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1. Introduction

Biological control is the deliberate use of natural enemies to reduce the number of pest
organisms. It comprises methods that have gained acceptance for controlling nuisance
arthropods partly due to the emergence of insecticide resistance and also because people
have become more aware about the need to limit environmental pollution. In the case of
arthropod-borne disease vectors, biological control is a potentially effective strategy for
regulating and preventing transmission of diseases such as dengue, malaria and lymphatic
filariasis, amongst others. Dengue is an arbovirus transmitted by species of Aedes
mosquitoes. Aedes aegypti and Aedes albopictus are the primary and secondary worldwide
vectors; they breed in peridomestic man-made water containers, and their control is the
most effective way to reduce the viral transmission.

In this chapter we present an outline of the conceptual development of biological control
since it was proposed by Harry S. Smith in 1919, to the current understanding of applied
biological control involving basically autecology of insects that has led to Integrated Pest
Management (IPM) principles. The potential of a natural enemy to regulate vector
abundance will provide quantitative insight into Paul DeBach’s principles, ie. an optimal
biological agent according to its search capacity, host specificity, and tolerance to
environmental factors. We will also explain Pavlovsky’s theory to understand the origin of
dengue as a human disease evolving from enzootic cycles. Likewise, we will introduce the
reader to population regulation and transmission control describing the concepts of
“functional response” and “numeric response” according to the classical Holling modelling.

We then explain the evolution of vector synanthropism and outline why dengue
transmission can only be reduced by controlling the Aedes mosquito vector. In this regard
we introduce the reader to the parasites, predators and pathogen complexes of the dengue
vectors so that the he understands the present situation in terms of the biological control of
the Aedes mosquito. We will use classic and recent papers and reviews to describe novel
lines of research, and pros and cons of the use of natural enemies for dengue vector control.
We hope that the chapter will work as a source of key literature references for students and
researchers. Finally, the need for an integrated vector management (IVM) strategy aimed at
controlling dengue will be put forward, and the potential for the deployment of biological
control tools in future programmes will be made.
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2. Biological control: Basic concepts

Biological control is part of a larger phenomenon called natural control, because the
environment is always exerting selection pressure on populations. The selection is expressed
in terms of mortality rates inflicted by all environmental factors and living beings as natural
control. In this context, Harry S. Smith in 1919 proposed the term "natural control". In
reality, this idea is closely linked to the Darwinian concept of "struggle for the existence or
survival of the fittest" because a given species interacts within its ecosystem, and coexists
surviving the attack of microorganisms, animals and plants that depend directly or
indirectly on it. All these consumers who share resources (competitors) in the context of
Smith, make up the complex known as "biotic" factors, which are constantly adapting and
optimizing the manner of obtaining energy from the species in question. Conversely, all
those factors from the environment such as temperature, humidity, pH, chemicals,
substrates, etc., which also cause mortality on populations, constitute the complex of
"abiotic" factors, the other component of natural control.

Four decades later in 1964, Paul DeBach, a student of Dr. Harry S. Smith, emphasized the
term "regulation" as synonymous of "control" to specify the total mortality exerted by the
biotic and abiotic factors on populations. He explained that since the mortality is dynamic,
the population size will also be fluctuating in time and space. In theory, if a graph is
depicted using the population changes against a reasonable period of time, such as a year,
we might determine the average density (equilibrium) around which decreases and
increases may occurred in the population. DeBach used this criterion to define the concept
of biological control: If we may remove all biotic factors acting on a particular species,
obviously its average density would be higher than normal. He pointed out that the
difference between both average densities (with and without biotic factors) is the "effect" of
biological control. In addition to the large number of studies published by DeBach on
biocontrol, he also has the merit of having edited and published in 1964, together with Evert
L. Schlinger, the book entitled "Biological Control of Insect Pests and Weeds", which is the
classic in this discipline.

Now then, biotic factors include the "natural enemies", a term used by DeBach and by
Huffaker and Messenger (1976) (another classic book as well). Natural enemies are the
predators, parasites, parasitoids, and pathogens of each species. Predators kill rapidly, and
require several preys, usually smaller in size, to complete their life cycle. Parasites are
generally much smaller than the host, live on or inside it, and may or may not kill it.
Pathogens are smaller still; they are the microorganisms that consume nutrients from a host
which may be killed or not (Price, 1970). A parasitoid is an insect similar in size to its host,
which is parasitized in immature stage and always dies. Whilst all the other types can be
used against Aedes mosquitoes, parasitoids cannot. Biological control is divided into two
types: natural and applied. The former is geared to the regulation of the populations by
natural enemies without any human intervention, while the latter is obviously artificial.
Applied biological control in turn can be divided into three types: 1) Classic biological
control includes cases where there is an introduction of a foreign or exotic natural enemy to
a region or country where it does not exist, 2) The increase of local natural enemies which
can be performed by inoculative (if the natural enemy establishes itself in the habitat and in
the target organism using a single release) and inundative releases (where the natural
enemy regulates the target population temporarily, or only while he remains alive and
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therefore many releases may be required), and 3) Applied biological control by conservation
of natural enemies, which include all those agricultural practices (plowing, planting dates
management, irrigation, etc...) or other activities (manipulation of weeds, with alternate
preys and hosts or maintaining the nectar source for the natural enemies as adults) aimed at
increasing the level of regulation of the pest population.

3. Quantitative expression of the regulation capacity of a natural enemy

Populations change in time and space. Changes can occur in the density of a species
whether host or prey, affecting the biology of its parasites, parasitoids and predators.
Scientists have been modelling functional responses since the 1920s although the term
“functional response” was introduced in 1949 by Solomon. Holling (1959) explained the
concept of functional response as the population rate of a host or prey consumed by a
carnivore per time unit, and the concept of numerical response as those changes induced by
the host or prey on survival rate, emigration, and mostly fecundity of the carnivore, which
in turn depends on the food amount eaten. Therefore, functional response determines the
numerical response. The former was considered as a response of the carnivores at individual
level while the later as response at population level.

Since the beginning both concepts called the attention of ecologists. Functional response is
crucial because taking the number of prey eaten per individual at the end of a period of
time, the product of this estimator by the density of the predator will allow prediction of the
host or prey population consumed after that time interval (Royama, 1971). In other words, if
the predation rate increases, also the reproduction of the carnivores will increase and this
will be reflected in an increment of its population; its density will follow the one of the host
or prey resulting in a plot where oscillations of both will be very close. This is a top-down
regulation system with negative feedbacks because when the host or prey is scarce it
diminishes the carnivore population and this permits the host or prey to recover its original
density (Holling, 1961). However these models rely on theoretical assumptions that must be
accomplished, for instance, host searching has to be a random process, its populations
should have a stable age structure, spatial distribution without clusters, no emigration, etc.,
and these requirements do not exist in nature. Despite these drawbacks the concept is
applied to have an idea of how much a predator could diminish the prey population.

Holling (1966) proposed three basic types of functional response: Type I is a linear
relationship where the predator consumes the same rate along the prey density until it
reaches a “satiation state” which is a plateau in the graph. Type II describes a situation in
which the number of prey consumed per predator initially rises quickly as the density of
prey increases but then levels off with further increase in prey density. Finally, Type III
resembles Type II in having an upper limit to prey consumption, but differs in that the
response of predators to prey is depressed at low prey density (Figure 1). Explanation of the
three models is not in the objectives of this chapter, but we will describe only the
characteristics of the Holling Type Il model also known as the “disc equation” because it has
been the most widely used and accepted by researchers to describe numerous prey-
carnivore systems (Tully, et al. 2005). We recommend to the reader the review of Jeschke et
al. (2002) in which the authors carry out a detailed analysis of 47 models of functional
response, 32 of them were for parasites and predators.
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Fig. 1. Three types of functional response relating prey density (N) and the number of prey
eaten by one predator (Pe).

Type II response incorporates predator handling time, which refers to the act of subduing,
killing, and eating a prey, including cleaning and resting before moving on to search for
more prey (Juliano and Williams, 1985). The number of prey attacked increases at a constant
initial rate under this model, but then increases at an ever decreasing rate as satiation is
approached. The result is the hyperbolic curve of the “disc equation” which is
mathematically equivalent to the Michaelis-Menten model of enzyme kinetics and the
Monod formula for bacterial growth (Abrams, 2000). This name derives from the way
Holling conducted his experiment; he distributed randomly paper discs on a table (available
preys), and a blindfolded person (the predator) with his fingertips “searched” around on the
table the discs. Each disc was removed but replaced immediately after each encounter, and
using the number of “consumed” preys from the exposed ones per time unit, he found his
deterministic disc equation:

aTNo
(1+aThNo)

Where Na is the number of prey killed, No is the initial density of prey, T is the time
available for searching during the experiment, a is the instantaneous rate of discovery or
also known as attack rate varying with No, and Th is the total amount of time (constant) the
predator handles each prey killed. So, the first step is to plot the numbers of eaten prey per
density per unit time. Once detected the tendency of the hyperbolic curve, the computation
of a and Th proceeds in the second step, which is the simplification of the equation by
reciprocal linear transformation (Livdahl and Stiven, 1983) which is as follows:

1.1 .M
Na aTNo T

This equation is the linear regression model Y = o+ BX, where the intersection value « is the
reciprocal of the attack rate 1/ 5 and the slope fis the factor Th/T, however T is constant
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and the factor stays just as Th and is equal to —ﬁ; then both values are used in the disc
a

equation as follows:

a*No

(1+a*(—§)*Noj

Therefore, after conducting an experiment, coefficients o and f are computed regressing
Na/No as the response variable on No. The maximum predation rate is 1/Th and is the
maximum value that Na/No can have. Attack rate, 5 determines how steeply the curve
rises with increasing prey density (No). Once the expected values are plotted together with
the observed ones, the degree by which the model explains the functional response is
computed by the determination coefficient R? and a x2 goodness of fit test.

Na =

Another similar option to analyzing data of the same experiment is to calculate the
reciprocals 1/Na and 1/N and conducting a regression of the former as the response
variable on the later (Williams and Juliano, 1985); this method also produces the next linear
equation:

1.1 +Th

Na aN
Here, the attack rate z is 1/4, and Th is the intercept o, both coefficients are used in the disc
equation to have the hyperbolic curve. To know which method is better the determination
coefficient R2 for each regression is calculated; the higher value will indicate the better
fitting. Nevertheless, regardless of the method, linearization is polemic because it may
produce bias in parameter estimates. To directly fit the disc equation with data generated
from experimental protocols, or to use nonlinear procedures (logistic regression), the reader
could examine the excellent review of Juliano (2001).

4. Origin and ecology of dengue
4.1 How diseases adapt from zoonoses to anthropozoonoses

Pavlovsky in 1962 published his book in Russian about the theory of natural nidality of
transmissible diseases and the book was available in English in 1964. The nidus is a nest or
focus of infection, i.e., a place where a disease occurs in the wild and is then transmitted to
humans by arthropod vectors when they invade the nidus. These diseases are zoonoses. It is
the triangle host-pathogen-vector interactions that functions on a permanent and
tridimensional space within a "pathobiocenosis" which is the community where the three
species converge. The conceptual framework includes what Pavlovsky pointed out as
"polivectorial focus" where several vectors and pathogens interact in the same three-
dimensional space. For example, a polivectorial focus is the nest of the cactus rat Neotoma
spp. in North America where the Lutzomyia spp. sand flies with the protozoan Leishmania
mexicana, and the Triatoma infestans kissing bug with the flagellate Trypanosoma cruzii coexist
infecting the rodent. Humans that inhabit areas near to the rat nests could potentially be
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bitten by those vectors seeking a blood meal and so the parasites that produce the
leishmaniasis or Chagas disease will be spread to the humans. If the parasite transmission
cycle occurs among the rats only it is known as enzootic cycle or zoonose. The rat is the
primary host, but if the human is infected by the vector’s bite, then it becomes a secondary
host and the disease shifts from zoonose to anthropozoonose. Given that the human
invaded the nidus, he is said to be infected by tangential transmission, and the rodent is the
reservoir or amplifier host. The reservoir is the host where the pathogen survives in the wild
as the mosquito A. aegypti for dengue viruses. Usually, the primary hosts or reservoirs have
co-evolved with the pathogens and developed immune defenses that will cause them to
become asymptomatic. On the other hand, the secondary hosts have evolved recently, so
there is still some susceptibility to the infection with the pathogen that produces symptoms
ranging from minor to quite severe ones which may even cause death.

4.2 The evolution of dengue (Pavlovsky’s principle)

According to Pavlovsky a dengue nidus is an enzootic cycle in Asia with Aedes (Finlaya)
niveus mosquitoes as vector and several primates of the genus Macaca as hosts. Or in Africa
with Erythrocebus patas, Cercopithicus aethiopica, or Papio anubis monkeys as reservoir hosts
(Roche 1983) and as vectors, the mosquitoes Aedes (Stegomyia) africanus, Aedes (S.)
luteocephalus, Aedes (S.) opok, Aedes (Diceromyia ) taylori, Aedes (D.) furcifer or Aedes
polynesiensis in the South Pacific islands (Moncayo, et al. 2004) (Figure 2).

Aedes niveus (South East Asia)
Aedes (8.) africanus

Aedes (§.) luteocephalus
Aedes (8.) opok

Aedes (D} furcifer

Aedes (D.) taylori
2
Aedes (§.) aegypti
Aedes albopictus
¥
Aedes albopicius ?ﬁ? &
735
. M -
K
e

| "f’i'['":l ] DA AT B g e Wk sy ikon i__‘ .|'.- G )

Fig. 2. Zoonotic cycle of dengue viruses circulating between Aedes mosquitoes and monkeys
in the jungle. A. aegypti is adapted to live near to the ground, while A. albopictus tends to be
catholic, and the other vectors are canopy residents.

In Malaysia, blood samples were taken from over 2,300 domestic (in urban areas) and
wild (in the forest) animals belonging to 55 species and 28 genera to detect anti-dengue
antibodies. In addition, 25,000 adult mosquitoes were tested for dengue viruses but all
were negative despite high levels of antibodies in the majority of wild monkeys leading to
the first evidence of dengue zoonoses (Rudnick, 1965). However, these zoonoses could
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become epidemics if the viruses are spread by vectors at high rates in monkey
populations as in Sri Lanka where the exposure rate of dengue epizootic, based on
antibody detection in asymptomatic monkeys, had been reported to be up to 94% in an
area of 3 km? (Peiris, et al. 1993; de Silva, et al. 1999). Humans could become tangentially
infected when invading this dengue nidus, permitting the transfer of arboviruses from
zoonoses to anthropozoonoses.

In theory, dengue hemorrhagic fever (DHF) occurred after the dissemination and co-
adaptation of the dengue viruses in the vector (reservoir) and in the human (host). The
first DHF cases were reported in Manila, Asia, in 1954 (Quinlos, et al. 1954), and in 1981 in
Cuba, America (Guzman, et al. 1995). Thus, according to Pavlovsky, the benign form of
dengue fever is associated with those from the original nidus. The circulating serotypes in
the urban areas are thought to be the same as those in enzootic cycles, though they differ
genetically due to independent evolution (Cordellier, et al. 1983; Roche, et al. 1983). Five,
six, four, and two genotypes of the serotypes 1, 2, 3, and 4, respectively have been
defined, hence, dengue serotypes contains a total of 17 dengue genotypes; two (belonging
to serotype 2 and 4) out of which are circulating in the nidus amongst monkey populations
in the forest (Holmes and Twiddy, 2003).

According to Pavlovsky principle, the older a serotype is that is circulating in a particular
area the less pathogenic it will tend to be to humans. It has been documented that A. aegypti
and A. albopictus are less susceptible to a wild genotype strain than to an epidemics
genotype of the serotype 2 (Moncayo, et al. 2004). Similarly, the American genotype (AM) of
serotype 2, the oldest strain thought to cause the first dengue fever epidemics in the
Americas, has been, in appearance, supplanted by the Southeast Asia (SA) genotype, a more
pathogenic strain to humans that is efficiently transmitted by A. aegypti mosquitoes
(Armstrong and Rico-Hesse, 2003). In addition, an emerging genotype of the serotype 3 had
evolved in Sri Lanka which is more pathogenic to humans and transmissible by A. aegypti
mosquitoes. This apparently has displaced the native genotype which is less pathogenic to
humans, and there is some evidence that A. aegypti is less competent at acquiring and
transmitting the native strain (Lambrechts, et al. 2009). Thus, the incidence of DHF cases
seems to be normal during dengue fever outbreaks because of the serotype and genotype
diversity circulating which leads to multiple infections in the human populations.

4.3 Co-evolution between viruses and Aedes mosquitoes

Although the terms vector and transmitter are used interchangeably in the literature, the
term vector involves a more intimate evolutionary co-existence among blood-sucking
arthropods and the pathogens they transmit; this has led to the concept of biological
transmission, which is a basic concept in medical entomology. Extended co-existence allows
adjustment in the arthropod bionomics to acquire more tolerance (vector competence)
towards a virulent pathogen. This gradual adaptation of the viruses to the vectors could
lead to a successful evasion of their immune defenses resulting in minimal damage.
Consequently, a pathogen that has achieved such adaptation to survive optimally in the
vector populations could be successfully transmitted to healthy individuals from an exposed
host population. This phenomenon may be observed in the case of vectors-viruses
interactions.

www.intechopen.com



248 Integrated Pest Management and Pest Control — Current and Future Tactics

The dengue virus was isolated by first time at the end of World War II by Dr. Susumu
Hotta’s group (Kimura and Hotta, 1944). They found the viruses in blood samples taken
from Japanese soldiers. Two decades later, in Singapore the presence of dengue viruses in
field-collected A. aegypti and A. albopictus mosquitoes was shown (Rudnick and Chan, 1965).
A. aegypti females are easily infected with the serotype 2 which is transmitted successfully;
conversely, this is not the case when using the other three serotypes. If mosquitoes were fed
with blood contaminated with similar viral titres, the amount of viruses which could reach
salivary glands of those infected females would be higher with serotype 2, than that of those
mosquitoes fed with other serotypes. In addition, the viruses will infect the salivary glands
of mosquitoes in a shorter period of time (a shorter extrinsic incubation period) than that
when using the other dengue serotypes. This phenomenon has been documented for the SA
genotype of the serotype 2 which showed a higher replication rate in both the vector and
definitive hosts than that of the AM genotype in America (Cologna, et al. 2005).

4.4 Evolution of vector synanthropism

Vectors for dengue fever including the primary A. aegypti and secondary A. albopictus
mosquitoes are species whose origin was in a forest habitat; this could be also alike for other
vector species associated with dengue zoonoses in Africa and Asia (Figure 1). The wild
vectors in the forest prefer tree heights and foliage-canopy, depositing eggs in breeding sites
of rainwater accumulated in hollow trees and in the axils of epiphytic plants such as the
family Bromeliaceae. The forest habitat is a permanent shaded site; hence, these mosquitoes
exhibit negative phototaxis during visual flight orientation and show specific preferences for
resting or moving towards dark sites. This innate behavior facilitated their adaptation to
survive in shacks or huts of the primitive man. Today it is common for people in
underdeveloped tropical areas around the world to store drinking water in containers of
clay or other material that remain in or close to their houses. These containers are dark and
relatively cold, and serve as the perfect replacement of the typical larval breeding site, as
mentioned, that was in a hollow tree in the forest. These artificial containers would
represent the transition between the forest and urban habitats.

A. albopictus feeds less on humans than A. aegypti which is highly anthropophylic. A. aegypti
shows evident endophilic and endophagic behaviour. It appears that females tended to stay
indoors because there was availability of blood from people and oviposition sites in a form
of artificial containers, which allows the survival of successive generations within the same
household. When more large human settlements appeared, the vector adapted to standing
water in flowerpots, buckets, old tires, etc. which are abundant in the exterior and interior of
houses in villages and modern urban areas. A feature of the Aedes lifecycle that lent itself to
the utilization of these small and artificial larval habitats is that the eggs can survive
desiccation. This allowed them to utilize small habitats that potentially dry out.

Aedes mosquitoes are active during the day, and as such they cannot be controlled using
insecticide-treated bednets in the same way the malaria vectors can be controlled. And yet it
is becoming increasily important that these mosquitoes are effectively controlled. Dengue is
reported to be the most rapidly spreading mosquito-borne disease in the world (World
Health Organisation, 2009). Recent estimates are that 50 million dengue infections occur
each year, with 2.5 billion people at risk of infection in dengue endemic countries. Dengue
distribution is spread across the tropics but also reaches sub-tropical areas too. Given the
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high mutation rate of dengue viruses it is difficult to develop a dengue vaccine.
Nevertheless, vaccine development is ongoing but dengue is rapidly becoming a public
health problem in the Americas, Africa and Asia, and at present the only feasible way to
control it is by controlling the Aedes mosquito vector (World Health Organisation, 2009).

There are many ways in which Aedes mosquitoes can be controlled. But as with other
mosquito vectors, Aedes mosquitoes are becoming resistant to the insecticides used, and in
any case, people are becoming more sensitive to environmental pollution. This is especially
true because a major source of mosquito larvae are people’s drinking water storage jars.
Thus in the rest of this chapter we outline the different types of biological control available
to use against Aedes mosquitoes, and we will explain how these biological tools are playing a
role in IVM programmes.

5. Biological control tools
5.1 Single celled organisms

Aedes aegypti is host of entomopathogenic microorganisms but historically just a few species
have been reported and isolated from the dengue vector as natural host (Hembree, 1979).
There is a lot of information about entomopathogens evaluated against A. aegypti but most
are at experimental level. We think that the spore-forming bacteria Bacillus sphaericus (Bs)
and Bacillus thuringiensis israelensis (Bti) are regarded as the most promising microbial
control agent against the dengue vector.

As soon as Bs and Bti appeared, they demonstrated their usefulness as control tools
particularly when the dengue vector began to show signs of resistance to chemical
insecticides (Sun, et al. 1980). Bs was discovered in 1964 (Kellen and Meyers, 1964) while Bti
was isolated in 1977 (Goldberg and Margalit, 1977). Both are highly effective not only at
killing larvae of Culicidae and Simuliidae (Federici, 1995) but also at killing adults of Aedes,
Culex and Anopheles mosquitoes (Klowden and Bulla Jr., 1984). However Bs is more selective
than Bti because it is specially toxic to Culex and Anopheles larvae, and tolerant to high levels
of organic pollution (Regis, et al. 2000); however some mosquitoes already are resistant to Bs
(Rodcharoen and Mulla, 1994). Bti acts when its spore-crystal containing toxic proteins
(protoxins) is ingested by larvae. Then the pro-toxins are solubilized in the alkaline pH of
the gut and activated into toxins which cause a detergent-like rearrangement of lipids in the
epithelial membrane, leading to its disruption and cytolysis (Gill, et al. 1992). The mode of
action of Bs is similar but less known. Since their isolation, both bacteria have been
intensively investigated and virtually thousands of papers have been published. Most
papers have been focused on enhancing the toxicity of the proteins associated to the crystals,
and currently hundreds of bio-formulates have been produced biotechnologically. We will
mention as an example the Programme for Eradication of Aedes aegypti, launched in 1997 in
Brazil to fight dengue fever transmission. Although today still in Brazil the use of biological
agents to control mosquitoes has been restricted to experimental and operational research,
they have discovered new technologies to improve the efficacy of these bacteria. For
example, the Bti tablet experimental formulation C4P1-T, shows good persistence, killing
more than 70% of A. aegypti larvae within 40 days after treatment of tanks in shade, and 25
days in tanks exposed to sunlight. In addition, the Bs formulations showed up to 100 days
persistence against Culex quinquefasciatus larvae after the third application in shaded tanks,
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as did a Bti formulation, Inpalbac, after the 4th treatment. Tested under identical conditions,
some of the experimental formulations revealed performances almost or equally as good as
the best commercial products tested, VectoBac and VectoLex (Regis, et al. 2000).

For the rest of entomopathogens there are only evaluations at laboratory or semi-field
conditions, for instance, some iridoviruses have been explored in relation to their sublethal
effects on A. aegypti (Marina, et al. 2003), the protozoan Ascogregarina culicis has been
explored against larvae in cemeteries (Vezzani and Albicocco, 2009), and the microsporidian
Edhazardia aedis examined at semi-natural and laboratory conditions (Becnel and Johnson,
2000; Barnard, et al. 2007). In conclusion, the only promising entomopathogen in this group
is Bti especially those new formulates with better efficacy than the traditional formulates.
However, Bti does not always persist for a long time under field conditions.

5.2 Fungi (Ascomycetes: Hypocreales)

Entomopathogenic Ascomycetes could be a promising biological control tool. The conidia of
these fungi, once germinated, directly penetrate the adult mosquito cuticle then produce a
blend of organic compounds, causing internal mechanical damage, nutrient depletion and
death (Gillespie and Clayton, 1989). These fungi have been successfully used under field
conditions to kill malaria vectors (Scholte, et al. 2005), and to modify wild mosquito blood
feeding behaviour (Howard, et al. 2010). While a wide range of these fungi have been used
in experiments with dengue vectors (Scholte, et al. 2004), there are two main species that are
currently being used by many laboratories worldwide: Metarhizium anisopliae and Beauveria
bassiana.

Most work has been carried out against adult mosquitoes. Scholte, et al. (2007) found that M.
anisopliae caused significant mortality to A. albopictus, and found high levels of infection.
Studies have showed that A. aegypti had significantly increased mortality after exposure to
M. anisopliae (Scholte, et al. 2007; de Paula, et al. 2008, Reyes-Villanueva, et al. 2011) and B.
bassiana (de Paula, et al. 2008, Garcia-Munguia, et al. 2011). Worryingly, susceptibility to
fungal infection is significantly reduced following a blood meal, 