, even if the larvae are shifted to

Figure 6 - Survival curves of An. gambiae at different densities: Percentage cumulative survival curves of An. gambiae larvae, exposed to 10 mg of M. anisopliae (Ma) and B. bassiana (Bb)
conidia, at different densities (D1, 0.5 larvae/cm2; D2, 0.3 larvae/cm2; D3, 0.1 larvae/cm2). The
survival curves include the larvae that survived due to pupation.
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Table 6 - Hazard ratios (95% CI) of mosquitoes at different larval densities: Hazard ratios
(HRs) of An. gambiae and An. stephensi larvae treated with M. anisopliae (Ma) or B. bassiana
(Bb) conidia compared to un-treated larvae at the same density (0.1, 0.3 or 0.5 larvae/cm2).
HRs with letters in common indicate overlapping of 95% confidence limits.
Mosquito spp. Fungus spp.
An. gambiae
Ma

Larval density
0.1

Bb

Ma

Bb

0.3

4.4 (3.1-6.2)b

0.5

3.7 (3.1-4.6)b

0.1

3.1 (2.2-4.5)a

0.3

8.4 (6.4-10.1)b

0.5

29.3 (20.7-41.5)c

0.1

15.1 (8.4-27.2)a

0.3

61.1 (27.3-136.9)b

0.5

73.7 (34.9-155.1)b

0.1

13.9 (7.4-25.9)a

0.3

47.7 (21.2-106.9)a,b

0.5

63.2 (29.9-133.4) b

un-treated water after a day they carry a sufficient amount of conidia
required for a fatal infection. This is useful, as in field application dry conidia
may lose their virulence within days due to environmental conditions
(notably UV radiation).
Although the larvae exposed to B. bassiana had a lower mortality rate
than the ones exposed to M. anisopliae, the proportion of larvae that made it
to the adult stage was equal. As a result, if used, both fungi will equally
contribute to reducing malaria transmission. For a better concentration effect
it is important to have a formulation that spreads the conidia while leaving
them at the surface. It will not only facilitate the application but also decrease
the required amount of conidia. Considering the entry routes of conidia into
the larval body, it is important to have an organic and dry formulation for the
control of anopheline species (Ramoska, 1981; Sun, 2002). The formulation is
also necessary to increase the persistence of the fungal conidia. Fungal
conidia are sensitive to temperature, humidity and ultraviolet radiation. High
relative humidity triggers germination in the conidia and is therefore likely to
play a negative role when conidia are applied over the water surface
(Zimmermann, 2007a and 2007b). Although one-day exposure is enough to
cause significant mortality, the lack of a residual effect is a big disadvantage.
This can possibly be solved by selection for tolerant isolates and formulations
(Daoust, 1982; Hunt, 1994; Morley-Davies, 1996; Zimmermann, 2007a and
2007b).
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An. stephensi

HR (95% CI)
11.9 (6.6-21.3)a
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In some treatments up to 9% of the total fungus-infected larvae developed
into pupae or adults that showed fungus infection. The passage of infection
from the larvae to pupae and/or adult was also observed by Lord and Roberts
(1987), Wilson et al. (1990) and Sandhu et al. (1993). This study reports the
transfer of M. anisopliae and B. bassiana infection from the larvae to the
pupae and adults of both An. stephensi and An. gambiae. Studies that deal
with the immune system of insects during metamorphosis show increased
anti-bacterial activities (Meylaers, 2007; Tsuji, 1998). However, there is not
much information about anti-fungal activity. Extracts from the medicinal
plant, Leuzea carthamoides, known to contain 20-hydroxyecdysone showed
anti-bacterial effect but in the study anti-fungal effects were not tested
(Kokoska, 2005). In another study juvenile hormone (JH) showed no effect on
fungal growth (Bede and Tobe, 2000). The transfer of fungal infection may be

Figure 7 - Survival curves of An. stephensi at different densities: Percentage cumulative
survival curves of An. stephensi larvae, exposed to 10 mg of M. anisopliae (Ma) and B. bassiana
(Bb) conidia, at different densities (D1, 0.5 larvae/cm2; D2, 0.3 larvae/cm2; D3, 0.1 larvae/cm2).
The survival curves include the larvae that survived due to pupation.
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Conclusions
It is clear that both M. anisopliae and B. bassiana are highly effective in
reducing larval survival and adult emergence. At times when insecticide
resistance is increasing it is important to have a wider option of new
biological and environmentally-friendly control agents. However, studies
need to be carried out to develop efficient formulations and delivery
for these fungi. Fungi might then present a new generation of larval control
agents.
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due to the absent or moderate anti-fungal activity during metamorphosis.
This ability of the fungus, to transfer from one life-cycle stage to the other,
through the extreme histological changes during metamorphosis is very
interesting as fungal exposure at a late larval stage can result in adults with
reduced longevity.
At the tested concentration (10 mg) of fungal conidia, the hazard
increased with increase in larval density. The increasing hazard might be the
result of increased larval motility, which in turn increases the chance of
contacting fungus conidia and causing stress due to competition for space. At
a low density, on the other hand, larvae have a reduced chance of contacting
fungal conidia because of less motility. However, it might be so that with a
lower fungal concentration, the larvae at higher density show low mortality
due to reduced conidia-share per larva (Pelizza, 2007). The concentration of
fungus is therefore critical. The difference in the M. anisopliae treatment of
An. gambiae is probably because of more fourth-instars in the cohort as by
third day, pupation was already 40% in D2 and 30% in D3 fungus-treated trays.
In the laboratory both fungal species show potential as larval control
agents. To determine their aptitude in the field, trials need to be conducted
under natural conditions where, apart from the persistence and efficacy of
the conidia, the fungal species need to be observed for their non-target
effects. Some non-target effects of M. anisopliae and B. bassiana have been
reported in aquatic environments (Genthner, 1994b; Genthner and
Middaugh, 1995; Genthner, 1998). However, these tests were done in
extreme circumstances, which are highly unlikely under field conditions as
fungal conidia themselves are sensitive to environmental factors (Hegedus
and Khachatourians, 1995; Zimmermann, 2007a and 2007b). It is therefore
important to test the non-target effects of these fungi in more realistic
settings. As far as humans are concerned, clinical cases have been rare and
associated with mass exposure and immunodeficiency (de Hoog, 2000;
Henke, 2002). Although any adverse effects on humans are highly unlikely,
studies need to be done on formulations and delivery methods that reduce
the chances of human and fungal contact.

Factors affecting fungus induced larval mortality

Acknowledgements
We thank MR4 for providing An. stephensi eggs and Leo Koopman, André
Gidding and Frans van Aggelen for rearing the An. gambiae mosquitoes.
Frank van Breukelen and Mgeni Jumbe are acknowledged for providing
Metarhizium and Beauveria conidia. We thank Dr Lia Hemerik for her
guidance with statistical analysis.

84

Factors affecting fungus induced larval mortality

Chapter 3

85

86

4
Development of Metarhizium anisopliae and
Beauveria bassiana formulations for control of
malaria mosquito larvae

Published as: Bukhari T, Takken W, Koenraadt C: Development of
Metarhizium anisopliae and Beauveria bassiana formulations for control of
malaria mosquito larvae. Parasites & Vectors 2011, 4(1):23.
87

88

Development of fungus formulations

Abstract

89

Chapter 4

The entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana
have demonstrated effectiveness against anopheline larvae in the laboratory.
However, utilising these fungi for the control of anopheline larvae under field
conditions relies on development of effective means of application as well as
reducing their sensitivity to UV radiation, high temperatures and the
inevitable contact with water. This study was conducted to develop
formulations that facilitate the application of Metarhizium anisopliae and
Beauveria bassiana conidia for the control of anopheline larvae, and also to
improve their persistence under field conditions. Laboratory bioassays were
conducted to test the ability of aqueous (0.1% Tween 80), dry (organic and
inorganic) and oil (mineral and synthetic) formulations to facilitate the
spread of fungal conidia over the water surface and improve the efficacy of
formulated conidia against anopheline larvae as well as improve conidium
survival after application. Field bioassays were then carried out to test the
efficacy of the most promising formulation under field conditions in western
Kenya. When formulated in a synthetic oil (ShellSol T), fungal conidia of both
M. anisopliae and B. bassiana were easy to mix and apply to the water
surface. This formulation was more effective, against anopheline larvae, than
0.1% Tween 80, dry powders or mineral oil formulations. ShellSol T also
improved the persistence of fungal conidia after application to the water.
Under field conditions in Kenya, the percentage pupation of An. gambiae was
significantly reduced by 39 - 50% by the ShellSol T-formulated M. anisopliae
and B. bassiana conidia as compared to the application of unformulated
conidia. Entomopathogenic fungi formulated with a suitable carrier are a
promising tool for control of larval populations of malaria mosquitoes.
Additional studies are required to identify the best delivery method (where,
when and how) to make use of the entomopathogenic potential of these
fungi against anopheline larvae.
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Introduction
Recently, theoretical and experimental studies have shown the potential of
entomopathogenic fungi as next-generation agents for the control of malaria
mosquitoes (Farenhorst, 2010; Hancock, 2009a; Hancock, 2009b; Knols, 2010;
Scholte, 2005a). However, most of this work has focused on targeting adult
mosquitoes. Larval control has a convincing history of malaria eradication and
recent studies have also shown this approach to be highly effective (Fillinger,
2009a; Killeen, 2002a; Killeen, 2002b; Soper, 1966; Takken, 1990; Utzinger,
2001). It is, therefore, worthwhile to investigate the ability of
entomopathogenic fungi to control mosquito larvae and the feasibility of
their operational use.
Our previous work (Chapter 3) showed the efficacy of Metarhizium
anisopliae (ICIPE-30) and Beauveria bassiana (IMI-391510) conidia in infecting
and killing larvae of Anopheles stephensi and An. gambiae under laboratory
conditions (Bukhari, 2010). Other isolates of M. anisopliae and B. bassiana
have also been shown to affect culicine and anopheline larvae (Alves, 2002;
Clark, 1968; Daoust, 1982; Miranpuri and Khachatourians, 1991; Sandhu,
1993), the main infection sites being the feeding and respiratory apparatus
(Miranpuri and Khachatourians, 1991). Most of these studies were carried out
in the laboratory and proved the application of dry fungal conidia to be more
effective than the application of formulated conidia (Alves, 2002; Clark, 1968;
Lacey, 1988a). Applying dry conidia in the field, however, has certain
limitations. Fungal conidia are hydrophobic by nature so when applied in an
aquatic environment, they clump together, reducing the area that is
effectively covered. As a result, massive amounts of fungal conidia are
required. Contact with water also disrupts the infection process. Attachment
of conidia to the host is an important step of this infection process. The outer
layer of conidia has highly organised surface proteins known as rodlets,
which are mainly responsible for attachment to the host (Boucias, 1988). For
successful infection, germination should follow conidium attachment to the
host. When dry fungal conidia are applied to an aquatic habitat, such as that
of mosquito larvae, the nutrients in the water are usually sufficient to
stimulate germination in the conidia following water intake (Burges, 1998;
Hegedus and Khachatourians, 1995). Once a conidium germinates, the outer
layer is ruptured, reducing the chance of attachment to the host. Water
contact, thus, reduces the pathogenicity of the floating conidia. In addition,
dry unformulated fungal conidia are more exposed to UV radiation and high
temperatures, which are known to negatively affect conidium persistence
germination rate (Moore, 1993; Morley-Davies, 1996).
In addition to strain selection and genetic modification, formulation
can have a considerable impact on improving the efficacy of biopesticides. An
ideal formulation aids the handling and application of the biopesticides, as
well as increases its efficacy by improving contact with the host and
protecting the active agent from environmental factors (Goettel, 2005).
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Materials and methods
Mosquitoes
Anopheles gambiae s.s. (Suakoko strain, courtesy of Prof. M. Coluzzi, reared
in laboratory for 23 years) and An. stephensi (Strain STE 2, MR4 no. 128,
origin India, reared in laboratory for 2 years after obtaining the eggs from
MR4) were reared separately, but under similar conditions, in climatecontrolled rooms at Wageningen University, The Netherlands. The
temperature was maintained at 27 ± 1°C. Relative humidity was set at 70 ±
5% and the rooms had a 12L:12D photoperiod. Larvae were kept in plastic
trays filled with tap water. First instars were fed on Liquifry No. 1 (Interpet
Ltd., Surrey, UK) while older instar stages were fed on Tetramin® (Tetra,
Melle, Germany). The resulting pupae were transferred to holding cages (30 x
30 x 30 cm) in small cups, where they emerged as adults with ad libitum
access to 6% glucose water. The female mosquitoes were blood-fed with the
Hemotek membrane feeding system. Human blood (Sanquin®, Nijmegen,
The Netherlands) was used for this purpose and mosquitoes could feed on it
through a Parafilm M® membrane. Eggs were laid on moist filter paper, and
were subsequently transferred to the larval trays. For the field bioassays An.
gambiae s.s. eggs (Kisumu, strain, reared in laboratory for 8 years) were
obtained from the Kenya Medical Research Institute (KEMRI) and reared at
the Ahero Multipurpose Development Training Institute (AMDTI), Kenya.
Rearing was carried out under local climate conditions (described below) and
larvae were fed on Tetramin®.
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Considering the surface feeding behaviour of anopheline larvae, any
formulation intended to infect them should spread the fungal conidia over
the water surface (Merritt, 1992; Ramoska, 1981). The larvae are then most
likely to come into contact with conidia. The conidia should spread uniformly,
providing equal coverage, over the entire treated area. In addition, conidia
should be prevented from germinating before host attachment, and at least
to some extent be protected from environmental factors. In this context we
developed and tested dry (organic and inorganic), oil (mineral and synthetic)
and water-based formulations of M. anisopliae and B. bassiana for their
efficacy against anopheline larvae.
The objectives of this study were to (a) develop formulations suitable
for the positioning (water surface or bottom) and uniform spread of M.
anisopliae and B. bassiana conidia, (b) assess the efficacy of selected
conidium formulations in killing anopheline larvae, (c) assess the selected
formulations for their potential to increase conidium persistence, and (d)
assess the potential of formulations to suppress populations of mosquito
larvae in a field situation.
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Fungal conidia
Metarhizium anisopliae (ICIPE-30) and Beauveria bassiana (IMI- 391510)
conidia were obtained from the Department of Bioprocess Engineering,
Wageningen University, and stored as dry conidia in Falcon™ tubes at 4°C.
Metarhizium anisopliae conidia are olive-green, cylindrical and 2.5-3.5 µm
long while B. bassiana conidia are hyaline, spherical or sub-spherical and have
a diameter of 2-3 µm (de Hoog, 2000).

Carrier materials
Wheat flour, white pepper, WaterSavr (WaterSavr™, Sodium bicarbonate
version, Flexible Solutions International Ltd., Victoria BC, Canada), 0.1%
Tween 80 aqueous solution, Ondina oil 917 (Shell Ondina® Oil 917, Shell, The
Netherlands) and ShellSol T (Shellsol T®, Shell, The Netherlands) were tested
for their potential as carrier of fungal conidia. Wheat flour and white pepper
served as organic dry carriers. These were tested because anopheline larvae
are known to aggregate around and feed on powdered organic materials
(wheat flour, alfalfa flour, blood meal and liver powder) even when a choice
of inorganic materials (chalk, charcoal and kaolin) is also available (Aly and
Mulla, 1986). One inorganic dry powder, known as WaterSavr, was also
tested. WaterSavr consists of fine bicarbonate granules that self-spread over
the water surface forming a thin layer which has been shown to reduce
evaporation. Its biodegradability, safety and surface-spreading features
made it a suitable candidate for inclusion in our tests. Surfactants, such as
Tween 80, can be used to overcome the hydrophobic nature of fungal conidia
and form a homogeneous aqueous solution. Fungal conidia formulated in
Tween 80 have been used in bioassays to test the efficacy of fungal conidia
against mosquito larvae (Alves, 2002; Ezzati-Tabrizi, 2009; Inyang, 2000;
Meyling and Pell, 2006; Milner, 2002; Miranpuri and Khachatourians, 1991;
Pereira, 2009). ShellSol T is a synthetic isoparaffinic hydrocarbon solvent.
Ondina oil 917, slightly denser than ShellSol T, is a highly refined mineral oil.
Both ShellSol T and Ondina oil 917 have been successfully used as carrier for
fungal conidia to target the adult stage of mosquitoes (Farenhorst, 2008;
Farenhorst, 2010).

Formulations
The first selection of carriers suitable for formulating entomopathogenic
fungal conidia consisted of a test in which the carrier material was evaluated
for its ability to spread over the water surface. For this purpose, plastic trays
(25 x 25 x 8 cm) were filled with 1 liter of tap water and the carriers applied
on the water surface (441 cm2). The least amount of each carrier required to
cover the entire surface was recorded. Once that amount was determined,
M. anisopliae conidia (10 mg, ~ 4.7 x 108 conidia) were added to the carriers.
The quantity of the carriers was increased to make a consistent suspension or
mixture of fungal conidia and carriers. The resulting formulations were
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applied to select the carriers that spread the conidia evenly over the water
surface. Metarhizium anisopliae conidia were used because of their colour,
which made it easy to visualize them whilst spreading.

Efficacy of formulations against Anopheles gambiae larvae

Pathogenicity of floating unformulated conidia over time
A third experiment was performed to evaluate how the pathogenicity of
fungal conidia is affected by being in contact with water over a time period of
seven days. At the start, 15 plastic trays (same size as above) were each filled
with one liter of water. These trays were kept overnight in a climatecontrolled room to acclimitise. Metarhizium anisopliae conidia were applied
to the water surface in five trays (10 mg per tray). Similarly, 10 mg of B.
bassiana conidia (~2 x 109 conidia) were applied on the water surface in five
other trays. The remaining five trays served as the control. After one day, 50
second-instar An. stephensi larvae were added to one of the trays treated
with M. anisopliae conidia, B. bassiana conidia and one untreated control
tray. Similarly larvae were added to remaining trays after either 2, 3, 5 or 7
days after fungal treatment. The mortality and/or pupation was followed for
9 days. The larvae were fed at the same rate as mentioned before. This
experiment was replicated three times.

Effect of formulation on persistence of pathogenicity
Based on the results of the formulation experiments, the carriers WaterSavr
and ShellSol T were selected and tested further for their ability to increase
the persistence of pathogenicity in fungal conidia in contact with water.
Unformulated and formulated (either with WaterSavr or ShellSol T) M.
anisopliae and B. bassiana conidia were applied to plastic trays containing 1
liter of acclimatized water. One replicate consisted of 18 trays. One pair of
trays received each of the following nine treatments: (1) 10 mg of dry
M. anisopliae conidia, (2) 10 mg of dry B. bassiana conidia, (3) M. anisopliae
conidia mixed with WaterSavr (10 mg/130 mg), (4) B. bassiana conidia mixed
93

Chapter 4

The next step consisted of testing selected formulations against An. gambiae
larvae in laboratory bioassays. Bioassays were performed under climatic
conditions similar to the mosquito rearing. Plastic trays (25 x 25 x 8 cm) were
filled with 1 liter of tap water and allowed to acclimatise overnight. Fifty
second-instars were added to each tray. Unformulated or formulated conidia
were applied to the water surface of each tray. The number of larvae that
died or pupated was recorded daily for the next eight days. For each
treatment, the carrier alone (in the same quantity as in the formulation)
served as the control. In the case of unformulated conidia, the control was
untreated tap water. The larvae were provided with Tetramin® as food at the
rate of 0.2 - 0.3 mg/ larva per day. The experiments were replicated three
times.

Development of fungus formulations

with WaterSavr (10 mg/130 mg), (5) M. anisopliae conidia mixed with
ShellSol T (10 mg/200 µl), (6) B. bassiana conidia mixed with ShellSol T (10
mg/200 µl), (7) WaterSavr (130 mg) only, (8) ShellSol (200 µl) only or (9) no
treatment. Trays treated with WaterSavr or ShellSol T without fungal conidia
and the untreated trays served as control for their respective treatments.
Fifty second-instar An. stephensi larvae were added to one tray of each pair
on the same day the fungal conidia were applied. The same number of larvae
was added to the other tray of the pair on the seventh day (based on the
results of the previous experiment). The larvae were checked for mortality or
pupation for the following 10 days after being added to the trays. The
experiment was replicated three times. The trays were topped up with
acclimatised tap water, every other day, to compensate for evaporation.

Field bioassays
To evaluate the efficacy of unformulated and formulated fungal conidia in the
field, experiments were carried out in Kenya in May and June, 2010. The
experiments were conducted in a restricted part of the Ahero Multipurpose
Development and Training Institute (AMDTI) compound. This institute is
located 24 km southeast of Kisumu, in western Kenya (0°10'S, 34°55'E).
Malaria is highly endemic in this region and transmission occurs throughout
the year. A mean annual Plasmodium falciparum sporozoite inoculation rates
(EIR) of 0.4 - 17 infective bites per year has been shown by recent studies for
this region (Ndenga, 2006). The region has an annual mean temperature
range of 17 to 32 °C, average annual rainfall of 1,000 - 1,800 mm and average
relative humidity of 65% (Atieli, 2009).
Bioassays were conducted outdoors in 33 plastic containers (0.30 m
diameter). The plastic containers had two nylon-screened holes (3 cm2), close
to the brim, allowing excess rain water to flow out while retaining the larvae.
Dry soil from a rice paddy at the Ahero irrigation scheme (4 km from AMDTI)
was softened up by adding water. The softened soil was placed at the bottom
of each plastic container to form a 2 cm thick layer. One liter of tap water was
then added to each plastic container. The water level was 3 cm above soil
level and exposed a surface area of 450 cm2. Each plastic container was
placed in a larger tub that also had a bottom layer of soil but was filled with
water to the top. The larger tubs were employed to prevent ants from
accessing the plastic container inside. Forty second-instar An. gambiae s.s.,
were added to each container. The large tubs, with the containers inside,
were arranged in three rows 0.5 m apart from each other (Figure 1a).
Dry and ShellSol T formulated conidia of both fungal species were
tested. ShellSol T was the only formulation that successfully met the criteria
investigated in the laboratory studies. Two different concentrations (10 mg
conidia/200 µl ShellSol T and 20 mg conidia/230 µl ShellSol T) of both M.
anisopliae and B. bassiana conidia were tested. For the larger amount of
conidia, 230 µl ShellSol T was required to make a consistent suspension. Each
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Statistical analysis
Differences in larval survival were analysed using Cox regression (Cox, 1972).
The survival of larvae treated with formulated or unformulated fungal conidia
were compared with their respective control larvae and the resulting Hazard
Ratio (HR) values were used to evaluate differences in mortality rates. The
proportional hazard assumption of Cox regression was tested by plotting the
cumulative hazard rates against time for the treated and control groups to
confirm that the resulting curves did not cross (Haccou and Hemerik, 1985).
To test the pathogenicity of fungal conidia over time, HRs were
computed for larvae exposed to conidia floating on water for different time
periods. In addition, the arcsine-square root transformed proportions of dead
larvae were compared directly, after being corrected for their respective
controls using the Abbott’s formula, by a one-way ANOVA and LSD post-hoc
test of the arcsine transformed mortality proportion (Abbott, 1925). Similarly,
the persistence of pathogenicity in formulated and unformulated conidia was
also compared. The arcsine-square root transformed proportions of larvae
that pupated in the field trial were compared by one-way ANOVA and LSD
post-hoc tests. All the analyses were performed using SPSS version 15
software (SPSS Inc. Chicago, IL, USA).
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treatment was randomly applied to three plastic containers. The 11
treatments consisted of dry M. anisopliae conidia (10 mg and 20 mg), dry B.
bassiana conidia (10 mg and 20 mg), ShellSol T formulated M. anisopliae
conidia (10 mg/200 µl and 20 mg/230 µl), ShellSol T formulated B. bassiana
conidia (10 mg/200 µl and 20 mg/230 µl) and only ShellSol T (200 µl and 230
µl) while the one remaining tub was untreated. The ShellSol T (200 µl and 230
µl) and the untreated container served as control for their respective
treatments. The number of larvae that died in the containers could not be
recorded because it was difficult to recover them in the turbid water and/or
bottom soil. Therefore, larval survival was assessed as the number of pupae
produced. No food was provided to the larvae after being placed in the
container. The plastic containers were checked twice daily (for the following
15 days) and pupae were removed with a dipper. To prevent oviposition or
emergence of local mosquitoes in the water of larger tubs in which treated
plastic containers were placed, Aquatain (a silicone-based oil) was applied to
the water surface (Bukhari and Knols, 2009). Water (0.5 liter, kept outdoors in
Jerry cans) was added to every plastic container when the water level had
been reduced by evaporation to less than 1 cm. Meteorological data was
obtained from the National Irrigation Board (NIB) research station located
approximately 4 km from the experimental site. Water surface (5 mm top
layer) temperature was measured daily at the same time, in each container,
with a digital thermometer (GTH 175/Pt, Greisinger electronics, Germany).
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Results
Formulations
In the case of both ShellSol T and Ondina oil 917, 100 µl of the oil was
required to cover a water surface of 441cm2. The amounts could not be
determined for 0.1% Tween 80 and wheat flour. Tween 80 solution could not
be visualised as it is colourless. The wheat flour formed clumps rather than
spreading. White pepper spread across the water surface evenly and 30 mg of
it was sufficient to cover the entire surface area. Similarly 130 mg of
Watersavr spread and covered the water surface of 441cm2 (Table 1). After
determining these amounts, 10 mg of Metarhizium anisopliae conidia was
added to each of the carriers. The quantity of ShellSol T and Ondina oil 917
had to be doubled (200 µl) to form a homogenous suspension. In case of the
0.1% Tween 80 solution, 4 ml was required to form a consistent suspension.
Wheat flour was not tested further because of clumping. The quantity of
white pepper and WaterSavr (30 mg and 130 mg respectively) required for
covering the water surface (441 cm2) was also enough to form a consistent
mixture with 10 mg of fungal conidia (Table 1). Formulations, apart from the
0.1% Tween 80 solution, which caused the conidia to sink, resulted in a fairly
uniform spread of fungal conidia on the water surface (Table 1). Therefore
0.1% Tween 80 solution was not tested further.

Table 1 - Carriers tested for their ability to spread conidia and the composition of
formulations tested: The amount of each carrier required to cover a water surface area of 441
cm2, the amount required to form a consistent mixture with 10 mg of Metarhizium anisopliae
conidia, the ability of the carriers to spread the conidia over the water surface and the
composition of formulations with suitable carriers.

Carrier

cover
441 cm2

mix 10 mg of
fungal conidia

Conidium spreading

Composition of
formulations
tested in bioassays
(fungal conidia/
carrier)

Wheat flour

--

--

--

--

0.1% Tween 80

--

4 ml

causes conidia to sink

--

White pepper

30 mg

30 mg

on the water surface

10 mg/30 mg

WaterSavr

130 mg

130 mg

on the water surface

10 mg/130 mg

Ondina oil 917

100 µl

200µl

on the water surface

10 mg/200 µl

ShellSol T

100 µl

200µl

on the water surface

10 mg/200 µl

Amount required to

-- Not Tested or could not be determined
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b

c
Figure 1 - Field bioassays: (a) Forty An. gambiae larvae were placed in plastic containers (with
nylon screened holes, indicated by an arrow) with a soil layer (2 cm) at the bottom and a 3 cm
layer of water. The screened holes were a precautionary measure to retain larvae in the tubs in
case of overflow due to heavy rain. The plastic containers were placed in larger tubs, also filled
with soil and water, to prevent ants from access to the bioassays. (b) Unformulated (dry)
Metarhizium anisopliae (10 mg) conidia applied on the water surface. Note the two large
clumps just outside the centre of the containers. (c) Shellsol T-formulated Metarhizium
anisopliae (10 mg) conidia applied on the water surface. Note that conidia are spread more
evenly over the surface by ShellSol T than dry conidia (Fig. 1b).
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Efficacy of formulations against Anopheles gambiae larvae
Bioassays were conducted with unformulated M. anisopliae conidia (10 mg)
and M. anisopliae conidia formulated in pepper (10 mg/30 mg), WaterSavr
(10 mg/130 mg), ShellSol T (10 mg/200 µl) or Ondina oil 917 (10 mg/200 µl)
against An. gambiae larvae. Only 2.7 ± 1.8% of the larvae treated with
unformulated M. anisopliae conidia pupated while 47.6 ± 3.9% pupated in the
relevant control. The treated larvae had a nearly two times higher daily risk of
mortality as compared to the untreated control larvae (HR (95%CI) =1.8 (1.4 2.4), Table 2, Figure 2a). WaterSavr formulation reduced the pupation of the
larvae from 67.2 ± 10.6% to 1.3 ± 0.6%, exposing the formulation-treated
larvae to nearly three times higher daily risk of mortality compared to the
control (Table 2, Figure 2c). With the ShellSol T formulation, 1.3 ± 0.6% of the
treated larvae pupated while the larvae treated with ShellSol T (without
fungal conidia) showed 85.4 ± 14.5% pupation. Larvae exposed to ShellSol Tformulated conidia of M. anisopliae had a mortality risk four times higher
than larvae treated with ShellSol T only (HR (95%CI) = 3.7 (2.5 - 5.4), Table 2,
Figure 2e). However, with white pepper and Ondina oil there was no
significant difference in the mortality of larvae treated with the formulation
or the carrier alone, or the formulations and fungal conidia together. Both
pepper and Ondina oil 917 killed 100% of the larvae even without fungal
conidia (Table 2, Figure 2b and 2d). These two carriers were not tested
further as the objective was to develop a formulation that enhances the
spreading and efficacy of the fungal conidia to infect and kill larvae.

Table 2 - Percentage pupation and Hazard ratios of larvae exposed to tested formulations:
Average percentage pupation (±S.E.) of An. gambiae larvae exposed to unformulated conidia
and formulated Metarhizium anisopliae conidia (n=3). The carrier in each formulation (White
pepper, WaterSavr, Ondina oil 917 or ShellSol T) served as the control. In case of unformulated
conidia the control was completely untreated. Carrier and Metarhizium anisopliae conidia
together formed the treatment. Hazard ratio’s (HR) indicate the mortality risk in the treatments
as compared to their respective controls.

Formulation

Average % Pupation ± S.E.

HR(95%CI)

p value

Unformulated

Control
47.6 ± 3.9

Treatment
2.7 ± 1.8

1.8 (1.4-2.4)

< 0.001

White pepper

0

0

0.9 (0.7-1.2)

0.959

67.2± 10.6

1.3 ± 0.6

2.7 (1.9-3.8)

< 0.001

0

0

1.0 (0.8-1.2)

0.806

85.4± 14.5

1.3 ± 0.6

3.7 (2.5-5.4)

< 0.001

WaterSavr
Ondina oil 917
ShellSol T
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Figure 2 - Laboratory bioassays to test the efficacy of unformulated and formulated
Metarhizium anisopliae conidia: The average percentage cumulative survival (±S.E.) of An.
gambiae larvae (n=3) exposed to (a) Unformulated Metarhizium anisopliae conidia (control (C)
and unformulated conidia (Ma conidia) (b) Pepper (control (P)) and Pepper formulated conidia
(Ma conidia + P) (c) WaterSavr (control (WS)) and WaterSavr formulated conidia (Ma conidia +
WS) (d) Ondina Oil (control (OO)) and Ondina oil formulated conidia (Ma conidia + OO) (e)
ShellSol T (control (SS)) and ShellSol T formulated conidia (Ma conidia + SS) over 8 days posttreatment. Larvae that pupated are included as surviving.
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Pathogenicity of floating unformulated conidia over time
The pathogenicity of dry M. anisopliae and B. bassiana conidia was
substantially reduced over a period of five days (Figure 3). Anopheles
stephensi larvae exposed to M. anisopliae conidia, applied to water seven
days earlier, showed a similar pupation proportion as their control (Table 3).
Beauveria bassiana conidia lost their effectiveness after being in contact with
water for three days. Metarhizium anisopliae conidia lost their effectiveness
after five days (Table 3). After seven days the control mortality was
significantly higher than the mortality of larvae exposed to M. anisopliae
treatment.

Figure 3 - Laboratory bioassays to test the persistence of floating unformulated fungal
conidia: The average percentage corrected mortality (±S.E.) of An. stephensi larvae (n=3)
exposed to conidia of Metarhizium anisopliae and Beauveria bassiana that had been floating
on the water surface for 1, 2, 3, 5 or 7 days. Bars with letter in common show no significant
difference (LSD post hoc test, α=0.05).
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Table 3 - Percentage pupation and Hazard ratios of larvae exposed to unformulated floating
fungal conidia: Average percentage pupation (±S.E.) in the control and treated An. stephensi
larvae exposed to Metarhizium anisopliae and Beauveria bassiana conidia floating on the
water surface for 1, 2, 3, 5 and 7 days (n=3). The controls consisted of untreated trays filled
with water at the same time as the treated trays. Hazard ratio (HR) indicates the mortality risk
of larvae as compared to the control for both Metarhizium anisopliae and Beauveria bassiana
conidia.

Average % Pupation (S.E.)
Treatment

Control

HR(95% CI)

Metarhizium Beauveria
anisopliae bassiana

Metarhizium
anisopliae

p value
Beauveria
bassiana

82.2±13.5

36.1±22.2

54.5±8.4

5.2(3.4-8.0)

<0.001 3.2(2.0-5.0) <0.001

Day 2

74.6±10.8

46.7±4.9

64.5±5.3

2.5(1.7-3.6)

<0.001 2.0(1.3-3.0)

0.001

Day 3

96.0±2.3

80.7±8.5

92.8±3.4 6.6(2.5-17.2) <0.001 2.1(0.7-6.0)

0.169

Day 5

96.7±1.7

87.4±2.7

94.0±3.0 4.4(1.6-11.8)

1.7(0.5-5.0)

0.347

<0.001 1.1(0.7-1.9)

0.625

Day 7

84.6±2.6

84.7±3.3

72.7±2.9

0.3(0.2-0.6)

0.003
a

a. HR lower than 1 represents higher mortality in the control group.

Effect of formulation on persistence of pathogenicity
Fungal conidia formulated with ShellSol T were more persistent than the
unformulated conidia or conidia formulated in WaterSavr. Seven days after
application, only ShellSol T-formulated fungal conidia (both M. anisopliae and
B. bassiana) still caused significant mortality in the An. stephensi larvae (Table
4). Formulation in WaterSavr seemed to reduce the efficacy of fungal conidia.
When the An. stephensi larvae were exposed to WaterSavr-formulated M.
anisopliae and B. bassiana conidia, on the same day the fungal conidia were
applied, the corrected proportion larval-mortality was significantly lower than
that of larvae exposed to unformulated M. anisopliae and B. bassiana
conidia. Larvae exposed to M. anisopliae conidia formulated with WaterSavr,
applied that same day, had a lower mortality risk (HR (95% CI), 8.9 (4.4 18.1)) than those exposed to the unformulated conidia (HR (95% CI), 44.6
(10.9 - 181.7)). There was no significant difference in the corrected
proportion mortality of larvae exposed to unformulated and WaterSavrformulated M. anisopliae conidia, seven days after their application on water
(Figure 4). Similar results were observed for B. bassiana conidia. There was no
significant difference between the corrected larval-mortality proportion due
to unformulated and WaterSavr formulated B. bassiana conidia, applied on
water seven days before exposing the larvae. Also, the proportion larval
mortality caused by WaterSavr-formulated B. bassiana conidia was
significantly lower than with ShellSol T-formulated B. bassiana conidia (Figure
4).
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Figure 4 - Laboratory bioassays to test the persistence of formulated fungal conidia: The
average percentage corrected mortality (±S.E.) of An. stephensi larvae (n=3) exposed to unformulated, WaterSavr-formulated and ShellSol T-formulated Metarhizium anisopliae (Ma) and
Beauveria bassiana (Bb) conidia, immediately (Day 0) or seven days (Day 7) after application.
Letters in common (upper case for Ma and lower case for Bb) show no significant difference
(LSD post hoc test, α=0.05).

Field bioassays
During the experimental period (15 days), the mean minimum and maximum
temperatures were 15.7 and 30.9 °C, respectively, with a mean relative
humidity of 54% and total rainfall of 19.4 mm. Water surface temperature
ranged from 21 to 38.8 °C.
The efficacy of unformulated fungal conidia was found to be low under
field conditions as compared to laboratory conditions. At dose rates of both
10 mg and 20 mg, the same (p>0.05) level of pupation was observed in the
An. gambiae larvae treated with unformulated M. anisopliae and B. bassiana
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conidia as in the untreated An. gambiae larvae (Figure 5). As observed in the
laboratory bioassays, ShellSol T on its own had no harmful effect on larval
development and pupation. A similar proportion (p>0.05) of larvae pupated
in the containers treated with ShellSol T (200 µl and 230 µl) and the
untreated containers (Figure 5). Similar to the laboratory observations,
unformulated conidia clumped together on the water surface (Figure 1b)
while ShellSol T-formulated fungal conidia were uniformly spread (Figure 1c).
Table 4 - Hazard ratios of larvae exposed to (un)formulated fungal conidia, 0 and 7 days post
-application: Hazard ratios (HR) indicate the mortality risk of An. stephensi larvae exposed to
unformulated, WaterSavr-formulated and ShellSol T-formulated Metarhizium anisopliae and
Beauveria bassiana conidia, 0 and 7 days after application (n=3).

Metarhizium
anisopliae

Day

Formulation

HR (95%CI)

p value

0

Unformulated

44.6 (10.9-181.7)

<0.001

WaterSavr

8.9 (4.4-18.1)

<0.001

ShellSol T

140.1 (18.4-1067.2)

<0.001

Unformulated

1.0 (0.5-2.0)

0.816

WaterSavr

1.1 (0.7-1.8)

0.477

ShellSol T

1.5 (1.0-2.2)

0.030

Unformulated

36.1 (8.9-146.8)

<0.001

WaterSavr

10.5 (4.7-23.5)

<0.001

ShellSol T

137.9 (18.0-1053.4)

<0.001

Unformulated

0.9 (0.4-1.7)

0.716

WaterSavr

1.5 (0.1-2.3)

0.091

ShellSol T

1.9 (1.3-2.9)

0.001

7

Beauveria
bassiana

0

7

The percentage pupation observed in An. gambiae larvae treated with
ShellSol T-formulated M. anisopliae conidia was 43% (low dose, 10 mg) and
49% (high dose, 20 mg) lower than that of the corresponding unformulated
treatments. However for the lower dose (10 mg) the proportion of larvae that
pupated was not significantly different (p=0.08, Figure 5).
The percentage pupation observed in An. gambiae larvae treated with
ShellSol T-formulated B. bassiana conidia was 39% (low dose, 10 mg) and 50%
(high dose, 20 mg) lower than that in the corresponding unformulated
treatments. At both lower and higher dose the proportion of larvae that
pupated was significantly different (p<0.05, Figure 5).
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Figure 5 - Field bioassays testing the efficacy of fungal conidia formulated in ShellSol T: The
average percentage pupation of An. gambiae larvae (n=3) exposed to unformulated and
ShellSol T formulated Metarhizium anisopliae (Ma) or Beauveria bassiana (Bb) conidia at two
doses, 10 mg/200 µl and 20 mg/230 µl. Controls included no treatment at all or treatment with
only ShellSol T (200 µl or 230µl). Letters in common show no significant difference (LSD post
hoc test, α=0.05).
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The results of this study showed how certain formulations can improve the
ability of entomopathogenic fungus conidia to spread over a water surface as
well as increase their persistence. The results also showed that better
spreading and persistence leads to an enhanced efficacy of fungal conidia.
The study also demonstrated that both M. anisopliae and B. bassiana cause a
high impact on the survival of An. gambiae s.s. larvae under field conditions,
when formulated in Shellsol T.
Anopheles stephensi and An. gambiae larvae were found to be equally
susceptible to unformulated M. anisopliae and B. bassiana conidia (Bukhari,
2010). This suggests that these fungi are likely to also affect other anopheline
vector species.
Formulating fungal conidia with Tween 80 and wheat flour was found
to be unsuitable. Conidia formulated with Tween 80 did not spread over the
water surface, the primary feeding site of anopheline larvae, but sank to the
bottom (Aly and Mulla, 1986; Merritt, 1992). Surfactants are known to impair
attachment of the conidium to the host so even if the conidia were spread on
the water surface they would not have been effective against anopheline
larvae (Hegedus and Khachatourians, 1995; Luz and Batagin, 2005). Wheat
flour, although due to its organic nature could have served as a bait, did not
spread the fungal conidia over the water surface (Aly and Mulla, 1986). The
wheat flour clumped together and sank.
Powdered pepper and Ondina oil caused 100% mortality in anopheline
larvae even without the fungal conidia. Extracts of fruits of the Piperaceae
family have been shown to be toxic for Aedes aegypti L. larvae (Yang, 2002),
but the exact toxicity mechanism remains unclear. Although fungal conidia
were effectively spread with white pepper, pepper was considered an
unsuitable carrier due to its own toxic effect on the anopheline larvae.
Ondina oil, in the amount tested (200 µl), formed an oily layer over the water
surface causing the larvae to suffocate. As compared to ShellSol T, Ondina oil
is denser and evaporates less. This may explain the difference in the mortality
observed with Ondina oil and ShellSol T controls. The amount of Ondina oil
tested could not be reduced as, in that case, it was not possible to make a
homogeneous suspension with the fungal conidia.
Dry unformulated M. anisopliae and B. bassiana conidia lost their
pathogenicity five days after being applied to the water surface as the
survival of larvae exposed to the fungal conidia five days after application was
similar to that of the controls. Similar results were shown in a study by Alves
et al. (2002), where M. anisopliae caused no mortality in Cx. quinquefasciatus
Say larvae introduced four days after the conidia were applied. This is in
contrast to Pereira et al. (2009), who found M. anisopliae conidia to cause
50% mortality in Ae. aegypti larvae exposed to fungal conidia that were
applied 10 days previously. The studies mentioned here were carried out in
controlled climate conditions (25 - 27 °C) in the laboratory. Under field
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conditions the conidia are more likely to lose their pathogenicity quickly due
to exposure to hight temperatures and UV-radiation. This may explain why
unformulated fungal conidia did not cause any significant reduction in
pupation in the field bioassays, where the water surface temperatures were
measured to be as high as 38.8°C. The measured (water surface)
temperatures agree with those reported by Paaijmans et al. (2008b) for
similar sized water-bodies and are known to exhibit high daily fluctuations.
When the larvae were exposed to fungal conidia on the same day as
the conidia were applied, unformulated conidia and conidia formulated in
WaterSavr or Shellsol T caused larval mortality over the next few days.
However, only fungal conidia formulated in ShellSol T caused significantly
higher mortality in larvae introduced seven days after the fungal conidia had
been applied. Fungal conidia formulated in ShellSol T remained pathogenic
possibly because ShellSol T prevented conidia from absorbing the amount of
moisture required to stimulate germination (Burges, 1998; Inyang, 2000).
ShellSol T was also considered a good carrier of fungal conidia in other studies
(Hong, 2005; Inyang, 2000). WaterSavr, on the other hand, did not protect
fungal conidia.
ShellSol T was the only formulation that we tested in the field, as the
laboratory results showed high persistence of pathogenicity in the fungal
conidia formulated only with this product. Unformulated M. anisopliae and B.
bassiana did not suppress the larval population effectively in the field. In
contrast to the situation in the laboratory, the conidia were exposed to
sunlight, rain and fluctuating temperatures in the field which might have
reduced conidium survival. By contrast, only 10-20 % of the larvae treated
with conidia formulated in ShellSol T, developed into pupae. Both M.
anisopliae and B. bassiana conidia were found to be equally effective when
formulated in ShellSol T. Oil formulations are known to improve conidium
survival, improve fungal efficacy against insects and reduce conidium
sensitivity to UV radiation (Hong, 2005; Inyang, 2000).
In the field, the residual effect of formulated conidia could not be
tested after a certain number of days because the plastic containers began to
harbour Culex larvae and thus had to be drained. The presence of Culex
larvae is an indication that ovipositing female Culex mosquitoes were not
repelled by the fungus treatment. It is disadvantageous for a larval control
agent to have an oviposition-repellent effect because in that case ovipositing
mosquito females are forced to seek and deposit their eggs at alternative,
untreated sites. This means that the control agent only targets the existing
larval population and needs to be reapplied after the site is inhabited again.
Studies specifically designed to establish the response of ovipositing
anopheline female mosquitoes to fungal conidia and the residual effect of
fungal conidium treatment are required for a better understanding of these
mechanisms. Oil-formulated M. anisopliae conidia have been shown to have
an increased ovicidal activity in case of Ae. aegypti eggs (Albernaz, 2009).
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This might be an added advantage if anopheline eggs are also affected by M.
anisopliae conidia as are the Ae. aegypti eggs.
Pathogenicity of biological control agents in the field is generally lower
than that in the laboratory settings (Becker and Rettich, 1994). In the field
bioassays, therefore, a higher dose (20 mg/450 cm2) of fungal conidia was
also tested together with the dose tested in the laboratory (10 mg/441 cm 2).
In this case, however, the laboratory dose showed reduced pupation in the
field similar to the higher dose. Therefore doses lower than those used in the
current study should be evaluated to establish the lowest effective amount of
fungal conidia required to treat a certain area.
ShellSol T was a candidate carrier that not only facilitated the
application of conidia but also improved their efficacy by providing maximum
chance for contact (spreading the conidia on the water surface) with the
larvae and increasing conidium persistence. The fungal conidia readily
suspend in ShellSol T with a slight agitation. This is advantageous as the
conidia can be conveniently mixed in ShellSol T, on the spot, which means
that during transport and storage only the bio-active agent would have to be
kept at low temperatures rather than the whole mixture. This can reduce the
cooling space requirement as ShellSol T itself is a stable product and has no
particular storage demands. It has been shown that the percentage
germination of dry conidia is generally higher than that of oil-formulated
conidia when stored at the same temperature for the same number of days
(Morley-Davies, 1996; unpublished data). The fungal conidia Metarhizium
flavoviride had a germination rate of 80% when stored at 30 °C for 90 days as
compared to 90% when stored dry under similar environmental conditions
(Morley-Davies, 1996). In this context, it seems more efficient to store fungal
conidia separately and only mix them with the oil-component shortly before
application.
The results of this study show the necessity of a good formulation for
fungal conidia when these are to be utilised in the field. The efficacy of
unformulated (dry) conidia was so low in the field situation that their
application, as such, is not justified. While ShellSol T-formulated conidia were
highly effective in killing anopheline larvae in the field an important point to
consider is the potential increased risk to the non-target organisms due to
their improved persistence and/or undesirable properties of the solvent
(Genthner, 1994b; Genthner and Middaugh, 1995; Genthner, 1998; Milner,
2002). ShellSol T has a low toxicity effect on fish, aquatic invertebrates and
microorganisms at concentration higher than 1 g/liter (Roberts, 1991).
Considering the volume of ShellSol T that we tested (200 - 230 µl on 1 liter of
water), the concentration of ShellSol T was 0.15 g/liter which is nearly seven
times lower than the lowest lethal concentration. ShellSol T evaporates and
therefore is less likely to remain in the aquatic habitats. Detailed safety
studies, however, are necessary to have a better understanding of any
adverse effect ShellSol T might have on the environment and non-target
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organisms, at the required doses.
Besides formulation, it is very important to identify the best delivery
method (where, when and how) to fully utilize the entomopathogenic
potential of M. anisopliae and B. bassiana conidia. Frequency of reapplication has to be determined based on the residual effect of formulated
conidia in the field. The feasibility of applying formulated conidia at artificial
breeding sites, baited to attract ovipositing females, is also worth testing
(Sharma, 2009). A good delivery system will reduce the chances of non-target
organisms coming into contact with fungal conidia.

Conclusions
From a number of candidate products tested for the formulation of
entomopathogenic fungi, ShellSol T emerged as a promising carrier of fungal
conidia when targeting anopheline larvae. Conidia of B. bassiana and M.
anisopliae formulated in ShellSol T had an increased efficacy against larvae of
An. gambiae s.s. as compared to unformulated conidia and were also more
persistent under field conditions in Kenya. Other oils with physical properties
similar to ShellSol T may also serve as good carriers. Together with a sound
delivery system, these formulated fungi can be utilised in the field, providing
additional tools for biological control of malaria vectors.
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Abstract
Monomolecular films are used for mosquito control because of their
asphyxiating effect on larvae and pupae. Compared to other films, Aquatain®
and Aquatain Mosquito Formulation (AMF®) have an improved spreadingability and flexibility on the water surface. The difference between Aquatain®
and AMF® is the presence of eucalyptus oil in the latter. In the laboratory,
AMF® showed larvicidal, pupicidal and oviposition-deterrent effects against
the malaria vectors Anopheles gambiae and An. stephensi. At a dose of 1 ml/
m2 the median lethal time to death (LT50) for late larval instars was 3.02 (95%
CI, 2.76 - 3.25) and 0.98 (95% CI, 0.75 - 1.20) days for An. stephensi and An.
gambiae, respectively. None of the treated larvae pupated. Pupal mortality
reached 100% within 2 hours for both species. AMF® repelled gravid females
from ovipositing in treated oviposition cups. Aquatain® showed similar
larvicidal and pupicidal activity, however, it did not repel gravid females. In a
no-choice test, the lowered water surface tension, due to Aquatain® or AMF®
caused most females to drown while attempting to oviposit. This physical
control tool has the potential to become a safe and cost-effective malaria
vector control tool with a low risk of resistance development.
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Introduction
Monomolecular layers differ from other mosquito control agents, in their
ability to target multiple stages of the mosquito life cycle (Batra, 2006; Das,
1986; Levy, 1982b; Levy, 1986; Nayar and Ali, 2003). All stages that come into
contact with the water surface (e.g., eggs, larvae, pupae, emerging adults and
ovipositing females) are affected by the lowered surface tension caused by
such layers (Nayar and Ali, 2003; Service, 2008). As a result, they can provide
the combined benefits of both larval and adult, control leading to reduction
not only in mosquito density but also longevity (Killeen, 2002a; Killeen,
2002b; Killeen, 2003; Macdonald, 1957; White, 1999).
Ethoxylated isostearyl alcohols are plant-derived monomolecular layers
that have been rigorously tested in laboratory and field settings (Batra, 2006;
Das, 1986; Nayar and Ali, 2003; Service, 2008). Commercially known as
Arosurf® MSF and Agnique® MMF, these layers were found to be efficient in
killing pupae and late larval instars in addition to causing drowning of eggs
and ovipositing females (Nayar and Ali, 2003). When mixed with other
larvicides (e.g. Bacillus thuringiensis israelensis, B. sphaericus and diesel), they
led to an effective control of the early larval stages as well (Levy, 1986; Nayar
and Ali, 2003). Various studies showed these films to be environmentally
friendly and suitable for a variety of habitats including marshes, pastures,
water tanks, sewages and tree holes (Batra, 2006; Karanja, 1994 ; Nayar and
Ali, 2003). These products, however, could not be successfully incorporated
into control programs due to their inability to withstand wind and the
tendency to accumulate around debris and vegetation (Nayar and Ali, 2003).
This disadvantage rendered them unfavorable for the treatment of large and
vegetated habitats such as rice paddies and irrigation canals which are known
to harbor vector populations that can contribute substantially to malaria
transmission (Dolo, 2004; Ijumba and Lindsay, 2001; Keiser, 2005; Ng'ang'a,
2008).
Aquatain® is a monomolecular film that has been designed and
successfully tested as an anti-evaporation liquid to prevent water loss from
large water storage basins, e.g. dams in hot climates (Ultimate Agri-products,
2007a). In contrast to Arosurf® MSF and Agnique® MMF, Aquatain® is a
polydimethylsiloxane (PDMS, 80%) based liquid, which is characterized by its
ability to cover large vegetated areas and its resilience to wind and rain. It is
reported to have no adverse effect on water quality and has been certified
(NSF International certificate# 4Q360-01) for use on drinking water (Ultimate
Agri-products, 2007b; Agrisearch Analytical Pty Ltd., 2008a). The spreading
ability and flexibility gives Aquatain® an advantage over other known
monomolecular layers and, therefore, its mosquito control potential is worth
testing.
In this study we tested the efficacy of Aquatain mosquito formulation
(AMF®, Agrisearch Analytical Pty Ltd., Australia) against Anopheles stephensi
Liston and An. gambiae s.s. Giles, which are important malaria vectors in Asia
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and Africa, respectively. The difference between Aquatain® and AMF® is the
additional 2% eucalyptus oil in the latter. A comparison was also made
between the efficacy of Aquatain® and AMF® against the same mosquito
species.

Materials and methods
Mosquitoes

Experimental set up
All experiments were conducted in a climate-controlled room at 27 ± 1°C,
photoperiod 12D:12L and RH of 80 ± 5%. Tap water was kept in open plastic
trays one day before every experiment to remove chlorine. Aquatain® and
AMF® were used as recommended by the manufacturer. Eucalyptus oil
provides an additional toxic mode of action to AMF® and is an oviposition
repellent (Corbet, 2000; Senthil, 2007).

Larvicidal effect
The larvicidal effect of AMF® was tested against early (L1-2; 1-3 days old) and
late (L3-4 ; 4-8 days old) instars separately. Four plastic trays (13 x 15 x 7 cm)
were filled with 1 liter water and 50 larvae were added to each tray along
with tetramin-water solution (0.2 - 0.3 mg/larva per tray per day). The surface
area of water was 0.035 m2. Using the recommended dose of 1 ml/m2, 35 µl
AMF® was applied to one of the trays. Half (17.5 µl) and double (70 µl) the
recommended dose was pipetted into a second and third tray. One tray
remained untreated and served as the control. Mortality was checked daily
and recorded for 10 days. Three replicates were performed. Tetramin-water
solution was adjusted according to the daily mortality.

Pupicidal effect
Four plastic oviposition cups (5 cm diameter × 3.2 cm height) were filled with
40 ml water. Fifteen pupae were added to each cup. Surface area was
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Anopheles stephensi eggs (Strain STE 2, MRA no. 128, originally from India)
were obtained from MR4 (Atlanta, USA), placed in water trays (30 × 15 × 7
cm) and kept in a climate-controlled chamber maintained at a temperature of
27 ± 1°C, photoperiod 12L:12D and a relative humidity (RH) of 80 ± 5%.
Larvae were fed on Liquifry No 1 (Interpet Ltd. Dorking, Surrey) for the first 3
days and Tetramin® for the rest of their larval development. Pupae were
collected and transferred in small cups to cages (30 × 30 × 30 cm) for
emergence. Adults had ad libitum access to 6% glucose. Females, when 4-5
days old, were offered blood from the forearm of a volunteer and an
oviposition cup with wet filter paper was then placed inside the holding cage
for egg collection. An. gambiae s.s., (Suakoko strain, courtesy of Prof. M.
Coluzzi) were reared under similar conditions.
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calculated to be 0.002 m2. According to the recommended dose 2 µL of AMF®
was required. In three cups 2 µl, 1.0 µl and 0.5 µl were pipetted, while the
fourth cup was not treated and served as the control. The number of dead
pupae was counted after every 15 minutes for 2 hours. Four replicates were
performed. A pupa was considered dead if it did not show the characteristic
stretching reaction on slight dipping.

Effect on oviposition
Female mosquitoes, 4-8 days old, were blood fed. In the case of An. gambiae,
females were blood fed twice. After two days, 12 gravid females were
transferred to a cage with a 6% glucose water bottle and two oviposition cups
(similar to those described above). One cup was treated with 2 µl of AMF®
(recommended dose) while the other served as the control. The cups were
placed at two opposite corners of the cage (30 × 30 × 30 cm) and their
positions switched between replicates to avoid positional effects. After 48
hours the eggs laid in each oviposition cup were counted. Four replicates
were performed.
In the second experiment the females were placed in a no-choice
situation. In this case each cage contained only one oviposition cup (as
described above), a glucose water bottle and 12 gravid females. Treatments
(in separate cages) included 2 µl 1.0 µl, 0.5 µl of AMF® and the control. Three
replicates were performed. On the second day the number of eggs laid were
counted and all the females were dissected to count the number of eggs that
had developed up to Christopher IV and IV - V transition stages but had not
been laid (WHO, 1975). The unlaid eggs were taken into account to be sure
that on average the potential for laying eggs was the same in each cage.

Effect of eucalyptus oil
To compare Aquatain® and AMF® for the larvicidal and pupicidal effect
bioassays were performed with late stage (L3-4) larvae and pupae. The
minimal dose was used (17.5 µl for larvae and 0.5 µl for pupae), to pronounce
any difference in effect, in the same settings as described above. Three
replicates were performed. Aquatain® was also tested in the choice and nochoice oviposition experiments. In case of the choice experiments (four
replicates) the gravid females had a choice between an untreated and
Aquatain® treated oviposition cup. While in the no-choice (three replicates)
experiment gravid females had access to either an untreated, Aquatain®treated or AMF®-treated cup. Aquatain® and AMF® was applied at the dose
of 0.5 µl.

Statistical analysis
In case of more than 10% mortality in the control the percentage mortality
data for the corresponding treatments was corrected for natural mortality by
Abbott’s formula to calculate the LT50 values by probit analysis (Abbott, 1925;
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Finney, 1971). The effect of species, larval stage and treatments was analyzed
using Cox regression and Kaplan-Meier pair-wise comparisons (Cox, 1972). A
one-way ANOVA was used to detect significant differences between the
number of eggs laid in each cage. All analyses were performed using SPSS
version 15 software (SPSS Inc. Chicago, IL, USA).

Results
Larvicidal effect

Pupicidal effect
For pupae the species effect was more pronounced (Figure 2). The HR (95%
CI) for An. gambiae pupae was 6.9 (4.5 - 10.5) times that for An. stephensi.
The species effect is also apparent from the LT50 values (Table 2). In case of
An. gambiae no significant difference was found between the different doses
tested. For An. stephensi, however, the 1 µl treatment was significantly
(P<0.05) more effective than the rest. Although none of the pupae, for both
species and all concentrations, emerged as adults, all of the pupae in the
control treatment did so.

Effect on oviposition
In the choice experiment, gravid females had the option of laying eggs in an
AMF® treated and / or an untreated oviposition cup. Both species laid no eggs
in the treated cups while an average of 378 ± 91 eggs and 227 ± 39 eggs were
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For all the treatment doses a minimum of 69% mortality was observed in the
10-day period following exposure (Figure 1). The effect on larval stages was
significant. For both species the LT50 values for the early stage (L1-2) larvae
were higher than those for late stage (L3-4) larvae in corresponding doses
(Table 1). The hazard ratio or HR (95% CI) for the late stage larvae was 3.6
(3.14 - 4.20) and 1.9 (1.74 - 2.28) times that for early stage larvae of An.
gambiae and An. stephensi, respectively. This difference was also observed
by pairwise comparison between survival curves of both stages (P<0.001 for
each species). At the early larval stage, the susceptibility of both An.
stephensi and An. gambiae was the same except for with the 17.5 µl dose. At
this dose Anopheles stephensi larvae had a higher mortality hazard compared
to An. gambiae (HR (95% CI), 2.2 (1.4 - 3.5)). However, at the late larval stage
An. gambiae was more susceptible to AMF® compared to An stephensi. The
hazard ratios for An. gambiae were 9.8 (4.0 - 23.7), 3.1 (1.2 - 7.5) and 7.4 (3.0
- 17.8) for the 17.5 µl, 35 µl and 70 µl treatments, respectively, compared to
An. stephensi. All treatments were significantly different from the controls
(P<0.001) but increase in concentration did not show a systematic increase in
mortality as the survival curves for various treatments did not differ in any
specific pattern (Figure 1). Not a single larva, in any of the treatments apart
from the control, molted into a pupa (Table 1).
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laid in the control cups by An. stephensi and An. gambiae, respectively (Table
3). In the no-choice experiments (data not shown) the gravid females were
provided with a single cup either untreated or treated with one of the
concentrations (0.5 µl, 1.0 µl or 2.0 µl). Most females drowned in treated
cups in an attempt to oviposit while only one An. gambiae drowned in a
control cup. In contrast to complete absence of oviposition in the treated
cups, an average of 567 ± 126 and 217 ± 86 eggs were laid in the control
cages by An. stephensi and An. gambiae, respectively. All females were
dissected and eggs developed up to Christopher IV and IV - V transition stages
were counted. There was no significant difference in the total number of
eggs, laid and unlaid, in any treatment cage for both An. stephensi (F=3.482;
df=3,8; P>0.05) and An. gambiae (F=0.295; df=3,8; P>0.05).

Effect of eucalyptus oil
No additional effect of eucalyptus oil was found for larvae or pupae in terms
of mortality when directly compared with Aquatain®. However, in case of
oviposition we found that, unlike AMF®, in the choice experiments an

Figure 1: Cumulative percentage survival for early (L1-2) and late (L3-4) stage larvae of An.
stephensi (As) and An. gambiae (Ag) in untreated (control) and AMF® treated (17.5 µl, 35 µl, 70
µl) larval trays. Percentages were not corrected for natural mortality.
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L3-4

L1-2

Dose
(μl)
0
17.5
35.0
70.0
0
17.5
35.0
70.0
0
17.5
35.0
70.0
0
17.5
35.0
70.0

Chi-square
3.2
3.5
7.8
9.0
1.9
9.4
9.4
21.5
3.5
20.7
7.0
4.6
1.4
45.6
12.4
19.4

LT50 (95% CL)*
na a
3.83(3.6-3.9)b
4.01(3.8-4.2)c
4.13(3.9-4.3)c
na a
2.16(1.9-2.4)b
3.02(2.7-3.2)c
2.19(1.8-2.5)d
na a
8.01 (7.5-8.6)b
4.15 (3.8-4.4)c,b
3.60 (3.3-3.8)c
na a
2.01(1.1-2.7)b,d
0.98(0.7-1.2)c
1.60(1.3-1.8)d

Slope ± S.E.
1.737 ± 0.18
3.284 ± 0.20
2.729 ± 0.15
2.872 ± 0.16
0.787 ± 0.28
1.331 ± 0.08
1.356 ± 0.08
1.531 ± 0.09
0.731 ± 0.09
1.633 ± 0.13
1.603 ± 0.11
2.017 ± 0.14
0.451 ± 0.07
0.878 ± 0.06
0.891 ± 0.07
0.880 ± 0.06
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* Values without letters in common differ (P<0.05) with respect to survival curves.

An. gambiae

L1-2

An. stephensi

L3-4

Stage

Species
38.9
99.3
99.1
100.0
3.3
98.9
91.9
100.0
28.6
69.7
90.7
97.2
26.1
99.2
99.2
99.3

% Mortality

61
0
0
0
96
0
0
0
53
0
0
0
72
0
0
0

% Pupation

Table 1: Median lethal time to death (LT50; in days) with 95% confidence limits for early (L1-2) and late (L3-4) stage larvae of An. stephensi and An.
gambiae (n = 150) after exposure to varying doses (μl) of AMF® treatment.
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of 1.5 ± 0.6 An. stephensi and 8.3 ± 1.3 An. gambiae females drowned while
attempting to oviposit even though they had the choice of an untreated
oviposition cup (Table 3). This shows that Aquatain® on its own does not
repel the gravid females. Another difference was that on average 11.8 ± 7.8
eggs were laid in the treated cups whereas egg laying was not observed with
AMF® treatment.
In the no-choice experiment (Table 4) no eggs were found in the AMF®
treated cups while only 27 eggs were found in one of the cups treated with
Aquatain®. In the control an average of 233 ± 34.9 and 179 ± 57.5 eggs were
laid by An. stephensi and An. gambiae, respectively. No significant difference
was found in the total number of eggs per cage when the dissected eggs were
also taken into account for An. stephensi (F=0.889; df = 2,6; P>0.05) and An.
gambiae (F=0.303; df=2,6; P>0.05).

Figure 2: Cumulative percentage survival for pupae of An. stephensi (As) and An. gambiae (Ag)
in untreated (control) and AMF® treated (0.5 µl, 1.0 µl, 2.0 µl) oviposition cups.
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Table 2: The median lethal time to death (LT50; in min) with 95% confidence limits for
varying doses (μl) of AMF® treatment for An. stephensi (n = 60) and An. gambiae pupae (n =
60). All treatments resulted in 100% mortality within 2 hrs.

Species
An. stephensi

An. gambiae

Dose(μl)
0.5
1
2
0.5
1
2

Slope ± S.E.
3.41 ± 0.20
4.08 ± 0.26
3.29 ± 0.19
4.28 ± 0.47
4.86 ± 0.62
4.76 ± 0.62

LT50 (95% CL)*
45.8 (44.0-47.5)a
44.0 (42.4-45.5)b
47.5 (45.6-49.3)a
20.4 (19.2-21.5)a
20.4 (19.3-21.3)a
20.0 (18.9-20.9)a

Chi-square
23.3
25.0
17.5
13.4
0.10
0.13

* Values without letters in common differ (P<0.05) with respect to survival curves.
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Our results show the efficacy of AMF® and, Aquatain® against multiple lifecycle stages of An. stephensi and An. gambiae in the laboratory. In the larval
experiments the late larval stage was more susceptible to AMF®, as
to the early larval stage. The same response was reported by Das et al. (1986)
for An. stephensi when treated with Arosurf® MSF. The late stages are more
affected because of their reduced ability to utilize dissolved oxygen
(Clements, 1992; Corbet, 2000; Das, 1986). The failure of larvae to pupate in
any of the treated trays was a persistent result. A possible reason may be the
reduced larval fitness as they showed stunted growth and had a loss of
appetite which was apparent from the accumulation of food in the treated
trays. Corbet et al. (2000) showed that larvae treated with PDMS spend more
time on the surface and this behavioral change affects their fitness. The pupal
stage showed a more drastic effect of AMF®, as they lack the ability to use
dissolved oxygen completely. Arosurf® MSF also affected the pupae more
than the larvae (Das, 1986).
The effect of different concentrations on the mortality of larvae and
pupae was not proportional, perhaps due to the mode of action. Silicone oil is
a bimodal agent. It changes the surface tension of the water and floods the
respiratory organs, which results in the tail-nibbling behavior observed. The
flooding feature is more dominant (Corbet, 2000). All the larvae on the
surface at the time of treatment are likely to be instantly affected by the
flooding. As long as the amount of AMF® is enough to flood the respiratory
siphons of the larvae further increase in the concentration of AMF® probably
has no additional effect.
Aquatain® or AMF® showed no difference in their effect on larvae and
pupae, which suggests that Aquatain® without the addition of a repellent has
an equal potency to act as a control agent. Eucalyptus oil has a concentrationdependent oviposition repellent effect which is why, in the choice experiment
with AMF®, the females were repelled from the treated cups (Senthil, 2007).
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However if the gravid females are not repelled, as in case of Aquatain®, it
rules out the chance that the females will search for an alternative site to lay
eggs. This non-repellent effect is useful as it provides an increased chance of
drowning a gravid female. It will thus be preferable to apply Aquatain® for
mosquito control.
The difference in the average number of An. stephensi (1.5 ± 0.64) and
An. gambiae (8.25 ± 1.31) females that drowned in the Aquatain® choice
experiment (Table 3) is probably linked to a difference in their oviposition
behavior. Gravid females of An. gambiae are thought to oviposit eggs during
flight or by sitting on the water surface, but not when vertically perched
(Clements, 1999). Anopheles stephensi females, on the other hand, were
observed to cling on to the brim of the oviposition cup with their fore tarsi
whilst ovipositing. As a result the An. gambiae females were unable to avoid
drowning once they landed on the treated surface while the An. stephensi
females could pull themselves out.
Table 3: The average number (±S.E.) of eggs laid and females (n=12) that drowned (± S.E.) in
various treatments during the choice oviposition experiment in which the gravid An. stephensi
and An. gambiae females had access to a treated and an untreated oviposition cup.

Species
An. stephensi

Treatment
AMF®
Aquatain®

An. gambiae

AMF®
Aquatain®

Cup
Treated
Untreated
Treated
Untreated
Treated
Untreated
Treated
Untreated

Eggs laid
± S.E.
0
377.6 ± 91.1
0
265.5 ± 23.7
0
226.6 ± 38.9
11.7 ± 7.81
87.0 ± 22.2

Drowned ±
S.E.
0
0
1.5 ± 0.64
0
0
0.25 ± 0.12
8.25 ± 1.31
0

In addition to these results Aquatain® has certain properties which indicate
the advantages that would be associated with using it as a control agent.
Aquatain®, unlike contemporary control agents, has a physical mode of
action. It is therefore less likely that resistance will develop against it. Other
monomolecular surface films such as Arosurf® MSF and Agnique® MMF have
the same mode of action and resistance has not been reported thus far.
Owing to its safety and non-toxicity, Aquatain® would be suitable for all kinds
of breeding sites and no personal protection is required during application
(Ultimate Agri-products, 2007b; Agrisearch Analytical Pty Ltd., 2008a). The
self-spreading feature makes it easier to apply Aquatain® over large and
otherwise inaccessible areas (Fillinger, 2008). This would be particularly
useful to control larvae and pupae of the African vector An. funestus, which
occupy larger, more permanent sites (Dolo, 2004). An additional advantage in
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Table 4: No-choice oviposition experiment testing the additional effect of eucalyptus oil on the
egg laying of An. stephensi and An. gambiae. Shown is the average number (± S.E.) of eggs (laid
+ dissected), eggs laid and the females (n=12) that drowned (±S.E.) in the control or treated
oviposition cups.

Species

Treatment

Eggs ± S.E.
Laid + dissected*

An. stephensi

An. gambiae

Drowned±
S.E.

laid

Control

251 ± 51.9a

233 ± 34.9

0

AMF®

200 ± 53.2a

0

7.0 ± 2.0

9±9

6.3 ± 0.9

Aquatain®

171 ± 1.52

Control

338 ± 98.8a

a

179 ± 57.5

0

AMF®

a

286 ± 29.8

0

11.0 ± 0.5

Aquatain®

371 ± 87.7a

0

10.3 ± 0.9

* Values without letters in common differ significantly at P<0.05.

Comparison with Bacillus thuringiensis israelensis and B. sphaericus
Surface films are more effective at the late larval and pupal stage in contrast
to Bacillus thuringiensis israelensis and B. sphaericus (Nayar and Ali, 2003). As
B. thuringiensis israelensis and B. sphaericus application has been found to be
cost-effective we compared their cost with Aquatain®, when applied on a
hectare of breeding site for a year (Fillinger and Lindsay, 2006). Considering
the fact that Aquatain® applied at a dose of 0.5 ml/m2 caused 100% pupal
mortality within two hours and assured no pupation in the larval trays, we
based our calculations on this dose. We assumed furthermore, that once a
breeding site is treated, the film remains effective for 10 days (according to
supplier specifications). On the tenth day if a female successfully lays eggs the
resulting larvae need at least seven days before developing into pupae,
therefore the subsequent treatment can be delayed for an additional seven
days. The cost of Aquatain® at the rate of 0.5 ml/m2 per hectare after every
17 days for a year is $USD 1890 ($USD 18 per liter) which is comparable to
the WG ($USD 1300-1825) and CG ($USD 1466-1955) formulations of B.
sphaericus if applied after every 14 days per hectare per year (Fillinger and
Lindsay, 2006) The cost of similar formulations of B. thuringiensis israelensis
are $USD 208-313 and $USD 563-782 for the WG and CG formulations,
respectively, but this estimate does not include the labor cost involved with
repetitive application. The required application frequency of Aquatain® is less
than half that for B. thuringiensis israelensis. However these estimates do not
consider the untreated periods that can be incorporated without
compromising the efficiency of a control program so the actual costs would
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applying Aquatain® would be the reduced water evaporation as the breeding
sites are often economically and domestically important (Mutuku, 2006a).
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be lower than these estimates. Another logistic advantage of Aquatain® will
be the shelf life which for various formulations of B. thuringiensis israelensis
and B. sphaericus is 2-3 years when stored at a temperature below 25°C. High
temperature reduces their efficacy and so has to be considered during
transportation (Couch, 2000; Powell and Jutsum, 1993). Aquatain® has no
such limitations. It has been reported to remain stable after being kept at 54
°C for 2 weeks (Agrisearch Analytical Pty Ltd., 2008b).

Conclusion
The laboratory results, properties and comparison with well tested larvicides
suggest Aquatain® to be a promising control agent. However, for a more
realistic overview, field trails need to be conducted. The field trials would also
provide an opportunity to detect any non-target effects. In the event of the
expected field results Aquatain® may be incorporated, as a new control tool,
into integrated mosquito control programs.
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Efficacy of Aquatain®, a monomolecular film,
for the control of malaria vectors in rice
paddies
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vectors in rice paddies.
127

128

Efficacy of Aquatain in rice paddies

Abstract

129

Chapter 6

Rice paddies harbour a large variety of organisms including larvae of malaria
mosquitoes. These paddies are challenging for mosquito control because the
large size, slurry and vegetation of paddies make it difficult to effectively
apply a control agent. Aquatain®, a monomolecular surface film, can be
considered a suitable mosquito control agent for such breeding habitats due
to its physical properties. These properties allow Aquatain® to self-spread
over a water surface and affect multiple aquatic stages of the mosquito life
cycle. A trial based on a pre-test/post-test control group design evaluated the
potential of Aquatain® as a mosquito control agent at the Ahero rice
irrigation scheme in Kenya. After Aquatain® application at a dose of 2 ml/m 2
on rice paddies, early stage anopheline larvae were reduced by 36%, and late
stage anopheline larvae by 16%. However, there was a 93.2% reduction in
emergence of anopheline adults and 69.5% reduction in emergence of
culicine adults even when Aquatain® was applied at a lower dose of 1 ml/m 2.
No pupation was observed in treated buckets that were part of a field bioassay carried out parallel to the trial. Aquatain® application saved nearly 1.7
liter of water in six days from a water surface of 0.2 m2 under field conditions.
Aquatain® had no negative effect on rice plants or on a variety of non-target
organisms, except backswimmers. We demonstrated that Aquatain® is an
effective agent for the control of anopheline and culicine mosquitoes in
irrigated rice paddies. The agent reduced densities of the aquatic larval stages
and, more importantly, strongly impacted the emergence of adult
mosquitoes. Aquatain® also reduced water loss due to evaporation. No
negative impacts were found on either abundance of non-target organisms,
or growth and development of rice plants. Aquatain®, therefore, appears a
suitable mosquito control tool for use in rice agro-ecosystems.
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Introduction
Both urban and rural agriculture have been associated with increased risk of
malaria to the local communities (Stresman, 2010; Yadouleton, 2010a).
However, the extent to which malaria transmission is affected by agriculture
depends on many factors such as local climatic conditions, mosquito species,
agricultural practices and economic conditions (Jarju, 2009; Muturi, 2006;
Service, 1989; Stresman, 2010). In this regard, rice cultivation has attracted
much attention as it provides abundant breeding opportunities for malaria
mosquitoes. In addition, rice paddies are a challenging site for vector control
(Dolo, 2004; Ijumba and Lindsay, 2001; Keiser, 2005; Klinkenberg, 2003;
Mwangangi, 2010; Ng'ang'a, 2008). The large size, slurry and vegetation make
it difficult to effectively apply mosquito control agents in rice paddies and
other, similar, habitats (Fillinger, 2008). In our previous study (Chapter 5) we
proposed Aquatain, a monomolecular film, as a suitable mosquito control
agent for rice paddies based on its efficacy against Anopheles mosquitoes and
its physical properties (Bukhari and Knols, 2009).
Monomolecular films differ from petroleum products due to their
entirely physical and non-toxic mode of action (Corbet, 2000; Djouaka, 2007).
Monomolecular films act on mosquitoes by closing off their respiratory
structures (siphons in larvae, trumpets in pupae) leading to suffocation
(Reiter, 1978a). Egg lecithin was the first monomolecular film to be rigorously
tested in laboratory and rice paddies for its ability to control mosquito larvae
(Reiter and McMullen, 1978; Reiter, 1978a, 1978c and 1980). It was followed
by two ethoxylated isosteryl alcohol- based products, Arosurf® MSF (ISA-2OE
or 66-E2) and Agnique® MMF (Nayar and Ali, 2003). These two products were
tested against a variety of mosquito species in semi-permanent and
permanent breeding sites, with and without vegetation, ranging from
domestic water tanks, sewage treatment systems to salt marshes (Ali, 2000;
Bashir, 2008; Batra, 2006; Levy, 1980, 1981, 1982a and 1982b; Takahashi,
1984; White and Garrett, 1977). Different application methods and their
effects on non-target organisms were evaluated (Burgess, 1985; Hertlein,
1985; Hester, 1989 and 1991; Karanja, 1994; Kenny and Ruber, 1992 and
1993; Levy, 1981; Takahashi, 1984; Webber and Cochran, 1984). Both
products were also tested in combination with other mosquito larvicides such
as Bacillus thuringiensis var. israelensis, Bacillus sphaericus, methoprene (an
insect growth regulator), temephos and diesel oil (Levy, 1984a, 1984b, 1984c
and 1986; Nelder, 2010). The results showed that these monomolecular films
could essentially be used for mosquito control provided they remained
homogeneously spread over the treated site. However, these films not only
had a tendency to accumulate around debris and vegetation, they were also
broken up by wind (Nayar and Ali, 2003).
Aquatain® (Agrisearch Analytical Pty Ltd., Australia), a new-generation
product of monomolecular films, is silicone-based. It was originally designed
as an anti-evaporation liquid and has the ability to self-spread over large
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Materials and methods
Study area
Twelve 0.5 acre rice paddies (standard paddy size in Ahero: 1 acre) were
selected within the Ahero Irrigation Research Station (AIRS, Figure 1a). The
Ahero irrigation scheme (0°10'S, 34°55'E) is one of three developed irrigation
schemes in western Kenya. The main water source for this scheme is the river
Nyando. The scheme irrigates 2,168 acres of farm land, most of which is used
for rice cultivation. Presently there are 519 farming households connected to
this scheme. The mean annual temperature ranges from 17 to 32 °C, the
average annual rainfall from 1,000 to 1,800 mm and the average relative
humidity is 65%. There are two rainy seasons: the long rains from March to
August and the short rains from September to October (Atieli, 2009). This
study was carried out during the long rains from March to June, 2010.
Malaria transmission occurs throughout the year in this area. Anopheles
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water surfaces and around vegetation providing complete coverage of a large
water body with emerging vegetation. The film formed by Aquatain® is
resilient to wind and rain. It was found to be effective against the larval,
and adult stage of Anopheles gambiae Giles, An. stephensi Liston, Aedes
aegypti L. and Culex quinquefasciatus Say in the laboratory (Bukhari and
Knols, 2009; Webb and Russell, 2009). Aquatain® (1 ml/m2) caused more than
90% mortality of An. gambiae, An. stephensi and Cx. quinquefasciatus larvae
and 55% mortality of Aedes aegypti larvae. Pupae of all the species were
extremely susceptible and 100% mortality was recorded within three hours.
Aquatain® treatment not only reduced the number of eggs deposited at the
treated sites but also caused the ovipositing females to drown. Small-scale
field trials were conducted in Sydney, Australia, which showed that Aquatain®
(1 ml/m2) reduced the densities of Ae. notoscriptus Skuse and Cx.
quinquefasciatus larvae in buckets (0.30 m diameter), with and without
plants, for six weeks after application (Webb and Russell, 2010).
The present study was carried out at the Ahero irrigation scheme in
Kenya, where two monomolecular films, lecithin and Arosurf MSF, had been
previously tested (Karanja, 1994; Reiter, 1980). The main objective of this
study was to evaluate the efficacy of Aquatain® as a mosquito control agent
in rice paddies and investigate the potential side effects on non-target
organisms and rice plants. Specific objectives were to (a) determine the
impact of Aquatain® treatment on larval and pupal densities of malaria
vectors, (b) determine the impact of Aquatain® treatment on emergence of
adult malaria vectors, (c) evaluate the residual effect and retreatment
interval for Aquatain®, (d) determine the effect of Aquatain® on non-target
organisms, (e) determine the effect of Aquatain® treatment on water
evaporation, and (f) determine the effect of Aquatain® treatment on the
growth and development of rice plants.
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gambiae Giles sensu stricto, An. arabiensis Patton and An. funestus Giles are
the main malaria vectors (Atieli, 2009). The mean annual Plasmodium
falciparum Welch sporozoite inoculation rate (EIR) has been reported to be
as high as 416 infective bites per person per year (Githeko, 1993).

Study design
A pre-test/post-test control group design was used for our field trial in the
irrigated rice paddies. Baseline (pre-application) data were collected from all
12 experimental rice paddies for four weeks. Six paddies were then grouped
as either control or treatment, so that on average the two groups matched in
mosquito larval densities and adult emergence, the number of each nontarget species caught, and rice plant characteristics (variety, height, plant
density and tiller). Paddies were flooded before Aquatain® application. The
banks were then closed to prevent water from moving in or out of the
paddies. Aquatain® was then applied (first application) and data were
collected for 19 days. The paddies were not supplied with additional water
during this period. After 19 days the banks were opened to irrigate the
paddies and then closed again before the second application of Aquatain®.
No further water was let in during the following 20 days during which the
data were collected.

Rice crop
Sampling started 15 - 20 days after the rice seeds were sown (direct seeding)
in the paddies (Figure 2). One of two available rice varieties, Oryza sativa
ITA310 or Oryza sativa IR2793, was sown in each plot. After sowing, a thin
water layer was maintained for 7 - 10 days to keep the soil moist. The water
level was then increased to 2 - 12 cm for ~ 45 days during the tillering stage.
Then, the water level was increased to 5 - 18 cm for ~ 30 days during the
booting (obvious by stem swelling due to the panicle developing inside) and
flowering (appearance of panicle) stage of the rice. The plots were drained 10
- 14 days before harvesting. Sampling ended when the plots were drained.
During rice development, some plots were sprayed with a herbicide (Satunil
60 EC; Thiobencarb 40% and Propanil 20%) and a systemic insecticide (Titan,
acetamiprid) as advised by AIRS. The insecticide is sprayed routinely for
control of the rice stem borer, Maliarpha separatella Ragonot (Pyralidae:
Lepidoptera). Insecticide spraying was also reported in the study by Reiter
(1980). Apart from the insecticide spray a nitrogenous fertiliser was applied
once in all the plots 5 - 6 weeks after sowing (Figure 2).

Temperature, wind speed and rain fall measurements
The air temperature, wind speed, humidity and rainfall data were obtained
from AIRS. The data were measured daily on-site.
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Figure 1: Ahero Irrigation scheme, sampling points for area sampler and emergence trap: Layout of rice paddies (1 acre each) in the Ahero Irrigation scheme (total
area 2,168 acres) and location of the scheme in Kenya. The Ahero Irrigation Research Station (AIRS) is located within the scheme. The river Nyando is the water
source for the scheme. a: Sketch of the entire scheme (courtesy of AIRS) and b: Schematic diagram showing the nine sampling points for the area sampler in a rice
paddy, the emergence trap and the positions to which the emergence trap was moved.
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Larval sampling
Larval sampling was done every 4 - 5 days. In a laboratory study Aquatain®
caused >75% mortality after 5 days in both early (L1-2) and late (L3-4) stage
larvae (Bukhari and Knols, 2009). The first sampling was, therefore, done five
days after Aquatain® application. Larvae were collected with an area sampler,
a bucket with the bottom cut out, by pushing the sampler until the lower rim
touched the bottom of the field. A dipper or sweep net could not be used
because the water level was only 2 cm during the early development stages
of the rice plants. The area sampler had a height of 0.32 m with a diameter of
0.31 m at the top and 0.23 m at the bottom. The total area sampled was
0.085 m2. Nine sampling sites, along three transects, were selected and
marked in each paddy (Figure 1b). Two transects were along the sides of the
paddy while the third was made across the centre of the paddy. Each
sampling point was 21 m apart from the other points in the same transect
and 16 - 17 m apart from the corresponding point in the adjacent transect.
The sampling site was not disturbed before the area sampler was quickly and
firmly pushed into the soil. The contents captured in the sampler were
removed with a plastic container and strained through a nylon cloth,
separating the mosquito larvae, pupae and a variety of other (non-target)
organisms from the water. The mosquito larvae and non-target organisms
were placed in PET bottles with clean water and brought to the laboratory
where the number of early stage (L1-2) larvae, late stage (L3-4) larvae and
pupae of anopheline and culicine mosquitoes were counted. Late stage (L3-4)
anopheline larvae were washed in hot water to clean and kill them for
morphological identification. A sub-sample (30%) of An. gambiae s.l., kept in
absolute alcohol, was analysed by PCR for identification to species level
(Scott, 1993). The pupae were reared till emergence and subsequently
identified to genus level (Culex or Anopheles). These samples were not
identified further.

Adult sampling
As earlier laboratory studies suggested a quick reduction in adult emergence
due to 100% pupal mortality within a few hours after exposure to Aquatain®
(Bukhari and Knols, 2009), adult mosquitoes were collected daily from
emergence traps (Figure 3a). The emergence trap consisted of a cone-shaped
iron frame with a cover of mosquito netting. The cover was provided with a
sleeve to allow easy aspiration of emerged adults (Fillinger, 2009b). The trap
was 1 m high and had a diameter of 1 m at the lower side covering a surface
area of 0.8 m2. PET bottles were used to keep the trap floating. This allowed
free movement of larvae, pupae and non-target organisms, in and out of the
area covered by the trap. The trap was tied to wooden stakes (inserted in the
soil) to avoid being blown away or lifted by the wind. One trap was placed in
each paddy. The position of all traps was changed on the same day in every
paddy after four weeks (Figure 1b). Adult mosquitoes and non-target
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Figure 2: Timeline for rice growth, maintenance and application of Aquatain®: The dashed horizontal line indicates the water level that was maintained during
various stages of rice crop and drainage 10-14 days before harvest. The diagram also shows when a herbicide, nitrogenous fertiliser, and an insecticide were applied
to the rice paddies. Broken arrows represent the two applications of Aquatain®.
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organisms found in the emergence traps were collected and brought to the
laboratory where the numbers of Culex or Anopheles mosquitoes were
recorded. Anopheles mosquitoes were morphologically identified to species
level while Anopheles gambiae s.l. specimens were stored with silica gel and
subsequently identified by PCR (Scott, 1993).

Field bioassays
Field bioassays were carried out in the control and treatment paddies parallel
to the first Aquatain® application in the rice paddies. Plastic buckets (0.40 m
high, 0.30 m diameter) with two 25 cm2 holes, 4 cm above the bottom, were
placed in each paddy (Figure 3b). The holes were sealed with gauze, which
allowed free movement of water but prevented larvae from entering or
leaving the bucket. The bucket was kept covered with a net. Forty second
instar (L2) An. gambiae s.s. larvae (KEMRI strain, obtained from Kenya Medical
Research Institute, Kisumu) were added to each bucket. The number of
that developed in each bucket was recorded daily. The pupae were then
removed by a dipper.

Aquatain treatment
Aquatain® was poured into each paddy from a corner at the prescribed rate
of 1 ml/m2 (1.4 liter per paddy). The time taken for the Aquatain® film to
spread from one side of the paddy to the other was recorded. Aquatain® was
applied in the bioassay buckets, placed in the treatment paddies at a similar
rate (1 ml/m2, 70 µl/bucket). Aquatain® was applied separately inside the
bioassay buckets because the water level was higher than the holes at the
bottom preventing the Aquatain® film from the paddy to enter the buckets. A
second application of Aquatain® (2 ml/m2, 2.8 liter per paddy) was carried out
at the moment the previously applied Aquatain® film was no longer visible
and the sampling showed similar larval densities in the control and treatment
paddies.

Water measurements
Water surface temperature, turbidity, presence of algae and depth were
recorded daily in each paddy. Water surface temperature (5 mm top layer)
was measured with a digital thermometer (GTH 175/Pt, Greisinger
electronics, Germany). The water temperature was measured daily between
09:00 - 11:00. Water turbidity was categorised on a scale of 1 to 4, whereby
‘1’ referred to very clean water and ‘4’ to very turbid water. Presence or
absence of algae was observed and recorded. In each paddy a steel rod (with
a concrete base), firmly inserted into the soil, was used to measure the water
level (Klinkenberg, 2003). The distance between the water surface and the
base was recorded daily.
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a

b

c

Figure 3: Emergence trap, field bioassay and evaporation measurement: a. Floating
emergence trap. Arrow indicates the sleeve used to aspirate the adult mosquitoes and nontarget organisms. b. Bucket used for the field bioassay on Aquatain efficacy. Arrow indicates
the 25 cm2 holes at the bottom. c. Tubs with 15 rice plants, planted in a 20 cm soil layer. A 4
cm water layer was added to these tubs to measure evaporation.

Evaporation measurements

In addition, assays were also carried out in similar tubs, without rice plants
and soil, to measure the reduction in water loss by Aquatain® treatment. In
these assays six tubs were filled with water to the same level. Aquatain® (1
ml/m2, 196 µl/tub) was applied to three tubs. After six days the volume of
water required to refill each tub to the previous level was recorded. The
assays were conducted twice with a total of six replicates.

Non-target effects
a. Animals
Non-target organisms were collected from the area sampler and emergence
traps to determine if Aquatain® had any effect on their abundance. Nontarget organisms were counted after dividing them into the following taxa;
Ephemeroptera (mayfly nymphs and (pre-)adults), Odonata (damselflies,
137

Chapter 6

Because the rice paddies were not leveled, the decrease or increase in water
level in a paddy could not be translated into the volume of water added (by
irrigation and rain) or lost (by evaporation or overflow). To establish whether
Aquatain® reduced the water loss by evaporation, bioassays were set up next
to the rice paddies. Six plastic tubs (0.29 m high, 0.50 m diameter) were filled
up to 20 cm with soil (Figure 3c). Fifteen rice seedlings (variety ITA-310) were
planted in each tub. A nitrogenous fertiliser was added to these tubs while it
was being applied in the paddies. Water was added to a level of 4 cm above
the soil surface. Aquatain® (1 ml/m2, 196 µl/tub) was applied to the water
surface of three tubs. The water level was recorded every 2 - 4 days. After 12
days the same amount of Aquatain® was re-applied.
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Zygoptera or dragonflies, Anisoptera nymphs and adults), Orthoptera
(Gryllacrididae, crickets and Acrididae, grasshoppers), Diptera (Brachycera,
house flies and biting flies), Heteroptera (bugs), Coleoptera (beetles),
Lepidoptera (moths), Hymenoptera (Apocrita, wasps and Formicidae, ants),
Arachnida (Hydrachnellae, water mite and Araneae, spiders), Molluscs
(snails) Annelids (Hirudinea, leech and Haplotaxida, earthworms), fish (Tilapia
or mudfish) and Amphibians (tadpoles and frogs). Heteropterans were
further divided into Hydrometridae (water measurers), Veliidae (broad
shouldered water striders), Gerridae (water striders) Nepidae (water
scorpions), Corixidae (water boatmen) and Notonectidae (back swimmers)
(Fillinger, 2009b).
b. Rice plants
The average height and density of rice plants, average number of tillers per
plant, and crop yield were recorded per paddy to be able to detect any
negative effects of Aquatain® on the growth and development of rice plants.
The average height of the rice plant was recorded every two weeks. The
height was the length from the bottom (soil) to the tip of the longest leaf
blade. Three random measurements were taken per paddy and the average
was considered the representative of the whole paddy (Klinkenberg, 2003).
Plant density and number of tillers were measured every three weeks. Plant
density was measured by counting the number of rice plants in a 1 m 2 area.
Number of tillers was measured by taking an average of the number of tillers
in ten randomly selected plants per paddy (Klinkenberg, 2003). The crop yield
data was obtained from the AIRS after harvest.

Ethical considerations
Scientific and ethical clearance was granted by the scientific steering
committee and ethical review committee of the Kenya Medical Research
Institute (SSC No. 1783-2nd revision). A Memorandum of Understanding was
signed with AIRS, which is a part of the National Irrigation Board (NIB), Kenya.

Statistical analysis
Larval density in the control and treatment paddies per sampling was
compared by t-test after transforming the count data by log(x+1). Generalised
estimating equations (GEE) were used to determine the difference in larval
densities and adult emergence in the control and treated paddies adjusted
for water level, water turbidity, water surface temperature, presence of
algae, rice plant height and plant density. Larval densities and adult
emergence were fitted to Poisson distribution by a logarithmic link function.
First-order autoregressive relationship was used for the repeated
measurements. Pre-application, first application and second application data
were analyzed separately. Similarly GEE were used to detect differences in
density of non-target organisms in the control and treated plots. In case of
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cyclops, however, presence or absence data was fitted to a binomial
distribution by a logit link function before analysis by GEE.
Mulla’s equation,
% reduction = 100 - ((C1/T1)(T2/C2))100,
was used to calculate the percentage reduction in mosquito larval and pupal
densities and adult emergence (Mulla, 2003). Where, e.g., in the case of
larvae, C1 and T1 is the average number of larvae per sampling point in the
control and treated paddies, respectively before Aquatain® application.
Similarly, C2 and T2 is the average number of larvae per sampling point in the
control and treated paddies after Aquatain® application.
Difference in water level and volume of water lost due to evaporation
in the control and treated tubs was compared by t-test. Plant height, plant
density, number of tillers and crop yield of the control and treated paddies
were also compared by t-test. All analyses were performed using SPSS version
15 software (SPSS Inc., Chicago, IL, USA).

Results

Temperature, wind speed, rainfall and relative humidity
The average minimum (± S.D.) and maximum (± S.D.) air temperatures during
the study period were 15 °C (± 1.1) and 30.7 °C (± 1.3), respectively (Figure 4).
Highest wind speed measured was 5.2 km/hr, five days after the first
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In total, seven area-sampler and 31 emergence trap collections were carried
out during the 31-day base-line (pre-application) data collection. Control and
treatment paddies (six each) were matched by mosquito larval densities and
adult emergence, number of each non-target species caught, and rice plant
characteristics (variety, height, plant density and tiller). The three exceptions
were (pre) adult mayflies, water boatmen and water mites. The density of
(pre) adult mayflies was lower in the control paddies (p<0.001, OR (odds
ratio): 3.38, 95% confidence interval (CI): 1.53 - 3.80) compared to the
treatment paddies. However, the density of water boatmen was higher in the
control paddies compared to the treatment paddies (p<0.05, OR: 0.58, 95%
CI: 0.37 - 0.90). Similarly the density of water mites was higher in the control
paddies compared to the treatment paddies (p<0.05, OR : 0.56, 95% CI: 0.32 0.98). After the first Aquatain® application (5 May 2010), three area-sampler
collections and 19 emergence-trap collections were carried out during the 19
day data sampling. Extensive hand weeding was carried out during this period
(Figure 2). Hand weeding involved a group of 8 - 10 female workers removing
weeds from a rice paddy (0.5 acre) for 2 - 3 days (7 - 8 hrs per day). The film
of Aquatain® remained visible for 10 days. After the second Aquatain®
application (23 May 2010), three area sampler collections and 20 emergence
trap collections were carried out during the 20-day data sampling.
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Aquatain® application. Total rainfall was 270 mm over 71 days. The highest
rainfall recorded before the first Aquatain® application and after the first and
second Aquatain® application was 30.8 mm, 25 mm and 10.6 mm,
respectively. The average relative humidity (± S.D.) was 56 ± 13%.

Larval sampling
Among the 3,071 mosquito larvae caught, 1,693 (55%) were anopheline and
1,378 (45%) were culicine. Late stage (L3-4) anopheline larvae (547) were
morphologically identified as An. gambiae s.l. (40.9%), An. pharoensis
Theobald (36%), An. coustani Laveran s.l. (14%), An. squamosus Theobald
(1%), An. ardensi Theobald (0.9%) and An. funestus (0.1%). Some larvae (5%)
could not be identified due to physical damage. A sub-sample of 67 An.
gambiae s.l. larvae that was identified by PCR, consisted of 98.4% An.
arabiensis and 1.5% An. gambiae s.s..
Overall, during pre-application samplings, larval densities in the
paddies, later assigned as control or treatment, were similar (generalised
estimating equations (GEE), p>0.05). Water turbidity had a negative effect on
the number of young stage anopheline larvae (p<0.05, OR : 0.15, 95% CI: 0.03
- 0.71) and late stage culicine larvae (p<0.01, OR: 0.12, 95% CI: 0.02 - 0.58).
However, anopheline and culicine larval densities were significantly different
in paddies on various sampling dates (t-test, p<0.05, Figure 5).
Densities remained similar in the control and treatment paddies for
young (p > 0.05, OR: 1.0, 95% CI: 0.66 - 1.8) and late (p>0.05, OR: 0.6, 95% CI:
0.3 - 1.3) stage anopheline larvae after the first Aquatain® application (1 ml/
m2) (Figure 5a and 5b). For young stage culicine larvae, the data collected
after the first Aquatain® application could not be analysed because no larvae
were found in the control paddies (Figure 5c). In the case of late stage
culicine larvae, the overall larval density was lower (p<0.001, OR: 0.19, 95%
CI: 0.12 - 0.32) in treatment paddies than in control paddies, but this effect
was probably caused by the larval density being different (t-test, p<0.05) on
one sampling date only (16 May 2010; Figure 5d). Water level in the paddies
had a positive effect on the densities of late stage culicine larvae (p<0.01, OR:
1.05, 95% CI: 1.01 - 1.10). Larval density was higher when the water level was
high. Similarly, the water surface temperature had a positive effect on the
density of late stage culicine larvae (p<0.05, OR: 1.7, 95% CI: 1.07 - 2.7). Larval
density increased with a higher water surface temperature. The water surface
temperature (average ± S.D.: 24.5 ± 2.2°C) ranged from 22 to 31 °C during this
period.
Based on the results of the first Aquatain® application, a double dose (2
ml/m2) of Aquatain® was applied in the second application. Overall, larval
densities were lower in the treatment paddies than in the control paddies for
young stage (p<0.01, OR: 0.6, 95% CI: 0.4 - 0.8) and late stage (p<0.001, OR:
0.2, 95% CI: 0.1 - 0.2) anopheline as well as young stage (p<0.001, OR: 0.07,
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Figure 4: Air temperature and rainfall during the study period: Daily air temperature (minimum and maximum, °C) and rainfall (mm) measured during the study
period (courtesy of AIRS).
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Figure 5: Average number (±S.E.) of early (L1-2) and late (L3-4) anopheline and culicine larvae per sampling site: Average (± S.E.; n=6) of early stage (L1-2) and late
stage (L3-4) anopheline and culicine larvae per sampling point. The broken arrow indicates the first Aquatain® application (1 ml/m 2). The solid arrow represents the
second Aquatain® application (2 ml/m2). The square brackets on the top represent the overall comparison of the control and treated paddies before application
(pre-application, 5/4 - 3/5) and after first (11/5 - 21/5) and second application (28/5 - 7/6). n.s., non-significant; *, p<0.05; **, p<0.01; ***, p<0.001 (Generalized
estimating equations). Similar small case letters on every bar represent no significant difference (t-test, p<0.05) in the control and treatment paddies on that
sampling date.
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L1-2
L3-4
Adult
L1-2
L3-4
Adult
Pupal

Stage

0.31 (1.80)
0.18 (0.80)
0.20 (0.05)
0.04 (0.28)
0.19 (1.05)
0.39 (0.06)
0.03 (0.01)

Control
0.49 (2.60)
0.17 (0.90)
0.22 (0.09)
0
0.04 (0.24)
0.34 (0.04)
0.04 (0.01)

Treatment

a. Not calculated
b. Larval densities increased over previous (pre-) application.

Both

Culex

Anopheles

Mosquito

Preapplication

0.97 (1.80)
0.52 (1.09)
0.51 (0.11)
0.70 (0.58)
0.37 (1.15)
1.03 (0.18)
0.02 (0.01)

Control
0.69 (1.30)
0.33 (0.79)
0.07 (0.04)
0.12 (0.60)
0.17 (0.69)
0.17 (0.06)
0.01 (0.01)

Treatment

First
application

0.14 (0.50)
0.25 (1.02)
0.65 (0.11)
0
0.12 (1.01)
0.35 (0.07)
0.09 (0.04)

Control
0.15 (0.60)
0.19 (0.54)
0.05 (0.02)
0.02 (0.20)
0.03 (0.02)
0.09 (0.04)
0.04 (0.02)

Treatment

Second
application

% Reduction compared to
pre-application
first
after
application
after
first
second
second
application
32.2
55.0
36.0
19.5
32.8
16.4
93.2
87.5
0
a
a
a
3
0b
0b
69.5
81.5
39.3
60.8
76.5
40.0

Table 1: Average number (S.E.) of larvae, pupae and adults collected before and after Aquatain® applications: Average number of larvae (±S.E.) and pupae (±S.E.)
per sampling point per sampling day and average number of adults (±S.E.) per emergence trap per day collected before (Pre-application) and after applying 1 ml/m2
(first application) and 2 ml/m2 (second application) of Aquatain®. Percentage reduction after first and second application compared to pre-application and after
second application compared to first application are given.
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95% CI: 0.07 - 0.08) and late stage (p < 0.05, OR: 0.2, 95% CI: 0.06 - 0.8)
culicine larvae. Unlike after the first application, water level in the paddies
had a negative effect on larval densities of young stage (p<0.001, OR: 0.92,
95% CI: 0.91-0.93) and late stage (p<0.05, OR: 0.94, 95% CI: 0.89 - 0.98)
anopheline and young stage (p<0.001, OR: 0.72, 95% CI: 0.71 - 0.73) and late
stage (p<0.05, OR: 0.9, 95% CI: 0.83 - 0.98) culicine larvae after the second
Aquatain® application.
Larval densities decreased with an increase in water level. Water
surface temperature had a positive effect on larval densities of young stage (p
<0.001, OR: 2.2, 95% CI: 1.4 - 3.4) and late stage (p<0.001, OR: 4, 95% CI: 2.9 5.5) anopheline and young stage (p<0.001, OR: 11.1, 95% CI: 9.8 - 12.6) and
late stage (p<0.05, OR: 6.2, 95% CI: 1.4 - 26.8) culicine larvae. Larval density
was higher when the water surface temperature was higher. During this
period the water surface temperature (average ± S.D.: 23.6 ± 1.5°C) ranged
between 20 and 27.8 °C. Turbidity had a negative effect on larval densities of
late stage anopheline (p<0.001, OR: 0.49, 95% CI: 0.4 - 0.6) and culicine
(p<0.05, OR: 0.1, 95% CI: 0.03 - 0.7) larvae. Larval density decreased when
turbidity was high. Data collected after the second Aquatain® application
showed that larval densities were lower (t-test, p<0.05) in the treatment
paddies compared to the control paddies for two consecutive collections (28
May 2010 and 2 June 2010) except for late stage culicine larvae where the
difference was only observed for one collection (28 May 2010). The larval
densities were no longer different in the control and treatment paddies
during the third collection (7 June 2010).
Although there was no reduction in larval densities in the treatment
paddies as compared to the control paddies after the first application, a 32%
reduction in early stage anopheline and 19% reduction in late stage
anopheline larvae was calculated using Mulla’s equation. This equation also
takes into account the larval densities in control and treatment paddies
before application (Table 1). Anopheline larval densities were more reduced
after the second application of Aquatain® (Table 1). Considering the larval
density after the first application, there was a reduction of 36% for early
anopheline larvae and 16.4% for late stage anopheline larvae in the
treatment paddies after the second application (Table 1). Reduction could not
be calculated for young culicine larvae because no larvae were caught in the
treatment paddies before the first Aquatain® application and in the control
paddies after the second Aquatain® application (Table 1). There was no
reduction in case of late stage culicine larvae.
In total, 53 pupae were collected. Among these, only 10 yielded
anopheline mosquitoes. Five pupae were caught after the first Aquatain®
application (three in control paddies and two in treatment paddies). A 60%
reduction in pupae was calculated using Mulla’s equation (Table 1). Twentyone pupae were caught after the second Aquatain® application (15 in control
paddies and six in treatment paddies). A 76% reduction in pupae was
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calculated by Mulla’s equation when compared to the number of pupae
before the first Aquatain® application and 40% when compared to the
number after the first Aquatain® application (Table 1). The total number of
pupae in the treatment and control paddies before the first application and
after the first and second application was too small for statistical comparison.
Adult sampling
Among the 549 mosquito adults caught from emergence traps, 222 (40%)
were anopheline and 327 (60%) were culicine. Anophelines were
morphologically identified to be An. coustani s.l. (39%), An. pharoensis (29%),
An. gambiae s.l. (11.4%), An. ziemanni Grunberg (6.8%) and An. funestus
(0.4%). Some adults (6.8%) could not be identified due to damaged body
parts. All An. gambiae s.l. (25) specimens were identified by PCR and
consisted of An. arabiensis (76 %) and An. gambiae s.s. (24%). The difference
in the ratio of An. gambiae s.s. and An. arabiensis between the larval and

Figure 6: Average number of anopheline and culicine adults in the emergence trap: Average
number (± S.E.; n = 6) of anopheline and culicine adults collected in the emergence trap per
day in the control and treatment paddies before application (pre-application) and after first
and second application. n.s., non-significant; *, p<0.05; ***, p<0.001 (Generalized estimating
equations).
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Figure 7: Water level (± S.E.) and volume(± S.E.) as a measure of water loss due to
evaporation: a: The water level ± S.E. (cm) in the control and treated tubs (with rice plants and
soil) on each sampling date. Arrows represent Aquatain application (1ml/m2). b: The volume ±
S.E. of water lost (Liters) from the control and treatment tubs in the assays (without rice plants
and soil).

adults stage was significant (χ2= 13.1; p<0.001; df = 1).
During pre-application collections, there was no difference in
anopheline (p>0.05, OR: 1.05, 95% CI: 0.4 - 2.7) and culicine (p>0.05, OR: 0.7,
95% CI: 0.3 - 1.5) adult emergence in paddies, that were later assigned as
control and treatment paddies (Figure 6). However, after the first Aquatain®
application (1 ml/m2), adult emergence was significantly lower in the
treatment paddies compared to the control paddies for both anophelines (p<
0.001, OR: 0.07, 95% CI: 0.02 - 0.18) and culicines (p<0.05, OR: 0.24, 95% CI:
0.07 - 0.75). Similarly, after the second application of Aquatain® (2 ml/m 2),
the adult emergence remained lower in the treatment paddies compared to
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the control paddies for both anophelines (p<0.001, OR: 0.12, 95% CI: 0.04 0.35) and culicines (p<0.001, OR: 0.16, 95% CI: 0.08 - 0.3). During preapplication collections, turbidity had a negative impact on culicine adult
emergence (p<0.01, OR: 0.3, 95% CI: 0.2 - 0.6). Fewer adults emerged when
water turbidity was higher.
The first application of Aquatain® caused a 93% reduction in the
emergence of anopheline adults and 70% reduction of culicine adults (Table
1) considering the emergence in the control and treatment paddies before
treatment (pre-application). Similarly, there was an 88% reduction in
emergence of anopheline adults and 82% reduction of culicine adults after
the second Aquatain® application (Table 1). There was a reduction of 40% in
culicine adult emergence but no additional reduction in anopheline adults
after the second application compared to the adult emergence after the first
application. Among the 17 An. gambiae s.l. adults collected after Aquatain®
application only one (6%) originated from the treated paddies.
Field bioassays
No pupation was recorded from An. gambiae s.s. larvae added to the
Aquatain®-treated buckets in the paddies, while in the control buckets 41 ±
11 % of the larvae pupated.
Aquatain treatment
It took an average of 26 (± 2) minutes for the Aquatain® to spread across the
rice paddy. The spreading was influenced by the direction of the wind.
Aquatain® spread relatively faster when the wind direction was with the side
from where the Aquatain® was placed on the water.
Evaporation measurements
The water level was not significantly different (t-test, p>0.05) between the
tubs that contained soil and rice plants and were treated with either
Aquatain® or were left untreated (Figure 7a). The observed increase in water
level in the tubs during the sampling period (Figure 7a) is due to either rainfall
or watering. In the assay without soil and plants however, nearly 1.7 liters
more water (t-test, p<0.05, Figure 7b) was required to top up the control
tubs (7.03 ±0.34 L) as compared to the treated tubs (5.28 ± 0.14 liter). During
these days the average minimum and maximum air temperature were 15.2°C
and 30.5°C, respectively, the average relative humidity was 55% and total
rainfall was 14.8 mm.
Non-target effects
a. Animals
There was no difference (GEE, p>0.05) in the densities of non-target
organisms in the control and treatment paddies after Aquatain® application
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apart from backswimmers (Table 2). After the second Aquatain® application,
fewer backswimmers were found in the treatment paddies compared to the
control paddies (p<0.01, OR: 0.3, 95% CI: 0.1 - 0.7). After the first Aquatain®
application the densities of tadpoles and Mayfly (pre-) adults were lower in
the control paddies compared to the treatment paddies (Table 2). Cyclops,
taken into account as present or absent per sampling point, showed no
significant difference before or after first and second Aquatain® application
(p>0.05). In case of some organisms, too few individuals were caught over
the entire study period for analysis. These were adult dragonflies (8), crickets
(6), grass hoppers (21), water measurers (27), water striders (3), moths (33),
ants (3) and spiders (19). In general, turbidity had a negative effect on the
densities of many non-target organisms.
b. Rice plants
There was no difference (t-test, p>0.05) in the average plant height, plant
density, average number of tillers per plant in the control and treatment
paddies after Aquatain® applications (Table 3). The crop yield from the
control and treatment paddies was also similar (t-test, p>0.05, Table 3).
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This study shows that Aquatain® can significantly reduce larval densities and
adult emergence of both anopheline and culicine mosquitoes in rice paddies
without affecting other aquatic non-target organisms. Moreover, Aquatain®
has no negative impact on the rice crop and has the potential to reduce the
amount of water required for the irrigation of rice under climatic conditions
in Kenya.
Of all larvae collected, Anopheles gambiae s.l. was the most abundant
anopheline species. In adult mosquitoes, however, An. gambiae s.l. (11.4%)
was predominated over by An. coustani s.l. (39%) and An. pharoensis (29%).
Among An. gambiae s.l, the ratio of An. gambiae s.s. and An. arabiensis
varied in the larvae and adults. Compared to the larval stage, relatively more
An. gambiae s.s were found in the adults stage. This indicates a higher
survival of An. gambiae s.s. larvae as compared to An. arabiensis larvae.
Paaijmans et al. (2009) in field bioassays showed that in a mixed population
with high proportion of An. arabiensis larvae, the total development time of
An. gambiae s.s. larvae was 0.6 day shorter than the development time in a
single species population. Reduced development time reduces threats of
predation, pathogens and unfavorable climatic conditions. Apart from the
reduced development time, the mortality of An. arabiensis was also found to
be higher than An. gambiae s.s.. This might have led to the higher proportion
of An. gambiae s.s. in the adults. However, overall An. arabiensis were more
abundant. Anopheles arabiensis is known to be the most abundant species in
the study area and Kenyan rice lands in general (Kamau, 2006; Karanja, 1994;
Muturi, 2006). Anopheles gambiae s.s. has not been previously reported from
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Hymenoptera
Apocrita
Arachnida
Hydrachnellae

Coleoptera
Diptera
Brachycera

Nepidae
Corixidae
Notonectidae

Anisoptera
Heteroptera
Veliidae

Odonata
Zygoptera

Ephemeroptera

Taxon

0.04±0.02 (8)
0.59±0.93 (223)*
0.79±0.11 (300)
13.99±1.89 (5279)

0.01±0.02 (5)
1.32±0.21 (500)
0.59±0.76 (222)
13.89±1.32 (5187)

0.01±0.009 (1)a
0.13±0.02 (51)*

0.02±0.01 (4)
0.25±0.03 (93)

Wasp

Water mite

House flies, biting flies
0.15±0.03 (27)

0.13±0.02 (49)

0.19±0.04 (73)

Broad shouldered
water strider
Water scorpion
Water boatmen
Back swimmers

0.16±0.03 (30)

0.17±0.49 (68)
0.16±0.02 (60)

0.20±0.06 (76)
0.15±0.03 (55)

Damselfly adults
Dragonfly nymphs

Water beetles

0.04±0.02 (20)

2.25±0.33 (418)***

0.06±0.01 (28)

0.94±0.19 (174)

Pre-application
Control
Treatment
1.08±0.18 (523)
1.33±0.18 (501)

Damselfly nymphs

Mayfly (pre-) adults

Mayfly nymphs

Organism

0.46±0.22 (75)
0.06±0.02 (10)
1.20±0.11 (195)
0.79±0.13 (128)

0.62±0.12 (100)
0.07±0.02 (12)
1.31±0.12 (213)
0.83±0.11 (135)

0.85±0.11 (138)
0.11±0.70 (18)

0.07±0.02 (12)

0.06±0.01 (6)a
0.93±0.12 (151)

0.01±0.01 (1)

3.76± 0.23 (610)

0.02±0.13 (2)a
0.22±0.037 (35)

0.03±0.16 (3)
0.18±0.04 (29)

3.43±0.46 (556)

0.35±0.06 (56)

0.77±0.16 (83) ***

0.42±0.13 (68)

0.10±0.04 (11)

First-application
Control
Treatment
0.98±0.16 (159)
1.28±0.17 (207)

0.27±0.11 (34)

0.01±0.01 (1)a

0.34±0.14 (56)
0.57±0.08 (93)

0.01±0.01 (2)

0.01±0.01 (2)

0.03±0.01 (3)

0.01± 0.01 (2)

0.02±0.01 (4)a

0.04±0.01 (7)a

0 (0)a

0.03±0.01(5)a

0.06±0.20 (9)
0.06±0.35 (10)
0.02±0.01 (3)
0.01±0.01 (2)a
0.77±0.15 (124) 0.30±0.05 (49)**

0.04±0.02 (7)

0.24±0.06 (39)
0.44±0.06 (68)

0.73±0.15 (115) 0.60±0.09 (97)

0.27±0.04 (30)

Second-application
Control
Treatment
1.30±0.21 (216) 1.15±0.17 (187)

Table 2: Average number ± S.E. (total number) of non-target organisms collected with the area sampler or emergence traps: Average number ± S.E. (total
number) of non-target organisms collected with the area sampler or emergence traps before and after the first and second Aquatain® application. The numbers of
each non-target organism in the control and treatment paddies, before and after the first and second Aquatain® application, was compared by generalized
estimating equations (n.s., no significant difference; *, p<0.05; **, p<0.01; ***, p<0.001).
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0.01±0.01 (1)
0.01±0.01 (5)
0.69±0.26 (261)
0.03±0.02 (7)

Leech
Tilapia, mudfish
Tadpoles

a. sample size too small for analysis

Frogs

0.21±0.04 (57)

Snails
0.01±0.01 (1)a
0 (0) a
0.45±0.06 (171)
0.01±0.05 (3)

0.29±0.04 (87)
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Molluscs
Annelids
Hirudinea
Fish
Amphibian
0.10±0.12 (17)
0.14±0.10 (22)
0.75±0.16 (121)
0.06±0.03 (11)

0.03±0.01 (3)

0.03±0.01 (6)

0.12±0.11 (20)
0.06±0.02 (10)
1.41±0.20 (229) **

0.04±0.01 (4)a
0.01±0.01 (2)
0.25±0.06 (41)
0.54±0.09 (88)
0.02±0.01 (2)

0.12±0.69 (21)

0 (0)a

0.01±0.01 (2)a
0.19±0.07 (30)
0.67±0.11 (109)

0.14±0.01 (23)
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7.2 (1.2)

6.6 (1.1)
-

Tiller

Yield

-

301 (25)

278 (31.4)

Plant density

39.5 (2.2)

Treatment

39.5 (2.2)

Control

Pre-

Plant height

Characteristic

-

0.56

0.72

0.97

p-value

-

15.5 (1.8)

12.9 (1.6)
-

263 (21.3)

66.8 (1.7)

Treatment

267 (43.1)

67.9 (1.3)

Control

First

Application

-

0.93

0.29

0.61

p-value

15.7 (1.5)
958 (20)

984 (26)

265 (22.2)

77.5 (1.0)

Treatment

13.3 (1.4)

270 (42)

78.5 (1.1)

Control

Second

0.45

0.93

0.26

0.53

p-value

Table 3: Average (S.D.) Plant height, plant density, number of tillers and crop yield in the control and treatment paddies: Average (S.D.) Plant height (cm), plant
density (plants/m2) and number of tillers (per plant) in the control and treatment paddies before and after the first and second Aquatain application. The average
crop yield (kg/plot) of the control and treatment paddies is also given. n.s., no significant difference (t-test, p>0.05).
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Ahero (Karanja, 1994; Reiter, 1980). However, this study was carried out after
the El Nino rains (that occurred in the last quarter of 2009 and contined into
the first quarter of 2010). These rains presumably cause high humidity
conditions suitable for invasion and survival of An. gambiae s.s. (Githeko,
1996). The proportion of An. gambiae s.s. larvae and adults in a mixed
population of An. gambiae s.s. and An. arabiensis was reported to be higher
when humidity conditions were high in Mivani, a small rural village (0 ◦06S,
34◦45E) situated 14 km northeast of the Ahero irrigation scheme (Koenraadt,
2004b).
Aquatain® effectively reduced the number of adult mosquito
emergence, which is one of the factors that can directly influence malaria
prevalence (Karanja, 1994; Killeen, 2000). In Aquatain®-treated plots, a high
reduction in the emergence of both anopheline (93 %) and culicine (69 %)
adults was observed. Karanja et al. (1994) and Ali (2000) reported similar
results for the adult emergence of anopheline and chironomid midges,
respectively. The emergence of adults from the pupal-case relies heavily on
the surface tension of the water, which is reduced by Aquatain and other
monomolecular films (Reiter and McMullen, 1978). Reduced surface tension
not only prevents adults from emerging but also from ovipositing (Reiter and
McMullen, 1978).
Among the immature stages of mosquitoes, pupae are most sensitive
to monomolecular films, followed by late stage (L3-4) and early stage (L1-2 )
larvae (Bashir, 2008; Batra, 2006; Bukhari and Knols, 2009). Our study found
similar results for pupae with a 60% reduction after the first Aquatain®
application. However, in the case of early and late-stage larvae, a greater
reduction was observed in the early-stage larvae (36%) compared to the late
stage ones (16.4%) after the second Aquatain® application. A possible
explanation for this difference might be that the first larval collection was
carried out five days after Aquatain® application, so the late stage larvae
caught were actually those larvae that were in an early stage (L1-2) when
Aquatain® was applied, and hence less affected. The larvae that were in a late
stage when Aquatain® was applied, pupated and emerged when in the
control paddies and were killed when in the treated paddies. So the actual
effect of Aquatain® application on late-stage larvae could not be observed.
The higher reduction observed in the case of early-stage larvae maybe due to
reduced oviposition because the Aquatain® film, as mentioned above, causes
ovipositing female mosquitoes to drown (Bukhari and Knols, 2009).
Larvae, in contrast to pupae and adults, are less affected by the
reduced surface tension because of their ability to utilise dissolved oxygen,
which makes it possible for them to avoid the water surface for a certain
period of time (Reiter, 1978a). The concentration of dissolved oxygen,
therefore, has a very important role in determining the efficacy of a
monomolecular film. In the field, there were many factors that could
influence the dissolved oxygen concentration. On one hand, factors that
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could decrease the concentration of dissolved oxygen are high water
turbidity and low temperature (Levy, 1981; Reiter, 1978c and 1980).
Irrigation and rainfall, on the other hand, increase the concentration of
dissolved oxygen (Reiter, 1980). During day time, the concentration of
dissolved oxygen may have increased because of high temperatures and
release of oxygen from photosynthesis in the algae (Reiter, 1980). The
presence of algae in the control and treatment paddies might, therefore, be a
contributing factor to the less harmful effect of Aquatain® on larvae
compared to that observed in the laboratory studies (Bukhari and Knols,
2009; Webb and Russell, 2009). The small pockets of untreated water
surfaces formed in between the thread-like mass of algae, where Aquatain®
did not reach, might have also contributed to the less harmful effect on
larvae.
Another explanation of why Aquatain® has less effect on larvae
compared to pupae and emerging adults is that a lower surface tension is
required to disrupt larval breathing as compared to pupal breathing or adult
emergence. Aquatain® reduces the surface tension of water surface to 21.2
dynes/cm at 25°C. Normally at this temperature, the water surface tension is
71 dynes/cm. A surface tension that is reduced to as much as 27 - 36 dynes/
cm can prevent larvae from breathing properly while pupae are already
affected in their breathing when the surface tension is reduced to 41 dynes/
cm (Garrett and White, 1977). In the case of adults, emergence is prevented
when the surface tension is lowered to 38 dynes/cm (Reiter and McMullen,
1978). As a result, a monomolecular film that loses efficacy over time, is able
to control pupae and adults longer than larvae.
Both Aquatain® applications reduced culicine larval densities although
the effect of Aquatain® application lasted for only five days after the second
application. Culicine mosquitoes are known to be less affected by
monomolecular films compared to anophelines. Reiter (1978a) showed that,
after a few failed attempts, culicine larvae could penetrate the lecithin film
with their respiratory siphon, unlike anopheline larvae that have different
and shorter respiratory structures (Clements, 1992). In addition, culicines can
thrive in conditions with low levels of dissolved oxygen which is evident by
their presence in polluted water (Levy, 1980). Culicine larvae were also less
sensitive to the other two monomolecular products Arosurf MSF and Agnique
MMF (Bashir, 2008; Levy, 1980; Levy, 1981; 1982a). Aquatain, however,
reduced the number of culicine larvae in our experimental rice fields
considerably.
Water turbidity had a negative effect on larval densities before
Aquatain® application. Turbidity reduces larval survival; however, in this
study it might be because the larvae were flushed out while the plots were
being flooded (Paaijmans, 2008a). During irrigation, water was allowed to
enter a plot from one end until water started to flow over the edge into the
drainage canals at the other end of the field. The water was turbid due to its
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flowing in unlined, earthen irrigation canals. As a result, low larval densities
and high turbidity were recorded together. A similar effect of high turbidity
levels was also recorded for non-target organisms. The water surface
temperature was found to have a positive effect on larval densities after
both Aquatain applications. Higher larval densities were recorded at higher
temperatures. A low water surface temperature (~ 20°C) was recorded after
either irrigation or rainfall. As no irrigation took place after Aquatain
applications, the low temperatures in our rice fields were due to rainfall
which has been shown to reduce survival of An. gambiae larvae. Reduced
larval survival was considered to be due to direct impact of a rain drop or
exhaustion of larval energy reserves from continuous diving in response to
water turbulence (Paaijmans, 2007).
During the two applications of Aquatain® two doses were tested. The
low dose (1 ml/m2) had almost no effect on larval densities. A contributing
factor to this low efficacy against larvae may have been the hand-weeding
carried out during that time (Figure 2). The amount of Aquatain® in the rice
paddies may have been reduced by the movement of workers in and out of
the plots as Aquatain® was absorbed by their clothing. It is, however,
noteworthy that even under these conditions Aquatain® reduced anopheline
adult emergence by 93%.
Knapsack or ULV sprayers have been used to apply other
monomolecular films in rice paddies (Karanja, 1994; Reiter, 1980).
Aquatain®, however, could simply be poured at one location into the rice
paddies. Aquatain® film was visible and effective against larvae for 10 days
after the second application (2 ml/m2). Application of Aquatain® at intervals
of 10 - 15 days is, therefore, necessary to effectively reduce mosquito
densities. This is in agreement with the treatment cycle of Arosurf MSF,
which was effective when applied every 14 days (Karanja, 1994). Lecithin, on
the other hand, was shown to be effective for only two days under similar
field conditions (Reiter, 1980). However, in less vegetated breeding sites the
required dose of Aquatain® might be lower and the re-application period
longer because of a stronger effect on larval survival. This effect was evident
in the field bioassays where no pupation was recorded in the Aquatain®treated buckets compared to 40% pupation in the control buckets.
Non-target organisms such as biting flies, house flies, grasshoppers etc.
that have terrestrial larvae or nymphs were caught in the emergence trap
probably because they were enclosed while the emergence trap was placed
at a new position or entered through a hole (repaired once detected) in the
net or through the narrow gap (1 - 2 cm) between the emergence trap and
water. Aquatain had no discernible negative effect on non-target organisms
except for backswimmers (Notonectidae). Among the non-target organisms
collected, broad shouldered water striders, backswimmers and water beetles
are known to rely on the air-water interface for movement or respiration. In
rice paddies, the presence of vegetation, both rice plants and algae, may
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have provided a substrate to broad shouldered water striders to hold on to,
preventing them from drowning. Similar to mosquito larvae, the water
beetles and backswimmers may have utilised the untreated water surface in
between the algal mass to pick up the air bubble they require for respiration.
However backswimmers are active predators and are known to detect their
prey by the surface waves (Lang, 1980). The velocity of the surface waves
depends on the surface tension. As a result reduced surface tension of water
might have affected their ability to forage for prey and therefore reduced
their survival. Reiter (1980) observed mortality in (unidentified) adult Diptera
and Ephemeroptera, one day after the lecithin and kerosene oil mix was
sprayed. However, generally no non-target effect was identified. Takahashi
al. (1984) in semi-field conditions showed that ISA-20E (0.25 - 1 ml/m2)
caused mortality after a day in backswimmers, water boatmen, clam shrimp
and water beetles but not on mayfly nymphs, chironomid larvae and
copepods. The population level of back swimmer and water boatmen
resurged to pre-treatment levels by the third day. In our study the first
sampling after Aquatain application was carried out after 5 - 6 days, which
might explain why we did not identify any non-target effect. In a laboratory
study, Hester et al. (1991) showed no adverse effect of Arosurf MSF (47 ml/
m2) on snails, isopods, polychaetes, fiddler crabs, fresh water and grass
shrimps, and long- nose kill fish. Other laboratory and field studies also
reported no negative effects of monomolecular layers on non-target
organisms and thus specifically targeted mosquito larvae (Karanja, 1994;
Webber and Cochran, 1984).
Our study demonstrated that Aquatain® film had no adverse effects on
the growth and development of rice plants in treatment paddies. The crop
yield was similar in the control and treatment plots. This is consistent with
the findings of Hester et al. (1989) In their study, Arosurf MSF (~1 ml/m 2) was
applied from the top (except in mangroves). No plant injury or negative
effect on the growth and development of aquatic plants, including rice, was
observed.
Aquatain® did not reduce the evaporation of water in the bioassays.
Nitrogenous fertilizer was applied soon after the 15 rice seedlings were
planted in the treatment tubs which accelerated the vegetative growth.
Aquatain® was applied when rice plants had clearly established in the tubs.
By then, due to their height the rice plants covered the water surface and
reduced the amount of sunlight reaching the water surface (Klinkenberg,
2003). As a result, temperature of the water in the tubs may have been low
resulting in low evaporation. Planting fewer rice seedlings (3 - 5) may have
provided a better insight. By contrast, in the assay with tubs without soil and
rice plants nearly 1.7 liter of water was saved over a period of six days from a
water surface area of 0.2 m2. Based on these results it can be estimated that
under similar climatic conditions ~34,400 liters (9087 gallons) of water could
be saved from a one acre rice paddy over six days during the early stages of a
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rice crop when sunlight still reaches most of the water surface (Klinkenberg,
2003). The implications of this for the farmers, who spend 8-12 % of the rice
crop income on water needs, in terms of reduced water cost, needs to be
further investigated.
A few limitations experienced during this study were (a) a pesticide
(Titan, acetamiprid) had to be sprayed in six paddies (three control, three
treatment) two weeks before the first Aquatain® application. As a result
fewer larvae were caught after the first Aquatain® application in both control
and treatment paddies; (b) Due to logistical problems, Aquatain® was applied
only during the second half of rice crop development. At this time of the rice
crop, larval densities are known to be lower (Klinkenberg, 2003); (c) frequent
larval sampling (every 2 days) was required to observe the effect of
Aquatain® on the late and the more susceptible stages of larvae, but not
logistically possible .
One of the reasons why monomolecular films have not been
extensively employed in mosquito control programmes is their sensitivity to
wind (Nayar and Ali, 2003). Wind speeds higher than 12.9 km/h moved
Arosurf MSF upwind (Levy, 1981). When formulated with 2-ethyl butanol or 2
propanol Arosurf MSF was effective even with wind speeds up to 48.3 km/h.
However, in this case the film was only persistent for three days (Levy, 1980).
Aquatain® itself has been tested and is known to be resilient to wind speeds
up to 41 km/h (information obtained from Aquatain products Pty Ltd.). In our
study, however, the maximum wind speed recorded was 5.2 km/h, five days
after the first Aquatain application. Therefore, we could not yet establish
resilient Aquatain® is to higher wind speeds in an irrigated rice setting.
In conclusion, Aquatain® effectively and specifically controlled
anopheline and culicine mosquitoes in rice paddies. It also showed potential
in saving irrigation water under certain conditions. This makes it an ideal
mosquito control tool for use in rice agro-ecosystems. Presently, adult
mosquito control is the main malaria vector control strategy in Africa (Roll
Back Malaria, 2008). However, insecticide-treated bed-nets and indoor
residual spraying do not provide protection outdoors. Moreover, early night
feeding behaviour, when people are still active, threatens the efficacy of
that prevent mosquitoes biting at night (Geissbuhler, 2007). There is also
growing evidence of resistance developing in mosquitoes against insecticides
used to treat bed nets and for indoor residual spraying (Morgan, 2010;
Ranson, 2011; Yadouleton, 2010b). An integrated approach is required to
manage and mitigate these foreseen limitations of adult control. Bacillus
thuringiensis var. israelensis, a microbial larvicide, complemented adult
control and reduced malaria infections in highland areas (Fillinger, 2009a).
Similarly, Aquatain®, although not strictly a larvicide, can be employed in rice
agro-settlements and considered an effective tool in the prevention of
malaria transmission.
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The work presented in this thesis has been carried out at a time of increased
interest in larval control and acknowledgment of the need to develop new
malaria vector control tools (The malERA Consultative Group on Vector
Control, 2011; Fillinger and Lindsay, 2006; Fillinger, 2008; Fillinger, 2009a; Gu,
2008; Killeen, 2002b). Contemporary studies have mainly focused on two
larval control tools, namely Bacillus thuringiensis var. israelensis and B.
sphaericus (Chapter 2) (Fillinger and Lindsay, 2006; Fillinger, 2008; Fillinger,
2009a; Majambere, 2007). Bacillus thuringiensis var. israelensis and B.
sphaericus are both effective control tools but the residual effect of B.
sphaericus is twice as long as that of B. thuringiensis var. israelensis making it
a seemingly ideal larvicide (Lacey, 2007). However, there are reports of
resistance development against B. sphaericus (Lacey, 2007; Yuan, 2000).
Additional tools for larval control are therefore required, which should
contain characteristics that make the development of resistance unlikely. In
addition, new control tools can be suitable for breeding sites that are difficult
to treat with B. thuringiensis var. israelensis and B. sphaericus because of
their large size and soft mud (Fillinger, 2008; Majambere, 2007). Also,
combined use of control tools with complementary properties can provide a
more effective control of Anopheles mosquitoes (The malERA Consultative
Group on Vector Control, 2011).
Many laboratory studies on non-chemical tools have been carried out,
but only few of these tools have actually undergone thorough evaluation in
the field. The aim of this thesis was to determine the efficacy of potential
biological and physical tools in killing Anopheles larvae in the laboratory as
well as in the field. The biological tools tested were two entomopathogenic
fungi, Beauveria bassiana and Metarhizium anisopliae. The physical tool
tested was a monomolecular layer, Aquatain®. The factors studied in the
laboratory and the scale of the field studies were different considering the
properties of the fungi and monomolecular film. Fungal conidia infect larvae
after ingestion or attachment to the cuticle and are very sensitive to natural
environmental factors such as temperature, UV radiation, humidity etc.
(Miranpuri and Khachatourians, 1991; Scholte, 2004). Aquatain® asphyxiates
larvae by disrupting the water surface tension and is relatively stable under
natural environmental conditions. The four objectives of the thesis and the
findings are discussed in the first part of this Chapter. The second part of the
Chapter consists of suggestions for future research not only based on the
research presented in this thesis but also in a broader context.
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Objectives and findings:
To determine how larval characteristics, fungal properties and
environmental effects influence larval mortality caused by
entomopathogenic fungi
Larval characteristics tested include the species, stage and density. Larvae of
the Anopheles species An. gambiae and An. stephensi were found to be
equally susceptible to M. anisopliae and B. bassiana conidia. The fungal
conidia come in contact with the larvae while they feed on the water surface.
The conidia are either ingested or attach to the larval cuticle (Miranpuri and
Khachatourians, 1991). The conidia of M. anisopliae and B. bassiana, when
dusted on the water surface (Chapter 3), equally affected both Anopheles
species, most likely because they have the same feeding mode (surface
feeders) (Merritt, 1992). The early-stage (L1-2) larvae were more susceptible
than the late-stage (L3-4) larvae. Early-stage larvae have a higher food intake
than the late-stage larvae, and they moult two to three times before they
pupate. When early-stage larvae are treated with fungal conidia, the intake of
conidia may also be higher compared to that of late-stage larvae, which may
explain their higher susceptibility. Moulting can influence the spore infection
in two ways. First, conidia that have just attached to the cuticle are removed
with the exuviae, thus protecting the larvae (Miranpuri and Khachatourians,
1991). Second, the new cuticle after moulting is softer and, therefore, fungal
conidia may easily penetrate it which makes the larvae more susceptible.
Early-stage larvae are more susceptible compared to the late-stage larvae
probably due to a combination of higher spore intake and chances of
acquiring an infection while moulting. Another reason for the higher
susceptibility of early-stage larvae may be their smaller body mass compared
to the late-stage larvae. As a result the dose of fungal metabolites, produced
by a conidium, per body mass is higher in the young-stage larvae. Similarly,
equal hyphal growth, which disrupts body tissue, can have a stronger impact
on the smaller early-stage larvae than on the late-stage larvae. It was
assumed that fungal infection is density-dependent and that at high larval
densities the percentage of infected larvae would be reduced due to lower
spore share per larvae (Pelizza, 2007). However, a higher larval density
increased the susceptibility of larvae to the fungal conidia. At a higher density
larval motility increases. This increased motility in turn increases the chance
of larvae to contact fungal conidia which may have led to the observed high
mortality. In addition, the limited space at high larval density causes a general
stress and may also lead to cannibalism (Koenraadt, 2004a).
Fungal properties that were tested included the species and
concentration of fungal conidia. Beauveria bassiana conidia are hyaline and
spherical or sub-spherical with a diameter of 2-3µm. Metarhizium anisopliae
conidia are olive green and cylindrical, with a diameter of 2.5-3.5µm (de
Hoog, 2000). Beauveria bassiana was found to be less effective than M.
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anisopliae. However, although the mortality rate of the larvae exposed to B.
bassiana conidia was lower, the proportion of larvae that pupated in the end
was equal with both fungi. The various concentrations did not differ
proportionally in their killing effect. This was mainly because both fungi have
hydrophobic conidia which clump together on the water surface and form a
dense mass. The larvae cannot feed on this conidia mass because of the large
size and the conidia are not easily detached from the mass on contact with
the larvae. As a result even though more conidia were present at higher
concentrations, the larvae were not actually exposed to them.
Two environmental effects, i.e., the amount of food available and
duration of exposure to fungal conidia, were tested for their effect on larval
mortality due to fungal conidia. Amount of food available was considered an
important factor, as ingestion is an important mode by which fungal conidia
enter the larvae. Also, less food can lead to competition among the larvae
and therefore cause additional stress. The mortality rate increased in the
larvae with decreasing amount of food. Availability of more food can result in
reduced intake of conidia due to preference for other food particles.
However, my results showed that still significant mortality occurred when the
larvae had access to abundant food, suggesting that a proportionally higher
quantity of conidia was ingested. Addressing the reduced exposure time was
based on the fact that fungal conidia are sensitive to environmental
conditions and lose their viability over time (Zimmermann, 2007a and 2007b).
As a result, larvae treated with fungal conidia might be exposed to viable
conidia for only a short period. The results showed that the mortality rate of
larvae exposed to fungal conidia for one day only was the same as those
exposed for one week. Another interesting result was the detection of fungal
infection in the pupae and adults that developed from the larvae that were
exposed to fungal conidia for various time periods. This indicates that larvae
that survive a fungal exposure at the larval stage can carry the infection to
later stages (pupa or adult).
Based on these results it was concluded that both M. anisopliae and B.
bassiana have the potential to kill the larval populations of An. gambiae and
An. stephensi. Even under natural conditions when Anopheles larvae are
exposed to viable conidia for a limited time period and alternative food
options are available in abundance, M. anisopliae and B. bassiana conidia can
significantly reduce the larval population by killing larvae of all stages.
However, the hydrophobicity of the conidia was a serious limitation not only
for the handling of fungal conidia during application but also because, in this
case, massive amounts of conidia are required to effectively cover a certain
area to ensure that a high proportion of the larval population contacts the
conidia. Based on these conclusions, formulation of fungal conidia was
considered an important step before field tests.
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To develop a fungal formulation that is effective against anopheline
larvae, improves spore persistence and has the potential to suppress
populations of mosquito larvae in the field
Formulation of fungal conidia is required to overcome their hydrophobicity
and, therefore, to prevent them from clumping on the water surface. It is also
important that the formulation spreads the conidia on the water surface,
where anopheline larvae spend almost all of their time (Box 1 in Chapter 2)
and, at least to some extent, protects the fungal conidia. First, various
formulations were tested in the laboratory for their efficacy against
Anopheles larvae (Chapter 4). As my previous results had shown that both
Anopheles species are equally affected by fungal conidia (Chapter 3), each
experiment was carried out on either An. gambiae or An. stephensi. The idea
was to formulate fungal conidia with a carrier which itself has no adverse
effect on the larvae, spreads the conidia on the water surface and increases
the efficacy of fungal conidia against the larvae. Two carriers, WaterSavr and
ShellSol T, were found to be promising in this regard. However, only ShellSol T
had the ability to protect fungal conidia that had been applied on the water
surface. Due to the protection, floating fungal conidia had an improved
persistence and caused significant mortality in larvae exposed to ShellSol Tformulated conidia up to a week after their application. In contrast to the
high larval mortality caused by ShellSol T-formulated M. anisopliae (60%) and
B. bassiana (85%) conidia, the unformulated M. anisopliae and B. bassiana
conidia caused only 6.9 and 6.1% mortality, respectively, one week after
application.
ShellSol-T formulations were tested in field bioassays carried out at
Ahero, western Kenya. At the lowest dose tested, ShellSol T-formulated M.
anisopliae and B. bassiana conidia reduced the pupation in the treated larvae
by 43 and 39%, respectively, compared to unformulated conidia. Compared
to the untreated control the lowest dose of ShellSol T-formulated M.
anisopliae and B. bassiana conidia that we tested, reduced the pupation in
the treated larvae by 59 and 60%, respectively. At both doses tested the
amount of ShellSol T was seven times lower than its lowest lethal dose. In
addition, ShellSol T evaporates and, therefore, is less likely to remain in the
aquatic habitats. It was, therefore, concluded that ShellSol T is a promising
carrier, which facilitates the application of fungal conidia, improves spore
persistence and the efficacy of fungal conidia in field situations.

To determine the larvicidal and pupicidal potential of Aquatain® and
its effect on oviposition
Aquatain®, similar to M. anisopliae and B. bassiana, was first tested in the
laboratory (Chapter 5) and then in the field (Chapter 6). Aquatain® is a
silicone-based monomolecular film and, based on previous studies, it was
expected to affect the larval, pupal and adult stages of the mosquitoes (Nayar
and Ali, 2003). Monomolecular films reduce the surface tension of water and
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To evaluate the efficacy of Aquatain® as a mosquito control tool in
rice paddies and investigate the potential side effects on non-target
organisms and rice plants
Field trials were carried out in rice paddies at Ahero irrigation scheme,
western Kenya (Chapter 6). After Aquatain® application (2 ml/m2) on rice
paddies, the density of early stage anopheline larvae was reduced by 36%,
and late stage anopheline larvae by 16%. The reduced ability of Aquatain® to
control anopheline larvae, compared to the laboratory result, was considered
to be due to a high dissolved-oxygen concentration. Algae could have played
a major role in reducing the efficacy of Aquatain® against larvae in two ways.
First, during the day-time algae increased the dissolved oxygen concentration
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prevent larvae and pupae from breathing, and adults from emerging or
ovipositing on the water surface. Larvae and pupae of both An. stephensi and
An. gambiae were susceptible to Aquatain®. In contrast to fungal conidia,
which killed the early-stage larvae faster than the late-stage larvae (Chapter
3), Aquatain® killed the late-stage larvae faster than the early-stage larvae.
This is probably because the ratio of the body surface: volume is greater in
early stage larvae enabling them to obtain more of their oxygen requirements
by cuticle respiration of dissolved oxygen (Silver, 2008). Pupae were the most
susceptible life stage and died within 1-2 hours (Chapter 5).
Aquatain® mosquito formulation (AMF), which contains 2% eucalyptus
oil in addition to the original Aquatain® formulation, repelled female
mosquitoes from laying eggs in the treated oviposition cups. Aquatain®, itself,
did not repel the mosquitoes and caused them to drown while attempting to
oviposit (Chapter 5). It is concluded that the repellent effect of AMF® was due
to eucalyptus oil (Senthil, 2007). Because repelled female mosquitoes are
likely to search for alternative, untreated sites to deposit their eggs, I propose
to use pure Aquatain® without eucalyptus oil. This kills, rather than repels,
the ovipositing females by drowning them.
Three different concentrations of Aquatain® were tested; 0.5 ml/m2, 1
ml/m2 and 2 ml/m2. The laboratory results showed that, even when applied
at the lowest dose, Aquatain® was effective in killing the larvae and pupae as
well as drowning the ovipositing females. A cost comparison was made with
the application of B. thuringiensis var. israelensis and B. sphaericus which
have been proven to be cost-effective larvicides (Fillinger and Lindsay, 2006).
The comparison showed that the cost of applying Aquatain® at the rate of 0.5
ml/m2 was almost the same as the cost of applying B. sphaericus. The
application of B. thuringiensis var. israelensis, however, was cheaper.
Considering the advantages of Aquatain® over B. thuringiensis var.
israelensis and B. sphaericus, which include minimal storage requirements,
stability under high temperatures (encountered during transport to
application sites) and a self-spreading ability, it was of importance to test
Aquatain® under field conditions.

Summarizing discussion

by releasing oxygen produced by photosynthesis (Reiter, 1980). Second, the
thread-like algal masses contained small pockets of water surface which
remained untreated. However, although Aquatain® was only slightly effective
against larvae, it caused a major reduction in anopheline adult emergence of
93% at a dose of 1 ml/m2.
Among a variety of non-target organisms (Chapter 6), sampled to
detect any adverse effect of Aquatain, only backswimmers (Heteroptera:
Notonectidae) were found to be negatively affected. Backswimmers were
found in lower densities in the Aquatain®-treated (2 ml/m2) paddies
compared to control paddies. Aquatain® might have affected the ability of
backswimmers to swim. Backswimmers, also, detect their prey by the surface
waves and the velocity of the surface waves depends on the surface tension
(Lang, 1980). As a result, Aquatain® treatment could have reduced the ability
of backswimmers to swim, detect and, therefore, feed on its prey resulting in
the observed reduced density.
The rice plants in the treated rice paddies showed no adverse signs
after Aquatain® treatment in terms of their growth and development. The
rice yield was the same for both treated and control rice paddies (Chapter 6).
Aquatain® overall proved to be an effective mosquito control tool under field
conditions due to its impact on adult emergence.

Suggestions for future research
Metarhizium anisopliae and Beauveria bassiana
Based on the findings of this thesis the following suggestions are made for
future research.
Passage of fungus infection from larval stage to adult stage
Nearly 34% (10 among 29 individuals) of the An. stephensi adults that
emerged from the larvae exposed to B. bassiana conidia carried a fungal
infection (Chapter 3). Adult mosquitoes that are infected with fungal conidia,
by exposure to fungus-treated surfaces, have a reduced survival as well as
reduced feeding propensity and life-time fecundity (Farenhorst, 2008;
Ondiaka, 2008; Scholte, 2006). The reduced survival and feeding propensity
indicate that if female Anopheles are infected with the fungus early in the
adult stage, they are less likely to transmit malaria due to fungal-associated
factors that inhibit Plasmodium development in the mosquito (Scholte, 2006).
However, the effect of fungus infection carried from the larval stage to the
adult stage on the survival, feeding propensity and fecundity needs to be
investigated. If reduction is found, it will prove that although some late-stage
larvae can escape mortality when breeding sites are treated with fungal
conidia, a considerable proportion of these adults is not capable of
transmitting malaria.

168

Summarizing discussion

Another aspect worth investigating would be to determine whether the
adults that develop from larvae exposed to fungal conidia, are either more or
less susceptible to a subsequent fungus infection at an adult stage. Infection
at the larval stage may increase or decrease the ability of the adult to fight a
subsequent infection due to a primed immune system or because the adults
that develop from exposed larvae are weak. Such a study will be important in
case fungal conidia are used for both larval and adult control (Farenhorst,
2011; Mnyone, 2010a).

Formulation and storage of fungal conidia
ShellSol T is an efficient carrier of fungal conidia (Chapter 4). However, when
fungal conidia were stored in ShellSol T, a negative effect on spore viability
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Effect of treating breeding sites with fungal conidia on oviposition
behaviour
Oviposition behaviour can be differentiated into pre-oviposition and
oviposition. Pre-oviposition includes the behaviour involved in attraction or
repellence to a breeding site. During pre-oviposition the female mosquitoes
responds to a variety of cues. Visual and olfactory cues influence the preoviposition behaviour before landing on the water surface while physical and
chemical cues influence the behaviour post landing. Oviposition itself is the
actual deposition of eggs on the substrate. The female mosquito can deposit
eggs in flight, while hovering above the oviposition site, and while settled on
the water surface or the edge of the oviposition site (Clements, 1999).
Larval control tools can interfere with the chemical, olfactory or
physical cues of a breeding site which female mosquitoes respond to while
ovipositing. It is advantageous to have a larval control tool that does not repel
the ovipositing females and, preferably, attracts the ovipositing females to lay
eggs at the treated sites. Anopheles gambiae lays fewer eggs in water
conditioned by keeping predators such as backswimmers and tadpoles in it
(Munga, 2006). Bacillus thuringiensis var. israelensis, in contrast, plays a
positive role in attracting Ae. albopictus, resulting in a higher number of eggs
in ovitraps (Carrieri, 2009). Similarly, oviposition behaviour can be influenced
by the application of M. anisopliae and B. bassiana at the breeding sites. Dry
M. anisopliae conidia are known to have a repellent effect on An. gambiae
adults. However when formulated in vegetable oil the repellent effect is
absent (Mnyone, 2010b; Scholte, 2005b). It is important to determine the
effect of the fungal treatment on the oviposition behaviour of
epidemiologically relevant Anopheles species.
Future research should therefore address whether formulated and
unformulated fungal conidia attract or repel the ovipositing females and
whether the female mosquitoes pick up an infection while settled on the
water surface to lay eggs. Fungal conidia can be used in oviposition traps if
they do not repel the ovipositing females.
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was observed. The negative effect decreased when the concentration of the
spore-oil suspension was increased (Bukhari, T and Koenraadt, CJM
unpublished data). Similar results were also reported by Morley-Davies
(Morley-Davies, 1996) for M. flavoviride. The spore viability was reduced by
10% when stored in a mixture of ShellSol T and a light paraffin oil for 90 days
at 30 °C. It is, therefore, recommended to store dry fungal conidia and mix
with ShellSol T just before application (Chapter 4). In the case of a simple mix,
such as fungal conidia and ShellSol T, it is practical to make it at the treatment
site.
Other oils, with physical properties similar to ShellSol T may also be
suitable carriers of fungal conidia. A combination of certain carriers may
provide better spreading, protective and killing efficacy to fungal conidia.
When such a mix cannot be made on-site, it is important to determine the
effect of these carriers on spore viability.
Non-target effects of fungal conidia
Many detailed studies have been carried out on the toxicity and
pathogenicity of M. anisopliae on non-target organisms ranging from grass
shrimps, fish, amphibians, to rats and guinea pigs (Chapter 2). Based on these
studies it has been concluded that M. anisopliae is safe having only minimal
risks (Zimmermann, 2007b). The non-target effects of B. bassiana conidia are
more or less similar to M. anisopliae conidia, except for a higher allergenic
potential (Zimmermann, 2007a). In mammals (rats) the acute oral median
lethal doses (LD50) of M. anisopliae and B. bassiana are >2g/kg and >18 x 108
CFU/kg, respectively (Copping, 2004).
The fate and behaviour of unformulated and formulated M. anisopliae
and B. bassiana conidia when applied onto water surfaces is not known
(Zimmermann, 2007a and 2007b). We showed that pathogenicity of
unformulated conidia is rapidly reduced when applied on water surface in
both laboratory and field conditions (Chapter 4). As a result, the intake of
fungal conidia at lethal doses, mentioned before, is not likely to occur under
field conditions.
The chance of human-allergy induced by exposure to fungal conidia is
reduced due to formulation of fungal conidia because this prevents conidia
from becoming airborne while handling. Formulation also improves the
persistence of the conidia (Chapter 4). It is, therefore, important to consider
the effect this improved persistence might have on non-target organisms in
the field. Although based on the acute toxicity tests with viable conidia and
extracts that have been carried out in the laboratory, it can be considered
that the improved persistence will not result in an increased risk of fungal
infections in non-target organisms (Zimmermann, 2007a and 2007b).
However, the application of fungal conidia on water that is used for domestic
purposes should be avoided until it is confirmed to be safe.
In addition, it is also important to test the non-target effects of the
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carrier used to formulate the fungal conidia. The carrier or a combination of
carriers may also be toxic to non-target organisms. ShellSol T is safe at the
tested doses (Chapter 4), but before field application the effect of formulated
fungi on non-target organisms needs to be determined.
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Abiotic factors affecting entomopathogenic fungi in aquatic habitats
Considering the ecology of natural enemies that are potential biological
control tools is as important as considering the ecology of the target insects.
To control Anopheles larvae, it is important that the biological control tool is
effective in aquatic habitats that are suitable for Anopheles larvae. An
understanding of the ecology of these fungi is important for their successful
use as biological control tools and also for an insight into the fate and
persistence of these fungi in the environment (Zimmermann, 2007a and
2007b).
Anopheles gambiae s.s. larvae are usually found in small, sunlit water
habitats while An. stephensi larvae prefer shaded habitat (Chapter 1). The
temperature of these habitats is affected by their size, time of day, turbidity
and also by rainfall (Paaijmans, 2007; Paaijmans, 2008a; Paaijmans, 2008b). In
the tropics, the surface water temperature may vary between 22 and 37 °C.
Temperature can affect fungi by influencing their germination, growth and
viability in the aquatic habitat and on and in the host. Metarhizium anisopliae
has an optimum temperature range between 15 and 35 °C, whereas B.
bassiana the optimum range is between 23 and 28 °C. However, cold-active
and heat-tolerant isolates can be found (Zimmermann, 2007b). Humidity is a
very important environmental factor for the efficacy of the fungal conidia.
High humidity, up to 100% RH, is favourable for good germination
(Zimmermann, 2007a and 2007b). High humidity is certainly not an issue in
aquatic habitats. The problem, however, is that fungal conidia start
germinating in an aquatic habitat even before they are attached to a host
and, thus, loose their killing efficacy (Chapter 4) (Hegedus and
Khachatourians, 1995). Sunlight, especially UV-A and UV-B, is the most
detrimental environmental factor that affects the field persistence of these
fungi (Zimmermann, 2007a and 2007b). Considering sunlit An. gambiae
habitats, this factor is very relevant. Studies show that sunscreens can be
added to fungal formulations to reduce damage from UV exposure (Hunt,
1994; Morley-Davies, 1996). Rainfall aids in the dispersal of fungal conidia but
may also cause their removal from the treated sites. Although temperature,
humidity, solar radiation and rainfall are mentioned separately here, under
natural conditions these factors may interact. It is, therefore, important to
study how these factors, together, affect the viability and persistence of
fungal conidia. This knowledge is also required to develop a fungalformulation with a better persistence under field conditions.
In this thesis, I focused on only two isolates: M. anisopliae ICIPE-30 and
B. bassiana IMI- 391510. Other isolates of these fungi or even different fungal
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species, e.g., Coelomomyces species may be better adapted for the aquatic
environment of anopheline larvae and, therefore, are also important to
study.
Small-scale field studies
As reviewed in Chapter 2, many biological and physical tools have been
identified for their larval control potential in the laboratory, but only a limited
number has been developed and rigorously tested under field conditions. It is
necessary to test every promising control tool under field conditions. Such
studies help to determine the characteristics, both advantages and
limitations, of the control tools under real-life situations.
With the field bioassay, I have demonstrated the effectiveness of
formulated M. anisopliae and B. bassiana conidia against Anopheles larvae
for the first time under natural conditions. Previously, all studies were carried
out in the laboratory or targeted the anopheline adults that contacted a
treated-surface in the field. However, further studies need to be carried out
to determine the optimal dose and application rate required to control
anopheline larvae in natural breeding conditions and determine their
eventual impact on malaria transmission.

Aquatain®
Unlike fungal conidia, Aquatain® directly affects the adult mosquitoes by
reducing the surface tension of water, which not only prevents adult
emergence but also oviposition (Chapter 5). It affects the oviposition
behaviour of female mosquitoes by causing them to drown while laying eggs.
Although this was not directly observed in the field, drowning of ovipositing
females and, therefore, less oviposition in the treated paddies can be
concluded based on the lower densities of early stage Anopheles larvae
(Chapter 6). However, the lower densities of early stage Anopheles larvae can
also be because the eggs laid in the treated paddies died or did not hatch.
Aquatain® may, therefore, be a suitable control tool for use in oviposition
traps. Aquatain® is being produced commercially and has a shelf life of more
than two years with minimal storage requirements (Agrisearch Analytical Pty
Ltd., 2008b). It is also certified for use on drinking water (Agrisearch
Analytical Pty Ltd., 2008a). In field trials, Aquatain® lowered the densities of
backswimmers but was found to be safe for a large variety of other nontarget organisms (Chapter 6). Considering these properties of Aquatain®, the
following suggestions are made for future research.
Combination of Aquatain® and other larval control tools
Although in the laboratory experiments Aquatain® (1 ml/m 2) caused 100%
mortality in both the early and late stage larvae, it was less efficient in the
field (Chapter 5 and Chapter 6). A combination of Aquatain® with another
control tool that has complementary properties can be useful in this regard.
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Large-scale field studies in different epidemiological settings
To gain the financial and logistical support required to incorporate a control
tool into mosquito control programmes, it is necessary that several welldesigned large-scale field studies demonstrate its efficacy in reducing the risk
of acquiring a malaria infection (Knols, 2010). Larviciding has gained the
support of President’s Malaria Initiative based on the convincing field studies
carried out with B. thuringiensis var. israelensis and B. sphaericus (President’s
Malaria Initiative, 2011). These studies successfully demonstrated the
potential of B. thuringiensis var. israelensis and B. sphaericus to reduce
vector densities and malaria risk, provided an insight into operational
feasibility and community acceptance, and proved their complementary role
in integrated vector management (IVM) programmes in various
epidemiological settings, e.g., rural, urban, highlands and flood plains.
To determine the feasibility of using Aquatain® for operational
purposes and its contribution to reducing malaria transmission was beyond
the scope of the study. However, with the knowledge that Aquatain® is
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Aquatain® is more efficient at targeting the late larval stages, pupal stage,
adult emergence and oviposition. Biological control tools like B. thuringiensis
var. israelensis, B. sphaericus, M. anisopliae or B. bassiana are more efficient
against the young and actively feeding larvae (Lacey, 2007). If Aquatain® is
applied in combination with one of these biological control tools, Aquatain®
will target the late larval stages, pupal stage, adult emergence and oviposition
while the biological control tool targets the early larval stage. The advantage
is that the biological control tool kills the young stage larvae that survive,
pupate and emerge 10-14 days after Aquatain® application as by that time
the Aquatain® film is weaker and can no longer prevent adult emergence or
oviposition. In this case a subsequent application of Aquatain® and the
biological control tool can be delayed (5-6 more days) until the larvae
resulting from the resumed oviposition are about to pupate and emerge as
adults. As a result re-application will be required after 20 days rather than 15
days. It is, however, important to know the effect of Aquatain® on the
viability and efficacy of biological tools.
Studies that combine a monomolecular film and a biological control
tool have already been reported for other mosquito genera. A combination of
a monomolecular film, Arosurf MSF, and B. sphaericus, resulted in 95%
mortality of late-stage Cx. quinquefasciatus larvae while B. sphaericus alone
caused only 35% mortality in laboratory bioassays (Levy, 1986). Similarly,
100% control of the larval and pupal stage of Culex, Psorophora and Aedes
species was reported for a formulation consisting of Arosurf MSF and B.
thuringiensis var. israelensis under field conditions which neither of the two
control tools achieved alone (Levy, 1984b). The combination causes the
spreading of B. thuringiensis var. israelensis on the water surface and can
facilitate its application in large and vegetated breeding sites.
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effective under field conditions, the next step is to carry out field studies in
various epidemiological settings. These field studies should be designed to
estimate the reduction of malaria transmission due to Aquatain treatment in
addition to the reduction in densities of larval and adult anophelines. The
studies should also determine the feasible (technical and financial) approach
to applying Aquatain® routinely in malaria-endemic regions (Fillinger and
Lindsay, 2006). Carrying out such field studies is an important step to
determine the actual potential of Aquatain® as a malaria control tool. It will
also indicate the epidemiological settings most suitable for the operational
use of Aquatain®. In addition, recent literature underpins the effectiveness of
IVM and emphasizes its value for sustainable malaria control and eradication
(The malERA Consultative Group on Vector Control, 2011; Fillinger, 2009a;
Lee, 2010). It is, therefore, necessary to assess the benefits of applying
Aquatain® in combination with other control tools.
One misunderstanding about larval control has been the assumption
that every single breeding site has to be located and treated with a larval
control tool for effective malaria control. Studies on the ecology and spatial
distribution of Anopheles larvae have shown that larvae of primary Anopheles
vectors breed in habitats that are close to human settlements and, therefore,
easy to locate and treat (Dash, 2007; Mutuku, 2006a; Mwangangi, 2007).
These habitats might be natural or produced as a result of human activities.
However, water from these breeding sites may be used for drinking or other
domestic purposes. It is, therefore, necessary to treat them with a safe larval
control tool. Aquatain®, as mentioned, is suitable for large breeding sites due
to its spreading ability. However, it is equally suitable for smaller breeding
sites. In addition, Aquatain® is safe to apply on water that is used for drinking.
These properties make Aquatain® a good candidate for application on
breeding sites in or close to human settlements.
Development of resistance against biological and physical tools
In the various chapters of this thesis, I have argued that biological and
physical tools pose a lower risk of resistance development compared to
chemical tools. The topic is, therefore, discussed here more generally.
Bacillus thuringiensis and B. sphaericus are two biological control
agents that have been used extensively, not only against mosquitoes but also
against many agricultural pests (Lacey, 2001). There are many sub-species of
B. thuringiensis which target different insect orders. Bacillus thuringiensis
israelensis is only toxic to species of the dipteran suborder Nematocera (e.g.,
mosquitoes and blackflies) (Federici, 2010). High levels of resistance were
reported against B. sphaericus in Culex larvae (Chapter 2) after six years of
field application (Nielsen-Leroux, 2002; Yuan, 2000). Up to date, there is no
report of resistance development in mosquito larvae against B. thuringiensis
israelensis. This is probably because of the presence of four endotoxins in B.
thuringiensis israelensis, which make the development of resistance highly
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unlikely, unlike with other B. thuringiensis strains, e.g., Bacillus thuringiensis
kutstaki (HD-73), which operates with one endotoxin. Resistance against B.
thuringiensis kutstaki has been reported to develop in diamond back moth,
Plutella xylostella (Lepidoptera: Plutellidae) and Indian meal moth, P.
interpunctella (Lepidoptera: Pyralidae) (Tabashnik, 1990; Tabashnik, 1994).
However, many field populations of P. xylostella have evolved resistance to
formulations of Bacillus thuringiensis kutstaki- that contain mixtures of up to
five Bacillus thuringiensis toxins (Tabashnik, 1994). The primary mechanism of
resistance has been identified to be the reduced binding of B. thuringiensis
toxin to the brush border membrane of the midgut epithelium (Tabashnik,
1994). Modification in the cuticle and/or digestive tract lining that prevents
attachment or penetration of a control tool is known as cuticular resistance.
Cuticular resistance could also lead to resistance against fungal tools.
The immune response of an insect is also a line of defence to
pathogens such as bacteria, fungi and other microorganisms. Insects possess
both cellular and humoral defence systems. The most common mechanism of
insects against pathogens is melanotic encapsulation of invading organisms.
The capability and successful infection of a pathogen within the vector
indicates the ability of the pathogen to evade or suppress the immune
response (Richman and Kafatos, 1996). This is probably the case for Bacillus
species, M. anisopliae and B. bassiana in the anopheline larvae, considering
the high mortality in treated larvae (Chapter 3 and 4) (Fillinger, 2003).
However, frequent exposure may increasingly select for larvae that mount
the appropriate response against these pathogens.
Physical control tools can lead to behavioural and/or cuticular
resistance. A physical barrier, e.g., screens to prevent adult mosquitoes from
entering a house can select for individuals that blood-feed outdoors (Ogoma,
2010). Insect diatomaceous earth is used to target pests of stored grains.
Diatomaceous earth physically causes the pests to dehydrate due to
adsorption of cuticular lipids and abrasion of the cuticle. Korunic and
Ormesher (1998), as reported by Vincent (2003), demonstrated that on
exposure to diatomaceous earth for 5 - 7 generations, populations of
Tribolium castaneum (red flour beetle), Cryptolestes ferrugineus (rusty grain
beetle), and Rhizopertha dominica (lesser grain borer) became less
susceptible to this control method. Frequent application of monomolecular
films at breeding sites may select for Anopheles larvae that feed at depths
below the water surface, are more tolerant to submersion and can make use
of dissolved oxygen efficiently. Similarly, Anopheles females that avoid laying
eggs on treated sites may be selected over time.
Development of resistance against B. thuringiensis and diatomaceous
earth can probably be reversed and managed (Mulla, 2003). However, it
indicates that the insects’ ability to develop resistance should not be
underestimated. Probably the limited use, so far, and low persistence of
biological and physical control tools are the primary reasons for the scarcity
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of resistance to them in the field. As a result, as with chemical tools, the most
promising way to conserve the efficacy of a biological or physical control tool
may be to use it together with other control tools. It is therefore also
important to investigate the possibility of resistance development against
biological and physical control tools. Such studies should include: a) selection
for resistance in the laboratory, b) the phenotypic and genetic basis of
resistance, c) risk assessment of resistance development, d) stability of
resistance once developed resistance mechanisms, e) fitness costs of
developing resistance and f) resistance management (Tabashnik, 1994).
Cost comparison
A cost comparison is important to determine the economic feasibility of
deploying a control tool on operational scale. The cost of a tool depends on
the production cost and the required application rate. I compared the costs of
candidate tools, identified in this thesis, with tools currently used for larval
control. A cost comparison between the application of Aquatain® and
currently used larvicides was made in Chapter 5. However, those estimates
were based on laboratory results. The following cost estimate takes into
account the information obtained from field trials and also includes the
entomopathogenic fungi.
The estimates, similar to Chapter 5, for two formulations of B.
thuringiensis var. israelensis and B. sphaericus were based on information
obtained from a study carried out in rural Kenya (Fillinger and Lindsay, 2006).
In the case of Aquatain®, the estimate was based on the application of
Aquatain at a rate of 1 ml/m2 every 15 days (Chapter 6). Aquatain, at this
dose, reduced the adult anopheline emergence by 93%. An estimate of the
costs of fungal conidia was based on applying ShellSol T- formulated fungal
conidia (10 mg/200 µl per 441 cm2) at the low dose tested in the field
(Chapter 4). The residual effect of formulated fungal conidia was not
determined in the field, but based on laboratory bioassays that showed that
formulated fungal conidia caused significant mortality after seven days, we
assumed that re-treatment would be required every 10 days (Chapter 4). We
used the cost estimates provided by Cherry et al. (Cherry, 1999) to produce
M. anisopliae var. acridum conidia in a malaria-endemic country. The
production costs can be expected to be similar for both M. anisopliae and B.
bassiana (personal communication Arjen Rinzema, Department of Bioprocess
Engineering, Wageningen University). The estimates (Table 1) show that both
B. thuringiensis var. israelensis and B. sphaericus are the most cost-efficient
control tools among those compared.
From the estimates presented here, the application of fungal conidia
for larval control seems expensive. However, it should be considered that
these estimates (Table 1) are based on a small-scale production system
(Cherry, 1999). The fermentation studies that were carried out during the
1950’s resulted in the low cost production of B. thuringiensis. (Federici, 2010).
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In addition, both B. thuringiensis var. israelensis and B. sphaericus have
already undergone the development and optimization process. With the
developments in bio-processing techniques it may be possible to scale up the
production of the fungal conidia and, thus, reduce costs (Cherry, 1999; van
Breukelen, 2010). In the field both doses of fungal conidia (10 mg/200 µl per
441 cm2 and 20 mg/230 µl per 441 cm2) were equally effective, which
suggests that still lower doses may be effective. In addition, formulations
that make efficient use of the fungal conidia can reduce the amount of
conidia required. Studies on large-scale production and formulation of these
fungi are essential to use the potential of these fungi to kill Anopheles
mosquitoes.
In breeding sites that are vegetated and/or muddy, such as flood plains
and rice paddies etc. special application equipment is required to apply B.
thuringiensis var. israelensis and B. sphaericus (Fillinger, 2008; Majambere,
2007). As mentioned before, Aquatain has a self-spreading feature which can
be used to apply B. thuringiensis var. israelensis and B. sphaericus. The
application of Aquatain in combination with these control tools can also
reduce the frequency of application (from 26 to 18 times a year) which in turn
provides an important reduction in the costs.

Conclusion - Why more tools?
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Larval control needs to be utilised more frequently to be able to target
Anopheles species that, at the adults stage, blood-feed outdoors and/or are
resistant to chemicals used for indoor residual spraying and insecticide
treated bed nets (Chapter 1). The emphasis should be on larval control tools
that do not pose a risk of resistance development as high as chemical tools
do. Bacillus species are the only non-chemical tools currently used against
Anopheles larvae. It is important to identify other control tools with different
properties and mode of action for the control of Anopheles larvae which
breed in a variety of habitats (Box 1 in Chapter 2).
This thesis has contributed to the identification and development of
new candidate tools for the control of Anopheles larvae with an effect
extending to the pupal and adult stage. Aquatain® and the tested fungi, when
presented in an appropriate formulation, significantly reduced the densities
of Anopheles larvae and adult emergence from breeding sites under field
conditions. These candidate tools are expected to remain effective for a
longer-term as development of resistance against them is less likely
compared to chemical insecticides. In addition, based on the knowledge
available, these fungi and Aquatain® are safe to use in aquatic environments.
Compared to Bacillus species, which are effective only when ingested,
both fungi not only cause an infection when their conidia are ingested but
also when the conidia attach to the larval cuticle. To develop resistance
against the fungi, Anopheles larvae need to modify the cuticle outside as well
as in the digestive tract lining. In the case of Bacillus species, modification in
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26
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52

52

26,644**

4,680

1,463 - 1,950

1,300 - 1,820

562 - 780

208 - 312

Required/ Cost / hectare Applications/ Cost/hectare
hectare per application
year
year-1

210/kg and 2.26 kg and 740 (474.6 and
5.9/L
45 L
265)

18/L

3.75 - 5/kg

CG

* excluding shipping costs.
**: for possible cost reductions see section: Cost comparison

Aquatain
M. anisopliae/
B. bassiana and
ShellSol T

50 - 70/kg

CG
WDG

2.16 - 3/kg

WG

B. thuringiensis var.
israelensis

B. sphaericus

20 - 30/kg

Formulation

Control tool

Cost
(US $)*

Table 1: A cost-estimate for the application of Bacillus thuringiensis var. israelensis, Bacillus sphaericus, Aquatain, Metarhizium anisopliae and Beauveria bassiana in
breeding sites with combined surface area of 1 hectare over a period of one year. Two formulations of B. thuringiensis var. israelensis and B. sphaericus (water
dispersible granule, WG/WDG; corn granules, CG) were considered.
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only the digestive tract lining leads to resistance. Aquatain® has properties
and a mode of action very different from the Bacillus species and fungi. It is
equally suitable for application on small and large aquatic habitats including
drinking water.
For the application of the fungi in control programmes, it is important
to develop cost-efficient ways of mass producing the conidia and also
formulations that reduce the amount of conidia required over a certain
surface area of breeding site. Together, studies on mass production and
formulation will determine the appropriate time to conduct a large field trial.
In the case of Aquatain® it is important to proceed to a large field trial which
determines the impact of its application on malaria transmission.
Follow-up research on these candidate tools may result in
development of a control tool that complements currently employed tools in
otherwise challenging epidemiological settings. For the control of malaria, a
disease that still claims so many lives, every realistic option that can lead to
its eradication needs to be seriously considered.
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Elk jaar zijn er meer dan 225 miljoen gevallen van malaria en overlijden er
781.000 mensen aan deze ziekte. Ongeveer 85% van de dodelijke gevallen
betreft kinderen van onder de vijf jaar. Malaria wordt veroorzaakt door de
Plasmodium parasiet die wordt overgebracht door de Anopheles mug. Met
name twee interventie methoden worden gebruikt voor bestrijding van de
malaria vector, namelijk met insecticide geïmpregneerde klamboes en
huisbespuitingen. Beide methoden gebruiken chemische insecticiden en
richten zich op de volwassen Anopheles muggen binnenshuis. Een toename
in resistentie tegen deze insecticiden en het feit dat sommige Anopheles
muggen hun bloedmaaltijd buitenshuis nemen of vroeg in de avond,
resulteert in transmissie van malaria ondanks de huidige, uitvoerig ingezette
interventies. Door de aquatische stadia aan te pakken, kan larvale bestrijding
de huidige interventies aanvullen.
Het belangrijkste doel van de deze studie was om niet-chemische
bestrijdingsmethoden te ontwikkelen waarmee populaties Anopheles larven
bestreden kunnen worden en om de mogelijkheden van deze methoden
onder veldomstandigheden te evalueren. Niet-chemische methoden zijn
veilig voor het milieu en meer soort-specifiek in vergelijking met chemische
methoden. Vele niet-chemische bestrijdingsmethoden, zoals biologische en
fysische, hebben bewezen potentie om populaties Anopheles larven te
bestrijden in het laboratorium. Echter, slechts een paar van deze methoden
zijn getoetst in het veld en nog minder worden er daadwerkelijk commercieel
geproduceerd (Hoofdstuk 2).
Het is belangrijk om niet-chemische bestrijdingsmethoden te
ontwikkelen
en
ze
beschikbaar
te
maken
voor
malaria
bestrijdingsprogramma’s. Beschikbaarheid en gebruik van niet-chemische
middelen kan resulteren in effectieve, milieuvriendelijke en duurzame
malaria bestrijdingsprogramma’s. Twee biologische en één fysisch
bestrijdingsmiddel zijn geëvalueerd: de entomopathogene schimmels
Beauveria bassiana (Bals.-Criv.) Vuillemin en Metarhizium anisopliae
(Metchnikoff) Sorokin, en een op siliconen gebaseerde, monomoleculaire
film, Aquatain®. Deze middelen zijn geëvalueerd in het laboratorium met de
primaire Afrikaanse en Aziatische malaria vectoren, respectievelijk Anopheles
gambiae en An. stephensi en met name met An. gambiae onder
veldomstandigheden.
Sporen van B. bassiana en M. anisopliae staan bekend om hun
potentie om volwassen Anopheles muggen te bestrijden. Echter, de
mogelijkheid om de larvale stadia van Anopheles te bestrijden, met name
onder veldomstandigheden, is vrijwel onbekend. Bio-toetsen in het
laboratorium (Hoofdstuk 3) toonden aan dat sporen van zowel B. bassiana
als M. anisopliae na inname of aanhechting aan het cuticulum, hoge
mortaliteit veroorzaken bij larven van An. gambiae en An. stephensi. Jonge
larven (stadium 1 en 2) waren gevoeliger dan oudere larven (stadium 3 en 4).
Hogere concentraties schimmelsporen zorgen niet voor een verhoogde
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sterfte omdat de sporen samenklonterden. Larven die één dag aan
schimmelsporen waren blootgesteld waren in gelijke mate gevoelig als larven
die voor zeven dagen waren blootgesteld. Schimmelinfectie was aantoonbaar
in de poppen en volwassen muggen die zich uit de overlevende larven
ontwikkelden. De sterfte onder larven was hoger indien de larvale dichtheid
toenam. De hoeveelheid voedsel reduceerde de effectiviteit van
schimmelsporen tegen Anopheles larven niet.
Resultaten van de laboratorium studie (Hoofdstuk 3) toonden ook aan
dat het noodzakelijk is om schimmelsporen te formuleren vóór toepassing.
Formulering was niet alleen noodzakelijk om het samenklonteren van sporen
te voorkomen, maar ook om hun persistentie te verbeteren omdat de
pathogeniciteit van schimmelsporen snel afnam na toepassing op het
wateroppervlak (Hoofdstuk 4). Sporen van B. bassiana en M. anisopliae,
indien geformuleerd in ShellSol T (een synthetische olie), waren gemakkelijk
toe te passen op het wateroppervlak en effectief tegen Anopheles larven.
Bovendien verbeterde ShellSol T de persistentie van de sporen. Onder
veldomstandigheden in Kenia reduceerden in Shellsol T geformuleerde
sporen van B. bassiana en M. anisopliae het percentage An. gambiae larven
dat verpopte 39-50% meer dan ongeformuleerde sporen. Dit is het eerste
rapport van de effectiviteit van schimmelsporen tegen An. gambiae larven
onder veldomstandigheden (Hoofdstuk 4).
Monomoleculaire films voorkomen dat muggenlarven en poppen
kunnen ademen doordat zij de oppervlaktespanning van het water
verminderen. De verminderde oppervlaktespanning zorgt er ook voor dat
volwassen muggen niet meer uitkomen en eieren afzetten op behandelde
wateroppervlaktes. Vergeleken met eerder geteste monomoleculaire films
heeft Aquatain® een beter vermogen om zich te verspreiden en is het
flexibeler op het wateroppervlak. De testen zijn eerst uitgevoerd met
Aquatain Mosquito Formulation (AMF®) welke 2% eucalyptus olie bevat naast
de originele Aquatain® formulering. In het laboratorium gaf AMF® toxische
effecten op larven en poppen en had het ook een afstotende werking op de ei
-afzetting van zowel An. stephensi als An. gambiae (Hoofdstuk 5). In
tegenstelling tot schimmelsporen waren oudere larven gevoeliger voor
behandeling met Aquatain® dan jonge larven. Larven afkomstig van de
behandelingen verpopten niet en poppen stierven binnen twee uur. Indien
vrouwtjesmuggen een keuze hadden tussen een plek voor ei-afzetting die
behandeld was met AMF® en een plek voor ei-afzetting die niet behandeld
was, vermeden zij de behandelde plek en legden hun eieren in de
onbehandelde plekken. In een situatie waarin er geen keuze was voor de
vrouwtjesmuggen, zorgde de verlaagde oppervlaktespanning er voor dat de
meesten verdronken op het moment dat zij hun eitjes probeerden af te
zetten. Aquatain® (zonder eucalyptus olie) had geen afstotend effect omdat
zelfs in aanwezigheid van een onbehandelde plek, vrouwtjes eitjes
probeerden af te zetten en verdronken. Om te voorkomen dat vrouwtjes
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eitjes afzetten op onbehandelde plekken, is het daarom aan te raden om
Aquatain® zonder eucalyptus olie te gebruiken voor de studies naar
effectiviteit in het veld.
Veldstudies met Aquatain® zijn uitgevoerd in de rijstvelden van het Ahero
rijst irrigatie schema in West-Kenia (Hoofdstuk 6). Over het algemeen zijn
rijstvelden moeilijk te behandelen met een muggenbestrijdingsmiddel
vanwege hun grootte, zachte ondergrond en vegetatie. Bovendien is het
belangrijk dat het muggenbestrijdingsmiddel veilig is voor een scala aan
organismen die ook aanwezig is in de rijstvelden en niet het doel is van
bestrijding. Na toepassing van Aquatain® in de rijstvelden was er een
significante vermindering van dichtheden van zowel jonge als oude Anopheles
larven. Het uitkomen van volwassen muggen werd met 93% verminderd.
Aquatain® had geen negatief effect op een breed scala aan andere, in het
rijstveld aanwezige organismen, behalve op rugzwemmers (Heteroptera:
Notonectidae). Bovendien had Aquatain® geen negatief effect op de groei en
ontwikkeling van rijstplanten en had het geen impact op de rijstoogst. Deze
veldstudie toont aan dat Aquatain® gebruikt kan worden als een effectief
bestrijdingsmiddel tegen Anopheles muggen in rijst-ecosystemen (Hoofdstuk
6).
De studie beschreven in dit proefschrift identificeert nieuwe kandidaat
middelen voor de bestrijding van Anopheles larven met additionele,
negatieve effecten op poppen en volwassen muggen die in contact komen
met broedplaatsen. Echter, vervolgstudies zijn noodzakelijk voor dat deze
schimmels en Aquatain® operationeel gemaakt kunnen worden. De cruciale
stap voor toepassing van de schimmels is om een kosteneffectief systeem te
ontwikkelen voor massaproductie van schimmelsporen. Het is ook belangrijk
om een formulering te ontwikkelen welke de benodigde hoeveelheid
schimmelsporen vermindert om anopheline dichtheden in natuurlijke,
aquatische habitats significant te reduceren. In het geval van Aquatain® is de
volgende stap om een veldstudie uit te voeren die de impact van toepassing
van Aquatain® op Anopheles dichtheden vaststelt, alsmede de impact op
malaria transmissie. Vervolgonderzoek aan deze kandidaat middelen kan
resulteren in de ontwikkeling van een bestrijdingsmiddel dat de huidige
ingezette middelen kan aanvullen in uitdagende epidemiologische
omstandigheden, zoals bijvoorbeeld in gebieden met resistente, buitenshuis
bijtende of vroeg-bijtende Anopheles muggen. Voor de bestrijding van
malaria, een ziekte die nog steeds vele slachtoffers eist, moet elke realistische
optie die kan leiden tot de uitroeiing ervan serieus overwogen worden.

222

Acknowledgements
My PhD project has been a huge learning experience for me with both good
and difficult times. To see my thesis in the present form makes me very
happy and I would like to acknowledge those who contributed to it in various
ways.
I will start with Prof. Muhammad Suleman because he was actually the
person who inspired me to work with mosquitoes and has been very
supportive during the past eight years.
My promoters Prof. Willem Takken and Prof. Marcel Dicke have made
an important contribution to my project. Willem, thank you for your scientific
guidance, logistical support and most of all providing me the opportunity to
carry out field work. Field work was a great experience for me and has
resulted in my, very obvious, preference for field work in future. Marcel,
thank you for helping me at the times that I approached you and for your
valuable suggestions and comments on my thesis chapters as well as research
proposals. Your suggestions and comments helped me place my research in a
broader context.
In the last two years Sander Koenraadt was my daily supervisor.
Sander, we started working together at difficult times but I think we did a
good job. I appreciate your efforts in this regard. Thank you for your positive
criticism on my work, it definitely made my work better. I would also like to
acknowledge your cooperation while I was in Kenya and your help with the
Dutch summary.
In Kenya I worked with Dr. Andrew Githeko for three and a half
months. Andrew, thank you for hosting me at KEMRI, providing all the
scientific and logistical support and help with obtaining the clearances. I also
appreciate your continuous concern of me falling sick with malaria during my
stay at Ahero.
I would also like to thank Dr. Bart Knols who was my supervisor in the
first two years of the project. Bart, I am grateful for how you helped me
design and kick start this project. The inertia you created, no doubt, has
played a part in the successful completion of this thesis. I have learned so
much from you and am thankful for your continuous appreciation,
encouragement and support.
At the end of my writing, Francoise Kaminker kindly offered to read my
thesis and provide editorial comments and suggestions. Thank you very much
for that. I am also grateful to Anneke Verhulst-Venbrucx for her crash course
on the Publisher programme.

223

In Ahero my field assistants, George Odhiambo, Daniel Ogwang and
Kevin Odhiambo, made the labor-intensive larval collection very interesting.
George, your sense of humor and the fact that you cannot work without Ugali
always made me laugh. Daniel, you were the strongest among us and it was
always difficult to convince you that we needed to stop for lunch. It is
unfortunate that you had health issues later that year. I wish you good health
and a bright future. Kewin, your curiosity convinced me to let you work with
me. I wish you good luck with your education and future. I am also thankful to
Michael Anzwa for the daily updates regarding logistics at the field site.
I would like to express my gratitude to Dr. Ulrike Fillinger for her
guidance in the planning of my field work and commenting on one of my
chapters. I also appreciate the help I received from Dr. Bryson Ndenga in
introducing me to people for the preparation of research material, in Kenya,
even though he was very busy in the writing up of his own thesis at that time.
Dr. Claudius van Vijver got me involved with the PhD Council (PPC), of
the graduate school Production Ecology and Resource Conservation, which
was a great experience. Apart from this, I appreciate his counseling at the
difficult stage of my PhD. Thank you Claudius for enabling me to understand
things from a realistic point of view.
My special thanks to everyone at the Laboratory of Entomology for
their company and appreciation. I never felt left out despite a big cultural
difference and everyone certainly contributed to that. In the vector group I
really need to thank Gabriella and Jeroen for their cooperation in providing
mosquito larvae and arranging climate cabinets for the experiments. My
colleague Sophie and I experienced many things together in the process of
settling down in Wageningen. Sophie, I wish you good luck with the writing
and look forward to calling you a daktari. Remco, thank you for listening to
me at times when I really needed to ventilate my thoughts and also for the
free softwares. I appreciate Niels for his unsuccessful effort to make me learn
and talk Dutch and Fedor for providing me ample opportunities to practice
my sarcasm.
I have enjoyed many things, such as squash, shopping and dinners, with
my (apparently) friends and paranymphs, Marit and Martine. Both of you can
bring out the worst in me and I really fear the day that you would come to
Pakistan and use your urdu-vocabulary. Marit, there are many things that you
have done for me (Hint: stove, car lifts etc.) and I really am thankful for all of
them. Similarly Martine, too many things to be mentioned here (e.g., never
forgetting to ask me for coffee during Ramadan) but I really appreciate you
passing by my desk to say hi! when I was busy writing.
My settling down in The Netherlands was made very easy by my
Pakistani friends, thank you all for the desi company. Nadeem bhai, Farrukh
bhai and Sumaira bhabhi, I literally enjoyed our dinners and discussions. Sadia
(-nij), I had a lot of fun with you over the last few years. I will never forget our

224

crazy trip to Italy, continuous exchange of interesting web-links and most of
all your biryani. I wish you all success in the future.
Joel Tanui, thank you for your cooperation during my research work at
Ahero. You stood out for me by your genuine, considerate and hardworking
nature. What started as a professional interaction changed over time.
Natarajia kuwa pamoja nawe.
I am lucky to have a family that has always been a great support. My
parents, Amanat Ali Bukhari and Nadeema Sana, have no doubt played the
most important role in getting me to the stage I am at today. Abu and Ami,
thank you so much for all your efforts. I know it was hard for both of you to
send me this far. Thank you, also, for putting up with my ever changing
ambitions and plans. I am also grateful to my sister Rabana, brothers Haris
and Maarab, sister-in-law Rika and dearest nephew Ahmad: Thank you so
much for your love and cooperation over the last four years and pretending
to appreciate my machar-mar research.

225

Curriculum Vitae
Tullu Bukhari was born on 29th August, 1982 in
Abbottabad, Pakistan. She studied Zoology at
the University of Peshawar, Pakistan. During
her MSc research, she worked on the
taxonomy of aphids. After the completion of
her MSc, in 2004, Tullu worked as a lecturer at
the University of Peshawar. The job mainly
involved teaching Entomology as well as
conducting theoretical and practical exams for
other academic institutes such as Kohat
University of Science and Technology, Pakistan.
In 2007, Tullu started her PhD at the
Laboratory of Entomology, Wageningen
University. During her PhD, Tullu carried out laboratory and field work. The
field work was carried out in collaboration with the Kenya Medical Research
Institute and the National Irrigation Board, Kenya. In addition to research,
Tullu obtained a professional diploma for medical mycology (Centraalbureau
voor Schimmelcultures, Utrecht, The Netherlands) and also took various skill
development courses at Wageningen University. She has presented her work
in national and international conferences. Most of her PhD research work has
been published in peer-reviewed journals. Tullu was also an active member
of the PhD Council and the Education Committee of the graduate school
Production Ecology and Resource Conservation. In the future, Tullu intends to
continue her research line of identifying and developing non-chemical control
tools for disease vectors.

227

228

Publications
Peer-reviewed Publications
Bukhari T, Takken W, Koenraadt CJM: Development of Metarhizium anisopliae and Beauveria bassiana formulations for control of malaria mosquito larvae. Parasites & Vectors 2011, 4(1):23.
Knols BGJ, Bukhari T, Farenhorst M: Editorial: Entomopathogenic fungi as the
next-generation control agents against malaria mosquitoes. Future Microbiology 2010, 5(3):339-341.
Bukhari T, Middelman A, Koenraadt CJM, Takken W, Knols BGJ: Factors affectaffecting fungus-induced larval mortality in Anopheles gambiae and Anopheles stephensi. Malaria Journal 2010, 9(1):22.
Bukhari, T. and Knols, BGJ. Efficacy of Aquatain, a Monomolecular Surface
Film, against the Malaria Vectors Anopheles stephensi and An. gambiae s.s. in
the Laboratory. American Journal of Tropical Medicine Hygiene. 2009, 80:758763.

Other Publications
Ondiaka S., Bukhari T., Farenhorst M., Takken W., Knols BGJ. (2008). Effects of
fungal infection on the host-seeking behaviour and fecundity of the malaria
mosquito Anopheles gambiae Giles. Proceedings of the section Experimental
and Applied Entomology of the Netherlands Entomological Society (NEV) - p.
121 - 128.
Shahjehan, I.A. and Bukhari, T. 2006. A survey of aphid’s fauna of Abbottabad
region. 26 th Proceedings of Pakistan Congress of Zoology.

To be submitted/submitted
Bukhari T, Takken W, Koenraadt CJM: Non-chemical tools for control of larval
stages of malaria vectors – a review
Bukhari T, Takken W, Githeko AK, Koenraadt CJM: Efficacy of Aquatain, a
monomolecular film, for the control of malaria vectors in rice paddies.

229

230

PE & RC PhD Education Certificate
With the educational activities listed below the PhD candidate
has complied with the educational requirements set by the C.T.
de Wit Graduate School for Production Ecology and Resource
Conservation (PE&RC) which comprises of a minimum total of
32 ECTS (= 22 weeks of activities)
Review of literature (6 ECTS)
-Non-chemical tools for larval control of malaria vectors (2011)
Writing of project proposal (4.5 ECTS)
-Targeting the breeding sites of malaria mosquitoes: biological and physical control of malaria
mosquito larvae (2008)
Post-graduate courses (3.6 ECTS)
-Advanced statistics; PE&RC (2008)
-Medical mycology; CBS, Utrecht (2008)
-Survival analysis; PE&RC (2009)
Invited review of (unpublished) journal (2 ECTS)
-Ovipostionn deterrence induced by Ocimum kilimandscharicum and Ocimum suave to gravid
Anopheles gambiae s.s. (Diptera: Culicidae) in laboratory; Journal of Global Infections Diseases
(2009)
-Effect of the kerarinophilic fungi, Chrysosporium sp. On the larvae of the mosquitoes,
Anopheles stephensi and Culex quinquefasciatus; Journal of Insect Science (2010)
Deficiency, refresh, brush-up courses (3 ECTS)
-Basic statistics (2007)
-Analysis and prevention of health risks in the tropics (2008)
Competence strengthening / skills courses (2.1 ECTS)
-Project and time management; WGS (2008)
-PhD Competence assessment; WGS (2008)
-Techniques for writing and presenting a scientific paper; WGS (2010)
PE&RC Annual meetings, seminars and the PE&RC weekend (2.1 ECTS)
-PE&RC Weekend (2007)
-PE&RC Day (2007-2010)
Discussion groups / local seminars / other scientific meetings (11.1 ECTS)
-Annual meeting of the Netherlands Entomological Society (2007-2008)
-PhD Candidate discussion group; Entomology (2007-2011)
-Discussion group meetings for fungus production methods for mosquito control (2008-2010)
International symposia, workshops and conferences (6.4 ECTS)
-Annual Conference of the Consortium for Entomopathogenic control of Malaria vectors in
Africa; one oral presentation each year (2008-2010)
-MIM Pan-African Malaria conference; poster presentation; Nairobi (2009)
Lecturing / supervision of practical ‘s / tutorials (0.3 ECTS)
-Frontiers in medical and veterinary entomology; 1 day (2010)
Supervision of MSc student; 6 months (3 ECTS)
-Entomopathogenic fungi for control of Anopheles stephensi

231

This project was funded by a grant from Higher Education Commission (HEC),
Pakistan through Netherlands Organisation for International Cooperation in Higher
Education (NUFFIC). Financial support for the field study was received partially from
the UBS Optimus Foundation, Switzerland and the Adessium Foundation, The
Netherlands.
Cover design and layout by author
Printed by Wöhrman Printing Service, Zutphen, The Netherlands

232

