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ABSTRACT
The progression of disease in ectotherms is strongly influenced by environmental
temperature. To this end, many ectotherms, including insects, have evolved the ability to invoke a
behavioral fever; upon sensing an infection, the host will alter its thermoregulatory behavior to
maintain a body temperature above its normal thermal optimum. This behavior imposes a suboptimal thermal environment on the pathogen, and may enhance the efficiency of the host
immune system, thereby reducing the virulence of the infection. However, the actions required to
reach and maintain a higher body temperature can simultaneously impose significant fitness costs
on the host. In the context of biological control, these dynamics can have major influences on the
efficacy of a biopesticide. Using the house fly (Musca domestica L.), a major economic pest of
intensive animal units, we explore the nature and consequences of behavioral fever to flies
infected with entomopathogenic fungi. We began by investigating how dose and growth kinetics
of different isolates of entomopathogenic fungi impacted virulence to house flies. We found that
virulence was positively correlated with dose, and that growth kinetics were qualitatively similar
between isolates. The most virulent of these isolates, Beauveria bassiana (Bals.) Vuillemin, was
then used to examine the effects of fungal infection on the thermoregulatory behavior of house
flies. Using thermal gradient assays, flies infected with B. bassiana were found to invoke a
behavioral fever by remaining at higher temperatures than uninfected flies. We found that
fevering benefitted infected flies by extending their survival and allowing them to lay more eggs,
while simultaneously imposing costs in terms of reduced egg viability. To explore how house
flies might limit the costs associated with fevering, we characterized the thermoregulatory
behavioral fever of flies that were exposed to different doses of B. bassiana spores on free-choice
thermal gradients. Infected flies were found to invoke a behavioral fever, the degree of which was
positively correlated with dose. Moreover, both uninfected flies and cultures of B. bassiana were
shown to suffer fitness costs when subjected to simulated fly fever temperatures. Lastly, we
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investigated the role of fungal infection and the resultant behavioral fever on the vector
competence of house flies by measuring the frequency and bacterial loads in excreta collected
from infected flies under both forced-fever and constant temperature conditions. Fungal infection
was found to significantly decrease the frequency of fly excretion in the time before death,
although fever delayed this reduction by one day. Fevered flies also showed a general increase in
the levels of bacteria in their excreta over time, indicating that fever may serve to increase fly
vector competence. These results add insight into the adaptive value of behavioral fever in insects
and highlight how the efficacy of biological control agents can be mediated by environmental
temperature and insect behavior.
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Chapter 1 - The House Fly

Description
The house fly (Musca domestica L.) is a medium-sized, non-biting, syanthropic fly in the
family Muscidae (Figure 1-1). There are over 700 species of Muscids in North America, and over
4,000 described species worldwide. Members of this family are characterized as having 3segmented, aristate antennae, a ptilinial suture and an anal wing vein that does not reach the
margin of the wing (Johnson and Triplehorn 2004). Muscids occur almost everywhere, and M.
domestica are typically concentrated anywhere humans, are concentrated, from the tropics to high
latitudes inside the Arctic Circle (Marquez and Krafsur 2002).
Adult house flies are distinguished from other members of this family in that they are 6-9
mm long, with four black stripes on a gray thorax, a cream-colored pleura and a checkered pattern
on the dorsal surface of the abdomen. There is also a sharp forward bend in the M1 wing vein,
which is diagnostic of the species (Mullen and Durden 2002).

Figure 1-1. Classification of the House Fly

Kingdom: Animalia
Phylum: Arthropoda
Class: Insecta
Order: Diptera
Family: Muscidae
Genus: Musca
Species: domestica
House flies are peridomestic pests, and most often found where humans, animals and
their associated waste products are concentrated, including landfills, farms, slaughterhouses,
open-air markets and composting facilities. These situations provide ample resources such as
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refuse, carrion and excrement for the development of the immatures, and can foster enormous fly
populations in a very short period of time.

Life Cycle and Biotic Potential
Gravid female house flies find and are stimulated to oviposit on decomposing organic
matter (eg. excrement, compost, etc.) by following plumes of resource-derived volatile
compounds (Cosse and Baker 1996) and semiochemicals from other ovipositing house flies
(Jiang et al. 2002). It was recently discovered that females are further stimulated to oviposit
around egg clusters recently laid by other females by the presence of the symbiotic bacterium
Klebsiella oxytoca (Lam et al. 2007). This bacterium proliferates on the egg surface once the eggs
are laid and serves as both an ovipositional cue to stimulate other females to oviposit as well as an
inoculum that enriches the substrate by providing a source of nutrition for the developing larvae.
Over time, the cue produced by K. oxytoca increases as the bacteria proliferate, to the point where
the concentration discourages other females from ovipositing. This symbiont-derived cue thus
prevents much age discrepancy between larvae in a particular habitat, thereby reducing the risk of
intraspecific cannibalism (Lam et al. 2007).
During their lifetime, female flies have the capability to lay roughly 80-120 eggs in each
of 6 – 8 gonotropic cycles, resulting in roughly 600- 800 eggs per female under laboratory
conditions (Fletcher et al. 1990). The biotic potential of house flies, as with other insects, is both
temperature and resource dependent. The optimal temperature for adult house flies is roughly
26ºC, but is higher for the larvae (35–38°C) with the minimum and maximum developmental
temperature thresholds between 12° and 45° C respectively (Davidson 1944, Keiding 1976).
Under ideal temperatures, house fly eggs hatch only 9 hours after oviposition (Schoof 1964) and
can grow from egg to adult in 7-8 days (Keiding 1976). The larvae proceed through three instars,
with later instars taking longer to molt. Third instar larvae eventually stop feeding, empty their
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gut contents and “wander” in search of a dry, dark place in which to pupate. Upon finding a
suitable area, the larva will eventually stop moving and contract into a puparium, which, unlike
most other holometabolous insects, is composed of the cuticle of the last larval instar. This cuticle
then darkens and the pupa remains sessile until eclosion. Adults emerge by inflating the ptilinum,
a sac at the front of the head, which splits the puparium along a line of weakness, allowing the
adult to emerge. The young adult fly is teneral for a few hours, after which time it is able to take
short flights.
House flies are multivoltine in temperate regions, producing up to 8-10 generations per
year, while producing up to thirty generations per year in the tropics (Keiding 1976). However,
even in cold climates, the number of generations per year may be increased due to the
peridomestic habits of the flies. The structure and environment used to house livestock provides
suitable conditions for flies to be a problem even over the winter months at high latitudes. During
these months, ventilation of animal housing is reduced to conserve warmth for livestock, but
results in an increase in ambient temperature and manure moisture levels, providing suitable
habitat for females to oviposit (Merchant et al. 1987). The heat generated by saprophytic
microbes and developing fly larvae in the manure may keep the substrate temperature high
enough to allow larval development, even when the rest of the substrate is below the minimum
developmental threshold.

The Economic Importance of House Flies

Nuisance
House flies become a problem when sufficient volumes of animal waste or other
decomposing organic matter remains untreated for a time sufficient to allow the complete
development of house fly larvae. To this end, house flies are a pest of major economic importance
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to owners of intensive animal units (IAUs) such as poultry facilities and dairy farms (Hogsette et
al. 1993, Miller et al. 1993b, Winpisinger et al. 2005, Geden and Hogsette 2006). Large quantities
of animal waste generated by these facilities quickly accumulate, providing an ideal substrate on
which house flies can feed, reproduce and pick up pathogenic microbes. For example, modern
caged-layer facilities can house over 2,000,000 chickens in stacked cages that are horizontally
staggered over a “manure pit”, which serves to collect the droppings of the birds. Such facilities
may not be cleaned out from six months to two years, providing ample resource and time for
many generations of house flies (Hinton and Moon 2003, Winpisinger et al. 2005). The scale of
such IAUs necessitates constant monitoring of the state and amounts of manure, dead livestock
and eggs, as even small lapses in the proper handling and containment of these waste products
can result in rapid increases in house fly populations.
Outbreaks of house flies may impose both direct and indirect costs on the IAU owner.
First, large fly populations add stress to animals and reduce their productivity. (Miller et al.
1993a) found that the incessant buzzing and landing of flies on chickens in caged-layer operations
reduced egg production. It is also suspected that fly annoyance may result in reduced milk
production in dairy cattle (Scott et al. 2009). For example, in a study investigating the potential of
house flies to transmit E. coli O157:H7 to dairy cattle, Ahmad et al. (2007) estimated that about
400 flies per animal would best represent outbreak conditions on dairy farms. In addition, it
should be noted that human workers also suffer when fly populations are high which may
ultimately result in poor animal husbandry practices, and additional costs to productivity (Dhillon
et al. 2004).
Flies may disperse great distances and in large numbers from operations suffering from a
house fly outbreaks and may affect people living in neighboring communities (Hanec 1956,
Pickens et al. 1967, Lysyk and Axtell 1986). In a recent study, Winpisinger et al. (2005) found
that people reported nuisance numbers of house flies up to 3.2 km away from a 250,000 bird
caged-layer facility in Ohio, and found significant increases in the number of house flies up to 6.4
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km away. Because house flies do not truly aestivate, enough flies may disperse from such
facilities even on warm winter days to generate complaints (Merchant et al. 1987). The
annoyance and perceived public health threat imposed by high numbers of flies can lead to poor
community relations, lawsuits, and in extreme cases, has even led to the closure of such
operations (Renn et al. 1999, Chakrabarti et al. 2010).

Vector Potential
House flies are able to vector dozens of human and animal pathogens, including many
species of pathogenic bacteria known to cause enteric disease (Greenberg 1965, Forster et al.
2007, Fetene and Worku 2009). House flies primarily disseminate these agents throughout the
local environment by harboring them on their external body surfaces, and/or in their gut. The tarsi
of M. domestica, as well as other species of muscoid flies, are composed of thousands of minute
setae, providing ample surface area for the harborage of pathogenic microorganisms (Barro et al.
2006, Sukontason et al. 2006, Getachew et al. 2007). However, while bacteria have been isolated
from cuticular washes of whole house flies after being exposed to a bacterial source (Forster et al.
2007), relatively few bacteria are vectored in this manner. In a study done by (Shane et al. 1985)
it was found that out of the total load of Camplyobacter jejuni carried by a fly, only 20% could be
recovered from the tarsi. In comparison, many studies have shown that a much higher percentage
of the total bacterial loads carried by flies have been recovered from the vomitus and excreta
(Getachew et al. 2007).
Upon landing on a surface containing molecules of nutritional value (sugars, proteins) or
water, unsated house flies reflexively extend their proboscis to the substrate (Getting 1971).
Before material is ingested however, the fly secretes a mixture of enzymes generated by the
salivary glands and the crop in order to predigest the food before ingestion (Graczyk et al. 2001).
Long thought of as simply mechanical vectors of disease, it is now known that house flies can
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serve as propagative hosts to at least a few bacterial strains, including E. coli O157:H7. Sasaki et
al (2000) showed that not only can this bacterium can persist in the crop for at least 4 days after
ingestion, but that E. coli can propagate in the minute spaces present on the distal surface of the
labellum (the pseudotracheae), potentially increasing the time which the fly can serve as a vector.
Bacteria that are present on the mouthparts or in the crop fluid from a prior feeding event may
then be deposited on the surface on which the fly feeds. In a study done by Barro et al. (2006), it
was found that M. domestica was the predominant fly associated with street-food vendors in
Ouagadougou and were found to carry isolates of Coliform, Salmonella, Shigella, Staphylococci
and Streptococci on both their legs and probosces.
It is thought that the main vehicle for bacteria deposited on foodstuffs is fly excrement; it
has been shown experimentally that flies may freely defecate from 2-10 times per hour during
their active period (Sasaki et al. 2000); infective doses of several bacterial species have been
found in only one drop of fly excrement (Levine and Levine 1991), including tens of thousands of
viable bacteria from many virulent species such as Helicobacter pylori (Grubel et al. 1997),
Aeromonas caviae (Nayduch et al. 2002), and E. coli O157:H7 (Kobayashi et al. 1999, Sasaki et
al. 2000).
Large numbers of flies may also decrease the value of farm products and increase the
probability of food-borne illness to consumers. Fly specks (excrement) deposited on chicken eggs
are easily visible against the light colored eggshell, detracting from their value. Additionally, fly
specks often contain pathogenic bacteria that may be transmitted to the consumer of the farm
products. In the summer of 2010, squalid conditions at two major poultry facilities were blamed
for an outbreak of Salmonellosis, resulting in the recall of 0.5 billion eggs. House flies have
proven to be competent vectors of Salmonella (Greenberg, 1965), and early reports of the
condition of these facilities noted high house fly populations. Flies may also be responsible for
enteric diseases contracted from eating raw produce. In a study motivated by a recent outbreak of
E. coli O157:H7 that was associated with bagged spinach, Talley et al. (2009) found that E. coli
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could be detected on spinach leaves exposed to flies that had ingested E. coli from inoculated
manure and agar plates.
In addition to spreading disease by contaminating ready-to-eat food, flies may also
propagate infection directly by transferring bacteria picked up from manure, infected wounds or
exposed mucus membranes (Schuster et al. 2010). For example, flies have been implicated in the
spread of bovine mastitis, as flies will feed on the milk leaking from the udders of infected dairy
cows (Sanders 1940). One of the most serious human diseases vectored by house flies, as well as
the closely related Bazaar fly Musca sorbens, is Trachoma.
In arid conditions, flies often imbibe moisture from the eyes and exposed mucus
membranes of humans. Flies feeding on someone infected with Chlamydia trachomatis, the
infectious agent of trachoma, can pick up this bacterium from the lachrymal fluid and transfer it
to the next person they visit. Once infected, the inner lining of the eyelid becomes inflamed, and
over time will cause the base of the eyelashes to come into contact with the cornea. The irritation
caused by the infection causes the person to blink, which in turn scratches the surface of the
cornea. Chronic infection causes the cornea to become opaque, and may eventually lead to
irreversible blindness. It is estimated that trachoma is the leading cause of blindness in young
children in developing countries. Control of house fly numbers with insecticides, as well as
educating the public on how to avoid and reduce the numbers of trachoma-carrying flies, have
shown to significantly decrease the incidence of trachoma in the field (Emerson et al. 1999).
House flies may also transfer enteric diseases to livestock when they are eaten or
contaminate food or water sources. For example, Dhillion et al. (2004) revealed that house flies
may have been responsible for an outbreak of necrotic enteritis in poultry by spreading
Clostridium perfringens, the causative agent of this disease. In this study, fly densities were
found to be extremely high; it was reported that workers could not engage in conversation for fear
of flies entering their mouths. Numerous flies were found in the feed troughs and crops of the
birds, and subsequent analysis of the flies revealed C. perfringens in the guts of collected flies. In
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Denmark, the installation of screens to limit the influx of flies in broiler houses resulted in a
significant reduction in the prevalence of Campylobacteriosis (51.4 to 15.4%) in chickens (Hald
et al. 2004). The authors speculate that since eating chicken is the leading cause of
Campylobacteriosis in humans, the act of screening broiler houses may decrease the incidence of
human infection. Flies have also been implicated in transmitting E. coli O157:H7 among beef
cattle (Alam and Zurek 2004, Ahmad et al. 2007). Flies that were orally inoculated with this
bacterium were able to infect calves that were simply exposed to the inoculated flies in their pen.
The majority of the infected calves were still shedding E. Coli O157:H7 in their fecal material 20
days after being exposed to the flies (Ahmad et al 2007).
The ability of flies to disperse great distances from farms and enter human habitations
makes them potential vectors of pathogens to the community surrounding an IAU. In fact, flies
may increase the probability of community members acquiring antibiotic-resistant strains of
bacteria. In order to keep livestock healthy, many farmers (80% of poultry units in the U.S.,
Silbergeld et al. (2008)) add antibiotics directly to animal feed. This intense pressure results in the
rapid selection of antibiotic-resistant strains of bacteria, which are shed in animal excrement and
carried by flies into the surrounding environment ((Macovei and Zurek 2006) and references
therein). To understand the role of house flies in the dissemination of these bacteria, Graham et
al. (2009), collected manure and associated flies from three conventional poultry farms on the
DelMarva peninsula, USA over the summer of 2006 and found antibiotic resistant and multipleresistant isolates of both Enterococci and Staphylococci in both poultry litter samples and in flies.
Interestingly, antibiotic resistance in the Enteroccoci recovered from flies was more prevalent
than recovered from litter. In a slightly more incriminating study, house flies were collected from
five different fast-food restaurants in northern Kansas, USA and screened for the presence of
antibiotic-resistant forms of bacteria (Macovei and Zurek 2006). It was found that almost all
collected flies carried several species and strains of enterococci, including Enterococcus faecalis,
and that 67 % of these isolates were resistant to at least 1 antibiotic.
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House flies have also been implicated as vectors of several viruses including Turkey
Corona virus (Calibeo-Hayes et al. 2003) and Reticuloendotheliosis virus (Davidson and
Braverman 2005). While non-insect viruses have not been shown to replicate in house flies and
are voided from the gut fairly quickly, flies may still serve to disseminate viruses to naïve
animals. Muscoid flies have also been implicated as vectors of H5N1 influenza (Sawabe et al.
2006). Although house flies were not identified in this study, isolates having >99.99% identity to
a chicken-derived strain of H5N1 influenza were identified in the Calliphorid fly Calliphora
nigribarbis. Given the affinity of house flies for chicken manure in poultry facilities, it would be
interesting to survey M. domestica for the presence of influenza viruses during outbreaks in
poultry or waterfowl facilities.
In addition to serving as a vector for microorganisms, flies also vector parasitic worms
by either serving as developmental hosts or carrying eggs on their cuticle or in their gut. The
species of worms found in house flies include the chicken tapeworm Choanotaenia infundibulum,
(Mullen and Durden 2002), the pig parasites Trichuris suis and Strogyloides ransomi (Forster et
al. 2009), and the human intestinal parasites Ascaris lumbricoides, Trichuris trichiura, Tenia spp.
and Strongyloides stercoralis (Forster et al. 2009).
In relatively rare cases, house fly larvae have been identified in cases of human and
animal intestinal myiasis, an infestation of fly larvae in the digestive system that results from an
animal eating food infested with fly eggs or maggots. House flies have also been found to be
responsible for ocular and wound myiasis, which results from females laying eggs in the eye or
purulent wounds (Mullen and Durden 2002).
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Controlling House Flies

Monitoring
There are several ways to estimate fly populations in IAUs. The most direct way is to
visually estimate live fly abundance by using a scale such as the DPIL (Danish Pest Infestation
Laboratory) Fly Index, which rates a fly infestation from 0 (0 flies per animal) to 7 (>400 flies per
animal) (Kristiansen and Skovmand 1985). Fly populations can also be estimated with jug traps
or sticky strips, which are traps that are baited with a food source and the fly sex pheromone Z-9
tricosene. Flies collected in/on the trap can then be counted later as an estimate of fly abundance
(Burg and Axtell 1984, Turner et al. 1992). Fly abundance may also be estimated indirectly by
using “spot cards” (Rutz and Axtell 1979, Lysyk and Axtell 1985), which are small paper cards
that are hung from a point in an IAU where flies are present. After a preset time (usually 7 days)
the cards are retrieved and the number of fecal spots present on the card is used as an estimate of
the number of flies in the facility. Counts of 100 or more fecal or vomit spots indicate the need
for implementation of control methods.

Insecticides and Resistance
Efforts to reduce populations of house flies with chemical insecticides have resulted in
the rapid proliferation of resistant strains. An interesting and well-documented story illustrating
the capacity of house flies to develop resistance to insecticides is reviewed in Keiding (1947).
The first reported case of insecticide resistance in house flies was from Sweden in 1946 (Harrison
1950); field populations of house flies were found to have an LT50 to DDT that was 7-10 times
longer than susceptible flies. By 1949, DDT-resistant populations were found over much of
Sweden. The organophosphate parathion was then applied to control house fly populations, but
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resistant strains were found within two years. Further attempts to reduce fly populations using a
mixture of pyrethrins and piperonyl butoxide were met with resistant populations within a year of
application (Davies et al. 1958). Between 1945-67, it took an average of only 3.5 years for house
fly populations on farms in Denmark to develop resistance to 12 different insecticides with
varying modes of action.
This pattern of insecticide deployment and resistance in house flies populations has
continued in the U.S.; the advent of each new insecticide is met by rapid development of
resistance in fly strains, reducing the options available to control house fly populations (Scott et
al. 2009). In addition, government reassessment of insecticides has resulted in restrictions, further
limiting the options to control housefly populations in IAUs. However, the way in which animal
agriculture is conducted may slow the spread of resistant phenotypes. A study that surveyed the
prevalence of insecticide resistance in flies collected from New York caged-layer facilities found
that the design of animal structures is of critical importance, since resistance profiles were quite
different among individual facilities (Scott et al. 2000). This study found a strong correlation
between the history of pesticide use and the levels of resistance, and suggested that flies may not
move much between these facilities, although the distances and rates of migration between study
sites were not given. The enormous cost of developing new insecticides to overcome resistance
has prompted the search for novel methods of control, including restructuring animal husbandry
practices and employing new control agents, many of which are biological in origin.

Parasitoids, Parasites and Predators
The parasitoid wasps Spalangia spp. and Muscidifurax raptor (Hymenoptera:
Pteromalidae) are the most frequently used biological control agents to reduce house fly
populations (Crespo et al. 1998, Malik et al. 2007). Gravid female wasps locate and oviposit in
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house fly puparia, killing the developing pupae. However, the release of these wasps may be
incompatible with other methods of control such as the spraying of residual insecticides (Geden et
al. 1992b). Success in reducing fly populations has been relatively inconsistent with the release of
these wasps (Rutz and Axtell 1981, Greene et al. 1989, Geden et al. 1992a) . In order to be most
effective, it has been estimated that wasps must be released weekly in amounts as high as 50-80
per square meter (Skovgard and Nachman 2004). Wasps may also be at a disadvantage in
agricultural systems compared with parasitoids used in other systems, as IPM procedures
prescribe the rapid removal of animal waste, which removes the wasps’ hosts (Hinton and Moon,
2003). Adult flies, on the other hand, are still present and rapidly exploit organic waste as soon as
it becomes available again (Legner and Brydon 1966, Petersen and Cawthra 1995).
The release of parasitic nematodes has also been suggested as a way to limit house fly
abundance in IAUs. Fly larvae were found to be effectively parasitized by Paraiotonchium
autumnalis, which eventually renders adult female house flies sterile by invading the ovaries
(Geden 1997). The female is still stimulated to oviposit in manure or other substrate, but instead
of laying her own eggs, she lays thousands of mature P. autumnalis, thus propagating this
parasite. The hister beetles Carcinops plumilio (Coleoptea: Histeridae) and Macrochelid mites
(Acari: Macrochelidae) are also used to control house fly populations, as they live in animal
manure and are predaceous on house fly larvae (Hinton and Moon, 2003).

Entomopathogenic Fungi
Entomopathogenic fungi are those fungal species that are known to be either obligate or
facultative pathogens of insects. These pathogens can be found in most of the phyla in the
kingdom Fungi, with major groups in the Zygomycota (Entomophthorales) and Ascomycota.
There is a great diversity of fungal species that can be included in this group; some are more or
less specialists and parasitize only closely related insects, while others are generalists and can be
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found growing on many species of insects as well as in soil. Most of the pathogenic fungi that
have been exploited as biopesticides are biotrophs, which grow actively in live insects
(Entomophthorales), or hemibiotrophs (Ascomycota), which grow as parasites in live insects and
become saprophytic once the insect dies (Clarkson and Charnley 1996). The most commonly
suggested fungal species for house fly control are Entomophthora muscae, Beauveria bassiana
and Metarhizium anisopliae and hence will be discussed further. However, there are other species
of fungi that might be effective against house flies, as well as a broad range of other insect pests;
reviews of these species can be found in (Shah and Pell 2003, Scholte et al. 2004, Roy et al. 2006,
Vega et al. 2009).

Zygomycota: Entomophthorales
Entomophthoralean fungi occupy widely diverse niches, living as parasites of both
animals and plants, as well as saprophytes of dung and soil (Webster 1980). Members of this
group are important pathogens to many agriculturally important insect species including
Entomphthora muscae, and E. schizophora (muscoid flies), E. maimaiga, and E. aciculae (gypsy
moth) and Entomophaga grylli (Orthopterans) (Watson et al. 1993, Hajek and St. Leger 1994,
Kalsbeek et al. 2001b, Roy et al. 2006). Entomophthoralean fungi are distinguished as possessing
zygospores (sexually produced spores) that are forcibly discharged from the host cadaver once it
is killed (Hajek and St. Leger 1994). Upon the death of the host, fungal hyphae emerge from the
cuticle and serve to anchor the cadaver to the substrate, insuring that the sporulating cadaver
remains in prime position for spore dispersal (Maitland 1994).
E. muscae is responsible for periodic epizootics in fly populations. For example, surveys
of house flies collected around poultry facilities found up to 60% of the house flies caught were
infected with Entomophthora spp. fungi (Mullens et al. 1987, Steinkraus et al. 1993). E. muscae
has therefore been suggested as a possible agent to control fly populations in IAUs, but field trials
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have met with mixed success (Geden et al. 1993). However, given that the conidia have so far
only been propagated from insect cadavers, the scale of modern poultry production facilities and
dairy farms may prohibit this method of control. In addition, house flies are also known to invoke
a behavioral fever when infected with E. muscae, which apparently enables house flies to
completely clear the infection when provided optimal temperatures (Watson et al 1993). This has
been suggested as a reason for higher E. muscae prevalence in flies in the autumn; as
temperatures cool, flies are not able to reach effective fever temperatures to clear the infection
(Mullens et al. 1987).

Ascomycota: Hypocreales
Beauveria bassiana (Bals.) Vuillemin and Metarhizium anisopliae Sorokin are two of the
most widely used fungi to control pestiferous insects. Both are cosmopolitan species of soilinhabiting fungi that are also facultative parasites of a wide range of insect species (Charnely and
Collins 2007). While rarely observed to infect wild house flies in the field (Steinkraus et al.
1990), spores of entomopathogenic fungi such as Beauveria bassiana as well as Metarhizium
anisopliae have shown to cause high mortality in house flies when applied to surfaces on which
the flies will land (Steinkraus et al. 1990, Barson et al. 1994, Lecuona et al. 2005). Hence, several
commercial formulations of entomopathogenic fungi have been developed as baits or formulated
as residual sprays for housefly control. “Mycotrol” and “Mycotrol O” are formulations of B.
bassiana spores that were fully registered in the USA by the Environmental Protection Agency
for use in the field or in greenhouses respectively (Shah and Pell 2003). BalEnce is a B. bassianabased product specifically marketed to be used in poultry houses, and is available in liquid
formulation to treat manure piles harboring larvae, or as a bait station for adult flies (Kaufman et
al. 2005).
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Mode of action
Unlike traditional insecticides, spore formulations of entomopathogenic fungi take much
longer to kill insects due to their mode of action. Once a conidium has attached to the cuticle,
molecular cues and high levels of humidity in the immediate airspace that surrounds the cuticle
cause the spore to germinate. A germination peg then grows over the surface of the cuticle and
usually invades the insect through a thinner area of the cuticle such as an intersegmental fold or
spiracle (Hajek and St. Leger, 1994). Through a combination of degrading enzymes and
mechanical force, the growing germination peg bores into the cuticle of the host insect (Clarkson
and Charnley, 1996). These enzymes also solubilize cuticular proteins during penetration
providing the fungus with nutrients for growth (Hajek and St. Leger 1994). Once the fungus
reaches the host’s hemolymph, fungal cell replicate, producing blastospores and hyphal fragments
that circulate throughout the hemolymph.
At this stage, the developing fungus is vulnerable to the insect’s immune system.
However, cells of B. bassiana and M. anisopliae are able to resist the cellular immune response
of the insect by concealing the molecular patterns that would otherwise be recognized by the
insect immune system (Pendland et al. 1993, Wang and St. Leger 2006). In addition, upon
reaching the hemolymph, fungal cells secrete metabolites that have a variety of
immunosuppressive effects, including the inhibition of pseudopod formation of hemocytes, and
reduction of phenoloxidase expression (Huxham et al. 1989, Hung and Boucias 1992, Hung et al.
1993, Pendland et al. 1993, Vilcinskas and Matha 1997, Vilcinskas et al. 1997). Some isolates of
Metarhizium produce metabolites that disrupt the biosynthesis of insect eicosanoids, which
modulate a variety of immune responses such as nodulation (Miller et al. 1994, Howard et al.
1998), cell spreading and prophenoloxidase activation (Mandato et al. 1995, Vilcinskas et al.
1997), as well as behavioral fever (Dean et al. 2002), a common defense strategy employed by
insects in response to fungal infection.
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Metabolites from B. bassiana and M. anisopliae can be directly toxic to insect midgut
epithelium (Vey and Quiot 1989), cause flaccid paralysis (Samuels et al. 1988), and inhibit
malphigian tubule secretion (James et al. 1993). The production of these immunosuppressive and
toxic metabolites vary between fungal species and even between strains, and are thought to make
some strains of fungi more virulent to certain species of insects than others (Kershaw et al. 1999).
The developing fungi also sequester nutrients from host tissue and restrain the flow of
hemolymph, further magnifying the pathogenic effects of infection (Clarkson and Charnley
1996). Once the host is overcome by the infection and dies, the fungus enters a stage of
reproductive growth and, under the proper conditions, releases conidia to infect new hosts.

Fungal Pathogens in IPM
While fungal biopesticides offer promise as alternatives to chemical insecticides due to
their novel mode of action, several considerations must be taken into account before employment
as a facet of an IPM program for a particular pest species. Entomopathogenic fungi have proven
to act synergistically with insecticides against a range of insect species (Quintela and McCoy
1998). For example, the toxicity of imidicloprid to the Bihar hairy caterpillar (Lepidoptera:
Arctiidae) increased up to 72-fold when combined with Metarhizium anisopliae (Purwar and
Sachan 2006). Both B. bassiana and M. anisopliae significantly decrease the fitness of field
populations of Anopheles mosquitoes when used in combination with permethrin than when any
of these agents were used singly (Farenhorst et al. 2010).
Spore delivery methods must insure that insects receive a high enough dose of spores to
overwhelm its immune response and kill it to prevent damage or disease. In addition, it is
important to select an isolate that is virulent to the target species. For example, in a study
comparing nineteen isolates of entomopathogenic fungi against house flies, Lecuona et al (2005)
found only five that induced significant mortality. Moreover, it is important to consider the
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specificity of the fungal isolate proposed to control a target pest species, as many other non-target
arthropods may also be affected. Encouragingly, evidence suggests that treatment with fungal
biopesticides such as B. bassiana is less damaging to beneficial populations of arthropods than
chemical insecticides (Kaufman et al. 2005, Nielsen et al. 2005). Lastly, it is important to take
into account abiotic environmental factors that may affect the viability of spores or the
progression of disease in the insect. One of the most important determinants of disease
progression in ectotherms is temperature (Thomas and Blanford 2003).

Thermoregulation and Fever
The role of temperature in insect-pathogen interactions has perhaps best been modeled
using grasshoppers and locusts, as they occur in both temperate and tropical areas and are of
major economic importance. Disparities in the efficacy of fungal spore treatments against field
and greenhouse populations of grasshoppers indicated that the reduction in efficacy under field
conditions was most likely due to environmental conditions that were not present in controlled
studies (Inglis et al. 1996, 1997). Subsequent investigations revealed that environmental
temperature was a major driver in the speed of kill and overall efficacy of fungal pathogens
against locusts and pest grasshopper species (Inglis et al. 1996, Blanford et al. 1998, Blanford and
Thomas 1999b, Blanford and Thomas 1999a, Blanford and Thomas 2000, Elliot et al. 2002,
Ouedraogo et al. 2003). In many of these studies, in addition to the ambient environmental
temperature, insects were able to mediate fungal mycosis via behavioral means. Not only were
many of the model insects in these studies active thermoregulators, many also had the capacity to
develop a behavioral fever upon infection with fungal pathogens.
Like all organisms, pathogens such as bacteria, fungi and viruses have a relatively narrow
temperature range in which they can efficiently function and thus cause disease (Carmichael and
Barnes 1969, Herendeen et al. 1979, Lenski and Bennett 1993, Kovarova et al. 1996, Fargues et
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al. 1997). To this end, many species of animals have evolved to exploit this limitation by
invoking a fever; changing their normal thermoregulatory “set-point” and maintaining their body
temperatures higher than their normal thermal optimum. Fever is a highly conserved response to
infection, and has been observed in both endothermic and ectothermic vertebrates and
invertebrates (Kluger 1979, Kluger et al. 1996). Animals may achieve fever temperatures
physiologically as in endotherms, or behaviorally, by exploiting microclimatic differences in the
physical environment, as do ectotherms. In insects, behavioral fever has been observed in many
orders including the Orthoptera, Homoptera, Blattodea, Coleoptera, Diptera, and Lepidoptera
(Bronstein and Conner 1984, Boorstein and Ewald 1987, McClain et al. 1988, Carruthers et al.
1992, Watson et al. 1993, Kluger et al. 1996, Karban 1998, Blanford and Thomas 2001, Kalsbeek
et al. 2001b, Ouedraogo et al. 2003, Thomas and Blanford 2003).
Efforts to characterize the events that initiate and maintain fever in insects have revealed
the importance of both pathogen-derived and host-derived molecules in a wide variety of insect
species (Stanley and Howard 1998, Bundey et al. 2003, Stanley et al. 2009). In these studies,
fever is usually brought on by either the injection of whole pathogenic organisms or a pyrogen
derived from such an organism, such as the cell wall components of bacteria or fungi
(lipopolysaccharide (LPS), peptidoglycan, and β - 1,3 glucans, respectively (Bundey et al. 2003)).
It is thought that immune recognition of these pathogen-associated molecular patterns (PAMPS)
are recognized by the organism as “non-self”, which in turn initiate cellular, humoral and
behavioral immune responses such as fever (Gillespie et al. 1997, Adamo 1998). These
exogenous pyrogens then stimulate the production of endogenous pyrogens such as prostaglandin
and others, which, as in many other animals, are important in the sustainability of fever (Bundey
et al 2003).
Many examples exist of infected insects that have increased their fitness by fevering
(Boorstein and Ewald 1987, Carruthers et al. 1992, Watson et al. 1993, Blanford et al. 1998,
Blanford and Thomas 2001, Ouedraogo et al. 2004) and it is thought that fevering benefits
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infected hosts in at least two ways. First, fever temperatures slow the replication rate of many
pathogens. For example, fever temperatures inhibit the in vitro replication rates of bacteria and
fungi (Langeveld and Cuperus 1980, Lenski and Bennett 1993, Kluger et al. 1998, Elliot et al.
2003). In the case of entomopathogenic fungi, the fever temperatures of many insects (38-42°C)
have a direct effect on the viability of the fungal spores (Inglis et al. 1996, Fargues et al. 1997,
Fernandes et al. 2008) as well as the vegetative growth of fungi both in vitro and inside the host
organism (Inglis et al. 1996, Ouedraogo et al. 2002).
Second, fever may also increase the efficiency of the host immune response to invading
pathogens. For example, (Ouedraogo et al. 2003) found that the hemocytes of fevering locusts
were more numerous and able to phagocytose fungal blastospores more efficiently than those
from non-fevering locusts. Exposure to high temperatures may also enhance humoral immune
function, such as rates of anti-microbial peptide production upon microbial infection (Wojda and
Jakubowicz 2007). There is also evidence that high body temperatures may benefit arthropods by
increasing the rates of apoptosis, a primary defense against viruses (Granja et al. 2003).
In addition to these benefits, fevering has also been shown to impose costs on the infected
host. Sustaining a body temperature just 3-4ºC above normal increases the metabolism of animals
by 20-60% due to Q10 effects. Increased metabolism is also needed to support the de novo
synthesis of molecular moieties that serve to protect thermally-sensitive proteins from denaturing
and to regulate the fever response (Muchlinski 1985, Kluger et al. 1998, Sherman and Stephens
1998, Stanley and Howard 1998, Wojda and Jakubowicz 2007, Wojda et al. 2009). Remaining at
fever temperatures, even briefly, may also damage or impair the function and/or development of
thermally sensitive tissues such as those in developing embryos (Arora et al. 1979, Eberlein
1986).
House flies are also known to be active thermoregulators; it is fairly common to observe
them basking in warm areas with their bodies perpendicular to the sun’s rays on cool mornings,
especially in the spring (Anderson, personal observation). Moreover, house flies are known to
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invoke a behavioral fever when infected with fungal pathogens. Watson et al (1993) found that
house flies that were infected with the fly-specific fungal pathogen Entomophthora muscae
preferred higher temperatures when placed on a thermal gradient within two days of infection.
Fevering allowed infected house flies to survive significantly longer than flies that were denied
the opportunity to fever, and in some cases appeared to clear the infection altogether. This
behavior was also confirmed in field studies by (Kalsbeek et al. 2001) in a piggery in Denmark.
Flies infected with E. muscae were marked and their behavior observed around the piggery. Flies
in the early stages of infection preferred warm surfaces such as the bodies of pigs and the
incandescent lights, while flies in the later stage of infection preferred cooler temperatures.
Although these studies are well cited in the fever literature, there have been no studies that have
investigated the thermal preference or behavioral fever response of house flies infected with
generalist entomopathogenic fungi, such as B. bassiana, that are marketed to control house fly
abundance in IAUs.

Motivation of Research
The widespread phenotype of insecticide resistance in house flies is one of the most
serious problems facing operators of IAUs. Entomopathogenic fungi have been suggested as a
way to combat resistant flies in these operations, due to their novel mode of action. However,
house flies invoke a behavioral fever when infected with naturally-acquired fungal infections,
allowing infected flies to completely clear the infection in some cases. It is therefore important to
understand whether fungi such as Beauveria bassiana will also cause house flies to fever and
what effect this will have on the efficacy of entomopathogenic fungi against house flies. In
addition, the dynamic events that take place during the course of fungal infection (sub-lethal
effects) can have major implications on the burdens caused by house flies, including both biotic
potential and the ability of flies to vector disease agents.
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In addition to addressing questions that are important to animal agriculture and husbandry
practices, house flies and fungal pathogens can be used to explore fundamental principles of
fever. There has been much debate in the literature as to whether fever should be considered
adaptive, as fevering simultaneously imposes both costs and benefits on host fitness. Insectpathogen interactions provide a tractable system that can be used to add fundamental insights into
the nature, consequences and value of this highly conserved immune response.
The aim of this dissertation was to evaluate the effect of fungal infection on house fly
thermoregulatory behavior, and the subsequent changes to housefly fitness and vector
competence. The first part of the research compared the growth kinetics of several fungal isolates
against house flies in an attempt to characterize the mechanisms of fungal virulence. The second
part of the research characterized the thermoregulatory behavior of flies infected with B.
bassiana, and the costs and benefits associated with behavioral fever. The last part of the
dissertation focused on the effects of fungal infection and fever on the ability of house flies to
vector bacterial pathogens.

The specific research objectives were:
-

To characterize the virulence of different fungal isolates against house flies and to
compare isolate virulence to growth kinetics

-

To characterize the thermoregulatory behavior of house flies infected with a virulent
isolate of fungus over the entire course of infection

-

To quantify the fitness costs and benefits of fungal infection and the resultant behavioral
fever in house flies

-

To determine the effects of behavioral fever, fungal infection and the interaction of these
factors on the vector competence of house flies
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Thesis Outline
Chapter 2 explores the relationship between the virulence and fungal growth dynamics
of different fungi against adult house flies.

Chapter 3 starts with determining if house flies will invoke a behavioral fever when
infected with Beauveria bassiana. We also explore the fitness effects of B. bassiana infection by
measuring the survival and fecundity of both infected and uninfected flies are either provided or
denied the opportunity to freely thermoregulate over the course of infection

Chapter 4 describes the thermoregulatory behavior of house flies that were infected with
different doses of Beauveria bassiana by quantifying the degree and duration of behavioral fever
of infected flies over the course of infection. Assays were also conducted to determine the costs
of fly fever temperatures on uninfected flies and cultures of Beauveria bassiana.

Chapter 5 explores how B. bassiana infection and the resulting behavioral fever affects
the ability of house flies to vector bacterial pathogens. Using universal qt-PCR bacterial primers,
the number of fecal spots produced by flies and the concentration of bacteria in those spots were
quantified over the course of infection.

Chapter 6 provides a summarizing discussion of the research findings in the context of
house fly control in IAUs and insect-pathogen interactions.
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Chapter 2 - Comparative growth kinetics and virulence of four different
isolates of entomopathogenic fungi in the house fly (Musca domestica L.)
As prepared for: The Journal of Invertebrate Pathology

Abstract
Virulence (speed of kill) of a fungal entomopathogen against a particular host insect
depends on biological properties of the specific isolate-host combination, together with factors
such as fungal dose. How these intrinsic and extrinsic factors affect the actual pattern and extent
of fungal growth in vivo is poorly understood. In this study we exposed adult house flies (Musca
domestica L.) to surfaces treated with high and low doses of Beauveria bassiana (isolates
BbGHA and Bb5344), Metarhizium anisopliae (strain MaF52) and Metarhizium anisopliae var.
acridum (isolate Ma189) and used quantitative real-time PCR with species-specific primers to
examine the relationship between fungal growth kinetics and virulence. At the highest dose, all
fungal isolates killed flies significantly faster than controls, with BbGHA, Bb5344 and MaF52
roughly equivalent in virulence, (Median Survival Time (±SE) = 5.0±0.10, 5.0±0.08 and 5.0±0.12
days, respectively) and Ma189 killing more slowly (MST = 8.0±0.20 days). At the lower dose,
effective virulence was reduced and only flies exposed to isolates BbGHA and Bb5344 died
significantly faster than controls (MST= 12 ±1.36, 15 ±0.64, 18± 0.86 and 21.0± 0.0 days for
BbGHA, Bb5344, MaF52 and Ma189, respectively). Real-time PCR assays revealed that flies
exposed to surfaces treated with the high dose of spores had greater spore pickup than flies
exposed to the low dose for each isolate. After pickup, a general pattern emerged for all isolates
in which there was a significant reduction of recovered fungal DNA 48 hours after exposure
followed by a brief recovery phase, a stable period of little net change in fungal sequence counts,
and then a dramatic increase in sequence counts of up to 3 orders of magnitude around the time of
host death. However, while the patterns of growth were similar, there were quantitative
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differences such that higher final sequence counts were recovered in insects infected with the
most lethal isolates and with the higher dose. These results suggest that variation in virulence
between isolates, species and doses is determined more by quantitative rather than qualitative
differences in fungal growth kinetics.

Keywords: Beauveria bassiana, Metarhizium anisopliae, quantitative PCR, fungal
growth kinetics, Musca domestica

Introduction
Individual isolates of entomopathogenic fungi can vary greatly in their virulence to a
given insect host but what factors contribute to this variation often remain unclear. Kershaw et al.
(1999) hypothesized that differences in isolate virulence can be attributed to the position the
phenotype of a particular isolate occupies on a continuum between two main strategies; an isolate
may produce a large amount of toxins or may focus their energy into vegetative growth. Both B.
bassiana and M. anisopliae have been shown to produce metabolites within insect hosts with
effects ranging from paralysis to immunosuppression (Gillespie and Claydon, 1989; Hajek and St.
Leger, 1994; Hajek and St. Leger, 1994; Hung and Boucias, 1992; Kershaw et al., 1999). While
modern molecular techniques have facilitated progress in understanding the biochemistry of
fungal metabolites and how they contribute to virulence in insects (Kershaw et al., 1999; Mazet
and Boucias, 1996), relatively few studies have attempted to relate virulence to differences in
growth kinetics between fungal isolates. That is, in addition to the toxic effects of metabolites,
fungi could kill insects via vegetative growth, with death occurring when fungal hyphae penetrate
vital organs, block the flow of hemolymph, or sap the nutritive resources from the host (Clarkson
and Charnley, 1996).
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To date, many studies evaluating growth kinetics have only considered growth in vitro
(Fargues et al., 1997; Fargues et al., 1992). However, these methods do not subject the fungus to
the same nutritional environment or immune pressure present in an insect host and, therefore,
may not be a good representation of natural growth kinetics. Accurate, quantitative in vivo
measurements of fungal growth are difficult to obtain; most often this has been done using
microscopic methods to examine the concentration of blastospores and/or hyphal fragments in the
hemolymph of infected insects (Ouedraogo et al., 1997; Pendland et al., 1993). Unfortunately,
these techniques may yield inaccurate results in both early and later stages of infection, as fungal
infection may not be evident in the hemolymph for up to three days following exposure to spores
and blastospores and hyphal fragments may be too numerous to count during later stages of
infection (Ouedraogo et al., 2003).
Recently, several researchers have developed quantitative PCR (qt-PCR) protocols to
quantify the growth of pathogenic fungi in plants (Boyle et al., 2005; Gachon and Saindrenan,
2004) and insects (Bell et al., 2009), providing a highly sensitive tool to model the dynamics of
fungal infection from the point of exposure to the death of the host. Using this application, it is
possible to evaluate differences in growth kinetics between fungal isolates and, when paired with
bioassays, determine if growth rates can be used to explain the virulence of a particular isolate.
The aim of the current study was to compare the differences in virulence and in vivo
growth kinetics of four different isolates of entomopathogenic fungi against the house fly (Musca
domestica L.). Understanding the factors that contribute to the virulence of fungal
entomopathogens is important for understanding the ecological and evolutionary basics of insectpathogen interactions.
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Materials and Methods

House flies
The house flies used in this study were derived from the Cornell University CS strain, an
insecticide susceptible strain. The flies were reared and maintained in an environmental chamber
under standard insectary conditions at 27oC with a 12:12 light:dark photoperiod. Fly eggs were
collected by placing a small cup (50g) of larval diet (wheat bran, Manno-Pro™ calf protein
supplement, baker’s yeast and water) into fly stock cages for two hours. Roughly 300 mg of eggs
were placed into 1 liter of larval medium contained in a 1.5 L plastic container and larval
development was monitored daily. Upon pupation, pupae were collected by gently shaking them
from the surface of the diet into plastic (~50 ml) soufflé cups. Cups containing pupae were then
placed in clean stock cages until eclosion ceased. Adult flies were provided access to food,
consisting of a 1:1 ratio of powdered milk and granulated sugar, and water ad libitum.

Fungal Isolates
Four isolates of mitosporic Ascomycete entomopathogenic fungi were used: two strains
of Beauveria bassiana (strains GHA and ARSEF 5344, hereafter BbGHA and Bb5344) and two
strains of Metarhizium anisopliae (F52 and IMI330189, hereafter MaF52 and Ma189) as detailed
in Table 2-1. These isolates were chosen because they represent two different species of fungi
that have been shown to vary greatly in their fundamental virulence to range of insect species,
including dipterans such as house flies (Lecuona et al. 2001, 2005) and mosquitoes (Bell et al.
2009). The fungal isolates used for this study were maintained in long-term storage at -80ºC on

44
microporous beads (Pro-Lab Diagnostics, Austin, Texas, USA) at Penn State University. Fungi
were recovered by placing one or two beads onto Potato dextrose agar (Oxoid, UK) or Sabouraud
dextrose agar (SDA) (Oxoid, UK) in 9 cm diameter Petri dishes or slopes in 25 ml universal
bottles and incubated at 25ºC for 10 days. Spores were then propagated using a diphasic culture
system as listed in Jenkins and Goettel (1997). Briefly, conidia were harvested from slopes or
plates to make a spore suspension of approximately 1 x 106 conidia ml–1 in sterile 0.05% w/v
Tween 80 (Sigma) in distilled water. This suspension was then used to inoculate liquid culture
medium (4% d-Glucose, 2% yeast extract [Oxoid, UK] in tap water), which was then incubated
on a rotary shaker (160 rpm) at 24oC for 3 days. The resulting suspension was used to inoculate
sterile, moistened barley flakes (Bob’s Red Mill, Milwaukie, Oregon, USA). Once the sporulate
reached <20% moisture content, the conidia were harvested using a Mycoharvester (Acis
Manufacturing, Devon, UK) and were placed in glass dishes and dried over silica gel at 24º C.
Upon reaching 5% moisture content, a small sample of conidia from each isolate was taken for
quality analysis and the remaining powder was sealed in foil-laminated envelopes with a small
sachet of silica gel and stored at 5º C until use.

Table 2-1. Fungal Isolates and Origins
Fungal Isolate
Beauveria bassiana GHA (BbGHA)
Beauveria bassiana 5344 (Ba5344)
Metarhizium anisopliae anisopliae F52 (MaF52)
Metarhizium anisopliae var. acridum IMI330189
(Ma189)

Geographic
Location
USA
USA
Austria
Niger

Source
Coleoptera: Chrysomelidae
Diptera: Muscidae
Lepidoptera: Olethreutidae
Orthoptera: Acrididae
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Spore formulations were prepared by suspending dry, pure spore powder into a mixture
of mineral oils (80% Shel-Sol: 20% Ondina oil). The formulation was homogenized by vortexing
for 30 seconds and sonicating for an additional 30s to break up aggregates of spores. The
concentration of spores for each formulation was counted using an improved Neubauer
Hemocytometer and the volume adjusted until the desired concentration was obtained.
Concentrations used in this experiment consisted of a high dose (1 x 109 spores/ml) and a low
dose (1 x 107 spores/ml). All preparations proved to have germination rates of over 90% as
assessed by plating on SDA.

Application of fungal spores to exposure surfaces
Spore formulations were applied to 9-cm circles of HP™ Color-Laser paper using an
artist’s airbrush sprayer. Paper circles (hereafter referred to as exposure substrates) were taped
inside a 0.25m2 spray area on the rear wall of a chemical fume hood. The formulation was then
loaded into the reservoir of the air brush and sprayed to give an equivalent volume application
rate of 20ml/m2. Care was taken to keep the airbrush sprayer moving at a constant rate of speed
and distance from the exposure substrates during the application process to ensure even coverage.
Additionally, four exposure substrates were sprayed with blank oil to serve as positive controls,
while another set of four was left unsprayed to serve as negative controls. After spraying, the
exposure substrates were removed from the wall of the hood, set into the lids of 9-cm petri dishes
and allowed to dry at room temperature overnight.

Exposing flies to fungal spores
House flies were removed from stock colonies using a battery-powered insect aspirator
(BioQuip Inc.). All flies were from the same stock cage, and between 2-3 days old at the time of
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exposure. Flies were anesthetized with CO2 and forty flies of mixed sex were then placed into the
bottom of a standard size petri dish. The lid of the dish containing an exposure substrate was then
placed over the anesthetized flies. Flies recovered from the CO2 within 3-5 minutes and started to
walk and groom themselves, at which time the dish was flipped over to encourage the flies to
walk and rest on the exposure substrate. Flies remained enclosed in the dishes for four hours.
Eight replicates of forty flies were exposed to each isolate and dose, while four replicates were
exposed to positive control (blank oil) and negative control (no oil) substrates.
After the exposure period had elapsed, the flies were removed from the exposure
chambers by quickly anesthetizing them with CO2. Half of the flies from each treatment were
placed into 1-liter plastic freezer containers that were fitted with mesh tops and used to monitor
mortality, resulting in four replicates of 40 flies per container. The remaining flies in each
treatment group (160 flies) were combined into 20 x 20 x20 cm mesh insect cages according to
treatment and used as stock populations to monitor fungal growth kinetics. All flies were
provided access to sugar cubes and water ad libitum for the duration of the experiment.

Monitoring Survival and Sampling for Fungal Growth Kinetics
Exposed flies were kept under standard insectary conditions during monitoring as
described above. The number of dead flies in each replicate container was recorded daily for 21
days to produce survival curves.
To assess fungal growth kinetics, at least 10 randomly selected live flies were removed
from each of the mesh insect cages for qt-PCR analysis immediately after being exposed to
treatments (i.e. day 0) and every 48 hours thereafter using a clean, battery-powered aspirator. All
dead flies (i.e. fresh cadavers prior to any sporulation) were also removed from the survival
containers for qt-PCR. Once removed, flies were immediately frozen at -20 C until they could be
processed for qt-PCR analysis.
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DNA Extraction
The protocol used to mechanically disrupt insects and extract fungal DNA was adapted
from instructions included in the DNeasy 96 Plant Kit™ (Qiagen) and is outlined in Bell et al.
(2009). Briefly, flies were placed into microtubes along with a 3.2 mm sterile stainless steel ball
bearing (BioSpec Products, Inc.) and 0.1ml of 0.2mm zirconium beads (OPS diagnostics, Inc.).
Flies were mechanically disrupted using a TissueLyzer™ (Qiagen) in two steps. Flies were
initially dry-ground without buffer for one minute at 30 Hz, with all samples repositioned every
15 seconds to insure uniform disruption. A second grinding cycle, in which 400µl of lysis buffer
was added, completed the disruption process. Fungal DNA was then extracted from the disrupted
flies according to the manufacturer's instructions.

Quantitative PCR
Extracted DNA from fly samples was quantified using specific PCR primers and minor
groove-binder probes designed to amplify the ITS2 region of the rRNA gene of B. bassiana
(GHA) and M. anisopliae (189), as outlined in Bell et al. (2009). The primers and probe designed
for B. bassiana isolate GHA were also used to quantify B. bassiana isolate 5344 as sequencing
revealed identity for both isolates across the target amplicon. The primer and probe sequences
used to amplify the ITS2 region of M. anisopliae strain F52 are: F: CAG CCG TCC CTC AAA
TCA AT; R: GGG CTC CTG TTG CGA GTG T; Probe: 6FAM-TGG CCC TCC TCT GCMGB.
Quantification of experimental samples was done by comparing threshold cycle numbers
against a standard curves that were generated by running three replicates of serially diluted DNA
standards for each isolate (106 – 102) in each qt-PCR run. The DNA from 100 spores was
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considered to be the detection limit, which, considering the volume of DNA in each run, equated
to the equivalent of the DNA extracted from a single spore.

Sporulation of Cadavers
Forty dead flies from each bioassay treatment were collected to determine sporulation
rates for each isolate and dose. Dead flies were allowed to dry at room temperature for two weeks
in order to ensure that the internal moisture content was equivalent in all cadavers, and to prevent
flies from putrefying due to the growth of bacteria. Cadavers from individual treatments were
then placed into plastic cups with a saturated piece of filter paper and sealed with an airtight lid.
Cups containing flies were kept at room temperature and assessed for fungal growth after 7 days
using a stereomicroscope at 15X magnification. Individual insects were considered to have
sporulated if external growth of the appropriate fungus was present on the cadaver.

Statistical Analysis
House fly survival data were analyzed using Kaplan-Meier survival analysis (SPSS,
software version 18) with differences in median survival time between treatments at each dose
compared using the Log-rank test. A univariate general linear model (GLM) was constructed to
test for the effects of isolate, dose, time and whether or not the fly was alive or dead at the time of
sampling on the number of sequence copies quantified by qt-PCR analysis in flies treated with the
high dose of fungus. Maximal models containing all main effects and interactions were fitted
first, and, beginning with higher–order interactions, non-significant terms were sequentially
removed to generate a minimal model. The values for sequence copies were log-transformed
(log10(copies +1) to meet the assumptions of normality and homoscedasticity required for GLM
analysis. Live flies that were treated with the low dose of each fungus were found to have a
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number of sequence copies that were considered below the threshold of the qt-PCR assay
(roughly 80% of flies had counts of less than 100 sequence copies on the day of exposure) and
were, therefore, excluded from the analysis. Fresh cadavers from the low dose treated flies were
found to have quantifiable sequence copies, however, and were analyzed with a GLM to test the
effects of dose and fungal isolate on the number of sequence copies detected in dead flies by qtPCR analysis. The sporulation rate of infected cadavers between isolates and dose was tested
using a G test of independence.

Results

Fungal Virulence
Each of the isolates tested in this study proved to be pathogenic to house flies, but with
virulence varying between isolates and according to dose. The high dose of each fungal isolate
killed house flies significantly faster than the controls with no significant difference between the
oil or negative controls (Table 2-2, Fig. 2-1). At the high dose, both of the B. bassiana isolates
and MaF52 were similar in virulence, while Ma189 took roughly 60% longer to have the same
effect.
This same pattern of relative virulence was also seen in flies treated with the low dose but
with survival times over twice as long (Fig. 2-1). Both B. bassiana strains killed flies
significantly faster than controls, while MaF52 differed from the negative control treatment, but
not the blank oil control (in spite of the fact that negative and blank oil controls were not
themselves significantly different from one another). Survival of flies exposed to the low dose of
isolate Ma189 did not differ from either of the controls.
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Figure 2-1. Mean cumulative daily percent survival of house flies infected with A) the high
dose (1 x 109 spores/ml) or B) the low dose (1 x 107 spores/ml) of each fungal isolate.
Control flies were exposed to substrates sprayed with sterile oil (Oil Control) or
unsprayed substrates (Neg Control). Bars represent ± 1 SEM.
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Table 2-2. Effect of selected strains and dose of fungal isolates on survival time of adult M.
domestica. Median survival time in days (± SE) and 95%CI as determined by Kaplan-Meier
survival analysis. Different letters indicate significant differences in survival (p < 0.05).
a

No error or 95%CI is presented for this value because the survival of all flies in this dose was calculated at
exactly 50% at the end of the experiment.

High Dose

Low Dose

Strain

MST (±SE)

BbGHA
Bb5344
MaF52
Ma189
OilControl
NegControl

5.00 (±0.10)
5.00 (±0.08)
5.00 (±0.12)
8.00 (±0.20)
19.00(±0.98)

4.81-5.12
4.85-5.15
4.76-5.24
7.62-8.38
17.08-20.92

a
a
b
c
d

12.00 (±1.36)
15.00 (±0.64)
18.00 (±0.86)
21.00a
19.00(±0.98)

9.34-13.65
13.76-16.24
16.32-19.68
17.08-20.92

a
ab
bce
def
cdef

20.00 (±1.11)

17.83-20.17

d

20.00 (±1.11)

17.83-20.17

df

95% CI

MST (±SE)

95% CI

a

Fungal Growth Kinetics
In vivo fungal growth was found to vary according to isolate, the time point at which the
fly was sampled and whether the fly was alive or dead at the point of collection. There was a
significant main effect of isolate on the number of fungal sequence copies recovered (F = 8.74
3,220,

p < 0.001, Fig. 2-2). The Tukey post-hoc test revealed that the least virulent fungal isolate, as

determined by the survival bioassay (Ma189), produced fewer sequence copies (p < 0.001) than
either of the two B. bassiana isolates or MaF52 which produced roughly equivalent numbers of
sequence copies.
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Figure 2-2. Genome counts recovered from live and dead house flies treated with the high dose
(1 x 109 spores/ml) of each fungal isolate over the course of infection. Bars represent ± 1
SEM.

There was a significant interaction between the time at which the fly was sampled and the
condition of the fly at the time of sampling (i.e. alive or dead), on the number of fungal sequence
copies recovered from a fly (F = 3.14

3,220,

p <0.011). This result indicates that live flies had

significantly lower sequence copies than dead flies that were sampled on the same day. After
picking up spores from the exposure substrate, fungal counts dropped significantly after 48 hours.
At day four, there was then a significant increase in the number of sequence copies, with counts
rebounding to levels that were similar to the number counted at the initial pickup and remained at
this level as long as the fly was alive (i.e. once a fungus had fully established within a fly, there
was no evidence of continued fungal replication in live flies up until the point of death). Once a
fly died, however, the number of recovered sequence copies increased significantly (F = 114.80
3,220,

p <0.001) to 10-1000 fold the level seen in live flies within 24-48 hours. This result was
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consistent regardless of how long the fly lived; the first flies to die following infection had
roughly the same counts as flies that had died at the end of the experiment.
Although live flies that were treated with the low dose of each isolate had sequence copy
counts that were too low to include in the analysis of growth kinetics from the outset, counts rose
to measurable levels once the flies in this group had died. Similar to the results seen in high-dose
treated flies, the greatest number of fungal sequence copies was detected in flies infected with the
most virulent isolates (BbGHA, Bb5344 and MaF52), with significantly fewer sequence copies
recovered from cadavers of flies infected with the least virulent isolate, Ma189 (Fig. 2-3).
In dead flies, there was found to be a significant main effect of isolate on sequence copy
counts (F

3,170

= 11.455, p < 0.001). The Tukey post-hoc test revealed that sequence copy counts

from the most virulent isolates (BbGHA, Bb5344 and MaF52) were significantly higher than the
least virulent isolate, Ma189 (p < 0.001). There was also a significant main effect of dose on the
number of sequence copies recovered (F

1,170

= 81.087, p < 0.001) indicating that dead flies that

were exposed to the high dose of fungus had significantly higher sequence copy counts than flies
exposed to the low dose for each isolate (Fig. 4). The interaction between the isolate to which the
flies were exposed and the dose to which they were exposed was not significant (F 3,170 = 2.453, p
< 0.065), indicating that the isolates produced comparable sequence copy counts in each isolate
relative to dose.
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Figure 2-3. Genome counts recovered from dead house flies treated with either the high dose
(1 x 109 spores/ml) or low dose (1 x 107 spores/ml) of each isolate. Bars represent ± 1 SEM.

The sporulation of dead flies from the bioassays revealed that flies that were exposed
to the low dose of each isolate sporulated at a lower frequency than flies that had been exposed to
the high dose treatment (G = 26.186, d.f. = 3, p = < 0.0001). Flies treated with the high dose of
BbGHA and Bb5344 showed sporulation of 100% and 97.5%, respectively, while 73% of flies
exposed to Ma189 sporulated. In the low dose exposures, these rates were reduced to 67.5%, 65%
and 0%, respectively. Interestingly, none of the flies exposed to MaF52 sporulated in either the
high or the low dose treatments, even though this isolate is known to sporulated in other insect
hosts (Fig. 2-4).
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Figure 2-4. Proportion of sporulating flies treated with either the high dose (1 x 109 spores/ml) or
low dose (1 x 107 spores/ml) of each fungal isolate. n = 40 for each group

Discussion
All four fungal isolates were found to infect house flies and cause significant mortality
depending on dose. B. bassiana 5344 was originally isolated from M. domestica so its infectivity
to this species was not surprising. B. bassiana GHA and M. anisopliae MaF52 are well
characterized fungal isolates and have been shown to exhibit high levels of virulence against a
wide variety of insect pests, including house flies (Blanford et al., 2005; Castrillo et al., 2010; Liu
and Bauer, 2008; Lohmeyer and Miller, 2006; Shapiro-Ilan et al., 2008; Wraight et al., 2010).
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Ma189 proved to be the least virulent isolate to house flies and agrees well with previous
experiments that have used this isolate to challenge other hosts (Arthurs et al., 2003; Peveling and
Demba, 1997) including dipterans (Blanford et al., 2009). Ma189 may have evolved as a
relatively specialist pathogen of acridid grasshoppers and could have lost some plasticity to
successfully parasitize non-orthopteran hosts.
Although the initial pickup of spores by flies varied among the different isolates tested,
the general pattern of fungal growth was qualitatively similar among fungal isolates over time.
Following initial pick up of spores from the treated substrates, the number of sequence copy
counts decreased after 48 hours. At 4 days post-exposure, fungal sequence copy counts
rebounded to levels comparable to the number of fungal sequence copies initially picked up from
the exposure substrate and remained relatively stable at this level as long as the fly was alive.
Once the fly died, another phase of growth occurred, with sequence copy counts increasing 10 to
1000-fold. These data suggest rapid fungal growth either at the point of death, or shortly
following death, as no live insects (even those expected to die within 24 hrs) showed the high
numbers of fungal sequence copies observed in the fresh cadavers.
This same general pattern of fungal growth was reported in a study by Bell et al. (2009)
investigating infection of Anopheles mosquitoes with B. bassiana isolate GHA (referred to as IMI
391150 in Bell et al. 2009). In this recent study, mosquitoes picked up similar numbers of fungal
spores to the house flies during exposure and then exhibited a drop in fungal sequence copy
numbers over the following two days. There was then a slight increase in sequence copy counts,
followed by a relatively stable phase until around the time of mosquito death, at which point
sequence copy counts increased dramatically.
A possible mechanistic explanation for the observed growth kinetics is that insects pick
up a set number of spores during exposure but then experience a loss in fungal sequence copies as
spores get dislodged through grooming and/or succumb to effects of immune responses during
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initial stages of fungal penetration and infection (Butt et al., 1988; Gillespie et al., 2000). An
earlier study by Pendland et al. (1993) reported that blastospores of B. bassiana injected into the
hemolymph of Spodoptera exigua larvae were rapidly phagocytosed by circulating hemocytes.
Once in the hemocyte, however, major components of the cell wall, which are known elicitors of
insect immune responses, are shed, allowing the cells to replicate. This replication is consistent
with the recovery of sequence copy numbers observed after a few days. During this phase, the
fungus also produces immunosuppressive metabolites, which have been shown to prevent
granulocytes from recognizing and destroying circulating hyphal bodies (Hung and Boucias,
1992; Huxham et al., 1989). After sufficient time has elapsed to disable the cellular immune
response, walled hyphal bodies are produced and released from the hemocytes to complete the
infection process. This latter stage is expected to result in extensive multiplication of the fungus,
as observed.
Our results also agree well with an in vivo growth model proposed by Kershaw et al.
(1999), which argues that virulent isolates of M. anisopliae produce large amounts of toxic
metabolites that suppress the cellular response of the immune system. During this time, M.
anisopliae masks the epitopes on cell walls by producing a collagenous coat around hyphal
fragments (Wang and St. Leger, 2006). The period in which relatively little fungal growth was
detected in living house flies may thus be explained by the fungus “waiting” until the fly was
sufficiently immunosuppressed before initiating rapid vegetative growth.
Live flies treated with the low dose of each isolate had initial sequence copy counts that
were too low to be analyzed reliably. This result was unexpected but subsequent to the
experiments conducted in the current study, Bell et al. (2009) explored the efficiency of the spray
technique used to treat our exposure substrates and reported that >95% of spores were lost during
application, resulting in much lower doses than anticipated on the treated surfaces. Nonetheless,
with the most virulent isolates, significant increases in mortality were still observed relative to
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controls. Moreover, all fly cadavers analyzed from the low dose treatments revealed positive
infections using PCR and many exhibited external sporulation (with the exception of MaF52,
which we discuss below), indicating that exposures of <100 conidia per fly were sufficient to
cause infection.
As with the high dose exposures, fresh cadavers from the low dose treatments showed
high sequence copy counts, consistent with rapid fungal proliferation at, or immediately
following death. However, the numbers of fungal sequence copies were much lower than those
recovered from the high dose flies for all of the isolates. The reason for this difference in absolute
numbers is unclear. It is possible that the fungi would have gone on to achieve the same total
sequence copy number but because they were starting from a lower level, needed more than 48
hours post-death to do so. However, these data might also indicate that fungal replication is not
simply limited by the available resources in the host, and that the number of spores picked up
during the initial infection stage has an ongoing influence on overall growth. Alternatively, speed
of kill could play a role since the low dose flies all took longer to die. In particular, we found
significantly fewer sequence copies produced in flies infected with Ma189, which also proved to
be the least virulent isolate. The one inconsistency in this regard is MaF52, which although
relatively virulent and yielding high sequence copy counts, completely failed to sporulate at either
dose. The reason for this lack of sporulation is again unclear, but could possibly result from
cytotoxic effects of fungal destruxins on the insect midgut epithelium, allowing the release of
saprophytic bacteria that compete with the developing fungus (Vey and Quiot 1989).
In summary, all of the isolates used in this study proved to be pathogenic to house flies,
but virulence (i.e. effect on survival time) was shown to vary between isolates and to depend on
the dose the insect received upon initial exposure. Both strains of B. bassiana showed equivalent
high virulence, with Metarhizium strain MaF52 slightly less virulent and Ma189 least virulent.
More rapid speed of kill correlated with more extensive fungal replication; greater ‘intrinsic’
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virulence or higher doses increased fungal sequence copy numbers within the insect at death. In
spite of variations in virulence and absolute sequence copy numbers, the growth kinetics of the
different fungal species/isolates were qualitatively similar. While the exact virulence mechanisms
(e.g. variation in growth forms and production of toxic metabolites) are likely to differ between
isolates, the conserved patterns of growth are consistent with some kind of ‘sit and wait’ strategy
whereby extensive fungal proliferation is constrained until the host is either sufficiently
compromised or even dead. Extension to other host-isolate combinations would be valuable to
further explore the generality of these in vivo growth kinetics.
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Chapter 3 - House flies delay fungal infection by fevering – at a cost

Abstract
The progression of disease in cold-blooded organisms is strongly influenced by
environmental temperature, however, exactly what temperature an infected host experiences
during the course of infection depends on specific aspects of the local microclimate (e.g. whether
in the sun or shade, aquatic or terrestrial habitats etc.) as well as host behavior. Many ectothermic
species have evolved the ability to invoke a “behavioral fever” when infected with a pathogen; by
changing their behavior to exploit warmer microclimates, individuals can effectively raise their
body temperature above their normal thermal optimum. Although not an uncommon phenomenon
(and one clearly mirrored by fevers in warm-blooded organisms), the relative costs and benefits
of behavioral fevers have rarely been quantified. Here we report on a study investigating the
nature and consequences of behavioral fever in the house fly, Musca domestica, in response to
infection with the fungal entomopathogen, Beauveria bassiana. Flies were infected with the
pathogen and behavior and survival compared under constant temperature conditions vs.
conditions allowing active thermoregulation. We found that infected flies preferred higher
temperatures and allocated more time to thermoregulation than uninfected flies. This altered
thermal behavior allowed infected flies to significantly extend their survival, which allowed
females to lay more eggs relative to infected flies maintained under constant conditions.
However, fevering also imposed costs in terms of lowered egg viability and increased metabolic
rate. These results highlight the importance of understanding the interaction between the biology
and behavior of the host, pathogen and the environment in the ecology and evolution of ectotherm
host-pathogen interactions.
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Introduction
Fever, whether generated physiologically or behaviorally, is a highly conserved response
to infection that can be observed in most classes of animals, including endotherms and
ectothermic vertebrates and invertebrates (Kluger et al. 1996, Kozak et al. 2000). Despite this
prevalence, the adaptive value of fever has proven difficult to quantify, as it is difficult to
disentangle the therapeutic effects of hyperthermic body temperatures from the simultaneous
effects of associated physiological responses on fitness correlates such as survival and fecundity.
Insects are ideal models with which to study the cause and effects of fever on host fitness;
as ectotherms, their body temperatures are easily adjusted by environmental manipulation.
Additionally, when infected with certain pathogens or exposed to certain immune elicitors, many
insects will increase their thermoregulatory set point and respond by exploiting warmer
microhabitats in order to increase their body temperature above their normal thermal optimum,
resulting in a behavioral fever (Bronstein and Conner 1984, Boorstein and Ewald 1987, McClain
et al. 1988, Watson et al. 1993, Inglis et al. 1996, Adamo 1998, Blanford et al. 1998, Karban
1998, Blanford and Thomas 2001, Elliot et al. 2002, Campbell et al. 2010).
Several studies in insects have shown that temporary increases in body temperature via
fevering bestow fitness benefits to the infected organism by increasing survival time (Boorstein
and Ewald 1987, Watson et al. 1993, Elliot et al. 2005). Increases in host body temperature are
thought to negatively impact the infection process in at least two ways. First, the elevated fever
temperature might be sub-optimal/lethal for the infecting pathogen, thereby decreasing growth,
replication rates, and any associated production of toxic metabolites. Several experiments with
pathogenic bacteria and fungi have shown that in vitro growth and replication rates are reduced
when cultured at temperatures comparable to those of fevering ectotherms (Langeveld and
Cuperus 1980, Lenski and Bennett 1993, Inglis et al. 1996, Fernandes et al. 2008). Second,
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fevering may simultaneously enhance the efficiency of the host immune system, further limiting
the virulent effects of pathogen invasion. For example, (Ouedraogo et al. 2003) found that the
hemocytes of fevering locusts were more numerous and better able to phagocytose fungal
blastospores than those from non-fevering locusts. Exposure to high temperatures may also
enhance humoral immune function, such as rates of anti-microbial peptide production upon
microbial infection (Wojda and Jakubowicz 2007), there is also evidence that high body
temperatures may benefit arthropods by increasing the rates of apoptosis, a primary defense
against some viruses (Granja et al. 2003).
In contrast to these beneficial effects, fevering can impose costs on the host. As in
endothermic animals (Kluger 1996), maintaining a body temperature above the normal thermal
optimum has been shown to be metabolically expensive in ectotherms, and is associated with
both increased oxygen and food consumption (Lactin and Johnson 1995, Sherman and Stephens
1998), although this needs to be offset against many pathogens apparently suppressing feeding
behavior (Harper 1973, Johnson and Pavlikova 1986, Fargues et al. 1994, Arthurs and Thomas
2001, Blanford et al. 2005, Ondiaka et al. 2008, Sims et al. 2009). These energetic costs can
translate into a reduced capacity to perform basic behaviors, including flight and mate
competition, as well as reduced growth rates (Boorstein and Ewald 1987, Elliot et al. 2005). In
addition, as many terrestrial ectotherms thermoregulate by exposing themselves to solar radiation,
fevering might increase the risk of predation (Pianka and Pianka 1970, Knapp and Casey 1986,
Carruthers et al. 1992) while altering the time budgeted for other essential activities such as
feeding (Adolph and Porter 1993, Kilpatrick 2003).
The overall adaptiveness of fever, therefore, depends on the balance of a range of costs
and benefits. Here we present the results of a study investigating behavioral fever in house flies
(Musca domestica L.) in response to infection with the fungal entomopathogen Beauveria
bassiana (Balsamo) Vuillemin. The study begins with an exploration of thermal behavior of
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infected and uninfected flies using simple linear gradients to determine the effect of infection on
thermal set point selection. We then extend the approach to allow free-ranging thermal behavior
throughout the course of infection, enabling us to examine impacts of fever on a range of life
history traits. By quantifying fitness correlates such as fecundity and survival we demonstrate
both costs and benefits of fever, with the net effects likely dependent on the ecological context in
which they are played out.

Methods and Materials

Insects
M. domestica were reared under standard insectary conditions in an environmentally
controlled chamber kept at 27oC with a 12:12 hour light:dark photoperiod. Eggs were collected
by placing a small plastic soufflé cup containing larval diet (wheat bran, baker’s yeast, MannoPro™ calf feed supplement and water) directly into stock cages for ~ 1 hour. Roughly 300 mg of
eggs from the collected egg mass were seeded into 1.5 liters of the larval diet. Larvae were
monitored daily until pupation, at which time pupae were shaken from the surface of the larval
diet and placed into small plastic soufflé cups. The pupae were then placed into screened stock
cages (60 cm x 30 cm x 30 cm) to eclose into adults. Upon eclosion, flies were provided constant
access to food, consisting of a 1:1 mixture of dried milk powder and granulated sugar, and a
source of water, which was replaced every three days.
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Fungal Spores
Preparation of fungal spore suspensions was carried out following the protocol presented
in Bell et al. (2009) and Anderson et al. (2011). Briefly, dry spores of Beauveria bassiana (strain
GHA) were formulated in a mixture of mineral oils (20% Ondina: 80% Shel-Sol) and agitated for
30 seconds using a vortex mixer. Spore concentration was determined using an improved
Neubauer hemocytometer at 400X, and the volume of the suspension adjusted to yield 1 x 109
spores/ml. The formulation was then sprayed onto 9 cm circles of HP Color-Laser™ paper inside
a 0.25 m2 area on the back wall of a chemical fume hood at a rate of 20 ml/m2 using a hand-held
airbrush. Care was taken to move at a constant speed and distance relative to the spray surface
during the application process to insure even coverage of spores on each paper substrate. The
treated paper circles were carefully fitted into the lids of 90 mm petri dishes and left in the hood
to dry overnight.

Infecting flies with Beauveria bassiana
Two days after the onset of eclosion, flies were removed from the stock cage using a
battery-powered aspirator, briefly anesthetized using CO2, and placed approximately 10 cm
below a block of dry ice to keep them chilled, enabling manipulation of individual flies into
treatment dishes. Flies were infected with fungal spores by enclosing them in petri dishes
containing the treated paper substrates for four hours. For each experiment, an equivalent number
of flies were exposed to unsprayed filter paper to serve as controls, as exposure to formulating oil
has been shown to have no effect on fly mortality (Chapter 2).
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Experiment 1 – Thermal Preference on Linear Gradients
Following exposure, we investigated the thermal set point selection of flies using linear
thermal gradients. The thermal gradient surface comprised an aluminum sheet (60 cm long x 20
cm wide x 0.5 mm thick) with the last 10 cm of each end bent downward at a 90o angle. One end
was placed into a hot water bath (70º C) while the other end was placed into an ice bath (2 ºC). A
40 x 20 x 5cm piece of polystyrene foam was placed under the aluminum sheet, between the
bends, to promote a stable gradient (Fig 3-1A). A plexiglass runway (15.5 cm x 33 cm x 1 cm)
was constructed with 15 separate 1-cm wide channels to contain individual house flies. A 1 cm
gap was left in the center of the runway lid to add and remove flies from each channel. Holes (1.5
mm diameter) were drilled into the lid at 2 cm intervals along each channel to allow the escape of
warm air generated by the gradient surface (Fig. 3-1B). A strip of tape was adhered to the long
edges of each channel to prevent flies from receiving visual cues from adjacent flies. Once stable
(~30 minutes), the temperature of the entire gradient surface was ‘mapped’ using a fine-wire fastresponse digital thermocouple (Omega Inc. Model HH11). By measuring the temperature at onecentimeter increments from the hot end of the gradient, a relationship between temperature and
position on any point on the gradient could be described by the polynomial regression:
Temp = 0.0106 (x2) - 0.6723(x) + 32.66; R2 = 0.9958, where ‘x’ is the distance from the
hot edge of the gradient to the center of the fly’s scutum.
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Figure 3-1. Side view (A) and top view of runway (B) of linear thermal gradient. Flies were
placed into each lane of the runway for 2 hours daily, and their position recorded every 10
minutes.

Linear gradient assays were done on the lab benchtop at room temperature (~25° C).
Infected and uninfected flies were anaesthetized with cold and placed alternately into the runway
channels. Flies were restricted to the inner 13 channels to ensure all were laterally insulated by at
least one channel. This allowed 6 or 7 flies from each treatment to be assayed within a single run.
Flies were left to recover for 15 minutes and then their position on the gradient was recorded at
10 minute intervals for 2 hours using a digital camera (Canon Powershot™, model A620).
Temperature selected by each fly at each time point was estimated using the polynomial
regression given above. One 2-hour run was completed daily for 5 days, with the gradient
disinfected with 70% ethanol after each run.

Experiment 2 – Free-ranging Thermal Behavior in Gradient Boxes
The linear thermal gradients provide snap-shot measures of thermal preference. In order
to observe and measure the effect of free-ranging thermoregulatory behavior over the entire

70
course of infection, we employed thermal gradient boxes consisting of a wood-framed box (30 x
30 x 15 cm) enclosed on four sides with fiberglass screening. The front of the box was sealed
with a plexiglass sheet, while the back was sealed with a piece of sheet aluminum (0.5 mm thick)
to provide the gradient surface. A metal soup can (12.5 cm height x 7.5 cm diameter) was adhered
to the center of the outside surface of the aluminum sheet with clear silicone sealant. A 60-watt
incandescent light bulb was placed into the can and packed with aluminum foil to prevent the
bulb from shifting. A continuous dimmer switch was spliced into the power supply for each light
bulb, which allowed fine tuning of heat output. The heat provided to each gradient was then
adjusted to provide a temperature profile as depicted in Figure 3-2. All boxes were housed in a
Percival growth chamber maintained at a constant 26°C and 12:12 hour light: dark photoperiod.

A

B

Figure 3-2. Schematic of thermal gradient boxes showing side view of gradient box (A)
and temperature profile of thermal gradient surface (B).

To characterize the heat distribution of the gradient surface, the temperature at the center
point of the gradient was allowed to stabilize to 50º C, and the temperature measured in onecentimeter increments to the edge of the gradient at 0, 45, 90, 135, 180, 225, 270, and 315
degrees from the vertical. Upon providing power, gradients stabilized in roughly 5-10 minutes.
From these measurements, we derived a polynomial regression to predict temperature from any
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point on the gradient (Fig. 3-3). During the course of the experiment, the temperature of each box
was checked daily to insure that each gradient provided an equivalent pattern of heat.

Figure 3-3. – Polynomial regression equation used to predict temperature from distance of fly to
the center of the gradient

To characterize the influence of infection on thermoregulatory behavior, 125 house flies
of mixed sex were exposed to spores as described above and released into a thermal gradient box
after. Equivalent uninfected controls were housed in a second gradient box. Starting the day after
infection, heat was supplied to the thermal gradients for six hours per day, starting two hours after
the onset and ending four hours prior to the end of the daily photophase in order to mimic the
thermal environment created by daily solar heating. Every ten minutes during the six-hour heating
period, the position of flies on the gradients was recorded using a digital camera (Canon
Powershot™, model A620). These recording were taken for six days. Images were then imported
into ImageJ (version 1.43), where the position of each fly (distance to the center point of the
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gradient) and the number of flies on the gradient were recorded. Those flies not on the gradient
surface (i.e. resting elsewhere in the box) were at ambient conditions.

Experiment 3 – Effects of Thermoregulation on Survival and Reproduction
To complement the detailed observational study on thermal behavior in the gradient
boxes, we examined the effects of thermoregulation on housefly survival and reproduction. Six
replicates of 100 house flies (sex ratio 1:1) were exposed to either treated, or sterile paper
substrates for four hours (n = 50 insects per dish, separated by sex). Following exposure, flies
were released directly into thermal gradient boxes, half of which were supplied with heat as
described for Experiment 2 above, while half were maintained at ambient 26ºC. Treated and
untreated flies were split between heated and unheated gradient boxes resulting in a complete
block design of 3 replicates per treatment.

Egg Collection
Starting the day after exposure, oviposition cups were placed in each thermal gradient
box to collect eggs. Oviposition cups were constructed by packing a coiled length of saturated
paper toweling (~1.5 cm fold width) loosely on top of roughly 15 ml of larval diet in a plastic
soufflé cup. One milliliter of sour condensed milk was also applied to the surface of the paper
towel to encourage oviposition.
Oviposition cups were placed into each gradient box two hours before the end of the
daily photophase, and removed 2 hours after the onset of photophase the following day, providing
ample time for oviposition. This method was found to be ideal for collecting eggs; female flies
were able to insert their ovipositors between the coils of the saturated paper towel to lay their
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eggs without reaching the layer of larval diet, and the eggs were kept moist and viable. Eggs were
easily recovered from the cups by uncoiling the towel and rinsing the eggs off with room
temperature tap water.

Egg Counting and Viability
Eggs from each oviposition cup were rinsed directly from the paper towel into plastic
soufflé cups with room temperature tap water. Cups were then sealed with a lid and gently shaken
to break up clumps of eggs. The water containing the eggs was then poured into a petri dish,
which was placed under a dissection microscope. One hundred individual eggs were removed
using a glass Pasteur pipette and placed into a petri dish containing a 90 mm circle of black filter
paper (Whatman, Inc.). Dishes containing eggs were sealed with parafilm and immediately placed
into the environmental chamber used to house the treated adult flies. After 48 hours, empty
chorions were counted using a dissection microscope and recorded. Any egg that had not hatched
by this time was considered unviable.
The remainder of eggs was counted volumetrically using a modified 0.05 ml insulin
syringe. The tip of the syringe was removed using a razor blade and covered by several layers of
stretched nylon mesh. The entire sample of preserved eggs was drawn up into a disposable pipette
and transferred into the syringe barrel. The settled egg volume was then measured using the
graduations on the side of the syringe.
The total number of eggs was estimated using linear regression. Three replicates of 200,
400, 600 and 800 eggs were counted directly and measured using the volumetric method. The egg
number to volume relationship was described by:

Total eggs = (146.04 * volume of eggs) - 83.241, R2 = 0.932
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Eggs that measured less than 1 unit (10 µl) in volume were counted individually under a
dissecting scope at 30 X magnification.

Fly survival
At the onset of the photoperiod each day, dead flies were removed from each gradient
box, sexed and recorded. The number of living females in each gradient box was used to estimate
the daily egg production per female in each replicate.

Sporulation of cadavers
Dead flies were placed into separate soufflé cups each day according to treatment. Flies
were allowed to dry for at least three days to prevent cadavers from putrefying and interfering
with sporulation. A small filter paper disc saturated with water was then placed with the cadavers
and the cup was sealed with a lid. After five days, the cadavers were examined for fungal
sporulation using a dissection microscope at 15x magnification.

Statistical Analyses
House fly survival data were analyzed using Kaplan-Meier survival analysis (SPSS,
software version 19) with differences in median survival time between treatments compared using
the Log-rank test. Student’s t-tests were used to analyze preferred temperature of flies on both the
linear and radial gradients, for each day. The proportion of sporulating flies, and fly fecundity
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was analyzed using a General Linear Model (GLM) that included the infection status (Fungus),
access to thermal gradients (Heat) and the interaction between these terms as fixed factors. The
fecundity of the flies was measured as the total number of eggs and the total number of viable
eggs produced per replicate, divided by the initial number of females present in each replicate (n
= 50). The number of viable eggs was estimated by multiplying the daily egg production by the
hatch rate of eggs collected on that day. Significant interactions for all dependent variables were
broken down by analyzing the effect of fungal infection for each level of thermoregulation.

Results
Experiment 1 – Thermal Preference on Linear Gradients
The daily mean preferred temperature of house flies on the linear gradients is shown in
Figure 3-4. Fungal infected flies tended to select higher temperatures than control flies, with the
difference significant at day 4 and 5. Overall mean temperature on these days was 40.9 ± 0.1for
infected flies and 38.7 ± 0.7 for controls. These results indicate a shift in preferred set point body
temperature of infected flies, consistent with a behavioral fever response.
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Figure 3-4. Average temperature preferred by infected and uninfected house flies over a two-hour
period during the course of B. bassiana infection. Asterisks represent significant difference
between treatment groups (p < 0.05). Bars represent ± 1 SEM.

Experiment 2 – Free-ranging Thermal Behavior in Gradient Boxes
The day after exposure there was no difference in temperatures selected on the gradient
by treated and control flies, although a smaller proportion of treated flies were found basking on
the gradient surface. However, from day 2 onwards a consistent pattern emerged with treated flies
both spending a greater proportion of time on the heated gradient and selecting hotter
temperatures when on the gradient, than control flies (Table 3-1, Fig. 3-5). These results are again
consistent with a behavioral fever response due to infection, with not only a shift in preferred set
point temperature but also greater investment in active thermoregulatory behavior.
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Table 3-1. Mean (± SE) preferred gradient temperature and the proportion of surviving flies on
the gradient over the course of infection between infected and uninfected flies. p values reflect
individual t-test values after Bonferroni correction.

Day
Day
Day
Day
Day
Day

1
2
3
4
5
6

Mean
Preferred
Temperature ± SEM

Gradient

Mean
Proportion
on Gradient ± SEM

Infected
36.8±0.8
38.1±0.6
39.1±0.6
40.0±0.6
38.9±0.3
39.2±0.6

p value
0.0830
0.0001
0.0024
0.0014
0.0014
0.0018

Infected
0.27±0.01
0.25±0.01
0.22±0.01
0.16±0.01
0.21±0.01
0.18±0.01

Control
35.0±0.3
33.8±0.3
36.3±0.4
36.4±0.6
36.6±0.4
35.8±0.6

Control
0.36±0.01
0.21±0.01
0.11±0.01
0.11±0.01
0.11±0.01
0.12±0.01

of

Flies

p value
<0.0001
0.0026
<0.0001
0.0005
<0.0001
<0.0001
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Figure 3-5. Thermoregulatory behavior of both infected and uninfected house flies in thermal
gradient boxes. A) Mean preferred gradient temperatures of infected and control flies over the 6hour daily heated period. Each data point represents the mean gradient temperature preferred by
flies resting on the gradient, averaged over the course of one hour. Bars represent ±1 SEM. B)
Mean proportion of flies on the gradient surface at each time point over the six-hour daily heated
period. Each point represents mean number of house flies basking on the gradient at ten-minute
intervals during the 6-hour period in which the gradient was heated each day.

Experiment 3 – Effects of Thermoregulation on Survival and Reproduction

Fly Survival
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Fungal infection caused significant reductions in survival (Table 3-2; Figure 3-6). The
ability to actively thermoregulate and generate fevers reduced the rate of mortality, with the
survival benefit most marked in female flies. However, active thermoregulation and fever did not
prevent fungal-induced mortality overall. There were no apparent effects of thermoregulation on
control survival.

Table 3-2. Median survival time (days ± 1 SEM) and 95% CI for male and female flies
according to treatment. Different letters indicate significant differences in survival according to
Log-rank test (p < 0.05) * Population did not drop below 50% survival over the 14-day period in
which the study was conducted.
Treatment
Fungus/Heated
Fungus/Unheated
Control/Heated
Control/Unheated

Males
MST±1SEM
6 ± 0.2 b
5 ± 0.1 a
14 ± 0.3 d
15 ± 0.0 d

Females
95%CI
MST±1SEM
95% CI
5.63-6.34 7 ± 0.3 c
6.44-7.56
4.76-5.24
5 ± 0.1 a
4.75–5.25
13.15-14.85 * e
*e
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A

B
Figure 3-6. Cumulative mean proportional survival of female (A) and male house flies (B) in
each treatment. T+H – Infected, heated gradient; T-H – Infected, unheated gradient; C+H –
Uninfected, heated gradient; C-H – Uninfected unheated gradient. Bars represent ±1 SEM.
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Cadavers from flies exposed to heated gradients sporulated at significantly lower rates
than flies maintained under ambient conditions (85.7 vs 89.7%; F1,8 =5.34, P = 0.05).), indicating
some fitness costs to the fungus as a result of host thermoregulation.

Female Fecundity
Fungal infection caused a significant reduction in both the total number of eggs (F1,8 =
48.44, p <0.001) and number of viable of eggs (F1,8 = 48.88, p <0.001) produced per female over
the course of the experiment (Figure 3-7). There was no main effect of thermoregulation on
fecundity overall, nor any effect on fecundity of just the uninfected flies (F 1,8 = 1.550, p = 0.248).
However, there was a significant interaction between fungal infection and thermoregulation with
respect to total egg production (F1,8 = 11.25, p <0.01). Simple effects analysis revealed infected
flies that could thermoregulate produced roughly twice as many eggs as infected flies maintained
under restricted ambient conditions (F 1,8 = 12.239, p = 0.008; Fig. 3-7).

Figure 3-7. Interaction plot showing overall female fecundity in terms of total egg production
(solid lines) and the number of viable eggs produced (dashed lines) per female in infected
(triangles) and uninfected (squares) treatments. Bars represent ± 1 SEM.
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In contrast, the interaction term between heat and infection was not significant with
respect to the number of viable eggs produced per female (F = 3.67 1,8 , p = 0.092), indicating that
the fungal-induced reduction in number of viable eggs was consistent between thermal
treatments. This effect resulted in roughly equivalent numbers of viable eggs being produced by
infected flies irrespective of thermal treatment (Fig..3-7).

Discussion
Our initial investigation using linear thermal gradients revealed that house flies invoke a
behavioral fever when infected with Beauveria bassiana. Starting on the fourth day after
infection, infected flies preferred temperatures roughly three degrees higher (~41° C) than
uninfected flies (38°C). This behavior was also confirmed by freely thermoregulating flies in
thermal gradient boxes; in addition to preferring higher temperatures, infected flies were found to
frequent the gradient surface in greater proportions than uninfected flies.
Because of the time required for B. bassiana to germinate, penetrate the cuticle and
invade the host hemolymph, infected flies may not have been stimulated to fever until several
days after exposure. This delay in fever behavior is similar to that found by Inglis et al. (1996) in
locusts infected with this isolate. Alternatively, because the flies used in this study had recently
eclosed, they may have spent more time on the thermal gradient, albeit at lower temperatures, in
order to increase their rate of sexual maturation or gamete production, regardless of infection
status. It has been shown in several species of insects that the rate of maturation is positively
correlated with temperature (Elvin and Krafsur 1984, Zhou et al. 2000). This behavior may have
therefore masked the effect of onset of fever behavior in infected flies.
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In the thermal gradient boxes, infected flies exhibited a relatively consistent daily pattern
in their thermoregulatory behavior, preferring the highest temperatures (40-42ºC) during the first
hour of each daily heating period and gradually moving to cooler areas of the gradient (35-38ºC)
near the end of the heating period. In comparison, uninfected flies did not exhibit this pattern and
were found to prefer cooler areas of the gradient (33-38ºC) over the course of the entire heating
period (Fig. 3-5).
The general pattern of fever seen in infected flies may be explained by the influence of
fever temperatures on fungal growth and/or associated metabolite production. Upon detection of
the fungus by the fly immune system, the fly will invoke a behavioral fever, thereby imposing a
sub-optimal thermal environment on the growing fungus. These temperatures may slow or halt
fungal growth or metabolite production, prompting the fly to seek cooler temperatures.
Overnight, when the fly is not able to thermoregulate, the fungus may again present fever elicitors
and the same behavioral pattern is repeated again at the onset of the next heating period.
The survival time of house flies infected with B. bassiana was significantly shorter than
controls, regardless of their thermal regime, but flies that were provided the opportunity to
thermoregulate extended their survival roughly 1-2 days longer than infected flies that were kept
in unheated gradients. Although sex-specific behaviors were not recorded in this experiment,
infected females were able to extend their median survival time a full day longer than males in
heated gradients. This may be a consequence of males spending less time basking than females,
as males were observed to spend much of their time attempting to copulate.
Sporulation rates of infected flies were high, indicating good pick up of spores from the
exposure substrates. Infected flies that were provided access to a heated gradient sporulated at a
marginally lower rate than infected flies kept on unheated gradients and this pattern was
consistent even in flies that were inadvertently infected. These results contrast with Inglis et al.
(1996) where it was shown that infected grasshoppers that were allowed to freely thermoregulate
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to similar temperatures and durations as provided to house flies in this experiment, were able to
significantly reduce sporulation rates. These results may differ due to the route of infection
(grasshoppers were fed lettuce disks coated with an oil formulation of conidia) or dose, as insects
in this experiment were inoculated with ~100 conidia per insect. In contrast, house flies were
infected by exposing them to paper surfaces treated with a concentration of 1 x 109 spores per
milliliter, resulting in roughly 1x104 conidia deposited onto the cuticle of each fly, as determined
by qt-PCR (Bell et al. 2009).
Female flies that were infected with B. bassiana produced significantly fewer eggs than
uninfected flies, regardless of their opportunity to thermoregulate. However, the extended
survival afforded by thermoregulation enabled infected female house flies to lay eggs four days
longer than infected flies that were denied the opportunity to fever, resulting in roughly twice as
many eggs laid per female. While this at first appears to be a fitness benefit, the proportion of
viable eggs produced by fevering females was significantly lower than in any other treatment,
resulting in roughly equivalent numbers of viable eggs produced between each group of infected
flies.
It has been shown in both invertebrates and vertebrates that exposing developing embryos
to high temperatures, even for relatively short periods of time, can have teratogenic effects
resulting in morphological defects and reduced natality (Arora et al. 1979, Warkany 1986,
Eberlein and Mitchell 1987). For example, in a study investigating the effects of heat shock on
developing Drosophila embryos it was found that exposing recently deposited eggs to 42ºC for
only 15 minutes caused a significant reduction in eclosion rates (Eberlein 1986). In the current
study, infected female house flies were found to prefer similarly high temperatures for the first
hour of each daily heating period (40-42ºC), possibly leading to developmental defects during
oogenesis or while the eggs were residing in the ovaries, waiting to be deposited.
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These results indicate that thermoregulation provided putative fitness benefits to infected
flies in the form of extended survival and greater egg production. However, thermoregulation also
imposed costs in terms of reduced egg viability, resulting in roughly equivalent numbers of viable
eggs being produced between groups of infected flies, regardless of their opportunity to fever.
While this could be interpreted as behavioral fever providing no net fitness gain, it is important to
place these results in the context of the ecology of the specific host-pathogen interaction being
explored.
House flies use ephemeral, patchy resources such as animal excrement and other
decaying organic matter in which to deposit their eggs. Competition for these resources between
individual larvae is often austere; it has been shown that intraspecific competition is one of the
major causes of larval house fly mortality (Lam et al. 2007). Fevering may therefore benefit
female flies in that they are able to distribute more eggs over time (and in different oviposition
sites) rather than partition a large number of eggs into fewer sites, although this will be
undoubtedly be mediated by the quality and dispersion of larval resources, environmental
conditions, and competition pressure from other species (Heard and Remer 1997).
Additionally, while behavioral fever has generally been shown to benefit the host by
increasing the survival of infected individuals, the invocation of fever and any associated benefits
are dependent on the agent causing the infection. For example, the domestic field cricket Achaeta
domesticus only invoked a behavioral fever when infected with Rickettsia grylli, but not when
infected with the bacterium Serratia marcescens, gregarine gut parasites or Tachinid fly larvae.
Forcing crickets to fever under these challenges did not increase cricket survival nor reduce the
numbers of those parasites that did not initiate a fever response (Adamo 1998).
The current study confirms that house flies are able to increase their survival by invoking
a behavioral fever when infected with Beauveria bassiana, which is similar to what has been
observed in flies infected with the fungal pathogen Entomophthora muscae (Watson et al. 1993,
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Kalsbeek et al. 2001b). This is not surprising, as although E. muscae and B. bassiana are
phylogenetically disparate species, both species possess cell wall components (ß -1,3 glucans)
that are recognized by the insect immune system, resulting in the expression of behavioral and
physiological immune defenses (Latge and Beauvais 1987, Gillespie et al. 1997, Bundey et al.
2003, Tartar et al. 2005).
However, in contrast to the studies done with house flies infected with E. muscae
(Watson et al. 1993), the sporulation rates between the cadavers of flies infected with B. bassiana
in this study were similar, regardless of whether they were given the option to thermoregulate.
While differences in infection methods and the dose received by individual insects cannot be
ruled out, this disparity may be explained by differences in the thermal tolerances of the two
fungal species. The optimal growth temperatures for E. muscae and B. bassiana are roughly
equivalent at between 25-29°C (Eilenberg 1987, Inglis et al. 1996). However, the critical thermal
limit (the point at which heat stress causes damage to developing cells), appears to be greater for
both vegetative and reproductive forms of B. bassiana than for entomophthoralean fungi. Studies
investigating the ecology of E. muscae in the onion agroecosystem revealed a maximum thermal
limit for spore germination of 32°C (Carruthers and Haynes 1986), while vegetative protoplasts
of E. grylli, a congener of E. muscae that infects Orthopteran hosts, have been shown to exhibit
morphological defects and cell lysis when cultured in vitro at 35°C (Firstencel et al. 1990). Past
studies have found that house flies in the early stages of E. Muscae infection will fever well
above these temperatures (42º C), indicating that flies may be able to prevent or delay the
germination of E. muscae, and potentially clear the vegetative stages of the infection (Watson et
al. 1993).
In comparison, B. bassiana GHA has shown to have a much higher thermal tolerance. In
a study comparing the thermotolerance of different isolates of B. bassiana, over 50% of B.
bassiana (GHA) conidia were found to retain the ability to germinate after being held at 43 ºC for
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6 hours (Fernandes et al. 2008). This range has also been confirmed in vivo with bioassays using
the grasshopper Melanoplus sanguinipes where this isolate was still able to grow and cause the
mycosis of infected grasshoppers held at 40ºC for 2 hours per day, although at reduced rates
(Inglis et al. 1996). Therefore, although fevering flies were not able to fever high or long enough
to clear the infection, they were clearly maintaining temperatures above the thermal optimum of
B. bassiana, resulting in a delay of pathogenic effects.
The relatively close association between higher flies such as M. domestica and E.
muscae, and the apparent effectiveness of fever in mediating infection, has imposed a strong
pressure on house flies to evolve a behavioral fever upon fungal immune challenge. For example,
house flies collected from animal units have shown to have infection prevalence of E. muscae at
levels up to 60% (Mullens et al. 1987, Steinkraus et al. 1993, Six and Mullens 1996), while only
0.86% of flies collected from New York dairy farms were infected with B. bassiana at similar
times of the year (Steinkraus et al. 1990). Because both E. muscae and B. bassiana present the
same class of immune elicitors to the fly immune system, flies infected with these fungi will be
stimulated to fever, even though the pathogenic effects will only be delayed and not eliminated in
B. bassiana infections due to the higher thermal tolerance of this species.
In summary, this is the first study to observe that house flies will invoke a behavioral
fever when infected with B. bassiana, a behavior that has been previously observed in house flies
infected with the fly-specific entomopathogen Entomophthora muscae. Infected flies benefited
from fevering in that those provided the opportunity to thermoregulate were able to significantly
extend their survival and egg production over infected flies that were denied this opportunity.
However, egg viability in fevering flies was significantly reduced, resulting in a similar number
of viable eggs being produced between both infected groups, regardless of thermoregulation.
These results highlight the importance of considering the specific ecology of the host and the
parasite when exploring the costs and benefits of immune responses on host fitness.
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Chapter 4 - Behavioral Fever in House Flies is Adaptive in Both Evolutionary
and Behavioral Time

Abstract
Fever has generally been shown to benefit infected hosts by increasing survival time,
however the act of fevering is an energetically costly and potentially risky investment. While
endotherms are able to limit fever costs physiologically, the means by which ectotherms
behaviorally constrain these costs are less understood. Here we present a study that investigated
the behavioral fever response of house flies (Musca domestica L.) challenged with different doses
of the fungal entomopathogen Beauveria bassiana and permitted to freely thermoregulate over
the course of infection. Infected flies were found to invoke a behavioral fever, the degree of
which was positively correlated with dose. However, the duration of daily fever, while longer
than uninfected flies, was not significantly different among infected flies. Moreover, both
uninfected flies and cultures of B. bassiana were shown to suffer fitness costs when subjected to
simulated fly fever temperatures. The results of this study demonstrate that, similar to other innate
immune responses, insects are able to tailor their behavioral fever response according to the
intensity of infection.

Introduction

Fever, whether generated physiologically or behaviorally, is a highly conserved innate
immune response observed in both endothermic and ectothermic vertebrates and invertebrates
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(Kluger 1979). In many organisms fever temperatures serve to increase host fitness upon
infection by decreasing the rate of pathogen replication (Toms et al. 1977, Small et al. 1986,
Inglis et al. 1996, Ouedraogo et al. 2003), and/or increasing the efficiency of the immune system
(Roberts 1991, Hanson 1997, Ouedraogo et al. 2002, Blatteis 2003, Park et al. 2005). However,
even relatively brief increases in body temperature caused by fever can also impose significant
costs on the host, with effects including interruption of tissue function and development (Arora et
al. 1979) and energetic costs incurred via Q10 effects on metabolism and synthesis of chemical
moieties such as effector molecules and heat shock proteins (7, 8). In the case of terrestrial
ectotherms, which are primarily heliothermic, acquiring and maintaining fever temperatures
requires that significant effort be devoted to basking, and thus may detract from time normally
allocated to feeding, mating, territory defense and predator evasion (Huey and Slatkin 1976,
Carruthers et al. 1992, Kilpatrick 2003). In order to limit these costs, theory predicts that
organisms should invest in fever according to the level of immune challenge.
Although fever in ectotherms has been well documented, the majority of studies have
focused on either exploring the mechanisms of fever by treating subjects with pharmacological
probes, pathogens or immune elicitors (Casterlin and Reynolds 1977, Bronstein and Conner 1984,
Ramos et al. 1993, Watson et al. 1993, Burns et al. 1996, Adamo 1998, Deen and Hutchison
2001, Bundey et al. 2003), or investigating the net benefits of fever by quantifying fitness
correlates such as survival and fecundity in fevering and non-fevering hosts (Boorstein and Ewald
1987, Elliot et al. 2002, Elliot et al. 2003, Elliot et al. 2005). While these studies have added
insight into the mechanics and putative adaptiveness of fever, relatively few studies have
provided observations detailing how freely thermoregulating ectotherms behaviorally manage
fever throughout the course of infection.
We have previously shown that house flies generate a behavioral fever when infected
with a lethal strain of the entomopathogenic fungus, Beauveria bassiana (Chapter 3). In this
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system, fevering did not clear infection completely but was shown to nominally benefit fly fitness
by reducing pathogen virulence, by extending fly survival and enabling infected females to lay
more eggs over their lifetime. However, fevering flies were also shown to incur costs in the form
of decreased egg viability. It can also be assumed that, as seen in other ectotherms, fever
temperatures increased fly metabolic rate, resulting in a more rapid depletion of energetic
resources (Blatt and Roces 2001). In order to balance these costs and benefits, we hypothesize
that infected flies should adjust their fever behavior in accordance with the level of infection. To
test this hypothesis, we explored how fungal dose affects the thermoregulatory behavior of
individual house flies. In addition, the results presented here add to the previous study of costs
and benefits of fever by quantifying the direct effects of fever temperatures on fly survival and
pathogen growth independent of infection.

Materials and Methods

Infecting and Marking House flies
Beauveria bassiana spore formulations were prepared by suspending dry, pure spore
powder into a mixture of mineral oils (80% Shel-Sol: 20% Ondina oil) according to Anderson et
al (2011). Spore concentrations for each formulation were counted using an improved Neubauer
hemocytometer and the volume adjusted until the desired concentration was obtained. Spores
were shown to have germination rates of over 90% as assessed by plating on Sabouraud Dextrose
Agar (SDA). We used two spore concentrations, which we refer to as the high (5 x 108 spores/ml)
and low dose (1 x 108 spores/ml). Spores were applied to paper substrates (9 cm diameter disks of
color photocopy paper) using an artist’s airbrush sprayer at an equivalent rate of 20 ml/m2.
Substrates were dried overnight at room temperature before flies were exposed.
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House flies were maintained under standard insectary conditions at 27ºC, under a
12L:12D photoperiod. Within 12 hours of eclosion, individual female flies (n = 75) were
anaesthetized with cold, and assigned unique color codes by marking them with a small dot of
non-toxic enamel paint on both wing bases and the scutum, which enabled the identification of
individual flies. Once dry, 25 flies were immediately exposed to each fungal spore treatment by
enclosing them in petri dishes with the treated paper substrates for four hours. Control flies were
treated identically, although exposed to unsprayed substrates.

Thermal Gradient Boxes
After infection, flies were immediately placed in thermal gradient boxes (TGBs). Each
TGB consisted of a 30x30x15 cm wood-framed box, sealed on all sides by fiberglass screening
except for a small flap, which was held in place with magnetic tape to allow the changing of food
and removal of dead flies. The front of the each TGB was covered with a 30 cm2 plexiglass sheet,
while the back was covered with a 30 cm2 piece of aluminum sheet metal (0.5 mm thick ) to serve
as the gradient surface. A metal soup can was used to house a 60 W light bulb that was adhered to
the center of the sheet metal back. A continuous dimmer switch spliced into the power cord
allowed finely tuned adjustments to heat output. The day prior to placing house flies in the
gradient box, TGB’s were placed in a growth chamber to maintain an ambient temperature of 26
ºC, and the temperature of each gradient box was adjusted so the center of each box stabilized at
50º ±0.2 C. The pattern of heat dispersion was then characterized for the gradients by measuring
the temperature of the gradient surface at 0, 45, 90, 135, 180, 225, 270 and 315 degrees from the
vertical at 1 cm increments from the center. Using these data, the temperature for a given point on
the thermal gradient surface could be estimated using polynomial regression:
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Temperature = -0.0023x4 + 0.0746x3 – 0.7039x2 + 0.2379x+48.57
R2=0.98

Where x = the distance from the fly to the center of the gradient

The day after fungal exposure, heat was supplied to each gradient box for six hours daily
(8 am–2 pm) starting two hours after the onset and ending four hours before the end of each daily
photoperiod. The heat output for each gradient was checked daily within 5-10 minutes of the
onset of the heating period to insure that all gradients were providing equivalent amounts of heat.
Flies were provided access to food (a 1:1 ratio of powdered milk and granulated sugar) and water
ad libitum over the course of the experiment.

Thermoregulatory Behavior
The position of each fly was recorded by taking digital pictures of the gradient surface
every ten minutes for the entire six-hour heating period, resulting in a total of thirty-six pictures
of each gradient per day. Images were analyzed by importing them into ImageJ version 1.38x
(NIH). After calibrating the measurement tool to a known distance (1 cm) in each digital picture,
the distance from each fly to the center point of the gradient was measured and used to estimate
fly temperature using polynomial regression.

Direct effects of fever temperatures on host and pathogen
Determining the direct effects (costs) of fever is complicated in an actual
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infection since host fitness measures are impacted by disease. Similarly, pathogen growth is
impacted not only by temperature but also by elements of host immune function. In order to
discriminate effects of elevated temperatures from effects of disease we compared the survival of
uninfected flies exposed daily to fever temperatures with flies maintained at constant ambient
temperature. Individual female house flies (n = 15 in each treatment) were placed into 50 ml
falcon tubes, which were modified to allow the flies constant access to a 10% sucrose solution.
Flies in the fever treatment were kept in a Percival growth chamber that was programmed to ramp
the temperature from 26 to 38 ºC over 15 minutes and linearly decrease back to 26 ºC over six
hours. Flies in the non-fever treatment were kept in an identical growth chamber and maintained
at a constant 26 ºC. These contrasting thermal treatments provide an approximation of the thermal
behaviors exhibited in the control and high dose fungal treatments during the mid-point of the
disease incubation period (see Fig 1D below). Dead flies were removed daily from each treatment
for survival analysis.

To determine effects of fever on the fungus we measured in vitro vegetative growth rates
under a range of temperature conditions. For this, a loop of spore suspension (1 x 107 spores/ml
prepared in .05% Tween) was centrally placed on SDA plates and sealed with Parafilm. Four
replicate plates were then assigned to one of seven temperature regimes. Control plates were
maintained at a constant 26 ºC. Treatment plates were also maintained at 26ºC but exposed
additionally to either 37º or 39 ºC for one, two or three hours daily representing a range of daily
fever intensities observed in flies in the gradient boxes. Treatment plates were physically moved
from a Percival growth chamber set at 26 ºC and placed directly into identical chambers that were
set to the prescribed treatment temperature for the designated amount of time. After 11 days,
daily radial growth was measured by taking the average of two perpendicular colony diameters
previously marked on each plate prior to inoculation. Colony growth was then compared using a
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general linear model with both temperature and duration of exp osure as fixed factors.

Statistical Analyses

Thermoregulatory behavior, including preferred gradient temperature, proportion
of time spent on the gradient, and overall preferred temperature were analyzed using a repeatedmeasures ANOVA as a linear mixed model in SPSS with individual flies (n=25 in each
treatment) serving as replicates. Fly survival was analyzed using a student’s t-test. Radial growth
data was analyzed using a univariate General Linear Model with time and temperature included
as fixed factors.

Results
Flies treated with the high dose of spores exhibited fairly high mortality the day after
exposure, which may have been due to the combination of stress from handling, painting and the
degree of fungal infection and were therefore excluded from the analysis. The remaining groups
of infected flies were found to bask in warmer areas of the gradient than uninfected controls (F2,
58.02

= 21.62, p <0.001); pairwise comparisons revealed that the maximum temperature chosen by

flies was positively correlated with dose (p’s <0.05, Fig. 1a). In addition, all infected flies
preferred to remain on the gradient surface for a greater proportion of time than control flies (F2,
65.31

= 30.60, p <0.001), but this proportion was not significantly different between fungal doses

(Fig 1b).
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Figure 4-1. Thermoregulatory behavior of house flies infected with either a high dose (5 x 108
spores/ml) or low dose (1 x 108 spores/ml) of Beauveria bassiana, compared to uninfected flies.
A) Mean daily maximum gradient temperatures B) mean daily proportion of time spent on the
gradient surface and C) the average daily temperature of individual house flies. Bars represent +1
SEM. Groups with different letters in the legends of each graph indicate significant differences
(Linear-Mixed Model Repeated Measures ANOVA, sig. p < 0.05). Figure (D) represents the
hourly overall preferred temperatures of flies in each treatment group for the first seven days after
fungal exposure during when the gradient was heated. Tick marks represent the hours over which
the gradient was heated each day.

103

a
b
c

d
e

f
g

Figure 4-2. Mean colony diameter of Beauveria bassiana grown on SDA under different
temperature regimes after 11 days. Different letters indicate significant differences between
groups (Tukey post-hoc test with Bonferroni correction, p = 0.05). Bars represent ± 1 SEM.

Simulated fever treatments were found to impose costs on both the host and the pathogen.
Flies that were forced to fever died significantly faster (Mean Survival Time = 6.2 ± 0.5 days)
than flies kept at constant temperature, of which only one died during the duration of the
experiment (8 days). The rate of fungal growth in the colony development assay was significantly
reduced in all temperature treatments relative to controls, (F6,27 = 74.29, p<0.0001, Fig. 2). There
was significant main effect of temperature (F1,27 = 66.89, p <0.001) indicating that the exposure to
the higher temperature of 39°C had a greater negative effect on fungal growth. There was also a
main effect of time (F2,27 = 57.18, p < 0.001) indicating that longer exposures to fly fever
temperatures are more suppressive to fungal growth. The interaction term between these two
factors was also significant (F2,27 = 8.45, p = 0.002) indicating that the higher temperature of 39ºC
repressed growth to a greater degree than 37ºC as exposure time increased.
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Discussion
We found that house flies invoked a behavioral fever when infected with B. bassiana,
and that the degree, but not the duration of fever was positively correlated with the level of
immune challenge. Fevering was found to be cyclic over the course of the infection; flies would
immediately warm themselves to their highest daily temperatures at the onset of the heating
period, and gradually move to cooler areas of the gradient over the course of the day (Fig.1d).
This is the first study to characterize the fever behavior of an ectotherm infected with a viable
pathogen via the natural route, over the entire course of infection.
The costs and benefits of fever may each be viewed as a function of the temperature to
which an infected host fevers, and the time that the host remains in the hyperthermic state. As
shown in this work, fly fever temperatures imposed a suboptimal thermal environment on the
fungus, thus retarding or temporarily stopping fungal growth. For each time period, an increase in
temperature of just 2 degrees C was enough to significantly reduce the growth of the fungus over
the lower fever temperature of 37 ºC. Therefore, in order to most efficiently constrain the costs of
infection, the host must be able to fever high and long enough to reduce pathogen virulence,
while still preserving its own fitness. However, the degree and duration of fever are multiplicative
on the host as well as the pathogen, which should theoretically provide options to the infected
host. In this system, it would be beneficial for the flies to remain at their peak fever temperatures
(39 ºC) for a long as possible, since remaining at peak fever temperatures clearly imposes the
most severe restrictions on fungal growth. In the free choice assay, the duration flies fevered
under different fungal challenges was not significantly different, indicating that a hot fever for a
short duration is more beneficial to host fitness than a relatively cooler one for a longer period of
time.
The reason that infected flies adjusted the degree of fever relative to the level of immune
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challenge may be explained in at least two ways. Dose-response to fever has been shown in
several animal models comprising both endotherms and ectotherms (Bronstein and Conner 1984,
Casterlin and Reynolds 1977, D’Alecy 1975, Cabanac 1989, do Amaral et al 2002, Ramos et al.
1993). In many of these studies, the test organisms were given immune elicitors to initiate the
fever response, thereby eliminating the natural dynamics of infection such as pathogen replication
and metabolite secretion. After breaching the cuticle, the fungus stimulates the fly to fever to a
degree that is determined by the amount of immune elicitors presented by the infection. As these
exogenous immune elicitors are reduced or removed from the hemolymph, the ‘signal’ to fever is
attenuated, resulting in the fly gradually moving to cooler areas of the gradient. Overnight, the
fungus recovers as the fly cannot fever to suppress fungal growth, and the cycle begins again the
next day.
An alternative, but not necessarily mutually exclusive hypothesis is to contextualize fly
fever behavior in terms of host resources. Remaining at temperatures higher than the normal
thermal optimum has been shown to be energetically costly; it has been demonstrated in both
ectothermic and endothermic animals that increasing body temperatures only 3-5 degrees can
increase metabolic rate by up to 60% (Muchlinski 1985, Kluger 1986, Kluger et al. 1998,
Sherman and Stephens 1998). Therefore, infected flies may have only remained at peak fever
temperatures for a relatively short time (1-2 hours) at the beginning of the daily heating period
(Fig. 1d), because they were unable to maintain the associated increase in metabolic rate. While
the exact costs need to be explored further, the energetic costs imposed by forced hyperthermia
may explain the reduced survival time of flies that were forced to fever over those kept at the
constant, optimal temperature of 26ºC.
It has been shown fairly recently that the molecular pathways responsible for regulating
body temperature and fever are highly conserved among many classes of animals (Stanley and
Howard 1998, Bundey et al. 2003, Stanley et al. 2009), implying ancient origins. We have
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demonstrated that house flies putatively limit fever costs in a manner similar to that employed by
endotherms, in that they tailor their maximum fever temperatures to the intensity of an active
infection, thereby avoiding the costs that would be associated with unnecessarily high fever
temperatures.
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Chapter 5 - Infection with Beauveria bassiana may affect the ability of house
flies (Musca domestica L.) to vector bacterial pathogens

Abstract
The vector competence of house flies infected with the entomopathogenic fungus
Beauveria bassiana under both forced-fever and constant temperature conditions was evaluated
by measuring the frequency and total bacterial load, using universal quantitative PCR primers, of
fly excreta and compared to similarly treated, uninfected flies. Within three days, excretion
frequency was significantly reduced in infected flies maintained at a constant temperature of
26°C. This same pattern was seen in infected flies that were forced to fever, although this drop
occurred one day later. Concurrent with this reduction, infected flies held at fever temperatures
were found to have significantly higher bacterial concentrations in their excreta than unfevered
flies the day before death. The results of this work indicate that while B. bassiana is virulent to
house flies, fevering extends the survival of house flies and, depending on the setting, may
increase vector competence.

Introduction
The house fly (Musca domestica L.) is a major economic pest of intensive animal units
(IAUs) such as poultry facilities and dairy farms. The copious amount of animal waste produced
by these facilities provides an ample food source for both adult and larval house flies, and can
support enormous outbreaks of house fly populations under certain conditions. Moreover,
immature and adult flies are exposed to and ingest a wide variety of animal pathogens that are
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associated with animal excrement, including several species of virulent bacteria (Urban and
Broce 1998, Graczyk et al. 2001, Dhillon et al. 2004, Szalanski et al. 2004, Forster et al. 2007).
House flies may then spread these bacteria from their larval habitat and feeding areas throughout
the environment by harboring them on their cuticle and in their crop and gut (Shane et al. 1985,
Kobayashi et al. 1999, Sasaki et al. 2000, Graczyk et al. 2001, Zurek et al. 2001, Nayduch et al.
2002).
Large filth fly populations, such as those periodically associated with IAUs, have been
positively correlated with the increased incidence of several enteric diseases in both livestock and
humans, supporting the role of the house fly in disease dynamics (Zurek et al. 2001, Alam and
Zurek 2004, Hald et al. 2004, Holt et al. 2007). For example, previous studies have shown that
Campylobacter jejuni infection rates can be as high as 50% in house flies captured in the area
immediately surrounding caged-layer poultry facilities (Rosef and Kapperud 1983). High filth fly
abundance has been found to be a significant predictor of Campylobacter infections in the U.K.
(Nichols 2005). Flies primarily vector these bacteria via their excreta (Shane et al. 1985); ingested
bacteria replicate in the fly gut and are deposited onto ready-to-eat food such as fresh farm
produce (Talley et al. 2009) and pre-cooked foods in restaurants (Macovei and Zurek 2006). This
capacity of house flies to vector bacterial pathogens may be particularly important to those living
in communities surrounding an IAU, as nuisance levels of flies from IAUs have been found up to
6 km away (Winpisinger et al. 2005).
Reducing the abundance of house and other filth flies with chemical insecticides has been
shown to decrease the incidence of fly-borne diseases (Cohen et al 1991, Emerson et al 1999).
However, chemical control efforts often lead to the rapid selection of insecticide-resistant house
fly populations (Liu and Yue 2000, Scott et al. 2000, Scott et al. 2009). The enormous cost of
developing new chemically-based insecticides to overcome resistance, coupled with the innate
ability of house flies and other insects to develop resistance has prompted the search for novel

112
and effective control methods.
Spore formulations of entomopathogenic fungi have shown potential as house fly control
agents in both laboratory and field settings (Watson et al. 1995, Kaufman et al. 2005, Lecuona et
al. 2005). However, unlike traditional chemical insecticides that kill on contact, fungal
biopesticides kill flies over a relatively long period of time, depending on dose, isolate virulence
and ambient temperature. Over time, the fungal infection initiates a dynamic series of
physiological and behavioral immune responses in the fly host. We have recently shown that,
similar to naturally-acquired fungal infections (Watson et al. 1993), house flies will invoke a
behavioral fever when infected with B. bassiana, a fungal species currently marketed for house
fly control (Chapters 3 & 4). Flies were found to spend a significant amount of time fevering at
temperatures that are close to the optimal growth temperatures (~37 ºC) for many species of
bacterial pathogens known to be vectored by house flies such as Salmonella enteritica, E. coli
O157:H7, Campylobacter jejuni, and Shigella flexneri (Tetteh and Beuchat 2003, Fotadar et al.
2005, Salsali et al. 2006, Davis and DiRita 2008). Growing evidence indicates that house flies are
competent propagative vectors; certain species of ingested bacteria are able to replicate in the
mouthparts, crop or gut of house flies, thereby increasing the time in which the fly can serve as a
vector (Greenberg 1965, Kobayashi et al. 1999, Sasaki et al. 2000, Nayduch et al. 2002).
Therefore, should flies be treated with fungal biopesticides, the increased temperatures
experienced by fevering house flies may influence the growth kinetics of the resident bacteria,
possibly affecting house fly vector competence.
The objective of this investigation was to determine whether B. bassiana infection and
the resultant behavioral fever invoked by infected flies affected the ability of flies to vector
bacterial pathogens by examining fly survival, excretion rates and bacterial loads of flies over the
course of fungal infection. Understanding the effects of fungal infection on house fly vector
competence is important if fungal entomopathogens are to be used to control house flies in
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intensive animal units.

Materials and Methods

House flies
The house flies used in this study were derived from the Cornell University CS strain,
and were reared and maintained in an environmental chamber under standard insectary conditions
at 27º C with a 12:12 light:dark photoperiod. Fly eggs were collected by placing a small cup (50
g) of larval diet (wheat bran, Manno-Pro"℠calf protein supplement, baker’s yeast and water) into
fly stock cages for two hours. Roughly 300 mg of eggs were placed into 1 liter of larval medium
contained in a 1.5 L plastic container and larval development was monitored daily. Upon
pupation, pupae were collected by gently shaking them from the surface of the diet and into
plastic (~50 ml) soufflé cups. Cups containing pupae were then placed into clean stock cages until
eclosion ceased. Adult flies were provided access to food, consisting of a 1:1 ratio of powdered
milk and granulated sugar, and water ad libitum.

Fungal spores and Application to Exposure Substrate
Spores of the entomopathogenic fungus Beauveria bassiana (strain GHA) were used in
this study as we have previously shown it to be pathogenic to house flies (Anderson et al. 2011).
This isolate was maintained in long-term storage at -80ºC on microporous beads (Pro-Lab
Diagnostics, Austin, Texas, USA) at Penn State University. The fungus was recovered by placing
one or two beads onto potato dextrose agar (Oxoid, UK) in 9 cm Petri dishes or slopes in 25ml
universal bottles and incubated at 25ºC for 10 days. Spores were then propagated using a diphasic
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culture system as listed in Jenkins and Goettel (1997). Briefly, conidia were harvested from plates
or slopes to make a spore suspension of ~1 x 106 conidia ml-1 in sterile 0.05% w/v Tween 80
(Sigma) in distilled water. This suspension was then used to inoculate liquid culture medium (4%
d-Glucose, 2% yeast extract [Oxoid, UK] in tap water), which was then incubated on a rotary
shaker (160 rpm) at 24 ºC for 3 days. The resulting suspension was used to inoculate sterile
Barley Flakes (Bob’s Red Mill, Milwaukie, OR, USA). Once the sporulate reached <20%
moisture content, the conidia were harvested using a Mycoharvester (Acis Manufacturing, Devon,
UK) and were placed in glass dishes and dried over silica gel at 24 ºC. Upon reaching 5%
moisture content, a small sample of conidia from each isolate was taken for quality analysis and
remaining powder was sealed in foil-laminated envelopes with a small sachet of silica gel and
stored at 5 ºC until use.
Spore formulations were prepared by suspending pure spore powder in a mixture of
mineral oils (80% Shel-Sol:20% Ondina oil). The formulation was homogenized by vortexing for
30 seconds. The concentration of spores was counted using an Improved Neubauer
Hemocytometer and the volume adjusted to 1 x 109 spores ml-1. The formulation was then loaded
into the reservoir of an artist’s air brush and sprayed onto a 9-cm circle of HP™ Color-Laser
paper taped to the rear wall of a biological hood at an application rate of 20ml/m2. After spraying,
the exposure substrate was set into the lids of a 9-cm petri dish and allowed to dry at room
temperature overnight.

Infecting House Flies with B. bassiana
Adult house flies were collected from stock cages within 24 hours of eclosion using a
battery-powered insect aspirator (BioQuip Inc.). The collected flies were immediately
anesthetized with cold and placed into the bottom of a standard size petri dish roughly 10 cm
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under a block of dry ice. One hundred female flies were sorted from the collected flies by
examining the genital morphology and distance between the compound eyes. Half of these flies
were then placed into the petri dish containing the treated paper substrates, while the other half
was placed in a dish containing a control (unsprayed) substrate. Flies remained enclosed in the
dishes for four hours and were then transferred directly into clean stock cages.

Culturing bacteria
A non-pathogenic strain of lyophilized Bacillus subtilis (Accession Number B-41266)
was obtained from USDA-ARS. This isolate was chosen as a sentinel bacterium in that it is a
ubiquitous species that has previously been recovered from adult flies in the field. The
lyophilized powder was resuspended in 100 ml of TGY medium and cultured at 37 ºC overnight.
Aliquots were then stored in MicroBank Vials (Pro-Lab Diagnostics, Richmond Hill, Ontario,
Canada) and stored at -80 ºC until use. The bacterial suspension for flies was prepared by placing
2 beads in a flask containing 100 ml of sterile TGY medium and incubated on a rotary shaker
(160 rpm) at 37 ºC overnight. The following morning, the solution was diluted to 1.37 x 107
CFUs ml-1 and aliquots placed in a sterile glass universal vial.

Feeding flies bacteria
Before feeding, flies in all treatments were starved for 12 hours to encourage them to
imbibe the bacterial suspension. Flies were fed bacteria by placing a 1 ml pool of the bacterial
suspension onto a parafilm square at the bottom of the cage containing the flies. Flies
immediately began imbibing the suspension and were allowed to continue feeding for 1 hour.
Thirty randomly selected flies from each treatment were then placed into modified 50 ml
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centrifuge tubes using a battery-powered aspirator. The tapered end of the tubes were removed
and covered with nylon mesh secured with a rubber band. A 16.5 mm hole was cut into the lid of
each tube to accept a 5 ml Nalgene vial, which contained a cotton ball saturated with a 10%
sucrose solution. One drop of red food coloring (McCormick &Co., Sparks, MD, USA) was
added to each tube of sucrose solution as the color made it easier to identify the fly spots on the
filter paper.

Filter paper
Sucrose Solution

Figure 5-1. Schematic of setup used to collect fecal spots from house flies.

Collection of fecal spots
To determine the effect of fever on fly vector competence, treated and untreated flies
were equally split between two daily thermal regimes. Flies in the fever treatment were kept in a
Percival growth chamber that was programmed to ramp the temperature from 26 to 38 ºC over 15
minutes and linearly decrease the temperature back to 26 ºC over six hours. This temperature
profile was equivalent to the daily average temperature regime experienced by fevering flies
treated with the high dose of spores (Chapter 3). Flies in the constant treatment were kept in an
identical growth chamber and maintained at a constant 26 ºC. Both chambers were maintained
under a 12:12 Light:Dark photoperiod.
Fecal spots were collected from flies by lining the inside of each vial with a sterile piece
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of Whatman filter paper, cut to cover the entire interior surface of each tube (Fig 5-1). Clean filter
paper was placed into each vial for two hours at 2 and 12 hours after feeding on bacteria on day 1,
and every 24 hours thereafter until all the flies that were exposed to fungus had died. After
retrieving the filter paper, 1 randomly selected fecal spot was removed from the paper using a
sterilized paper punch, placed into a 1.7 ml sterile Eppendorf tube and immediately stored at -20
ºC in preparation for PCR analysis. Between collections for bacterial quantification, clean filter
paper was placed in each vial and collected to get a total daily count of the number of excreted
spots from each fly.

DNA Extraction and PCR analysis
Total DNA from each fecal spot was extracted directly from the filter paper punches
using the Zygem Bacteria"℠DNA extraction kit according to manufacturer’s protocol. After
adding the extraction buffer, all samples were sequentially placed in water baths of 37 °C, 75 °C,
and 95 °C for 15 minutes each. Samples were then stored at -20C for qt-PCR.
Extracted DNA was quantified by using both B. subtilis-specific and a universal
quantitative PCR probe and primer set designed to amplify the bacterial 16S rDNA gene (Table
5-1). Assays were performed on an Applied Biosystems 7500 Fast Real-Time PCR System with
an initial denaturation of 95 ºC for 20 s followed by 40 cycles of denaturation at 95 ºC for 3 s and
annealing at 60 ºC for 30 s. Two microliters of DNA was included in a 25 µl volume PCR
reaction with the following components: 1.5 µl each of forward and reverse primer, both at a final
concentration of 300 µM; 12 µl of 2 x PerfecTa™ qPCR FastMix, Low Rox; 1 µl of MGB or
Tamra Probe at a final concentration of 200 µM and 6.5 µl of sterile water. Quantification of
experimental samples was done by comparing threshold cycle numbers against standard curves
that were generated by running three replicates of serially diluted DNA from B. subtilis (107-103
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CFUs) in each qt-PCR run. Preliminary results from 1ul drops of suspension at three dilution
levels confirmed that these primers were able to detect B. subtilis. However, for fly-derived
samples, one thousand copies of bacterial DNA was considered the detection limit, as background
counts of bacterial genomes were found to be present at this level.

Table 5-1. Primer and probe sequences for bacterial real-time PCR assays.
Target
Primers
Probe
B. subtilis -16SrRNA

F: 5’-CCTACGGGAGGCA
GCAGTAG-3’
R: 5’-GCGTTGCTCCGT
CAGACTTT-3’
Universal -16SrDNA of the F:5’-TCCTACGGG
domain Bacteria
AGGCAGCAG-3’
R:5’-GGACTACCAGGGTATCTAATCCTGTT-3’

(FAM)-5’AATCTTCCGCAA
TGGA-3’-MGB

(FAM)-5’CGTATTACCGCG
GCTGCTGGCAC-3’TAMRA

Figure 5-2. B. subtilis genomes counts/ ul from dilutions of bacterial suspension (1 x105 CFU/ml
in TGY medium) deposited on filter paper and allowed to dry overnight.
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Statistical Analysis
Mean survival times were analyzed using two-way ANOVA with temperature regime
(fever) and infection status (fungus) as fixed factors. A square root transformation and a log (x+1)
transformation were used to meet the criteria of normality and homoscedasticity for number of
fecal spots and the number of bacterial genomes recovered in each fecal spot, respectively. Data
were analyzed using repeated measures ANOVA as a linear mixed model in SPSS. Factors
included in the model were the temperature regime (fever), infection status (fungus) as between
subjects factors and the day post-feeding (day) as the within-subjects factor. Effects were
considered significant at the p=0.05 level.

Results
There was a main effect of fungal infection on the survival time of house flies (F =
210.66

1,52

p <0.001) indicating that the survival time of flies infected with fungus was

significantly reduced compared to uninfected flies. The main effect of fever on flies was not
significant (F = 2.27 1,52 p = 0.139); fever by itself did not significantly impact survival time. The
interaction between fungal treatment and fever was significant however, (F = 30.51

1,52

p <

0.001) indicating that fevering had a different effect on survival between infected and uninfected
flies. Comparisons revealed that infected flies that were forced to fever survived longer than
infected flies at constant temperatures while uninfected flies maintained at constant temperatures
survived significantly longer than uninfected flies that were forced to fever (Figure 5-2).
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Figure 5-3. Mean survival of infected and uninfected house fliesmaintained at either constant or
forced-fever temperatures. Different letters indicate significant differences in survival
time (ANOVA, p= 0.05).

The factors affecting fly excretion frequency and bacterial load are listed in Table 5-2.
There was a main effect of fungal infection on the daily number of spots excreted by flies over
the course of infection; infected flies produced significantly fewer spots than uninfected flies over
the course of the experiment. The interaction between fungus and fever was also a significant,
indicating that the infected flies varied in excretion frequency according to temperature regime.
Simple effects analysis revealed that uninfected flies maintained at constant temperatures
produced more fecal spots than those held at fever temperatures (F = 7.83

1,37.24

, p = 0.008) or

infected flies, regardless of temperature regime. Additionally, the interaction between fungus and
day was significant, comparisons over days revealed significant reductions in the number of fecal
spots from infected flies over time (F = 15.23

3,50.71,

p = <0.001). There was a significant three-

way interaction between fungal treatment, fever and the day of collection; simple effects analysis
over days revealed a significant decrease in the number of spots produced in infected flies that

121
were forced to fever (F = 14.93 3,60.75, p <0.001) and flies kept at constant temperature (F = 64.69
2,64.70,

p = 0.004, Figure 5-3).

Table 5-2. Repeated Measures ANOVA analyses of factors affecting fly excretion and bacterial
concentration of excreted spots. Fungus = infection status, Fever = forced to fever or maintained
at constant temperature.
Number of fecal spots/day
Number of bacterial genomes recovered
Factor
F
p
Factor
F
p
Fungus
15.65 150.74 <0.001
Fungus
0.146 1,63.89
0.704
Fever
0.19 1,52.47
0.732
Fever
0.20 1,55.51
0.661
Day
9.36 3,49.40
Day
11.11 5,36.15
<0.001
<0.001
Fungus*Fever
12.59 1,53.06
Fungus*Fever
1.32 1,55.48
0.256
0.001
Fungus*Day
11.82 3,49.42 <0.001
Fungus*Day
0.37 2,38.67
0.829
Fever*Day
1.64 3,51.05
0.192
Fever*Day
3.23 5,38.81
0.016
Fungus*Fever*Day 5.05 2,65.65
Fungus*Fever*Day NS
0.009

Although flies were observed to actively feed on a relatively concentrated suspension of
B. subtilis, this bacterium was not reliably detected from the excreta of any fly over the course of
the experiment. However, by using universal bacterial primers, we were able to reliably detect up
to 1.75 x 106 bacterial genome copies per sample. The number of recovered bacterial genes varied
over the course of the experiment; Figure 5-4 shows that the number of bacterial genes generally
increased over time for all groups, with the greatest increase in bacterial genomes recovered from
infected flies that were forced to fever. Neither fungal infection nor fever effected the total
number of bacterial genomes that were recovered (Table 5-2). The interaction between fever and
day was significant; the number of bacterial genes recovered from the excreta of fevering flies
was generally lower than flies kept at constant temperatures, however, this relationship was
reversed in the later stages of infection, indicating that fever may cause an increase in the number
of bacteria residing in the gut over time.
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Figure 5-4. Mean number of fecal spots produced per fly according to treatment over the
course of the experiment. Treatments are listed in the legend: FFv – Infected, Fevered;
FC – Infected; Constant Temperature; CFv – Uninfected, Fevered; CC – Uninfected,
Constant Temperature. Bars represent ±1 SEM.

Figure 5-5. Mean number of all bacterial 16S rDNA genomes recovered per fecal spot
from house flies over the course of the experiment. Bars indicate ±1 SEM. Treatments are
listed in the legend: FFv – Infected, Fevered; FC – Infected; Constant Temperature; CFv –
Uninfected, Fevered; CC – Uninfected, Constant Temperature.
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Discussion
House flies infected with B. bassiana died significantly faster than control flies.
However, similar to the results in Chapters 3 and 4, exposure to fever temperatures significantly
extended the survival of infected flies. Although fungal biopesticides do not kill insects as
quickly as traditional “knockdown” chemical insecticides, these results indicate that B. bassiana
may still be an effective way to reduce fly populations and possibly prevent spread of fly-borne
diseases.
Infected flies exhibited a significant decrease in excretion frequency during the time that
the fungal infection was imposing the greatest pathological effect. The number of fecal spots was
greatly reduced by the mean survival time for each infected group; similar to infected flies held at
constant temperature, infected flies that were forced to fever had an abrupt reduction in excretion
frequency, but this reduction was delayed by one day. A possible mechanistic explanation of this
effect is the “sickness behavior” imposed by the infection. Sickness behavior in insects is
associated with decreased feeding rates (anorexia) as well as a decrease in activity (Shirasu-Hiza
and Schneider 2007). Infection with entomopathogenic fungi has been shown to reduce the
feeding rates of a number of insect species (Seyoum et al. 1994, Thomas et al. 1997, Arthurs and
Thomas 2000, Scholte et al. 2006) as the infection progresses. Alternatively, the reduction in
excretion frequency may also be due to gut damage as fungal metabolites have been shown to be
cytotoxic to midgut epithelia (Vey and Quiot 1989). Uninfected flies that were forced to fever did
not show an increase in excretion frequency.
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Although all flies were observed to feed on the B. subtilis suspension, this bacterium was
not detected in any of the fecal spots from any treatment group over the course of the experiment
using qt-PCR.. This may indicate that B. subtilis does not survive passage through the gut like
other bacteria that have been recovered from fly excreta. McGauchey and Nayduch (2009)
showed this to be the case with both motile and non-motile GFP-expressing forms of Aeromonas
hydrophila. While detectable amounts of A. hydrophila were recovered from the vomitus for a
short time, microscopy revealed only free GFP in fecal specks, indicating that the bacteria were
lysed during passage through the gut. The results here provide further evidence that not all
bacterial disease agents imbibed by flies may be vectored via fly excreta, which has been
previously suggested as a main route of dissemination (Shane et al. 1985, Grubel et al. 1997).
Concurrent with the decrease in excretion rates, the number of bacterial genomes
recovered in fecal spots from infected, fevering flies was found to increase. It has been previously
shown that some species of bacteria are able to replicate in the crop, gut and mouthparts of house
flies (Greenberg 1965, Kobayashi et al. 1999) and that one of the most important factors in
eliminating these bacteria is the frequency of excretion (Sasaki et al. 2000). Therefore, as fungal
infection caused a reduction in excretion frequency, bacteria were not being purged from the fly
gut as quickly and may have resulted in more bacterial cells in each drop of excreta. Moreover,
the warmer temperatures experienced by flies in the forced-fever regime may have enhanced
bacterial replication, leading to higher gene counts in excreted drops. This pattern of decreased
excretion rates and increased bacterial concentrations in excreted drops caused by fungal
infection may affect disease dynamics between humans and livestock.
Previous studies investigating the sub-lethal effects of Metarhizium anisopliae infection
in locusts found that fungal infection reduces hemolymph carbohydrate and lipid levels, and thus
limits the flight capacity after three days (Seyoum et al. 2002). Although the flight capacity of
house flies was not measured in this study, house flies infected with B. bassiana tend to reduce
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their activity levels and flight frequency in the hours before death (Anderson, pers obs). A
reduction in flight capacity should prevent house flies from dispersing from IAUs into
neighboring residential communities, reducing the risk of direct pathogen transmission to
humans. In contrast, this reduction in activity may increase the probability of livestock becoming
infected. Previous studies have shown that the ingestion of flies or fly-contaminated food and/or
water can infect livestock with bacterial pathogens (Holt et al. 2007, Ahmad et al. 2007) This lack
of mobility, coupled with the concurrent increase in gut bacteria in the latter stages of fungal
infection may increase the probability that house flies may be eaten directly, or contaminate the
food and/or water of livestock by falling into feeders and waterers, potentially increasing the risk
of infection.
While the fungal dose used to infect flies in this experiment was relatively high, it is
unclear how a lower dose of fungal spores would alter the patterns seen here. The survival of
house flies treated with B. bassiana spores is strongly dose dependent (Chapter 2), and a lower
dose may keep the fly alive long enough for fungal-derived metabolites to have an effect on fly
gut flora. Entomopathogenic fungi produce a suite of metabolites (Vey and Quiot 1989, Kershaw
et al. 1999, Isaka et al. 2005, Isaka 2007), which, in addition to affecting the host, may also have
antibacterial properties (Isaka et al. 2005). A lower dose of fungal spores may thus keep the fly
alive long enough for the fungus to express these bactericidal metabolites, potentially reducing
house fly vector competence. Conversely, a lower dose of spores will allow flies to live and fever
for a longer period of time (Chapter 4), perhaps increasing the concentration of bacteria even
further. More detailed studies over a range of doses are therefore needed.
To prevent the spread of disease by a mechanical vector, it is important to prevent the
vector from contacting susceptible hosts. This can be done most effectively either by killing the
vector as quickly as possible, or reducing its ability to disperse throughout the environment,
thereby reducing contact rates between the vector and potential hosts. Infecting flies with
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Beauveria bassiana was shown to kill house flies relatively quickly, and cause pathological
effects that may reduce the vectorial capacity, including a decrease in excretion frequency.
However, B. bassiana infection may increase the number of bacteria in house fly fecal spots
during the later stages of infection when the flies have the opportunity to reach fever
temperatures, possibly affecting fly-borne disease dynamics in IAUs.
In order to truly understand how fungal infection influences the vectorial capacity of
house flies, more studies need to be conducted. For example, although many bacterial genome
copies were detected in fly excreta, the genes may not be from viable bacteria. Fungal infection
may induce immune fly immune responses that lyse bacterial cells, making them unviable,
although the DNA may still be intact and detectable. In addition, fungal infection and fevering
might not have the same effect on all species of bacteria present in the fly gut. In order to give a
true measure of the effect of fungal infection on house fly vector competence, fly excreta would
have to be cultured and live bacterial colonies identified and enumerated. In addition, studies
should also be pursued to identify the effects of fungal infection on parameters of vectorial
capacity such as dispersal ability. Studies such as these would be valuable to further explore the
effects of fungal biopesticides on the vectorial capacity and competence of house flies.
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Chapter 6 - Synopsis
The original purpose of this research was to test the utility of spore formulations of
entomopathogenic fungi against house flies under conditions in which they could freely
thermoregulate, such as those that would be present in the field or in intensive animal units. This
was motivated by previous research which has shown that house flies will invoke a behavioral
fever when infected with naturally-acquired fungal infections, and are able to completely clear the
infection in situations that allow optimal thermoregulation. As solutions are currently being
sought to combat insecticide resistant strains of house flies in intensive animal units, the results of
this research could have major implications on the implementation and utility of
entomopathogenic fungi in house fly IPM plans.
In addition to these applied studies, this system also allowed me to address some
fundamental questions about insect-pathogen interactions and how these interactions may be
mediated by host behavior, namely behavioral fever. These results of this work expand, but also
contrast with the aforementioned previous studies, and highlight the importance of considering
the biology of both the host and pathogen when testing hypotheses about physiological and
behavioral immune responses.

Research Findings

Dose and Isolate Effects
The first part of my research dealt with identifying virulent isolates of entomopathogenic
fungi against house flies, and characterizing this virulence at different doses (Chapter 2). Using
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bioassays, I compared the virulence of four isolates of entomopathogenic fungi, comprising two
different species (Beauveria bassiana and Metarhizium anisopliae) that have been previously
suggested as candidate for control of house flies (Renn et al. 1999, Lecuona et al. 2005).
Virulence (defined as ‘1/survival time’) was found to vary significantly between isolates and was
positively correlated with dose; flies infected with the highest concentrations of the most virulent
isolates were found to have a median survival time of only 5 days.
In an attempt to explain the inherent differences in isolate virulence, the growth kinetics
of each fungal isolate in both live and dead insects was quantified using quantitative PCR. Assays
revealed that while the greatest number of fungal genomes was recovered from the most virulent
isolates, each fungal isolate grew in a qualitatively similar manner. After initial infection, there
was relatively little in vivo growth until roughly 24-48 hours perimortem, at which time the rate
of vegetative growth exponentially increased. These similar growth patterns may indicate that
fungal metabolites are more important than growth kinetics in determining virulence against
certain insect pest species. Previous studies have found that the virulence of different strains of
Metarhizium anisopliae was found to correlate well with the amount of destruxins expressed in
vivo (Kershaw et al. 1999). Furthermore, it is possible to increase fungal virulence by increasing
the amount or altering the nature of these metabolites by creating transgenic fungal strains. For
example, fungi engineered to produce toxins found in scorpion venom significantly decreased the
survival time against Ae. aegypti (Wang and St Leger 2007). Characterizing the diversity and
quantity of fungal metabolites produced by different isolates of entomopathogenic fungi may add
significant insight into isolate selection against specific arthropod pests.
The results of these experiments also add insight into the practical use of fungal
biopesticides in IAUs. Although it was possible to reliably infect house flies by exposing them to
oil-formulated spore suspensions sprayed onto paper substrates, this method was very inefficient.
Subsequent studies of this exposure method found that only 9% of the spores applied with the air
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brush sprayer were actually applied to the exposure substrates (Bell et al. 2009). As dose is a
critical determinant of virulence, these results highlight the importance of developing efficient
delivery systems that will bring house flies in contact with viable spores. In order to design such a
system, it will be important to assess the contact rates and time spent by house flies on sporetreated surfaces and insure that the viability of spores over time remains high under varying field
conditions.

Behavioral Fever
The second objective was to explore whether infection with B. bassiana, a species of
fungus currently used to control house flies in animal units, would cause house flies to invoke a
behavioral fever, as has been observed in flies infected with the fly-specific fungal pathogen
Entomophthora muscae (Watson et al. 1993). Initial studies on confined linear gradients
(Chapter 3) confirmed that after an incubation period of 3 days, infected flies would invoke a
behavioral fever by preferring to remain at gradient temperatures that were significantly and
consistently higher than uninfected flies. This same shift in temperature preference was
confirmed in subsequent experiments using radial thermal gradient boxes (Chapters 3 and 4). In
these free-choice tests, infected flies were found to frequent the gradient surface in higher
proportions and bask at higher temperatures than uninfected flies. Moreover, house flies were
found to tailor their fever response relative to the level of immune challenge; infected house flies
chose to remain at gradient temperatures that were positively correlated with the fungal dose and
did so over the course of the infection (Chapter 4).
In all experiments, providing infected flies the opportunity to fever was found to
significantly delay the pathogenic effects of fungal infection. Infected, fevering flies survived
significantly longer than infected flies kept at constant temperatures (Chapters 3-5). The
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beneficial effects of fever were also observed in terms of fly excretion rates (Chapter 5); fever
delayed the reduction in the excretion rate of infected flies. As feeding and excretion rates are
known measures of “sickness behavior” in infected insects (Shirasu-Hiza and Schneider 2007),
this result provides additional evidence that, in addition to lethal effects, sub-lethal effects of
fungal infection are also delayed by fevering. Fly fever temperatures were also shown to
significantly reduce the in vitro growth rates of B. bassiana, indicating the direct negative effect
of high temperatures on the progression of infection (Chapter 4).
In addition to extending the survival of flies infected with B. bassiana, fevering was also
shown to affect other fitness correlates. The extended survival time allowed infected females to
lay significantly more eggs than infected, non-fevering flies. However, the viability of the eggs
laid by fevering females was shown to be significantly reduced, resulting in roughly equivalent
numbers of viable eggs being produced by infected females, regardless of the opportunity to
thermoregulate (Chapter 3). In addition, forcing healthy flies to conform to a temperature regime
that was similar to that experienced by fevering house flies significantly reduced fly survival time
when compared to those maintained at constant temperatures (Chapter 4). These results indicate
that, in addition to the costs imposed on the pathogen, remaining in a hyperthermic state is also
costly to the host.

Vector Competence
The last objective was to determine the effects of fungal infection and the resultant
behavioral fever response on the ability of flies to vector bacterial pathogens. Flies were allowed
to feed on a known concentration of bacteria (B. subtilis) and the excretion frequency and
bacterial loads in excreted fecal drops was measured in infected and uninfected flies under
forced-fever and constant temperature conditions (Chapter 5). Infected flies were found to
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reduce their excretion rates just prior to death, although this reduction was significantly delayed
in flies that were subjected to forced-fever conditions. Although the sentinel bacterium that was
fed to the flies was not recovered from the excreta from flies in any treatment, the reduction in
excretion frequency of infected flies was concurrent with an increase in the number of total
bacterial genome copies, especially in infected flies that were forced to fever. While the number
of bacterial genomes may not necessarily equate to the numbers of viable bacteria excreted by
house flies, the increase in genomes highlights an effect of fungal infection on fly gut bacteria.
While the exact mechanisms of these events need to be explored further, one possible
explanation is that fungal infection disrupts the normal functioning of the gut, preventing
peristalsis. As the contents of the gut are voided less frequently, the replicating bacteria in the gut
increase in number resulting in higher concentration of bacteria per spot. Alternatively, as fungal
infection is known to inhibit the insect immune system, the constitutive immune factors that
normally suppress bacterial proliferation in the gut may have been impaired, resulting in the
observed increase.

Practical Implications
The work presented here and in other studies (Rizzo 1977, Davidson and Chandler 2005,
Kaufman et al. 2005, Lecuona et al. 2005, de Paula et al. 2008) has shown that fungal virulence is
highly variable between isolates and host insect species. For example, M. anisopliae var. acridum
(strain IMI330189) is highly virulent to acridid insects (Blanford and Thomas 2001), but was
shown to be much less virulent against house flies than either B. bassiana or M. anisopliae (strain
F52) at the same dose. Therefore, it is important to screen isolates against the target pest species
to insure the most pathogenic isolate will be employed. Additionally, for insect pests known to
invoke a behavioral fever such as house flies and locusts, it may also be possible to select isolates
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that interfere with febrogenesis. Recent studies suggest that the metabolites produced by certain
isolates of Metarhizium spp. (e.g. destruxins) may inhibit eicosanoid production, the endogenous
pyrogen that initiates fever, and may therefore prevent house flies from delaying the pathogenic
effects of fungal infection by fevering.
To achieve the most rapid rate of kill with fungal biopesticides, it is critical to maximize
the pickup of viable spores. A pilot study using B. bassiana (Appendix C) indicated that house fly
survival was negatively correlated with substrate contact time. It is therefore important to
maximize the frequency and duration of fly contact with treated substrates. IAUs such as cagedlayer facilities are generally enclosed structures that are similar in design. The structure of
modern IAUs provides ample surface area to apply fungal spores as a residual spray, and
characterizing fly dispersion patterns throughout the facility will provide information about how
to spatially distribute fungal spores for maximum control. Additionally, attractants such as the
house fly pheromone Z-9 tricosene or food baits could be added to increase contact frequency and
exposure time (Renn et al. 1999).
In order to reduce the frequency of treatment and to keep costs low, it will be important
to insure that spores remain in conditions that maximize spore viability over time, as both
temperature and humidity have significant effects on spore persistence (Moore et al. 1996, Luz
and Fargues 1997, Hong et al. 1999, Fernandes et al. 2008). It is for this reason that fungal
entomopathogens are not considered to be a viable option for house fly control in tropical
locations (Malik et al. 2007). However, as house fly concentrations are generally highest inside
livestock buildings where temperatures are more consistent, this may not present as severe a
limitation to spore viability as outdoor field applications. In addition, because the optimal
temperature and humidity conditions for spore persistence have been shown to be quite variable
among different fungal isolates, it may be possible to select isolates that are more resilient to the
climatic conditions of specific IAUs.
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In addition to maximizing spore persistence, it is also critical that spores are maintained
under temperature conditions that will preserve their virulence once they are transferred to the fly.
The isolate used in the majority of the experiments presented here, B. bassiana strain GHA, has
been shown to have an optimal growth temperature of 25 °C (Inglis et al. 1996), Jenkins, pers.
comm). However, house flies were shown to initiate a behavioral fever (up to 41 °C) when
infected with this isolate, which reduced the speed of kill by 2-3 days. Similarly, exposure of
fungal cultures to fly fever temperatures significantly reduced the in vitro growth rates of this
isolate. While this extension of survival may seem negligible, fevering flies were able to complete
an additional 1-2 gonotrophic cycles, which may result in protracted abatement. To reduce this
loss of efficacy, it may be useful to spatially and/or temporally restrict the use of fungal
biopesticides to areas and times that will not allow flies to reach fever temperatures when
integrating fungal biopesticides into IPM plans. In practical terms, this means that the annual
window of time in which a fungal biopesticide may be maximally effective may decrease with
latitude. Cultural practices may also help to ameliorate this potential reduction in efficacy. Flies
often fever by absorbing heat via dark, conductive surfaces such as fence posts, and the sides of
buildings. Flies may also reach fever temperatures by exploiting man-made structures such as
incandescent lighting (Kalsbeek et al. 2001a). Eliminating places for flies to fever, or reducing
their ability to achieve high temperatures (painting fences white, installing fluorescent lighting)
may prevent flies from reaching fever temperatures and reducing the efficacy of fungal
pathogens.

139
Theoretical Implications

Using Fungal Biopesticides to Control House Flies
The unique mode of action of entomopathogenic fungi makes it highly unlikely that there
will be physiological cross-resistance between insecticide resistant populations of house flies.
Recently, Farenhorst et al. (2010) showed that insecticide-resistant Anopheles mosquitoes were
just as susceptible to fungus as susceptible strains. In addition, this study found that
entomopathogenic fungi and insecticides act synergistically, resulting in a significant decrease in
mosquito survival when compared to single treatments. Therefore, the use of fungal pathogens to
control house flies may complement existing chemically based-control strategies, and extend their
usefulness.
Moreover, it has been reported that house flies that have developed resistance to
pyrethroids via the target-site kdr mutation may also lose their ability to thermoregulate via
pleiotropy (Foster et al. 2003). However, pilot experiments showed that pyrethroid-resistant
house flies that putatively had this mutation (N. Liu, pers. comm.) were still able to
thermoregulate (Anderson, unpublished data). Further work using populations of house flies
known to have the kdr mutation would be valuable to establish whether this possible pleiotropic
effect could be exploited to further enhance biological control of pyrethroid-resistant house flies.
There are however physical and behavioral modes of resistance that may impact the
efficacy of fungal pathogens against house flies. Early in resistance monitoring, it was found that
resistant house flies had a significantly thicker cuticle than susceptible flies (Keiding 1976). The
insect cuticle is the natural point of entry for germinating fungal spores, and it has been shown
that the melanization of penetrating fungal germ tubes is a significant cause of fungal mortality
(Butt et al. 1988, Gillespie et al. 1997). The studies that described this mode of resistance did not
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do so in the context of biological control however, and therefore will require further study. In
addition, house flies may be able to behaviorally avoid spores deposited on a surface. Studies
showing behavioral avoidance of B. bassiana spores have been shown for anthocorid bugs
(Meyling and Pell 2006). As house flies possess gustatory receptors in their tarsi, they may also
be able to detect fungal spores or adjuvants associated with spore formulations. Heavy fungal
biopesticide pressure may result in the fixation of behavioral avoidance in house fly populations.
The development of resistance to biopesticides may not be limited to characteristics
possessed by the adult stage of house flies. House fly larvae can occur in enormous numbers in
IAUs. As a higher density of conspecifics is often correlated with an increase in the probability of
disease or parasitism, theory predicts that organisms may invest more heavily in immune
function. Coined “density-dependent prophylaxis” this mechanism of increased pathogen
resistance has been confirmed in many insect species including lepidopterans (Wilson and Reeson
1998, Reilly and Hajek 2008) and locusts (Wilson et al. 2002). Many of these species naturally
aggregate, much like the maggot masses formed by the larvae of higher Diptera. While this
plasticity in immune investment has not been evaluated in house flies, it could have major
impacts on the efficacy of fungal biopesticides in IAU settings where fly populations are high.
Additionally, inundative use of fungal spore formulations may have trans-generational
effects that may lead to reduced efficacy. As shown in this dissertation, infected house flies were
able to produce viable eggs for 3-5 days after fungal infection. Previous studies using tenebrionid
beetle larvae and bumblebees have shown that challenging adult insects with immune elicitors
significantly increased the resistance of their offspring to similar immune challenges (Rolff and
Siva-Jothy 2003, Moret 2006). Although it has not yet been shown, flies that are infected with
fungus may produce larvae, and possibly adults, that are more resistant to fungal infection.
Additionally, trans-stadial immune priming may also have the same effect, as fly larvae may also
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be exposed to fungal spores, depending on the delivery system. As with any intervention to
control insect populations, monitoring will be crucial to insure long-term efficacy.
Fungal biopesticides may also have significant effects on fly vector competence, which
may have different implications for disease transmission between livestock and humans. As
shown in this work, fevering flies that were infected with B. bassiana were found to decrease
their excretion frequency while the bacterial load in the excreta simultaneously increased. This
indicates that the level of bacteria in the gut of house flies dying from fungal infection may be
higher than uninfected flies that are defecating at a higher rate, particularly in flies that have been
exposed to high temperatures (i.e. fevering). As flies die and fall into animal holding areas, they
may be able to infect livestock either by ingestion or the contamination of food and water sources
with pathogenic bacteria. Therefore, killing flies with fungal biopesticides may essentially
increase the infective dose of bacteria in dead flies.
In contrast, fungal infection may prevent direct transmission of disease from flies to
humans. The reduction in excretion rates seen here may be an indication of “sickness behavior”
which is also typified by a decrease in activity. Although it was not directly quantified in this
work, infected flies were casually observed to reduce their activity levels and become disoriented
during the later stages of fungal infection. This may indicate that fungus-infected flies, while
containing higher levels of bacteria, may not disperse as far from IAUs into neighboring
communities, thereby reducing the chances of fly-borne disease. Limits to fly dispersal would
also reduce the complaints generated by the nuisance and perceived health threat of emigrating
flies.
It should also be noted that the level of fungal infection, as with other measured life
history traits, might also affect vector competence. The high doses used in these experiments
resulted in very low survival time (3-4 days), which may have precluded the observation of sublethal fungal effects on vector competence. For example, a lower dose would keep the fly alive
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long enough for fungal metabolites to have an effect on gut bacteria, as the metabolites produced
by many species of entomopathogenic fungi have bactericidal effects. In addition, it would also
be useful to measure fly flight time or dispersal using mark-recapture methods to quantify the
effect of fungal infection on fly dispersal ability. Further assays measuring fly behavior and
excretion using different doses of fungi would be helpful in this assessment.

Adaptiveness of Behavioral Fever
Despite the phylogenetic prevalence of fever in animals, the adaptiveness of fever has
been debated for decades. This is because, in many animal models, fever has been shown to
increase the survival of infected hosts, while simultaneously imposing significant fitness costs.
However, relatively few studies have determined the effect of fever on the total lifetime fitness of
infected organisms. Additionally, the strategies used to manage the costs of fever have not been
well characterized. Insects are ideal model organisms with which to test these hypotheses, as their
total fecundity and behavioral fever response can be measured over the entire duration of an
infection.
In this work, fevering house flies were found to increase their survival, but not their
production of viable offspring. There are several reasons why a net fitness gain was not shown in
infected flies. First, flies were exposed to spore concentrations that were much higher than they
might contract naturally. Therefore, the behavioral immune response (fever) may have been
invoked to levels that were also anomalous. Immunopathological effects of high fevers can also
be seen in mammals that suffer from sepsis; the massive amounts of exogenous pyrogens in the
blood create a “cytokine storm” that results in dangerously high fever temperatures (Kluger 2002,
Blatteis 2003). As the mechanisms of fever are highly conserved among most classes of animals,
a similar effect may have occurred in infected flies. Although the effect of fungal dose on fly

143
reproductive output was not measured, flies treated with lower doses of spores were found to
fever at lower temperatures, which may have resulted in improved egg viability. Second, house
flies utilize patchy, ephemeral resources as larval habitat (dung pats, carrion, or other decaying
organic matter) and are generally faced with high levels of intraspecific and interspecific
competition (Lam et al. 2007). Even though fevering female flies produced fewer viable eggs,
the extended lifespan afforded by fevering may have allowed them to distribute these eggs over a
greater number of distinct patches. If thought of in terms of a metapopulation, this strategy might
provide a greater chance for larval survival, depending on the rate and pattern of patch extinction.
Lastly, the fever behavior observed in these experiments could be the result of high pressure from
another fungus, Entomophthora muscae. The close association between E. muscae and M.
domestica is well established; up to 60% of flies caught during the fall months in New York had
patent infections of E. muscae (Mullens et al. 1987). It has also been established in the laboratory
that flies that are able to reach optimal fever temperatures are able to clear E. muscae infections,
as flies are able to reach temperatures above the critical thermal limit for this fungus (Watson et
al. 1993). Although B. bassiana has the same immune elicitors as E. muscae (Latge and Beauvais
1987, Tartar et al. 2005) which causes the fly to fever, the critical thermal limit of B. bassiana is
higher than the temperature that flies can acquire by fevering. While the fungus was stressed by
these suboptimal thermal conditions, it was not killed by fevering and thus eventually killed the
fly. These results highlight the importance of considering the specific host-pathogen interaction
when modeling the adaptiveness of fever.
Infected house flies were able to tailor their behavioral fever response according to the
level of fungal infection; infected flies fevered most intensely for 1-2 hours and eventually moved
to cooler areas of the gradient over the course of the day. In vitro studies of B. bassiana exposed
to different temperature regimes indicate that it would clearly benefit the fly to fever as hot and as
long as possible, however flies were found only to fever intensely for 1-2 hours daily. In this
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system, even brief exposures to fly fever temperatures were found to significantly decrease fungal
growth in vitro. Therefore, high temperatures could have also reduced the production of
exogenous pyrogens, resulting in the observed behavior. To further understand the role of the
pathogen in the fever response, it would be useful to quantify the fever response of insects
infected with similar pathogens that possess different thermal optima.
In contrast, fever may be limited by the physiological state of the fly. Infected house flies
may not have had enough immediately available nutritional resources to maintain high fevers, as
increased body temperatures are metabolically costly to maintain. To test these explanations, it
would be valuable to test the fever response of insects that were reared on optimal vs. suboptimal
diets to determine the effect of stored nutritional resources on the nature and consequences of the
fever response under different levels of infection.
House flies also represent ideal model organisms with which to study the molecular
underpinnings of behavioral fever. While the mechanisms that regulate fever have been
characterized for a range of ectotherms, including both vertebrates and invertebrates (Stanley and
Howard 1998, Netea et al. 2000, Bundey et al. 2003, Stanley et al. 2009), most of these studies
have only manipulated endogenous pyrogen levels (eicosanoids) or broadly different pathogenic
organisms to determine their effects on the fever response. There is a currently a push to sequence
the genome of Musca domestica (Scott et al. 2009) in order to better understand the mechanisms
of insecticide resistance, and the molecular underpinnings of the immune system. The completion
of this project could also potentially provide valuable insights into the mechanisms responsible
for regulating the behavioral fever response. Future research using microarrays would determine
gene activity over the course of fever, and provide invaluable insight into the mechanisms that
initiate and constrain fever.
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Appendix A - Adult Fly Husbandry
Adult Flies
Adult flies are housed in wood and fiberglass screened cages (30.5 x 30.5 x 60 cm) and
provided with a mixture of dried milk powder and granulated sugar ad libitum. Water can be
provided by placing a filter paper wick through a slit cut in a lid of a tap water-filled plastic food
storage container. Food and water should be changed every three days for each generation of
flies.

Rearing Flies
Eggs can be collected from gravid females starting one week after emergence. To collect
eggs, place a small (90 ml) plastic soufflé cup filled with larval diet (see below) and moistened
with 5 -10 ml extra water into the stock cage. After roughly 0.5 -1 hour, the soufflé cups should
be taken out of the adult cages. Eggs will commonly be deposited as a large mass in the middle
and edges of the medium. Using a microbalance, weigh 300 mg of eggs on wax-covered
weighing paper and place into a 1.5 liter plastic bowl containing 1 liter of larval growth medium.
Place eggs into a depression made in the medium and then cover with 1-2 cm of medium to
prevent dessication. The bowl containing the eggs should then be covered in a quadruple layer of
paper toweling, fixed over the rim of the container with a rubber band. At 27 ºC, the larvae will
progress to the pupal stage in about four to five days. Larvae should not removed at the onset of
the wandering stage (prepupa), and instead should be allowed to pupate in the upper layer of the
larval medium, which will be dry on the surface. Roughly 60 ml of pupae should be shaken from
the surface of the medium and placed into a plastic soufflé cup. Adult flies emerging from the
cups should be maintained as above.
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Housefly larval diet
700 ml Manno-Pro calf supplement
1000 ml warm water
100 ml baker’s yeast
1500 ml wheat bran
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Appendix B - Thermal Gradient Boxes
Materials
Pine Wood
8 pieces – 1.8 x 1.8 x 30 cm long
4 pieces – 1.8 x 1.8 x 15 cm long
Wood Screws (4 cm long)
Fiberglass Screening
Sheet aluminum (30 x 30 x 0.05 cm thick)
Staples
Silicone sealant
Magnetic tape
Shop light power supply
60W incandescent light bulb
Continuous dimmer switch
15 cm

30 cm

30 cm

Assembly
1. Form two squares from 30 cm long pieces of pine using wood screws and staggered
joints
2. Attach these two squares at the corners using 15 cm long pieces to form a box.
3. Attach the 30 cm 2 piece of plexiglass to the front of the box by screwing it to the wood
frame using self-tapping sheet metal screws
4. Attach the 30 cm 2 piece of aluminum sheet metal to the back as in 3.
5. Seal all edges with clear silicone sealant.
6. Staple fiberglass mesh to onto all sides of the box, but be sure to leave one side of the box
with a 4 in piece of the mesh unstapled to allow future access to the inside of the box.
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7.
8.
9.
10.
11.
12.

Seal the remaining edges by using a putty knife to smear silicone sealant into the mesh,
adhering it to the wood frame.
Attach a metal soup can (Campbell’s Chunky Soup) open at both ends to the center of the
sheet metal, using silicone sealant.
The next day, staple magnetic onto the wood frame under the free section of fiberglass
mesh
Complete the box by placing magnetic strips over those that were stapled onto the box.
Splice a continuous dimmer switch into each the power cord of the shop light and test
connection with a light bulb.
Insert the light bulb into the soup can and pack it in place using aluminum foil to prevent
shifting.
Measure the temperature at 0, 45 90, 135, 180, 225, 270 and 315 degrees from the
vertical at 1 cm increments to insure on the gradient surface to insure that the aluminum
surface is uniform and delivers a consistent thermal profile.
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Appendix C – Kaplan-Meier Survival Analysis and the Log-Rank Test

Kaplan-Meier survival analysis was used to measure and compare the survival of
different populations (treatments) over time in this work. This analysis is advantageous in that it
incorporates the survival data of all individuals, including those that succumb during the course
of the study as well as those that do not (censored data), allowing the most accurate estimates of
median survival time from all individuals from the produced curves. Survival at failure time t (j) is
estimated by calculating the product of the probability of survival past the previous time point t (j1)

and the conditional probability of time point t(j), given survival to at least time point t(j).
^

^

^

S(t(j)) = S(t(j-1)) x Pr (T>t(j)| T ≥ t(j))
These probabilities are then multiplied by the probability of survival from all previous
time points to get an overall estimate of survival for the current time point; usually the end of the
study.

S(t(j-1)) = ∏ Pr (T>t(i)| T ≥ t(i))
The probability of survival at each time point is then used to construct survival curves for
each population being studied. These curves can then be compared using the Log-Rank test, with
the null hypothesis that the survival curves for each population being studied are similar. The teststatistic is given as approximately chi-square with the degrees of freedom equal to the number of
groups -1.
^

(O2– E2)2/Var (O2 - E2)
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