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Stellingen 

1. Ondanks aanvankelijke scepsis kan de insect-pathogene schimmel Metarhizium 
anisopliae worden ingezet bij bestrijding van malaria muggen (dit proefschrift). 

2. De ontdekking van Bacillus thuringiensis israelensis in 1976 heeft het onderzoek naar, 
en ontwikkeling van, entomopathogene schimmels voor bestrijding van muggen sterk 
afgeremd (dit proefschrift). 

3. Biologische bestrijding van plagen is veiliger voor de volksgezondheid dan chemische 
bestrijding (Francis G. Howarth in Ann. Rev. Entomol. 1991, 36: 485-509). 

4. In etymologische zin kunnen muggen ook worden opgevat als amfibieen. 

5. Het feit dat sommige Afrikanen zich grappend afvragen of blanken wel benen hebben 
geeft aan dat de meeste blanken zich tijdens een bezoek aan Afrika te weinig uit hun 
auto begeven om zich onder de plaatselijke bevolking te mengen. 

6. Het is bizar dat het land met het grootste wapenarsenaal, een land dat in de afgelopen 
100 jaar bij 15 oorlogen betrokken is geweest zonder dat het land zelf ooit werd 
binnengevallen, zich opwerpt als beschermengel van de wereldvrede en democratie. 

7. Als de vissers op de Kilombero-rivier visnetten gebruiken die net zulke grote gaten 
bevatten als de meeste klamboes in dat gebied, zullen ze weinig vis vangen. 

8. Kunst die mensen beweegt voldoet niet aan de wet van entropie. 

Stellingen behorend bij het proefschrift van: Ernst-Jan Scholte 
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Vampire bugs 

Out from the light, the inside is dark 
Out in the field, not far from the park 
Light beams are dancing, cover all cracks 
That's where they're hiding behind our backs 

Vampire bugs engorged with warm-served soup 
Vampire bugs frightened of our tubes 
They bite, they hide 
Waiting silently for the night 

Smoke tears my eyes, my hope sinks deep 
The holes in the nets would make a fisherman weep 
Cobwebs entangle my unwashed hair 
Tiny angles on walls, people beware 

You don't notice your liver is not having fun 
You get invaded, overthrown without gun 
Gets you down to the bottom line 
Out of order for indefinite time 



Aan mijn ouders 
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Chapter 1 

GENERAL INTRODUCTION 

This thesis concerns biological control of African mosquito vectors with an insect-
pathogenic fungus. Before addressing the central research question and the objectives, an 
overview is given of two important African mosquito-borne diseases: malaria and lymphatic 
filariasis. This is followed by a description of the biology of their vectors, the available 
methods for mosquito control, including an overview of biological control and the part therein 
of entomopathogenic fungi. 

VECTOR-BORNE DISEASES 

Vector-borne diseases are diseases of which the pathogens are transmitted by animals. 
A large number of human infectious diseases is being transmitted by arthropods, among 
which onchocerciasis (vectored by black flies), leishmaniasis (sand flies), African 
trypanosomiasis (tsetse flies), American trypanosomiasis (triatomine bugs), plague (fleas), 
and Lyme disease (ticks). The largest group of vector-borne diseases is transmitted by 
mosquitoes, including yellow fever (Aedes spp.), dengue(-hemorrhagic) fever (Aedes spp.), 
West Nile disease (Culex spp.), Japanese encephalites (Culex spp.), Rift Valley virus, as well 
as malaria (Anopheles spp.) and filariasis (Anopheles & Culex spp.) (Gratz, 1999; Kettle, 
1995; Durden & Mullen, 2002). The latter is considered one of the fastest spreading insect-
borne diseases of man in the tropical world (WHO, 1992), and malaria the single most 
important mosquito-borne disease in the world (WHO, 1994; Collins & Paskewitz, 1995; 
WHO, 2000). 

MALARIA 

Over 2 billion people (nearly 40% of the world's population) live in malaria-endemic 
parts of the world, notably Asia, Latin America and Africa, in 100 countries or territories 
(Collins & Paskewitz, 1995; Kettle, 1995; WHO, 2000; Foster & Walker, 2002). Up to 500 
million new clinical cases of the disease are reported annually, causing high morbidity and 
mortality rates (Gratz, 1999). It is estimated that malaria is responsible for over one million 
deaths annually, of which 90 % occurs in sub-Saharan Africa (Burkot & Graves, 2000; WHO, 
1994; WHO, 2000; Breman, 2001). The disease has been identified as a key contributor to 
weak economic growth and investment in Africa because it experiences the most intense 
malaria transmission in the world (Hay et al., 2000). Malaria is resurfacing in areas where it 
had previously been eradicated and is spreading due to ecological and social changes such as 
deforestation, global warming, human population migrations, urbanisation and 
industrialisation (Knudsen et al., 1997; WHO, 2000). 

Malaria is caused by protozoan parasites of the genus Plasmodium. Of the four 
existing human malaria species, three belong to the subgenus Plasmodium: Plasmodium 
vivax, P. malariae and P. ovale, whereas the fourth, P. falciparum, is in the subgenus 
Laverania (Burkot & Graves, 2000). P. malaria and P.ovale infections cause relatively little 
morbidity and hardly any mortality. P. vivax infections are more severe but usually not lethal, 
whereas infection with P.falciparum is always life-threatening in non-immune individuals 
(Collins & Paskewitz, 1995). The latter species is the most prevalent malaria parasite found in 
sub-Saharan Africa, killing mainly children under the age of 5 and pregnant women (WHO, 
2000). More detailed information and references about the four human malaria-parasites, 
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clinical aspects and epidemiology can be found in Kettle (1995), Burkot & Graves (2000), 
and Wemsdorfer & McGregor (1988). 

All human malaria vectors belong to the genus Anopheles (Diptera: Culicidae). Of the 
422 Anopheles species known, only 68 are recognised as malaria vectors, of which circa 40 
are considered important (Service, 1993). Vectors of human malaria often occur as sibling 
species: closely related taxa that are normally indistinguishable morphologically, in a species 
complex. Members of the Anopheles quadrimaculatus complex were vectors of human 
malaria in North America. Members of the An. albimanus complex are vectors in Central and 
South America. An. dims, An. culicifacies, An. maculatus and An. minimus complexes 
transmit human malaria in Asia. The An. maculipennis complex includes former vectors in 
Europe, and members of the An. punctulatus complex are responsible for transmission of 
malaria and filariasis in the south-west Pacific. In Africa, the An. gambiae complex and, to a 
lesser degree, the An. funestus complex are responsible for malaria transmission. An. gambiae 
sensu lato consists of seven sibling species (Hunt et al, 1998). They differ in varying degrees 
from each other in aspects such as geographical distribution, larval habitat type, cytogenetics, 
vectorial capacity, host preference (highly anthropophilic, opportunistic 
anthropophilic/zoophilic or strictly zoophilic), biting behaviour (endophagic/exophagic or 
mixed), resting behaviour (endophilic/exophilic or mixed), circadian rhythms, breeding site 
selection (fresh/mineral or salt water), and longevity. However, many of these aspects overlap 
between the siblings. On the whole, concerning the Afrotropical zone, the species An. 
gambiae sensu stricto and An. arabiensis are regarded the most important vectors of human 
malaria, although this may vary in different regions. For detailed information on the life cycle 
of Plasmodium in the human host, see Garnham (1988). 

FILARIASIS 

The WHO (1992) estimated that in 1990 750 million people were living in areas 
endemic for lymphatic filariasis and Michael & Bundy (1997) estimated that about 146 
million people are actually infected throughout the tropical and sub-tropical regions. Three 
species of the filariasis parasite cause human lymphatic filariasis: Brugia malayi, Brugia 
timori, and Wuchereria bancrofti (Kettle, 1995). Of these species, W. bancrofti is the most 
widely distributed, and its infection the most prevalent (Lok et ah, 2000). 

The lymphatic filariasis parasites are helminths, belonging to the phylum Nematoda, 
and are often referred to as filarial worms. The most widespread cause of lymphatic filariasis 
is the nocturnal periodic form of W. bancrofti (Lok et al., 2000). Globally, the main vector is 
Culex quinquefasciatus (Kettle, 1995), but in rural areas of Africa, Anopheles spp. are also 
considered important vectors (Kettle, 1995; Bogh et al, 1998; Mboera, 1999; Lok et al., 
2000). Several studies in rural Tanzania have shown that besides Cx. quinquefasciatus, 
especially Anopheles gambiae, An. arabiensis and An. funestus are important vectors (White, 
1971; Mboera, 1999; Snow & Michael, 2003). For more information and references on the 
lifecycle of the parasites, see Kettle (1995) and Foster & Walker (2002). 

BIOLOGY OF AFRICAN VECTORS OF MALARIA AND FILARIASIS 

Anopheles gambiae 
Anopheles gambiae Giles s.l. lays single eggs on the water surface or on wet mud at 

the edge of shallow pools (Lyimo, 1993). Anopheles eggs distinguish themselves from other 
mosquito genera by the presence of floats (Burkot and Graves, 2000). Unlike eggs from the 
genus Aedes, eggs of Anopheles spp. cannot withstand dessication. One or two days after 
oviposition, the eggs hatch into the first larval stage. 
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The larvae are filter feeders, feeding on organic matter suspended in water. Depending 
on food availability, larval density and temperature, the development through the four larval 
stages, including the pupal stage, takes about 7-20 days (Clements, 1992; Service, 1977; 
Schneider et al., 2000; Koenraadt, 2003). During the pupal stage they do not feed. Larval 
populations generally suffer mortalities up to 93% (Service, 1977), due to both drying out of 
larval habitats and factors such as predation, parasitization and diseases (Lyimo, 1993). They 
colonise a variety of transient, mainly sunlit, rainwater pools, like borrow-pits, drains, 
cartracks, foot and hoofprints around ponds and water holes (Van Someren et al, 1955; 
Coene, 1993; Lyimo, 1993; Koenraadt, 2003). Most of these larval habitats are temporary, 
and in some areas breeding is highly seasonal and follows rain patterns of that specific area. 
Gillies & Coetzee (1987) mention that in the dry season the breeding sites seem to shift to 
more permanent habitats like wells, edges of permanent swamps or drying riverbeds. After 
emerging from the pupal stage, both males and females rest for a short time, after which 
males and a large proportion of females go in search of plant-sugars (Foster, 1995; Gary and 
Foster, 2004). Around the time of sunset and sunrise, male adults aggregate to form swarms. 
Females, receptive to mating cues, fly into these swarms and copulate (Charlwood & Jones, 
1980). 

Studies on the biting cycle of An. gambiae s.s. and An. arabiensis in Nigeria 
(Molineaux and Gramiccia, 1980), Ethiopia (White, 1974), and Kenya (Chandler et al., 1975), 
showed that females were active around the eaves of houses early in the night, although the 
actual biting activity was later and started about 3 hours after sunset, slowly increasing to 
reach a peak around 05.00 hrs in the morning, after which a fast decrease of biting activity 
was observed. Gillies (1958), however, found very little activity up to 21.00-22.00 hrs, 
followed by an increase, to a feeding peak activity between midnight and 04.00 hours, after 
which the activity decreased to zero shortly before dawn. 

An. gambiae s.s. is considered largely endophagic (Gillies, 1988), taking bloodmeals 
mostly indoors, whereas An. arabiensis Patton shows a greater tendency to feed outdoors 
(Gillies, 1988), although also within An. arabiensis populations there are different levels of 
endophagy (Coluzzi, 1979). In situations where man is by far the most available host, the 
Human Biting Index (HBI: the proportion of freshly found Anopheles to contain human 
blood), in An. gambiae s.s. can reach as high as 100% (White, 1974). Even where a wider 
host choice is available, the endophilic behaviour of An. gambiae s.s. tends to keep the HBI 
around 80-90%. If besides humans, cattle are present, a high proportion of An. arabiensis 
bloodmeals may be taken on animals, resulting in a relatively lower HBI, whereas An. 
gambiae s.s. will still prefer to feed on humans. An. gambiae s.s. is therefore considered 
anthropophilic, and An. arabiensis opportunistic/zoophilic (White, 1974). 

After feeding, females rest to digest the blood meal. An. gambiae s.s. usually rests 
indoors (Lines et al, 1986; Gillies, 1955; 1988; B0gh et al, 1998), whereas those An. 
arabiensis that fed indoors usually leave human dwellings to rest outdoors (Lines et al, 1986; 
Smits et al, 1995; 1996; Mnzava et al, 1995). Gillies (1955) estimated that only 6.3-7% of 
all bloodfed females left the house during the course of the night but that about 50% of An. 
gambiae would leave the shelter of houses by the second day after a blood meal. There are 
strong indications however, that the use of residual insecticides shifted feeding and resting 
behaviour from endophagic and endophilic to somewhat more exophagic and exophilic 
tendencies, both for An. gambiae and Cx. quinquefasciatus (Mnzava et al, 1995; Magesa et 
al, 1991; Bogh et al, 1998). When the eggs are fully developed, females will search for a 
suitable breeding site to oviposit. After oviposition, two-thirds or more of the females feed 
again that same night, or even "nearly all", according to Molineaux and Gramiccia (1980) and 
Gillies (1955). The first gonotrophic cycle lasts 3-4 days, followed by gonotrophic cycles of 
2-3 days (Gillies & Coetzee, 1987; Gillies, 1955). 
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When taking a blood meal from a malaria infectious human host, gametocytes are 
ingested which, in the midgut, will exflagellate and form micro and macrogametes. Fertilized 
macrogametes turn into motile ookinetes (zygotes), which can pass the midgut epithelium of 
the mosquito to form an oocyst. Mature oocysts will burst to release sporozoites, which will 
migrate through the haemolymph to the salivary glands, and in turn can infect a new host. 
Depending on the temperature this process takes approximately 10-15 days for P. falciparum. 
For a detailed description and references on Plasmodium life cycles see Garnham (1988). The 
fact that this process of sporogony takes 10-15 days makes longevity of the mosquito an 
important factor regarding vectorial capacity. This has long been recognized, but MacDonald 
(1957) was the first to give a mathematical equation describing the sporozoite rate in the 
formula s = (pnax) / (ax-logep) where p= probability of survival through one day; n= duration 
in days of the extrinsic cycle of the parasite in the mosquito; a= average number of blood 
meals taken on man in 1 day; and x= proportion of bites infective to man. This equation 
shows that small changes in daily survival rate can have an important effect on vector 
efficiency. This demonstration has been a major factor in estimating the effects on 
transmission of residual spraying campaigns and stresses the importance of reducing adult 
female life span in any vector control programme aimed at adult anophelines, including ITNs. 
On the whole, estimates of mosquito life spans vary between 1-5 weeks, with daily survival 
rates between 0.75-0.94 (White, 1974), with the rate of increase in mortality declining at 
advanced ages (Clements & Patterson, 1981). A value for daily survival rate of An. gambiae 
that is often referred to is one estimated by Gillies (1961) of 0.84. About 65% of mosquitoes 
caught indoors are in their first week, 27% in their 2nd, 8% in their 3rd, 0.9% in their 4th and 
0.3 and 0.02% in their 5th and 6th week, respectively (Gillies and Wilkes, 1966). 

Culex quinquefasciatus 
Cx. quinquefasciatus is a member of the Culex pipiens complex (Service, 1986; 1993). 

The species is widely distributed in tropical and subtropical areas, and is the third most 
commonly distributed mosquito in the world (Mboera, 1999). In East Africa the species is 
abundant both in urban areas as well as in rural areas (Subra, 1981; Beier et al., 1990; 
Mboera, 1999). 

Eggs from the genus Culex are positioned upright, packed together in floating rafts. 
The average larval and pupal development times depend on temperature and takes between 6 
and 9 days in the tropics (Subra, 1981; Service, 1986). In contrast to larvae of anophelines, 
which are predominantly found in clean, non-polluted water, larvae of Cx. quinquefasciatus 
are usually found in habitats containing highly polluted water rich in organic matter (Subra, 
1981; Coene, 1993; Beehler & Mulla, 1995; Mboera, 1999). Larvae can develop in virtually 
all types of aquatic habitats, most of which are closely linked to human environments, like 
latrines, soakage pits and septic tanks. In the absence of polluted water, the species can utilize 
wells, small containers, gutters, ditches, ponds and remains of empty tins, bottles, broken 
metal cans and old tyres filled with rain water. Mating occurs 36-72 hrs after emergence 
(Subra, 1981). Usually, females are fertilized before, but occasionally after the first blood 
meal. The feeding preference of Cx. quinquefasciatus is mixed anthropophilic and zoophilic 
(White, 1971; Service, 1986; Subra, 1981), with large variations between regions (Subra, 
1970; Service, 1986). The antrophophilic females are both endophagic as exophagic and rest 
indoors or outdoors (Subra, 1981). In East Africa Cx. quinquefasciatus seems to be mainly 
endophagic (Van Someren, 1958). In a study on mosquito longevity, Clements and Patterson 
used data from Samarawickrema (1967), who found that more than 2% of the females 
completed 3 gonotrophic cycles, surviving some 14 days, and smaller percentages survived 4 
cycles. Mean longevity of females at 30 °C is 30.1 days, and 64.4 days at 25 °C with a 
maximum of over three months (Oda et al., 2002). 
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VECTOR CONTROL 

Vector control is an important strategy as a means to control mosquito-borne diseases 
(Hougard et al., 2002; Trape et al, 2002; Killeen et al, 2002; 2003). The principle objective 
of vector control is the reduction of morbidity and mortality by reducing the levels of 
transmission. The approach to achieve this is to reduce and maintain vector densities (both 
adult as larval populations) at a sufficiently low level, to decrease mosquito longevity, and 
lessen their anthropophilic tendencies (Knudsen et al, 1997). Table 1 lists five groups of 
techniques that are used in vector control. For the last half century, vector control in Africa 
depended almost exclusively on the use of insecticides such as indoor residual spraying 
(Curtis, 1994; Roberts et al, 2000), insecticide-treated bednets and other materials (Lengeler, 
2001; Macintyre et al, 2003). The use of these compounds are of enormous value regarding 
public health, killing large numbers of mosquitoes and thereby saving thousands of lives each 
year. However, opposition against chemical use is growing (Hornsby et al, 1996; 
D'Allessandro & Coosemans, 1997; WWF, 1999; Callaghan et al., 2001; PAN, 2002), and 
resistance of mosquitoes against these compounds remains an issue of concern (Enserink, 
2002; Hemingway et al., 2002; Ranson et al., 2000). Unfortunately, the array of existing 
vector control techniques and agents that do not depend on synthetic insecticides is limited. 
The development of new techniques, among which biological control, is encouraged (WHO, 
2000), but despite their potential (Guillet et al, 1990; Fillinger et al, 2003; Scholte et al, 
2004) they are not considered a key point for current research direction by the major malaria 
research institutions (Hougard et al, 2002). 

BIOLOGICAL CONTROL OF MOSQUITOES: PREDATORS AND PATHOGENS 

Biological control is the use of natural enemies for the control of pests (Garcia and 
Legner, 1999). Both classical as well as inundative and inoculative biological control 
strategies have been successful in controlling invertebrate pests in diverse environmental 
settings, including scale insects, white fly, thrips, and mosquitoes (Wawrzynski et al., 2001; 
Hajek et al, 2003; Loonmans, 2003). 

Fish 
Fish are the most commonly used predators for larval mosquito control. Various 

species are used, such as Cyprinus carpio (Bellini et al, 1994; Legner, 1995), Orthodon 
microlepidotus (Cech & Linden, 1987), Lairdina hopletupus (Laird, 1977), Aplocheilus 
latipes (Laird, 1977), and Ctenopharygodon idella (Weiser, 1991; Legner, 1995). The best 
known, however, are the mosquito fish Gambusia affinis and the common guppy, Poecilia 
reticulata (Chapman, 1974; Service, 1983; Lacey & Lacey, 1990; WHO, 1992; WHO, 2000). 
Both fish are viviparous, small, and have high reproduction rates. The mosquito fish is the 
most widely disseminated biological control agent of mosquitoes in the world. It has been 
used successfully in Iran where it was claimed to have played an important role in malaria 
eradication, as well as in southeastern Turkey where a 50% reduction in malaria cases was 
observed after G. affinis became established (Legner, 1995). This fish has been used 
extensively for mosquito control in rice cultivation areas in California against Culex and 
Anopheles spp. (Kramer et al, 1987). In India they are commonly put in wells in order to 
control the malaria vector An. stephensi, and in Afghanistan they were integrated into 
antimalaria campaigns. In Italy they are commonly used to control Cx. pipiens in the Po-delta 
(Bellini et al, 1994). The common guppy, P. reticulata, is being more widely applied in Asia, 
where it has been successfully used for the control of wastewater mosquitoes, especially Cx. 
quinquefasciatus (Sunahara et al, 1998; Lardeux et al, 2002). In Sri Lanka, wild fish 
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populations have been caught and used for the control of mosquitoes in abandoned wells, 
coconut husks, and other sources rich in organic debris (Sabatinelli et ah, 1990). The fish 
occurs in India, Indonesia and China, has been introduced into Burma for filariasis control, 
and has shown potential to control An. gambiae breeding in cisterns in the Comoros islands 
(Sabatinelli et ah, 1990). In China, the common carp, Cyprinus carpio, has been used for both 
mosquito control and as a human protein source (Weiser, 1991; Legner, 1995; Wang et ah, 
2000). 

A drawback of using Gambusia is that the fish also preys on various other (native) fish 
and invertebrates which may result in algal blooms, causing fish to die and allowing 
mosquitoes to increase in numbers (Service, 1983). Subra (1981) mentions that several 
centuries ago the Arabs, who had founded towns and villages along the east coast of Africa, 
introduced larvivorous fish in tanks ("birikas") where the water was kept for ritual ablutions 
and where Cx. quinquefasciatus develops. Regarding An. gambiae: hardly any fish survive in 
temporary habitats that periodically dry out. This severely limits their usefulness for control 
of this malaria vector in sub-Saharan Africa. Besides this inability to survive drought, fish are 
also unable to adapt themselves to highly polluted waters, which are the most productive 
breeding places of Cx. quinquefasciatus (Subra, 1981). These drawbacks drastically limit the 
use of fish for the control of malaria and filariasis vectors in Africa. There is at least one 
exception though; populations of An. arabiensis, a local vector of malaria in northern 
Somalia, were much reduced by introducing a local tilapine fish-species of the genus 
Oreochromis into water catchment basins (Alio et ah, 1985). 

Predaceous Arthropods 
Some aquatic Coleoptera, e.g. Dytiscidae, have been shown to prey on mosquito 

larvae (Bay, 1974). Immature dragonflies are also known to feed on larval mosquitoes, 
although they are not as well suited for predation on mosquito larvae as other species such as 
several notonectid Hemiptera (Bay, 1974). Regarding adult mosquito predators, some spiders 
(Araneae) have been studied (Dabrowdka-Prot et ah, 1968; Wesolowska & Jackson, 2003). 
Also several crustaceans feed on mosquito larvae: In southern California the tadpole shrimp 
(Triops longicaudatus) feeds on Aedes and Psorophora species, and the cyclopod 
Mesocyclops aspericornis feeds extensively on Ae. aegypti and Ae. polynesiensis (Legner, 
1995). However, none of these arthropods were ever valued highly as biological control 
agents. Mosquitoes belonging to the genus Toxorhynchites (Diptera: Culicidae) can kill large 
numbers of Aedes and Ochlerotatus larvae. Several field experiments with Toxorhynchites 
have had small-scale successes (Focks et ah, 1979), for example the control of Ae. aegypti on 
St. Maarten (Gerberg & Visser, 1978), and Ae. albopictus and Cx. quinquefasciatus on a 
Japanese island (Myagi et ah, 1992), but in general their potential for biological control of 
mosquitoes on a larger scale is considered low (Service, 1983; Focks et ah, 1979; Laird, 
1977; Muspratt, 1951). The main reasons are that their spatial and temporal distributions do 
not overlap well with the life-cycle durations of their prey. Also, these mosquitoes have a low 
fecundity, its eggs cannot withstand desiccation, and the species disperses relatively slowly 
(Service, 1983; Focks, 1979). Since they are known to prey on larvae of mosquitoes breeding 
in container habitats, such as Ae. aegypti, Ae. albopictus and Ae. polynesiensis, they can 
hardly be considered useful for biological control of African anophelines. 
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Chapter 1 

Flatworms & Coelenterates 
Turbellaria are nearly all free-living, non-parasitic worms, several species of which 

are known as predators of mosquitoes in freshwater habitats. Mesostoma macroprostatum 
offers good potential for the control of some Aedes spp.. The flatworm Dugesia 
dorotocephala is an effective predator of mosquito eggs, larvae and pupae, including those of 
Cx. quinquefasciatus and An. quadrimaculatus (Service, 1983; Legner, 1977, 1995; Melo & 
Andrade, 2001). Flatworms have been experimentally shown to devastate mosquito cultures, 
killing far more larvae than they consume. They are relatively tolerant to varying water 
qualities, and can be mass-produced. Since the habitats in which flatworms can be used 
against mosquitoes are mainly rice fields, they are not considered to have high potential as 
biological control agents against mosquitoes in Africa (Legner, 1977). 

Some coelenterates showed promise for consideration and use in selected breeding 
habitats. Chlorohydra viridissima (Pallas) and Hydra americana are efficient in suppressing 
culicine larvae in ponds with dense vegetation (Qureshi & Bay, 1969; Chapman, 1974). 
However, even though the species can be mass-produced, work on these predators has 
declined, probably due to the discovery and subsequent popularity of Bacillus thuringiensis 
(Legner, 1995). 

Nematodes 
Several nematodes are virulent pathogens of mosquitoes (Becnel & Johnson, 1998; 

Paily & Palaraman, 2000). The best-known nematode for biocontrol of mosquitoes is 
Romanomermis culicivorax (Kaya & Gaugler, 1993; Legner, 1995). It is the only mermithid 
that has ever been commercialized as a biocontrol agent (Fairfax® "Skeeter Doom"). R. 
culicivorax has been found on at least 16 mosquito species in the field, and over 80 species 
can be experimentally infected, of which the genus Anopheles is the most susceptible (Laird, 
1977). Pre-parasites concentrate near the surface and thus have a high degree of contact with 
mosquito larvae (Service, 1983; Legner, 1995). R. culicivorax has the potential to recycle, 
although poorly and unpredictably. Aquatic fauna like beetles, dragonfly nymphs, ostracods 
and copepods appear to be predators of the pre- and post-parasitic stages (Service, 1983). 
Barriers to its use include intolerance to low levels of salinity, polluted water and low oxygen 
levels, predation by aquatic organisms, and the potential for development of resistance by the 
host (Brown et ah, 1977). Strelkovimermis spiculatus has demonstrated tolerance for high 
levels of organic pollution and was pathogenic to nine mosquito species, although Cx. 
quinquefasciatus showed considerable tolerance to invasion (Becnel & Johnson, 1998). 
However, from theoretical considerations and results from a large-scale field study in El 
Salvador (Laird, 1977; Molloy and Jamnback, 1977), it was deduced that mermithids are 
likely to cause only moderate reductions in mosquito vector populations (Service, 1983; 
Molloy and Jamnback, 1977). 

Parasitic Protozoa 
Many protozoa have been isolated from mosquitoes, including flagellates, 

eugregarines, ciliates, schizogregarines and microsporidia (Weiser, 1991; Legner, 1995; 
Garcia and Legner, 1999). Especially microsporidia are common protozoans of natural 
mosquito populations, and have been recorded from over 116 mosquito species (Service, 
1983). Best known are Vavraia culicis, and Nosema algerae, parasites of culicines and 
anophelines, respectively. Three species of the genus Nosema have been reported from 
anopheline mosquitoes; Nosema stegomyia, N. anophelis and N. algerae (Anthony et al., 
1972). Mwema-infected An. albimanus have reduced fecundity and usually do not live long 
enough to transmit malaria (Anthony et al., 1972). This result was confirmed by Undeen & 
Alger (1975), who also showed that although nosematosis had little effect on survival of 
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larvae and pupae, the adult life span of An. stephensi was reduced to an extent that malaria 
transmission would be impaired. V. culicis has been introduced as a biocontrol agent against 
Cx. quinquefasciatus on the Pacific Island Nauru in 1967, but the infection rates were very 
low and the mosquito population appeared unaffected (Reynolds, 1972). In Pakistan, N. 
algerae was introduced as biocontrol agent of anophelines, but, even at infection rates of 40-
50%, no lasting control was achieved (Laird, 1977). The endoparasitic ciliate, Lambornella 
clarki, a natural pathogen of tree hole mosquito Ae. sierrensis is being studied for its potential 
to control container breeding mosquitoes (Washburn, 1986; Legner, 1995). Microsporidia of 
the genus Amblyospora have a complex life cycle, including multiple hosts (copepods as well 
as mosquitolarvae), horizontal transmission and several different types of spores (Becnel & 
Andreadis, 1998; Sweeney et al., 1990). Besides horizontal transmission, Edhazardia aedis 
involves also transovarial transmission (Johnson et al., 1997). Problems associated with the 
use of microsporidia to control mosquito larvae include sedimentation of spores, low 
toleration of ultraviolet radiation, and their relatively low impact on mosquito population 
densities (Undeen & Alger, 1975). Also, their complex lifecycle and difficulties in mass 
production do not offer much hope to use them for biological control of mosquito larvae 
(Service, 1983; Legner, 1995). 

Viruses 
There are three main groups of viruses that kill mosquitoes, namely Iridescent viruses, 

Nuclear Polyhedrosis Viruses (NPV) and Cytoplasmic Polyhedrosis Viruses (CPV). Recent 
developments in research on viruses regarding mosquitoes and vector control are slowly 
changing the general view of the past, when the potential of viruses for mosquito vector 
control was not considered high (Lacey & Undeen, 1986; Chapman, 1974). Female Ae. 
aegypti mosquitoes, infected with a covert (sublethal) viral infection of Invertebrate Iridescent 
Virus 6 (IIV-6) exhibit reduction of adult longevity and a 50% reduction in reproduction 
(Marina et al., 1999, 2003). High infection rates and accompanying mortality were achieved 
with the newly discovered baculovirus, CuniNPV (family Baculoviridae, genus 
Nulclepolyhedrovirus) in Cx. pipiens (83.0-14.4%>), Cx. pipiens molestus (80.4% infection), 
and Cx. salinarius (48.0-43.1%) (Andreadis et al., 2003). Infection levels were only high 
when the water contained high levels of magnesium. Cx. restuans was also susceptible but 
infection rates were lower (21.3-12.5%). No infections were obtained with any species of 
Aedes, Culiseta or Ochlerotatus. Although much basic research still needs to be done, and the 
use of viruses to control anophelines remains unclear, some viruses are considered for control 
of culicines (Becnel et al, 2001; Marina et al., 2003). 

Bacteria 
Probably the most successful biological control agents for mosquito larval control are 

the spore forming bacteria Bacillus thuringiensis israelensis, sero-type H-14 (B.t.i.) and B. 
sphaericus 1593 (Laird, 1977; Service, 1983; WHO, 1995; 1999; Becker & Ascher, 1998; 
Fillinger et al., 2003). They are commercially available from several companies. The strains 
of B. thuringiensis have a broad spectrum of activity against larvae of many species of 
Lepidoptera, Coleoptera and aquatic Diptera (Weiser, 1991; Legner, 1995; Garcia and 
Legner, 1999). One spore-forming strain was isolated by Goldberg and Margalit in 1977, of 
which the toxin proved to be highly effective as microbial insecticide for mosquitoes and 
blackflies. The bacteria form spores, each containing a proteinaceous inclusion called a 
crystal, which is the source of the toxins that cause most larval mortality. Upon ingestion by a 
larva, the crystal is dissolved in the midgut, releasing 5-endotoxins that are highly specific 
and lethal to mosquito larvae (WHO, 1992; WHO, 1995). These proteins are protoxins that 
must be activated by midgut proteases before they can interact with the gut epithelium and 
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disrupt its integrity. Soon after, the insect dies (Gullan & Cranston, 1994). Among the genera 
affected by B.t.i are Anopheles, Aedes, Culex, Culiseta, Mansonia, Coquillettidi, 
Ochlerotatus, Psorophora, and Uranotaenia. Also in Africa the use of B.t.i. as mosquito 
larvicide is being studied, for example in Kenya (Fillinger et al., 2003), Nigeria (Obeta, 
1998), Liberia (Bolay et al, 1990), and Ethiopia, where both B.t.i. and B. sphaericus were 
tested for the control of An. arabiensis (Seyoum & Abate, 1997). Although not impossible, 
and large-scale field studies are yet to be carried out, the use of Bacillus against malaria 
vectors in Africa may prove to be difficult in terms of locating all breeding sites to cover a 
certain area. A field study in Kenya by Logan and Linthicum (1992) in which the impact of 
B.t.i. on riverine-associated floodwater mosquito populations was studied proved 
unsuccessful. This was probably due to the high turbidity in the water, which increased the 
settling rate of the Bac///z«-product. This sinking of the product is a general drawback with 
applying these products to control anophelines as these larvae feed predominantly at the water 
surface and the products remain out of reach. The WHO (1992) claims that B. sphaericus is 
the most promising biocontrol candidate to control filariasis vectors. In general the mosquito 
genera Culex and Psorophora are highly susceptible to B. sphaericus, followed by Mansonia, 
Anopheles and Aedes species (WHO, 1992). Especially the susceptibility of Culex larvae 
appears to be high, resulting in efficacy of the bacterium, which can compete with the 
currently used synthetic chemical larvicides. 

A matter of concern, however, are reports of resistance to these bacterial products, 
observed in mosquito populations both in the laboratory as in the field. Cx. quinquefasciatus 
has developed resistance to B. sphaericus (Wirth et al., 2000; Yuan et al., 2000; 2003; Mulla 
et al., 2003), and, although at very low levels, Cx. pipiens is reported to have developed 
resistance to B.t.i. (Saleh et al., 2003). 

Entomopathogenic fungi 
There are thought to be over 100,000 species of fungi of which about 750 have been 

identified to be pathogenic to insects (Ferron, 1978; Boucias & Pendland, 1991; Glare & 
Milner, 1991; Khachatourians, 1991; Hajek & St. Leger, 1994; Moore-Landecker, 1996; 
Bidochka et al, 2000), belonging to some 90 genera (Khachatourians, 1991). 
Entomopathogenic fungi are those fungi that cause the premature death of an insect host 
(Glare & Milner, 1991). Fungal taxonomy existed before the knowledge of insect diseases, 
and the species of fungi found on insects have been fitted into the existing classification 
framework. Traditionally, the major groups of fungi and the relationships between them have 
been based on comparative morphology and the developmental patterns of the sexual 
reproductive structures (Glare & Milner, 1991; Deacon, 1997). The latter characteristic 
creates difficulties in classification because many entomopathogenic fungi belong to the 
Anamorphici, which have lost the ability to produce or rarely produce sexual spores. This 
group of fungi was traditionally placed in the former division, Deuteromycota, within the 
artificial class of Hyphomycetes (Inglis et al., 2001; Burnett, 2003). The concept of 
"biological species" is therefore difficult to apply, and these fungi are referred to as 
'morphological species' instead (Burnett, 2003). The members of this artificial class 
Hyphomycetes, which includes Metarhizium anisopliae, are characterized by mycelial forms 
that bear asexual spores, termed 'conidia', produced by specialized conidiogenous cells. For 
entomopathogenic Hyphomycetes, strains/isolates or pathotypes are often more important 
units of organisms than species. Isolates/strains may be host and/or habit-specific or may be 
identified by geographical origin (Bidochka et al., 2000). However, entomopathogenic fungi 
are basically still classified on morphological similarities, although more and more of the 
classification is being reassessed using molecular techniques (Deacon, 1997; Driver et ah, 
2000). This strategy sometimes results in reclassification of certain species or groups (Kirk et 
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al, 2001). The taxonomic names of the major groups used in this thesis are based primarily 
on the names adopted by Alexopoulos et al. (1996). The 750 entomopathogenic known 
species are distributed over several different taxa, including two kingdoms, 5 divisions and a 
form-division. The kingdom Chromista contains one division with entomopathogenic species: 
Oomycota, which contains two genera with species that are strongly associated with 
mosquitoes: Leptolegnia and Lagenidium. The kingdom Fungi contains the remainder of 4 
divisions; Ascomycota, Basidiomycota, Zygomycota, Chytridiomycota, and the form-division 
Anamorphici/Deuteromycota. 

Fungal diseases in insects are common and widespread and epizootics can decimate 
their populations. Several species have been used, with mixed successes, in insect control 
(Table 2) (Federici, 1981; Ferron et al, 1991; Glare & Milner, 1991; Legner, 1995; Bidochka 
et al, 2000; Hajek & St. Leger, 1994; Hajek et al, 2003). Virtually all insect orders are 
susceptible to fungal diseases, including Dipterans. Fungal pathogens such as Lagenidium, 
Coelomomyces and Culicinomyces are known to affect mosquito populations, and have been 
studied extensively. There are, however, many other fungi that infect and kill mosquitoes at 
the larval and/or adult stage, among which the Hyphomycetes Beauveria bassiana and 
Metarhizium anisopliae. A comprehensive review on entomopathogenic fungi related to 
mosquitoes is presented in Chapter 2 of this thesis. The life cycles and mechanisms involved 
in infections in each fungal group are also described in Chapter 2. As this thesis concerns the 
Hyphomycete M. anisopliae, a general outline for Hyphomycetes is given below. 

Table 2. Examples of some of the entomopathogenic fungi that are commonly used or currently under 
development for insect pest biocontrol. 

Fungus Taxon Target insects 

Lagenidium gigantum 
Coelomomyces spp. 
Entomophaga maimaiga 
Entomophaga grylli 
Entomophaga muscae 
Zoophtora radicans 
Beauveria bassiana 

Beauveria brongniartii 
Metarhizium anisopliae 

Paecilomyces fumosoroseus 
Paecilomyces lilcanus 
Verticilium lecanii 

Oomycota/Pythiales 
Chytridiomycota/Blastocladiales 
Zygomycota/Entomophtorales 
Zygomycota/Entomophtorales 
Zygomycota/Entomophtorales 
Zygomycota/Entomophtorales 
Deuteromycetes 

Deuteromycetes 
Deuteromycetes 

Deuteromycetes 
Deuteromycetes 
Deuteromycetes 

Mosquito larvae 
Mosquito larvae 
Specific for gypsy moth larvae 
Specific for certain grasshopper families 
Specific for certain Diptera 
Aphids, caterpillars, psyllids, leafhoppers 
Many, including corn borers, beetles, 
thrips, aphids and grasshoppers. 
Scarab grubs, cockchafers. 
Many, including grasshoppers, locusts, 
termites, cockroaches, weevils, fruit flies, 
and mosquitoes 
Whitefly, thrips, spider mites. 
Planthoppers. 
Whitefly, aphid and thrips. 

LIFE CYCLE OF ENTOMOPATHOGENIC HYPHOMYCETES 

In general, entomopathogenic fungi infect their hosts by penetrating the host cuticle. 
The early stages of fungal pathogenesis can be subdivided into conidial attachment, 
germination and appressorium production, and the invasion of the fungus through the cuticle 
into the haemocoel. Enzymes such as chitinases and proteases, as well as mechanical forces 
are involved. The fungus then spreads through the haemocoel. The insect normally dies 3-14 
days after spore infection, after which the fungus starts mycelial growth to form 
spores/conidia (Gillespie & Claydon, 1989). 
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In some host-fungal pathogen systems, the specificity of attachment of the conidia to 
the host is established by parasite recognition of specific surface topography and cell wall 
ultrastructure of the hosts. This is determined through binding of complementary 
macromolecules on the surfaces of both host and pathogen. These macromolecules include 
proteins, glycoproteins and carbohydrates (Manocha & Chen, 1990). Conidia of fungi 
belonging to the Deuteromycota are about 5-10um in size, and have a hydrophobic surface. 
The outer surface of a conidium consists of a resilient layer of well-organized interwoven 
fascicles of rodlets (Boucias & Pendland, 1991). The attachment of conidia of e.g. 
Metarhizium anisopliae to the insect's (cuticulin layer of the) epicuticle however, is passive 
and non-specific, mediated by strong binding forces (Boucias et al, 1988; Boucias & 
Pendland, 1991). Besides the hydrophobic nature of the conidial wall, the surface topography 
and chemical properties of the insect epicuticle appear to mediate the adhesion process 
(Boucias et al, 1988; Boucias & Pendland, 1991; Bidochka et al, 2000). The conidia of M. 
anisopliae are capable of attaching to all body regions, but prefer cuticle surfaces that contain 
short cuticular spines (Boucias et al., 1988). Although the conidia are capable of binding over 
the entire cuticle, they are quite easily removed from smooth exposed sclerite epicuticle, but 
remain firmly attached to the epicuticle associated with the protected intersegmental folds 
(Boucias & Pendland, 1991). In addition, Ferron (1981), and Moore-Landecker (1996) 
mention that the most common sites of entry for the fungus are the host's membranes 
occurring at the joints and between segments. Various enzymes (chymoelastase protease 
(Prl), esterase, and N-acetylglucosaminidase) have been detected in pregerminating conidia 
of M. anisopliae and several other entomopathogenic fungi (Boucias & Pendland, 1991; 
Ferron et al., 1991; St.Leger et al, 1991). Potentially, the primary function of many of these 
enzymes is to hydrolyze the epicuticular wax layer and provide nutrients required for germ 
tube formation (Boucias & Pendland, 1991). 

The onset of germination depends on both chemical and topographical signals. For 
germination, the spores or conidia use cuticular nutrients, like certain long-chain fatty acids, 
some amino acids and sugars to form a germtube. This germtube differentiates into an 
appressorium (St. Leger et al., 1991; Bidochka et al, 2000). Where germination fails, it is 
generally attributed to inhibitory compounds such as short chain fatty acids, quinone and 
phenols (Hsiao et al, 1992). Data from St Leger et al. (1991) suggest that protein 
phosophorylation events are involved in conidial germination and appressorium formation. It 
was shown that several membrane-bound cell receptor systems are important in triggering 
selective activation in cell differentiation and appressorium formation (St. Leger et al, 1994). 
However, the precise mechanisms and chemicals involved in selective activation of specific 
signal elements which lead to germination, appressorium formation and finally cuticle 
invasion are still poorly understood (Bidochka et al, 2000). A penetration peg forms beneath 
the appressorium and breaches the insect cuticle (Bidochka et al, 2000), using both 
mechanical force as well as the action of the hydrolytic enzymes (Moore-Landecker, 1996). 
During passage from the epicuticle to the haemocoel the fungus encounters various cuticular 
components such as proteins, chitin, lipids, waxes, melanin, diphenols, and carbohydrates 
(Hsiao et al, 1992). Some of these compounds may be used as nutrition for the fungus, 
whereas others may inhibit fungal growth (Hsiao et al, 1992). During penetration, 
appressorial cells of M. anisopliae and B. bassiana synthesize large amounts of a single 
subtilisin-like extracellular protease called Prl (chymoelastase protease) to degrade the insect 
cuticle (Gillespie & Claydon, 1989; Boucias & Pendland, 1991; Khachatourians, 1991; St. 
Leger et al, 1991; St. Leger et al, 1995; Gillespie et al, 1998; Bidochka et al, 2000). Prl is 
encoded by a pathogenicity gene and is produced in large amounts. Since insect cuticles 
consist of up to 70% protein, this enzyme may have a particularly important role in host 
penetration (Gillespie et al, 1998). Other proteases produced by M. anisopliae seem to be 
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involved in hydrolyzing cuticular proteins and peptide products. These include trypsins, 
metalloprotease, aminopeptidases, dipeptidyl peptidase and carboxypeptidases. Bidochka et 
al. (2000) mention that more than 20 different proteases or their isoforms have been described 
from M.anisopliae. Other extracellular enzymes, such as chitinases, N-acetyl-D-
glucosaminidases, lipases and esterases also degrade insect cuticular components 
(Khachatourians, 1991). The chitinases of entomopathogenic Hyphomycetes (like e.g. M. 
anisopliae and B. bassiana) are normally secreted well after the emission of proteases (Ferron 
et al., 1991). These same authors mention that the chitinolytic enzymes of M. anisopliae 
appear to be non-constitutive, and subject to an inducing-repressing system. Some authors 
however doubt the involvement of these chitinases (N-acetyl-D-glucosaminidases, lipases and 
esterases) as virulence factors (Bidochka et al, 2000). The whole process of germination and 
subsequent cuticle penetration generally takes 12-48 hrs (Boucias & Pendland, 1991). For 
more detailed information on fungal physiology, see Khachatourians (1991), or Boucias & 
Pendland (1998a,b). 

Once the cuticle has been penetrated, yeast-like bodies called hyphal bodies, or 
blastospores, are produced. These blastospores disperse throughout the insects' haemolymph. 
Their cell wall composition is different from mycelia, containing more carbohydrate in the 
glycoproteins. This might be a mechanism of the fungus to escape host immune recognition 
responses (Bidochka et al., 2000). Blastospores produce cytotoxic compounds, including 
destruxins and, potentially, a combination of other cyclic depsipeptides and hydrophobins 
(Kachatourians, 1991). Destruxins are cyclic depsipeptide toxins produced by M. anisopliae 
that cause insect paralysis and death (Ferron, 1981; Khachatourians, 1991). Histopathological 
studies of tissues infected by M. anisopliae suggest that the insect probably dies due to a 
combination of mechanical damage to internal organs, nutrient depletion and toxicosis 
(Ferron, 1981; Gillespie & Claydon, 1989). 

The insects defend themselves either behaviourally (Ouedraogo et al., 2003) or by 
activating their immune system (Wilson et al., 2001). The latter process involves both cellular 
and humoral responses: The cellular responses involve insect haemolytic recognition and 
encapsulation of a non-self foreign body such as an invading fungus (Boman, 1981; Hajek & 
St. Leger, 1994; Gillespie et al., 1997; Bidochka, 2000). The humoral responses involve the 
constitutive production or induction of proteins and peptides most of which are antibacterial 
(Gillespie et al., 1997). In case the insect succumbs to the infection and dies, the fungus turns 
to mycelial growth, provided that the ambient humidity is high. When the ambient relative 
humidity is close to 100%, mycelia will penetrate the cuticle, growing out of the insect to 
form conidiophores within 24 hrs. Large production of conidia follows one to two days later, 
(one large scarabeid larva may produce over 5 billion conidia). If the humidity is insufficient 
for sporulation, the fungus remains inside the host, where it can survive for several months, 
waiting for favourable conditions to sporulate (Gillespie & Claydon, 1989; Glare & Milner, 
1991; Inglis era/., 2001). 

PROBLEM DEFINITION AND RESEARCH OBJECTIVES 

In the frame-work of vector control in Africa, which is based almost exclusively on 
chemicals, there are some major problems. The continuous decrease in susceptibility of 
African mosquito vectors towards insecticides, and the damaging effects of those insecticides 
on human health and the environment may render the use of insecticides more and more 
problematic. Thus, alternative methods for vector control that can be integrated with existing 
ones are urgently required. I believe that, integrated with environmental management, 
biological control aimed at both the larval and the adult stage of mosquitoes may contribute to 
such alternatives. There are a few highly efficient biocontrol agents that are able to reduce 
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larval mosquito populations, but there are none that are aimed at the adult stage of 
mosquitoes. Without underestimating the role that (biological) larvicides can play in vector 
control programmes, it is important to realize that it is not without reason that existing vector 
control in Africa is almost exclusively aimed at the adult stages of mosquito vectors: malaria 
transmission models show that reduced survival of female mosquitoes has much more impact 
on transmission than emergence rates from the aquatic stages. Therefore, any method that 
reduces adult mosquito survival is an extremely valuable asset for vector control. This PhD 
project was focused on a biological alternative to residual spraying of chemicals to control the 
adult stage of African mosquito vectors. 

The overall objective was to develop a strategy for contaminating wild malaria 
(Anopheles spp.) and filariasis (Culex quinquefasciatus) mosquitoes with conidia of the 
entomopathogenic fungus M. anisopliae, based on exploiting our knowledge about their 
biology. I focused on entomopathogenic fungi because a pilot study on the efficacy of 
Metarhizium anisopliae had shown high virulence of this fungus in adult mosquitoes. The 
basic idea is based on the methodology used in residual spraying of chemicals inside houses. 
Indoor resting mosquitoes contact the insecticidal compound and die as a result of this. 
Instead of using chemicals, conidia of an environmentally friendly insect-pathogenic fungus 
of low human toxicitiy were used. 

Chapter 2 In this chapter a general overview is given of those insect-pathogenic fungi that 
have been found in the field or tried in the laboratory against mosquitoes. The biology of 
those fungi are outlined, and their advantages and disadvantages regarding mosquito control, 
particularly regarding African malaria and lymphatic filariasis, are evaluated. 

Chapter 3 In order to find a suitable Hyphomycetous fungus for the proposed mosquito 
control, several insect-pathogenic fungi should be screened for virulence to Anopheles 
gambiae s.s. In this Chapter several different fungi were isolated, from insects and from soil, 
and their efficacy on adult An. gambiae tested and compared with a fungal isolate that was 
known to be highly pathogenic to various other insect pests. 

Chapter 4 The fungus most virulent to An. gambiae from those that were screened in 
Chapter 3 was used for further studies. In Chapter 4 it was tested also on Cx. 
quinquefasciatus, and a standard laboratory testing procedure to test Hyphomycetous fungi on 
adult mosquitoes was developed. To assess how much inoculum is needed to significantly 
reduce mosquito life spans, a dose-response experiment was carried out. 

Chapter 5 From other studies it is known that insects, infected with M. anisopliae, have 
reduced feeding propensity. In Chapter 5 I examined whether this was also the case for 
malaria mosquitoes. This was studied because transmission of the parasite occurs during 
feeding and a lower number of bloodmeals per mosquito will thus result in a reduced risk of 
malaria transmission. 

Chapter 6 The proposed method to contaminate wild mosquitoes with the fungus is by 
applying fungus-impregnated sheets inside houses. In order to assess whether the proportion 
of fungus-infected mosquitoes among the populations can be increased, it was assessed 
whether horizontal transmission can occur. It was examined whether conidia of M. anisopliae 
can be transferred from a contaminated to an uncontaminated mosquito through body contact 
during mating. 
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Chapter 7 The proposed method to contaminate wild mosquitoes implies that mosquitoes 
will land on materials that are impregnated with conidia of the fungus. It is thus essential that 
mosquitoes are not repelled by the presence of those conidia. In this Chapter experiments are 
described in which An. gambiae females were exposed to conidia at close range, and had the 
opportunity to avoid contact with the conidia. 

Chapter 8 In field applications it is desirable that the period between applications is as 
long as possible. To determine for how long impregnated conidia would remain virulent to 
mosquitoes, pathogenicity tests on An. gambiae were carried out at various intervals up to 3 
months after impregnation. Also, shelf life under various conditions was determined up to 6 
months. 

Chapter 9 This Chapter describes a field experiment, carried out in Tanzania, where black 
cotton sheets were impregnated with conidia of M. anisopliae and placed indoors. At daily 
intervals, mosquitoes were collected from these houses to determine whether the fungus is 
able to contaminate, infect and kill wild An. gambiae and Cx. quinquefasciatus. 

Chapter 10 This Chapter is the general discussion, based on the results of the other 
chapters, that integrates and evaluates the potential of M. anisopliae for controlling African 
mosquito vectors. An important part of this chapter is dedicated to implementation of the 
field-data of Chapter 9 into an epidemiological model that describes malaria transmission 
intensity. It estimates the impact that implementation of this fungus in a large-scale 
programme may have on malaria transmission. 
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ENTOMOPATHOGENIC FUNGI FOR MOSQUITO CONTROL: A 
REVIEW 

ABSTRACT 

Fungal diseases in insects are common and widespread and can decimate their 
populations in spectacular epizootics. Virtually all insect orders are susceptible to fungal 
diseases, including Dipterans. Fungal pathogens such as Lagenidium, Coelomomyces and 
Culicinomyces are known to affect mosquito populations, and have been studied extensively. 
There are, however, many other fungi that infect and kill mosquitoes at the larval and/or adult 
stage. The discovery, in 1977, of the selective mosquito-pathogenic bacterium Bacillus 
thuringiensis Berliner israelensis (Bti) reduced interest in the search for other suitable 
biological control agents thereafter. In recent years interest in mosquito-killing fungi is 
reviving, mainly due to continuous and increasing levels of insecticide resistance and 
increasing global risk of mosquito-borne diseases. This review presents an update of 
published data on mosquito-pathogenic fungi and mosquito-pathogen interactions, covering 
13 different fungal genera. Notwithstanding the potential of many fungi as mosquito control 
agents, only a handful have been commercialized and are marketed for use in abatement 
programmes. We argue that entomopathogenic fungi, both new and existing ones with 
improved efficacies may contribute to an expansion of the limited arsenal of effective 
mosquito control tools, and that they may contribute in a significant and sustainable manner 
to the control of vector-borne diseases such as malaria, dengue and filariasis. 

INTRODUCTION 

The world's prime choice to curb nuisance biting by mosquitoes or their transmission 
of parasitic or arboviral disease continues to be the selective application of residual synthetic 
insecticides. The public health benefit delivered by these, both in tropical resource-poor 
settings, as well as in temperate zones, cannot be over-emphasized - they save thousands of 
lives each year. Powered by a strong industrial lobby, new and more environmentally friendly 
compounds replace older, more harmful, ones. However, beyond gains in economic and 
public health terms, the stark reality of environmental impact and ever-developing resistance 
remains an issue of grave concern (Hemingway and Ranson 2000; Brooke et al., 2002; 
Chandre et al., 1999). It is therefore not surprising that interest in alternative non-chemical 
strategies has increased over the last decades. The use of biological control agents such as 
predatory fish (Legner, 1995), bacteria (Becker and Ascher 1998), protozoa (Chapman 1974; 
Legner 1995), and nematodes (Kaya and Gaugler 1993) have all shown promise as a means to 
control mosquito populations, and progress in these fields has recently been reviewed. 
The available literature on entomopathogenic fungi for mosquito control, however, is rather 
scattered and lacks of recent reviews (Roberts 1974; Ferron et al. 1991). The purpose of the 
present review is to collate and update the available information about the most important 
entomopathogenic fungi for mosquitoes. Particular focus is on species belonging to the genera 
Lagenidium, Coelomomyces, Entomophthora, Culicinomyces, Beauveria, and Metarhizium 
(see Table 1), discussing their potential and drawbacks to be used as biological control agents 
in reducing mosquito populations. Table 2 contains a comprehensive list of fungi isolated 
and/or tested on mosquitoes. Except for the anamorphic fungi, we used the taxonomic 
nomenclature conforming to the 9th edition of the dictionary of the Fungi (Kirk et al. 2001). 
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Table 1. Overview of fungal taxa (Kingdom to genus) discussed in this review (classification and nomenclature 
partly after Kirk et al, 2001). 

1) Kingdom 2) Phylum 3) Class 4) Order 5) Family 6) Genus 

CHROMISTA " 
Oomycota2) 

Oomycetes3) 

Saprolegniales 4) 

Saprolegniaceae 5) 

Leptolegnia 6) 

Pythiales 
Pythiaceae 

Pythium 
Lagenidium 

Myzocytiopsidales 
Crypticolaceae 

Crypticola 

FUNGI 
Chytridiomycota 

Chytridiomycetes 
Blastocladiales 

Coelomomycetaceae 
Coelomomyces 

Zygomycota 
Zygomycetes 

Entomophthorales 
Ancylistaceae 

Conidiobolus 
Entomophthoraceae 

Entomophthora 
Erynia 

Trichomycetes 
Harpellales 

Legeriomycetaceae 
Smittium 

Deuteromycetes (Hyphomycetes) 
Culicinomyces 
Beauveria 
Metarhizium 
Tolypocladium 

1. Oomycota 
The phylogenetic relationship of Oomycetes (watermolds) to fungi has been debated 

for many years (Kerwin and Peterson 1997). The prevailing view is that Oomycetes belong to 
the kingdom Chromista, which includes diatoms and brown algae (Sleigh, 1989). Watermolds 
are aquatic organisms, some of which are facultative parasites of mosquito larvae. Some 
genera, like Aphanomyces, appear from time to time in mosquito insectaries and may cause 
temporally but disruptive epizootics (Seymour and Briggs 1985). Others, like Leptolegnia, 
Pythium and Cryptiloca, although pathogenic to mosquitoes, have received only limited 
attention. Lagenidium giganteum Couch is an aquatic species that has been studied 
extensively and is commercially available as a mosquito control agent. 
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1.1. Leptolegnia 
In the oomycete genus Leptolegnia, only Leptolegnia caudata deBary (Bisht et al. 

1996), and L. chapmanii R.L. Seymour (Mclnnis and Zattau 1982) have been isolated from 
insects. L. caudata was isolated from the malaria vector Anopheles culicifacies Giles (Bisht et 
al. 1996). In laboratory bioassays, a zoospore concentration of 7 x 103 L"1 caused 100% 
mortality of An. culicifacies larvae after 7 days, and the authors suggested inclusion of this 
fungus in larval control campaigns to reduce malaria transmission. L. chapmanii was first 
reported on Ochlerotatus triseriatus (Say) larvae in Louisiana (USA) in 1971 (Seymour 
1984). It is a virulent pathogen of first and second instar larvae of Ae. aegypti (L.), which 
suffer 100% mortality within 24 hrs after exposure. Less than 40% of third and fourth instars 
were infected after 72 hrs (Mclnnis and Zattau 1982). The authors reported equal 
susceptibility of Culex quinquefasciatus Say, An. quadrimaculatus Say and An. albimanus 
Wiedemann to the fungus. Nnakumusana (1986) found 100% mortality of An. gambiae Giles 
larvae after 72 hrs. Lord et al. (1988) studied the potential of this fungus against the salt 
marsh mosquito Ochlerotatus taeniorhynchus (Wiedemann) in Florida, USA. Unfortunately 
the fungus failed to form zoospores and therefore seemed to have little potential to control 
mosquito populations in saline environments. Mclnnis and Schimmel (1985) investigated the 
host range of L. chapmanii by testing it on six different aquatic insect orders, reporting no 
infections. Leptolegnia spp. are easy to culture in vitro, but tend to lose their larvicidal 
activity after prolonged culture, although this effect can be reduced by growing the fungus on 
sterol-rich media (Nnakumusana 1986). For detailed information regarding the Leptolegnia 
life-cycle and infection of mosquito larvae, see Zattau and Mclnnis (1987) and Seymour 
(1984). 

1.2. Pythium 
Most species belonging to the genus Pythium are pathogens of vascular plants, other fungi, 
and algae (Van der Plaats-Niterink 1981). Some species however, have been found to be 
mildly to highly pathogenic to insects. A Pythium sp. caused a high level of mortality in a 
field collection of the treehole mosquito Ochlerotatus sierrensis (Ludlow) (Clark et al. 1966). 
In 1988, Saunders et al. isolated P. flevoense Van der Plaats-Niterink from wild populations 
of Oc. sierrensis in California, occuring in 42% of the sampled treeholes, although this fungus 
caused infections in only 14% of larvae during 21 weeks of exposure in laboratory bioassays. 
Nnakumusana (1985) mentions that in a laboratory bioassay an unidentified Pythium species 
proved pathogenic to early instars of Ae. aegypti, Ae. africanus (Theobald), Ae. simpsoni 
(Theobald), Cx. quinquefasciatus, Cx. tigripes Grandpre and Charmoy and An. gambiae, 
reaching mortalities between 50-100%. In other laboratory tests, an unidentified Pythium 
species selectively killed larvae of An. freeborni Aitken, Oc. sierrensis, Oc. triseriatus (Say), 
Cx. tarsalis Coquillet, Culiseta incidens (Thomson), Cs. inornata (Williston), Orthopodomyia 
californica Bohart, and Uranotaenia anhydor Dyar that were mechanically punctured with 
forceps (Clark et al. 1966). The fact that this fungus infected mechanically injured larvae 
rather than healthy larvae indicates that the fungus is opportunistic rather than strictly 
entomopathogenic. Even though different mosquito species proved to be susceptible, Clark 
and colleagues concluded that the conditions under which the infective stage of the fungus 
could become an important control agent would be hard to achieve, and rather impractical. 
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Table 2. Overview of fungal species found or tested on mosquito species, either in the laboratory* or in the field* 

Fungal species 
Leplolegnia sp. (unidentified) 

Leplolegnia chapmanii 

Leplolegnia c. 

Pylhium carolinianum 

Pythiumfl, 

Pythium sp. 

Lagenidium giganleum 
id 
id 
id 
id 
id 
id 

Crypticola clavulifera 
id 

Coelomomyces afr 1) 
id 

Coelomomyces angotensis 

Coelomomyces iliensis 

Coelomomyces indicus 
id 
id 
id 
id 
id 

Coelomomyces irani 

Coelomomyces lairdi 

Coelomomyces mactaeyae 

Coelomomyces numularius 

Coelomomyces opifexi 

Coelomomyces pentangulatus 

Coelomomyces polynesiensis 

C. psorophorae var. psorophorae 
id 
id 
id 

C. psorophorae var. lasmaniensis 

Coelomomyces punc talus 

Coelomomyces solomonis 
id 

Mosquito host 
Ae. albopictus 
An. gambiae 
M, till Hans 
M. dyari 

Ae. aegypli 
An. albimanus 
An. quadrimaculatus 
Cx.. quinquefasciatus 
Oc. taeniorhynchus 
Oc. Iriserialus 

An. culicifaciei 

Ae. albopictus 
Cx.. quinquefa 

An. freeborni 
C. incidens 
Cx.. tarsal is 
O. caiifornica 
Oc. sierrensis 
Oc. trisehatus 
U. anhydor 

Oc. sierrensis 

Ae. aegypti 
Ae. africanus 
Ae. simpsoni 
An. gambiae 
Cx. tigripes 
Cx. quinquefasciatus 

Ae.aegypti 
An.gambiae 
An.freeborni 
A n. quadrimaculatus 
Cx. pipiens 
Cx. quinquefasciatus 
Cx. tarsal is 

Ae. aegypti 
Oc. kochi 

Cx. guiarti 

Cx. modestus 

An. arabiensis 
An. culicifacies 
An. gambiae 

An. stephensi 
An. vagus 

An. maculipennis 

An. punctulatus 

Ae. polynesiensis 

An. squamosus 

Op. fuscus 

Cx. erraticus 

Ae. polynesiensis 

Ae. vexans 
C. inornata 
Oc. taeniorhynchus 

An .quadrimaculatus 
C. inornata 
Oc. austral is 
Oc. taeniorhynchus 
Op. fuscus 
Ps. howardii 

An. crucians 
An. quadrimaculatus 

An. punctulatus 
U. barnesi 

larva * 
larva * 
larva* 
larva* 

larva* 
larva* 
larva* 

larva * 
larva* 
larva* 

fected stage 
arva * 

larva* 

larva* 

larva */ adults * 
larva */ ** 

larva* 
larva * 
larva* 
larva * 

Reference 
Fukuda e(a/. (1997) 
Nnakumusana (1986) 
Lord &Fukuda (1990) 
Lord &Fukuda (1990) 

Mclnnis & Zattau (1982), Lord & Fukuda (1990) 
Mclnnis & Zattau (1982) 
Mclnnis&Zattau(1982) 
Mclnnis & Zattau (1982), Lord & Fukuda (1990) 
Lord etal. (1988) 
Seymour (1984) 

Btshletal. (1996) 

Suetal.(200\) 
id 

Clark etal. (1966) 

Washburn e/a/. (1988) 

Nnakumusana (1985) 

Nnakumusana (1985) 

Rueda et al. (1990), Golkar et al. (1993) 
Golkar et ai. (1993) 
Kerwinefa/. (1994) 
Rueda etal. (1991) 
Golkar et al. (1993), Kerwin et al. (1994) 
Patel etal. (1990), Rueda etal. (1990), Orduz & Axtell (1991) 
Woodring « a/. (1995) 

Frances etal. (1989) 
id 

Chapman etal. (1987) 
id 

Ribeiro(1992) 

2) 

Service (1977) 
id 
Muspratt(1963) 
Whisler e( o/. (1999) 
id 
id 

Weiserefa/. (1991a) 

Maffi& Nolan (1977) 

Pi1lai&Rakai(l970) 

Ribeiro & Da Cunha Ramos (2000) 

Pillai & Smith (1968) 

Ribeiro & Da Cunha Ramos (2000) 

Pillai &Rakai( 1970) 

Popelkova(1982) 
Mitchell (1976), Goettel (1987a) 
Shemanchuk (1959), Federici & Roberts (1975) 
Federici & Roberts (1975) 

Roberts (1974) 
Roberts (1974), Chapman (1985) 
Buchanan & Pillai (1990) 
Roberts (1974) 
Buchanan & Pillai (1990) 
id 

Pillai &Rakai (1970) 
id 

Laird (1956) 
id 
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Su et al. (2001) isolated P. carolinianum Matthews from Guizhou province, China, in 
1994. In outdoor bioassays the authors found infection levels of 13.3-100% in Cx. 
quinquefasciatus larvae, and mentioned that a population of Ae. albopictus (Skuse) was 
'markedly controlled', but no infection percentages were given. Notwithstanding the 
pathogenicity of some Pythium species to mosquitoes, on the whole they are not considered 
suitable for biocontrol of mosquitoes. For detailed taxonomic information about the genus 
Pythium, see Van der Plaats-Niterink (1981). 

1.3. Lagenidium 
Only one species of the genus Lagenidium is known to be a facultative parasite of 

mosquito larvae, namely L. giganteum. It consists of two stages: oospores (sexual), and 
zoospores (asexual) (See Fig. 1). Although this fungus has been named L. culicidum Umphlett 
in some publications (Umphlett and Huang 1970; McCray et al. 1973), this was later shown 
to be L. giganteum (Couch and Romney 1973). 

L. giganteum was first described by Couch (1935) from a combined collection of 
copepods and mosquito larvae (Culex and Anopheles) in North Carolina, USA. The 
geographical distribution is wide: North America, Europe, Africa, Asia, and even Antarctica 
(Federici, 1981). The fungus has caused high mortalities in mosquito populations in many 
laboratory, small- and large-scale field studies (California and North Carolina), especially in 
Culex (Merriam and Axtell, 1982; Jaronski and Axtell, 1983), Mansonia (Florida) (Cuda et 
al. 1997) and Anopheles species (Kerwin and Washino, 1987). Laboratory tests by McCray et 
al. (1973), showed that the fungus could successfully infect and kill larvae of Ae. aegypti, Oc. 
triseriatus, Ae. mediovittatus (Coquillett), Oc. taeniorhynchus Wiedemann, Oc. sollicitans 
(Walker), Cx. nigripalpus Theobald, Cx. quinquefasciatus and Cx. restuans Theobald 
(Umphlett and Huang, 1970). Anophelines were not found to be susceptible. Also, the fungus 
is not effective against mosquitoes in brackish or organically rich aquatic habitats (Merriam 
and Axtell, 1982). The fungus was also ineffective against Oc. atlanticus Dyar and Knab, Oc. 
tormentor Dyar and Knab, An. crucians Wiedemann, Cx. peccator Dyar and Knab, 
Psorophora howardii Coquillett, Uranotaenia sapphirina (Osten Sacken) (Glenn and 
Chapman 1978), and Ae. albopictus (Becnel et al. 1996). Suh and Axtell (1999) found 
maximum virulence of L. giganteum against Cx. quinquefasciatus at concentrations of > 150 
zoospores ml"1 of water, at water temperatures between 20 and 30°C. 

Survival of zoospores as indicated by mosquito larval mortality was greatest at 25°C 
and was similar at 30, 33, and 35°C. No infection occurred at 17°C and less than 20% larval 
mortality occurred at 19°C with any age of zoospores. Golkar et al. (1993) studied this 
variation in susceptibility between different culicines and anophelines in terms of encysting 
zoospores and host defense reactions. For An. gambiae it was found that, even though a larger 
number of zoospores attached to its cuticle than would normally be expected in nature, its 
efficient fast and intense defense (melanization) reaction successfully protected 56% of 
exposed specimens from death. 

This immune response was much faster than that observed for Ae. aegypti and Cx. 
pipiens L.. Although a very small number of zoospores attach to and penetrate the cuticle of 
Ae. aegypti and Cx. pipiens (compared to the number attached to An. gambiae), 
approximately 99% of both species succumb to fungal infection. McCray et al. (1973) found 
100% mortality of several Aedes and Culex larvae, including Cx. quinquefasciatus. Other 
studies show that 100% mortality occurs when the larvae are very young. Orduz and Axtell 
(1991) reported high virulence for 1-2 day old larvae, intermediate mortality in 3-day-old 
larvae and low mortality in 4-5 day old larvae. Kerwin and Washino (1987) supported this 
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