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ABSTRACT

Naturally-occurring variation in virulence was studied in the opportunistic

fungal pathogens, Aspergillus nidulans and Aspergillus fumigatus. I measured

variation in growth on Neiland's solid agar medium and virulence in an insect

model host, Galleria mellonella, in 92 A. nidulans recombinant strains generated

by a cross between two wild type strains. A weak positive correlation was found

between rate of growth and virulence. No difference in virulence was found

between strains with pigmented and unpigmented conidia, even though conidial

pigments are thought to be an important defence against the innate immune

system. In 20 A. fumigatus wild type strains, isolates of the MAT 1-1 mating type

were significantly more virulent in G. mellonella compared to MAT 1-2 mating

type isolates. Surprisingly, environmental isolates were significantly more

virulent than clinical isolates. My work provides the first step towards identifying

the genes underlying virulence using quantitative trait locus mapping.

Keywords: Aspergillus nidulans; Aspergillus fumigatus; Galleria mellonella;
Mating types; Radial growth; virulence; quantitative trait loci; recombinant strains
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CHAPTER 1: INTRODUCTION

1.1 The biology of fungi

Fungi are eukaryotic, heterotrophic microorganisms that are present in

varied environments. The kingdom Fungi contains approximately 70,000

described species and is estimated to contain 1.5 million species worldwide

(Kendrick, 2000).

Most fungi are multicellular except yeast and chytrids, which are

unicellular. One factor responsible for the widespread occurrence of fungi is their

ability to produce vast numbers of microscopic spores. Spores are the result of

asexual or sexual reproduction and are easily dispersed by air currents. In

unicellular fungi, such as yeast, asexual reproduction gives rise to daughter cells

by budding and fission. Another trait responsible for their occurrence in a wide

variety of habitats is their ability to grow and reproduce at a wide range of

temperatures (Haines, 1995; Maheshwari et a/., 2000).

Fungi can thrive in a broad range of habitats including deserts and the

deep sea (Damare et aI., 2006; Grishkan et a/., 2006; Raghukumar &

Raghukumar, 1998). They are primary colonizers and decomposers of plant

debris and play an important role in the carbon and nitrogen cycle, deriving their

energy from dead and decaying material (Bougher & Tommerup, 2000). Fungi

are able to digest complex insoluble molecules, such as lignin and cellulose, into

simple molecules by secreting a variety of hydrolytic and oxidative enzymes,



such as Iigninases, proteases, and cellulases into their surroundings (Benoliel et

al., 2005). Their mode of nutrition is absorptive and these simple molecules are

absorbed across the cell wall, which is made up of chitin or cellulose. The body

or mycelium is made up of filamentous strands referred to as hyphae. There are

two types of hyphae: aerial hyhae, which bear reproductive structures, and

vegetative hyphae, which infiltrate the food source to get access to nutrients. In

most species, hyphae are divided into cells by cross-walls called septa that have

tunnels which allow movement of cell organelles and nutrients between cells. In

contrast, the Zygomycete fungi are coenocytic and therefore have a continuous

cytoplasm within the filaments (Kendrick, 2000).

Fungi are used by humans for many purposes, for example hydrolytic

enzymes secreted by Aspergillus oryzae are used extensively in the fermentation

of food (Ruijter et al., 2002) and most importantly for the production of food and

drink including cheese, breads, beer and wine (Archer, 2000; Rodionova et al.,

1995). The use of fungi as biocontrol agents to kill insects and weeds has the

potential to replace many toxic pesticides (Kendrick, 2000). Some fungi secrete

secondary metabolites which are medically important, such as penicillin, which

plays an important role in treating bacterial diseases (Brakhage, 1997), and

cyclosporine, which acts as a powerful immunosuppressant and can be used to

increase the success rate of organ transplants (Kendrick, 2000).

In contrast, some fungi cause spoilage of food and are responsible for

serious illnesses, such as A. f1avus, which can grow on a variety of crops and

produces a toxin that causes liver damage even at very low concentrations
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(Klich, 2007). A large number of plant diseases are caused by fungi (Talbot,

2003; Maor &Shirasu, 2005) and some species are pathogens in animals

(Brakhage, 2005).

Fungi are capable of causing both primary and opportunistic infections in

animals. Primary infections target healthy people and can cause mouth

infections such as oral candidiasis (Candida albicans) (Borromeo et al., 1992)

and may infect the lungs as observed in patients with histoplasmosis

(Histoplasma capsulatum) (Woods, 2002). Opportunistic pathogens have a

limited ability to cause infections in healthy people but can cause severe

infections in immunocompromised patients. The main fungal genera involved in

opportunistic infections are Aspergillus, Candida, and Cryptococcus. The genus

Aspergillus is the most common airborne fungus causing opportunistic fungal

infections in humans (Latge & Steinbach, 2009).

1.2 Introduction to Aspergillus

Aspergillus represents a genus of ubiquitous fungi classified within the

division Ascomycota. Most Aspergillus species are saprophytes and found in

terrestrial habitats including decomposing plant material (Raper & Fennell, 1965).

The primary mode of reproduction in Aspergillus species is asexual and

occurs by production of mitospores (conidia) on specialized fruiting bodies known

as conidiophores (Fig 1.1) (Kendrick, 2000). However, one third of Aspergillus

species have now been observed to reproduce sexually by producing

. ascospores in a fruiting body known as an ascocarp or cleistothecium (Geiser,
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2009). Aspergillus conidia are commonly found in soil, compost piles, bird

droppings, and the dung of farm animals (Raper & Fennell, 1965). Conidia are

not only the main mode of dispersal, they are also the main infective particles.

Conidia of some species of Aspergillus are able to grow and survive

temperatures as low as 12°C and as high as 55°C (Raper & Fennell, 1965).

Every person inhales several hundred Aspergillus conidia per day, and these

cause no adverse effects for individuals with normal immune systems

(Hospenthal et al., 1998). However, these conidia can cause illnesses in

individuals with immune responses that are too strong or too weak (Hohl &

Feldmesser, 2007).

1.3 Diseases caused by Aspergillus

The main routes of entry and sites of infection with Aspergillus are the

respiratory tract or damaged tissues. The average size of the conidia for some

Aspergillus species, such as A. fumigatus, is 2.0 to 3.5IJm, small enough to

penetrate into the alveoli of the lungs and infect people with severely suppressed

immune systems (Morgan et al., 2005). Invasive aspergillosis (IA) has become a

leading cause of death among some populations of immunocompromised

patients, such as patients with prolonged neutropenia, leukemia patients after

hematopoietic stem cell transplantation (HSCT) (Pagano et al., 2006; Morgan et

al., 2005), patients with chronic granulomatous disease (CGD) (Segal et al.,

1998), and acquired immuno-deficiency syndrome (AIDS) patients (Markowitz et

al., 1996). A computed tomography (CT) scan showing IA in a patient with
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leukemia is shown in Figure 1.2. The main symptoms of IA are fever, cough,

headaches, chest pain, shortness of breath and presence of blood in sputum.

The diseases caused by Aspergillus species are collectively called

aspergillosis and include allergic diseases, aspergilloma and IA.

1.3. 1 Allergic diseases

In immunocompetent hosts, conidia are naturally recognized and cleared

by the innate or non-specific immune system (Brakhage, 2005) However,

allergic diseases, such as asthma, allergic sinusitis and allergic

bronchopulmonary aspergillosis (ABPA), may occur (Latge, 1999). Asthma

occurs in individuals who have been exposed to high concentrations of conidia,

such as farmers, mill workers, and threshers (Bernton, 1930). Aspergillus fungal

sinusitis is a disease of the sinuses and is characterized by the presence of facial

pain, nasal obstruction, and a runny nose (Grosjean & Weber, 2007; Pagella et

al., 2007; Parikh et al., 2004). ABPA can develop in asthmatic individuals due to

their increase in immune response to Aspergillus conidia (Moss, 2002), and also

occurs less commonly in patients with cystic fibrosis due to their impaired

mucociliary clearance (Mearns et al., 1992). The symptoms are cough, fever,

infiltration of epithelial and endothelial cells of the lung and growth of fungus in

sputum.

1.3.2 Aspergilloma

Immunocompetent individuals with pre-existing lung cavities, which may

have been caused by previous infections such as tuberculosis, are susceptible to
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aspergilloma (Sakarya et a/., 1998). It is characterized by the presence of

mixtures of hyphae, mucus, and debris attached to the wall of the pulmonary

cavity. Symptoms include coughing up blood with sputum, a fungal ball in a

pulmonary cavity, weight loss, chronic cough, fatigue and shortness of breath

(Sakarya et a/., 1998).

1.3.3 Invasive aspergillosis (/A)

IA most commonly begins in the lungs (Fig. 1.2) and may spread to other

organs, such as the central nervous system, sinuses, bone, heart, kidney, eyes,

blood and skin (Denning, 1998). Mortality rates are high (up to 100%) if left

untreated (Denning, 1996).

1.3.4 Aspergillus species causing infections

Of the 250 Aspergillus species, A. f1avus, A. fumigatus, A. /entu/us, A.

nidu/ans, A. niger, A. terreus and A. ustus, are opportunistic pathogens and

cause serious illnesses in humans (Khan et a/., 1999; Balajee et a/., 2005; Minari

et a/., 2002; Morgan et a/., 2005; Segal et a/., 1998). Of these, A. fumigatus is

the most common cause of lA, followed by A. ffavus (Denning, 1994). Infections

with other Aspergillus species, such as A. terreus, and A. nidu/ans are increasing

considerably (Marr et a/., 2002). A. fumigatus alone is responsible for causing 90

% of IA in immunocompromised patients (Latge & Steinbach, 2009), and can

also cause primary infections in birds, reptiles, dogs and cats (Girling & Fraser,

2009; Lagneau & Houtain, 2001; Rautenschlein & Legler, 2006; Tokarzewski et

a/., 2007; Yokota et aI., 2004). A. nidu/ans rarely causes infections in humans
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(Chakrabarti et a/., 2006; Lucas et aI., 1999; Tong et a/., 1990; Yano et a/., 1999),

but it is responsible for severe and fatal infections in patients with chronic

granulomatous disease (CGO) (Oellepiane et a/., 2008; Elham & Abdulkarim,

2009; Segal et a/., 1998). CGO is a group of hereditary diseases which involve

defects in the genes used by the immune system to produce reactive oxygen

species (ROS) to kill pathogens. The most common form of CGO is an X-linked

recessive defect in glycoprotein 91 phox (gp91 PhOX) (phox = phagocytic oxidase), an

important subunit of NAOPH oxidase complex (Segal et a/., 1998). This subunit

of the NAOPH oxidase is required for immune cells, specifically phagocytes, to

generate reactive oxygen species (ROS), such as superoxides, hydrogen

peroxide and hydroxyl radicals which are important components of the host

defense (Gallin et a/., 1983). Therefore, deletions in the NAOPH oxidase

complex result in the failure of phagocytes to form ROS, which enables the

colonization of Aspergillus. The most common site of infection by A. nidu/ans is

the lungs, although infection in the bones surrounding the lungs has also been

observed (Redmond et a/., 1983; Ootis et a/., 2003). Even though A. fumigatus

causes a high proportion of infections in patients with CGO, A. nidu/ans has been

demonstrated to be more virulent than A. fumigatus in this populations (Segal et

a/., 1998). Furthermore, Ootis & Roilides, (2004) found that A. nidu/ans causes

osteomyelitis, an infection of bone, more frequently in patients with CGO and is

associated with increased mortality compared to A. fumigatus. In addition, some

cases of A. nidu/ans infection have been detected in healthy people and in
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patients with acute myeloid leukemia (a cancer of leukocytes) (Mohammedi et

al., 2005; Yano et al., 1999).

Despite the presence of a stronger immune response against Aspergillus

species in immunocompetent individuals, repeated exposures to conidia can lead

to the establishment and progression of diseases such as asthma. However,

individuals whose immune response has been suppressed are more prone to

invasive diseases of Aspergillus; therefore, specific antifungal treatments are

needed to fight infections.

1.4 Antifungal treatments

A number of antifungal drugs are used to treat diseases caused by

Aspergillus species; these have reduced the mortality rates of IA to

approximately 50% depending on the patient group (Latge, 1999). Current

treatments of IA are primarily based on the use of polyenes (e.g., amphotericin

B), azoles (e.g., itraconazole and voriconazole), and the echinocandin drug,

caspofungin.

Amphotericin B deoxycholate (AmB) has been in use for many years in

the treatment of IA despite its severe toxic side effects (Marr et al., 2004;

Laniado-Laborin & Cabrales-Vargas, 2009). It binds to membrane sterols,

especially ergosterol present in the fungal cell membrane (Bolard, 1986) resulting

in pore formation and leakage of solutes from the fungus cell. Resistance of

most Aspergillus species to AmB is quite low although A. nidulans resistance to

amphotericin B has been demonstrated (Kontoyiannis et al., 2002). Several lipid
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formulations of AmB, e.g., liposomal encapsulated AmB, are also in use due to

their lower toxic effects and costs compared to amphotericin B deoxycholate

(Thompson et a/.) 2009).

Triazole antifungals, such as itraconazole, target lanosterol 14alpha

demethylase, a cytochrome P-450 enzyme which catalyzes the penultimate step

in the synthesis of ergosterol and results in the loss of membrane function.

Some studies have identified strains of A. fumigatus that are resistant to

itraconazole (Dannaoui et a/.) 2001; Denning et a/.} 1997).

A newer class of antifungal drugs is the echinocandins, e.g., caspofungin

that inhibit ~-1 ,3 glucan synthesis, an essential component of the fungal cell wall

(Bowman et a/., 2002), thereby causing cell lysis.

Many of these antifungal drugs have limiting toxic side effects, such as

nephrotoxicity, hepatotoxicity, nausea, vomiting, fever and hypertension

(Laniado-Laborin & Cabrales-Vargas, 2009; Thompson et a/., 2009) for the host

and continuous use of these drugs is generating resistance in Aspergillus

species (Dannaoui et a/.) 1999; Dannaoui et a/.} 2001; Moore et a/.} 2000; Perlin,

2007; Snelders et a/., 2008). Combination therapy treatments of amphotericin B,

azoles and caspofungin are no more effective than the individual drugs against

Aspergillus infections (Marr et a/., 2004). Therefore, there is a critical need to

identify pathways essential to fungal growth and colonization in the host.

Understanding the molecular basis of pathogenicity will further assist the

development of more specific antifungal drugs to treat patients affected by

Aspergillus infections.
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1.5 Virulence factors of Aspergillus species

Some of the morphological and physiological factors that make Aspergillus

species an effective opportunistic pathogen are its rapid growth rate, its

thermotolerance and small conidial size (Latge & Steinbach, 2009). Numerous

other factors are thought to contribute to virulence, including toxins, enzymes,

cell wall components, pigmentation, and siderophores (Hissen et al., 2004;

Hissen et al., 2005; Hohl & Feldmesser, 2007; Latge, 1999; Steinbach et al.,

2006). Each of these is described in more detail below.

1.5.1 Toxins

Several toxins produced by Aspergillus conidia or hypae such as gliotoxin,

and restrictocin have been examined as potential virulence factors (Smith et al.,

2003, Sugui et aI, 2007). However, to date, most mutants created by deleting the

genes encoding enzymes required for the synthesis of specific toxins have

demonstrated no reduction in virulence (Smith et al., 1993). In contrast, deletion

of a gene encoding an enzyme which is required for the biosynthesis of gliotoxin,

displayed reduced virulence (Sugui et al., 2007). Gliotoxin has been extensively

studied and is considered to be involved in virulence as it inhibits phagocytosis

(Eichner et aI., 1986) and stimulates apoptosis in macrophages (Zhou et aI,

2000) and therefore, has been demonstrated to possess immunosuppressive

properties (Tsunawaki et al., 2004). The role of gliotoxin in the virulence of

Aspergillus species in different host models has been reviewed recently (Kwon

Chung & Sugui, 2009) .
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1.5.2 Enzymes

Aspergillus secretes variety of enzymes, such as proteases, elastases and

phospholipases that help invasion of host tissue. Proteases assist establishment

inside the host by degrading protein barriers at the lung epithelium (Monod et a/.,

2002). However, mutants of specific proteases retained complete virulence

(Monod et a/., 1993). Elastase, an enzyme which is used to degrade the protein,

elastin, has been identified as a potential virulence factor since strains producing

more elastase are more virulent (Blanco et a/., 2002; Kothary et a/., 1984).

Phospholipases are able to hydrolyse ester bonds present in phospholipids,

which is the major component of host cell membranes, and have been

considered virulence factors. Secretion of phospholipase C was elevated in

clinical isolates of A. fumigatus (Birch et a/., 2004); however, no studies

examining the virulence of phospholipase C deficient mutants have been

reported.

1.5.3 Cell wall components

Cell wall components of Aspergillus species such as glucans,

galactomannans and chitins are also thought to be important for colonization and

tissue damage (Rementeria et a/., 2005). A number of genes responsible for

glucan biosynthesis have been identified (Beauvais et a/., 2001). Disruption of

the gene required for the synthesis of ~ (1-3) glucans has been associated with

reduction in growth and mRNA expression in A. fumigatus (Mouyna et a/., 2004),

but effects on virulence have not been studied. Strains with deletion of a (1-3)

glucan synthase genes displayed no change in virulence (Beauvais et a/., 2005).
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Galactomannans have been found to be released extensively during tissue

invasion and are routinely used to diagnose Aspergillus infections (Mennink

Kersten et al., 2004). Seven chitin synthases have been identified in Aspergillus

(Mellado et al., 1995; Mellado et al., 1996), and despite morphological defects

and a decrease in chitin in the cell wall, no reduction of virulence was detected

when individual chitin synthase genes were knocked out (Aufauvre-Brown et al.,

1997).

1.5.4 Pigmentation

Aspergillus fumigatus conidia have a characteristic gray-green colour due

to the deposition of dihyroxynapthalene (DHN)-melanin in the conidial cell wall

(Langfelder et al., 1998; Langfelder et al., 2003). It is believed that DHN-melanin

offers protection against reactive oxygen species (ROS) produced by phagocytic

cells, thereby slowing the rate of phagocytosis of melanised cells by alveolar

macrophages and neutrophils (Jacobson & Tinnell, 1993). Disruption of the first

gene in the melanin synthesis pathway leads to pigmentless (white) conidia

(Langfelder et al., 1998; Tsai et al., 1998), reduces virulence in mice and

increases the susceptibility of conidia to monocytes in vitro (Langfelder et al.,

1998). However, pigmentation alone cannot account for the pathogenicity of A.

fumigatus because A. nidulans, also a pigmented fungus, is rarely pathogenic.

1.5.5 Siderophores

Iron acquisition is an important requirement for the majority of the

microbial pathogens (Eisendle et al., 2003). Most fungi excrete iron-specific
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chelators, siderophores, to mobilize iron in response to low iron availability.

Survival of A. fumigatus in low iron medium was attributed to its production of

siderophores, particularly N',N':N"'-triacetylfusarinine C and ferricrocin (Hissen

et a/., 2004). A mutant constructed by knocking out L-ornithine - N5

monooxygenase (sidA), which catalyses the first step of siderophore biosynthesis

in A. fumigatus was avirulent in a mouse model of IA confirming the importance

of siderophore production in host colonization by A. fumigatus (Hissen et a/.,

2005).

In summary, the virulence of Aspergillus is multifactorial (Latge, 1999) and

not under the control of one gene. Studies to date have normally focused on

single gene deletions (Hissen et a/., 2005; Steinbach et a/., 2006). However, if

the virulence of Aspergillus is multifactorial, single gene knockouts will not reveal

the full complement of genes involved in virulence. As a result, there is an urgent

need to apply new approaches to find genes underlying virulence in the

Aspergillus species. Studying the genetic basis of natural variation is one

approach to identify these genes.

1.6 Naturally occurring variation in virulence

When virulence is the result of the action of many genes acting in concert,

an alternative approach to studying the molecular basis of virulence is to study

natural variation in virulence. Previous studies have already documented

naturally-occurring variation in three virulence factors of A. fumigatus: gliotoxin

production, elastase production, and the ability to elicit an oxidative response

(Kothary et a/., 1984; Pastor et a/., 2006; Reeves et a/., 2004).
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Gliotoxin production by A. fumigatus was identified as an important factor

for virulence in an insect model of IA using the wax moth larvae, Galleria

mellonella (Reeves et al., 2004). One strain that produced elevated levels of

gliotoxin did not show particularly high in vitro growth compared with other

strains, but was highly virulent in G. mellonella (Reeves et al., 2004). All larvae

of G. mellonella died within 48 hours of infection with the strain possessing high

gliotoxin production, whereas infection with other strains resulted in low mortality

rates (20%) over 5 days.

Kothary et al. (1984) identified variation among isolates of A. fumigatus in

the production of the proteolytic enzyme, elastase. These authors demonstrated

that strains of A. fumigatus producing high elastase levels were more pathogenic

in immunosuppressed mice than the strains producing low elastase levels with

100% mortality compared to 33% mortality, respectively (Kothary et al., 1984).

Moreover, variation in the amount of enzyme elastase was observed among

clinical and environmental isolates and higher elastase activity in vitro was

associated with increased invasiveness of A. fumigatus (Blanco et al., 2002).

Pastor and coworkers, (2006) examined the effects of conidial

pigmentation on the oxidative response of human leucocytes to different strains

of A. fumigatus by examining the rapid release of reactive oxygen species

(ROS). Twenty-two A. fumigatus strains obtained from clinical and

environmental samples were studied and strains with white conidia elicited higher

oxidative response compared to pigmented strains (Pastor et al., 2006). As a
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result, strains that produced white conidia were less pathogenic because the

higher production of ROS by the host cells killed the fungus.

These studies have shown that there is natural variation in A. fumigatus

isolates in their ability to cause disease, and yet there has been no effort to

identify the genes contributing to this variation. If variation is due to multiple

genes, each gene may have subtle phenotypic effects, which would be difficult to

detect with single gene deletion studies. In addition, it is unlikely that single gene

deletion studies will find new genes that are not yet discovered. Quantitative trait

locus (QTL) mapping has been used in other systems to identify genes that

contribute to natural variation, and this technique is described in more detail

below.

1.7 Quantitative trait locus mapping

QTL mapping is an approach to identify genes responsible for phenotypic

variation in continuous traits and has been used extensively in other organisms

(Willemsen et a/., 2004; Young, 1996). Quantitative traits are usually controlled

by multiple genes and environmental factors. QTL are regions of chromosomes

that contribute to continuous phenotypic variation and are identified through

association between molecular markers and phenotype (Mackay, 2001).

Although a lot of QTL work has been done in insects, plants, and mammals

(Glazier et a/., 2002; Mackay, 2001), only a few studies have mapped QTL in

fungi (Lin et a/., 2006; Steinmetz et a/., 2002). For example, QTL responsible for

variation in the ability to grow at different temperatures was identified in yeast,

Saccharomyces cerevisiae (Steinmetz et a/., 2002). In addition, QTL affecting
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hyphallength, melanin production and growth at 39°C was identified in the

human yeast pathogen, Cryptococcus neoformans (Lin et a/., 2006). The main

steps used in QTL mapping are: 1) Selection of two strains of an organism that

vary for the trait of interest, 2) Establishment of crosses between the strains and

isolation of progeny, 3) Measurement of the variation in the trait of interest in the

progeny, 4) Development of molecular markers, 5) Association of the trait of

interest with molecular markers to identify QTL.

1.8 Choice of the species to be examined by QTL mapping

The first step in identifying QTL is to establish crosses between two

different strains. The predominant mode of reproduction in A. fumigatus is

asexual via haploid mitotic conidiospores generated at the tips of specialized

hyphae. Until recently (O'Gorman et a/., 2009), sexual reproduction had never

been observed in A. fumigatus though genes encoding mating type loci were

found when the genome was sequenced (Nierman et a/., 2005). Because sexual

reproduction in A. fumigatus had not been observed when this project was

started, I used A. nidulans as a model organism as it undergoes sexual

reproduction readily (Chapter 2) (Champe et a/., 1994). Furthurmore, A. nidulans

should not be regarded as a benign relative of A. fumigatus. Even though A.

fumigatus causes a higher incidence of infections in patients with CGD, A.

nidulans has been demonstrated to be more virulent than A. fumigatus in these

populations (Segal & Romani, 2009; Segal et a/., 1998) and is highly resistant to

certain antifungal drugs compared to A. fumigatus (Kontoyiannis et a/., 2002).

Crosses were created between two A. nidulans strains to generate recombinant
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strains in which variation in virulence was measured (Chapter 2). After the

sexual cycle of A. fumigatus was reported (O'Gorman et al., 2009), I also looked

at variation in virulence in this species (Chapter 3).

1.9 Choice of the model host

An invertebrate model, Galleria mellonella was used as a model host to

measure variation in virulence. My research involved screening a large number

of strains in replicate to establish natural variation in virulence which would have

been impractical and expensive to do using mice as model hosts. The use of

insect model hosts to assess the virulence of microbes has increased recently

due of their lower cost for maintenance and quick growth (Chamilos et a/., 2007;

Lionakis & Kontoyiannis, 2005; Mylonakis & Aballay, 2005; Mylonakis et al.,

2007). There are number of insects that have been employed as models to

evaluate the virulence of different strains of pathogenic organisms (Kavanagh &

Reeves, 2004; Lionakis & Kontoyiannis, 2005; Mylonakis & Aballay, 2005;

Mylonakis et al., 2007). Two insect models that have been used extensively are

G. mellonella and Drosophila melanogaster. Toll-deficient D. melanogaster,

which lacks the Toll pathway required for induction of immune responsive

peptides, has been used primarily to investigate the role of immune responses

against fungal pathogens (Lionakis & Kontoyiannis, 2005). The limitation of 0.

melanogaster is its inability to survive at 3rC. In contrast, G. mellonella is used

to study fungal processes which operate at human body temperature ( Mylonakis

et al., 2007). The wax moth, G. mellonella is also an established model host for

measuring virulence in Aspergillus species (Jackson et al., 2009; Reeves et al.,

17



2004; Scully & Bidochka, 2005; Steinbach et al., 2006). The life cycle of G.

mellonella consists of six instar stages followed by cocoon formation and

emergence of an adult moth. This entire process takes approximately 45 days.

G. mellonella has been used as a model to evaluate the pathogenicity of

a number of bacteria, such as Proteus mirabilis (Morton et al., 1987), Bacillus

cereus (Walters & Ratcliffe, 1983), Bacillus thuringiensis (Salamitou et al., 2000),

Pseudomonas aeruginosa (Jander et al., 2000), Listeria monocytogenes

(Mukherjee et al., 2010), Yersinia pseudotuberculosis (Champion et al., 2009),

and Acinetobacter baumannii (Peleg et al., 2009). Larvae of G. mellonella have

been used to determine the relative virulence of different isolates of A. fumigatus

strains (Reeves et al., 2004; Renwick et al., 2006) and isolates of Cryptococcus

neoformans and Candida albicans (Brennan et al., 2002; Cotter et al., 2000;

Dunphy et al., 2003; Mylonakis et al., 2005). A strong correlation between

virulence of mutants in mice and G. mellonella has been established (Brennan et

al., 2002; Jander et al., 2000). The usefulness of invertebrates is due to

important similarities between the insect and vertebrate immune responses to

microbial pathogens.

1.10A comparison of the insect and vertebrate immune systems

Although insects and mammals diverged long ago, many basic cellular

processes remain in common (Beck & Habicht, 1996; Boman & Hultmark, 1987),

and the immune responses to microbial pathogens are highly conserved

structurally and functionally (Hoffmann, 1995; Salzet, 2001; Vilmos & Kurucz,

1998). Previous studies have shown that insects have highly effective innate
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immune responses against a large number of bacterial, viral and fungal

pathogens (Boman & Hultmark, 1987; Levy, 2001; Ratcliffe, 1985).

The cuticle is the insect's first barrier against a wide variety of pathogens,

analogous to the skin of mammals (Clarkson & Charnley, 1996; Scully &

Bidochka, 2006). Injury to the cuticle increases the probability of a pathogen's

entry into body cavity, the haemocoel. The haemocoel is filled with haemolymph

which contains the majority of the cells involved in an insect's innate immunity

and is also involved in transporting nutrients, waste and signals (Matha & Acek,

1984).

Cellular and humoral immune responses are the two main components of

the innate immune response (Iwanaga & Lee, 2005; Ratcliffe, 1985; Vilmos &

Kurucz, 1998). Cellular immunity involves haemocytes, and six types of

haemocytes have been identified in G. mellonella (Boman & Hultmark, 1987)

which are involved in processes like phagocytosis (recognizing and engulfing

foreign particles), the predominant cellular defense against bacteria and fungi

(Tojo et al., 2000; Walters & Ratcliffe, 1983). Haemocytes are the main

phagocytic cells involved in the innate immunity of insects against

microorganisms (Vilmos & Kurucz, 1998), whereas neutrophils and monocytes

(or tissue macrophages) perform phagocytosis in mammals (Henderson &

Chappell, 1996). Humoral immunity in insects is based mainly on the production

of small peptides and does not involve antibody responses as found in mammals.

The synthesis of a large number of these antimicrobial peptides, such as

defensins and cecropins, constitute an important response to wide variety of
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microbes including bacteria, viruses and fungi (Ganz, 2003; Lehrer et a/., 1993;

Lowenberger, 2001; Raj & Dentino, 2002).

Antimicrobial peptides of insects are functionally similar to antimicrobial

peptides of mammals (Beutler, 2004; Salzet, 2001). Furthermore, transferrin in

insects and transferrrin and lactoferrin in mammals both create an environment

with low iron and thus inhibiting the growth of pathogens (Arnold et a/., 1980;

Lowenberger, 2001). In summary, killing of pathogens by the innate immune

system shares features in insects and mammals (Bulet et a/., 2004; Kavanagh &

Reeves, 2004).

1.11 Objectives of the present study

The overall goal of the present study was to identify naturally-occurring

variation in virulence in the opportunistic fungal pathogens, A. nidulans and A.

fumigatus. Specifically, the aims were to (a) identify natural variation in virulence

and radial growth rate among progeny from a cross between two wild type strains

of A. nidulans (Chapter 2) that would enable this system to be used for

quantitative trait loci (QTL) mapping and (b) identify variation in virulence among

wild type strains of A. fumigatus isolates and test whether virulence differed

between mating types (Chapter 3). In both studies, G. mellonella was used as a

model host to assess virulence.
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1.12 Figures and figure legends

Conidia

Conidiophore

Figure 1.1 Electron micrograph showing conidia and conidiophore of Aspergillus

fumigatus (source: www.Aspergillus.org.uk).

Fungal
growth

Figure 1.2 A thoracic computed tomography scan of a leukemia patient's lung infected

with invasive aspergillosis (source: www.Aspergillus.org.uk).
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CHAPTER 2: NATURALLY-OCCURRING VARIATION IN
VIRULENCE IN ASPERGILLUS NIDULANS

2.1 Introduction

Aspergillus is comprised of approximately 250 species worldwide. Some

species of this genus are opportunistic pathogens, and the number of infections

has increased due to the increase in the number of immunocompromised

patients. Invasive aspergillosis (IA) is a systemic fungal infection that primarily

affects the lungs (Latge, 1999; Moss, 2002). Particularly susceptible individuals

are immunocompromised patients, such as solid organ transplant (SOT) and

bone marrow transplant recipients and patients with chronic granulomatous

disease (CGD) (Denning, 1998; Segal & Romani, 2009; Segal et a/., 1998).

Drugs that treat IA are frequently not effective (Comely et a/., 2007; Espinel-

Ingroff et a/., 2008; Johnson et a/., 2008; Latge, 1999; Walsh et a/., 2007) and

therefore better treatments are required to overcome this disease. To facilitate

the development of new treatments, numerous studies have examined the

molecular basis of virulence, typically by knocking out candidate genes (Hissen

et a/., 2005; Steinbach et a/., 2006). However, virulence is thought to be

controlled by multiple genes, and there are number of factors that contribute to

virulence such as the ability to acquire iron, grow at 3rC, and produce conidial

pigments and toxins (Sugui et at, 2007; Langfelder et a/., 1998; Brakhage, 2005;

Hissen et a/., 2005).
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An alternative approach to gene knockoutslsto determine the genetic loci

that contribute to natural variation in virulence. Some studies have shown

naturally-occurring variation in virulence factors of A. fumigatus, as discussed in

detail in Chapter 1 (Section 1.6). However, variation in virulence-related traits

has not been documented in other Aspergillus species.

Quantitative trait loci (QTL) mapping is an approach to identify the genes

responsible for phenotypic variation in continuous traits such as virulence and

has been extensively used in other organisms (Herran et a/., 2000; Willemsen et

a/., 2004). A few studies have used QTL mapping to identify genes responsible

for variation in fungal virulence and are described in Chapter 1 (Section 1.7).

The ultimate aim of my work is to employ QTL mapping to identify QTL that

contribute to natural variation in virulence in Aspergillus species.

Measuring natural variation in virulence in a cross between two strains is

an important step in QTL mapping. Until recently, it was not clear whether sexual

reproduction occurred in A. fumigatus (O'Gorman et a/., 2009). Therefore, I used

A. nidu/ans as a model organism as described in Section 1.8.

Virulence is normally measured in mammalian models but this was not

possible for the present study due to the need to measure virulence in many

strains and the cost of using large numbers of mammals. In recent years,

invertebrate model hosts have proven to be a successful alternative to mammals

to assess the pathogenicity of microorganisms (Chamilos et a/., 2007). Larvae of

the wax moth, Galleria mellonella and Drosophila me/anogaster have been used

as model organisms to study fungal pathogenesis (Mylonakis et a/., 2007).
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Drosophila melanogaster has been employed as a model host of IA in a number

of Aspergillus species (Lionakis & Kontoyiannis, 2005; Lionakis et a/., 2005).

Most of the studies were done at temperatures below 30°C (Ben-Ami et a/., 2010;

Lionakis et a/., 2005) because D. melanogaster is unable to survive human body

temperature (Mylonakis et a/., 2007). Therefore I used G. mellonella which is

able to survive at 3rC. The use of G. mellonella as a model organism and the

similarities shared by insects and vertebrates immune system have been

described in Chapter 1 (Section 1.9, 1.10). Although, G. mellonella has been

used as model host for other Aspergillus species (Reeves et a/., 2004; Renwick

et a/., 2006; Scully & Bidochka, 2005; Steinbach et a/., 2006), it has not been

used to study virulence in A. nidulans.

The goals of the present study were to identify naturally-occurring

variation among recombinant progeny of a cross between two wild type strains of

A. nidulans in two virulence-related traits: virulence in G. mellonella and the rate

of in vitro radial growth. I studied radial growth on iron limited medium because

free iron concentrations are low in the human host and the ability to acquire iron

is considered a virulence factor in A. fumigatus (Hissen et a/., 2005; Schrettl et

a/., 2004).

2.2 Material and methods:

2.2. 1 Fungal strains and growth conditions

Two strains of A. nidulans, A4 (producing green conidia) and A91

(producing beige conidia) obtained from the Fungal Genetics Stock Center

24



(McCluskey et aI., 2010) were used in this study. Crosses were conducted

between A4 and A91 on solid Neiland's agar medium at 30°C and c1eistothecia

were screened for out-crossing by plating ascospores on solid Neiland's agar

plates and looking for colonies with different pigmentation from a single

cleistothecium. 93 progeny recombinant strains (40 producing beige conidia and

53 producing green conidia) were isolated. The sample sizes differed, with 93

recombinant strains for growth on iron limited medium and 90 recombinant

strains for growth on iron supplemented medium, and 92 recombinant strains for

virulence.

2.2.2 Growth media

For iron-limited (FeUd) media preparation, traces of iron were removed

from glassware by overnight treatment with 5% HCI and thorough rinsing with

deionised water. All strains were grown on solid Neiland's agar medium at 3rC

(18 g of agar, 20 g of sucrose, 1 g of K2S04, 3 g of (NH4hS04, 1 g of citric acid, 3

g of K2HP04, 3 g of K2HP04, 810 mg of MgS04.7H20, 2 mg of thiamine hydro

chloride, 962 \-Ig of MnS04, 20 \-Ig of CUS04, 5.5 mg of ZnS04, per liter of

solution with pH adjusted between 6.8-7.0 (Martell et a/., 1981)). The iron

supplemented (FeSupp) medium is the same as FeUd medium except for

addition of 1 mg of iron per liter as FeCb.

2.2.3 Radial growth measurements

All A. nidulans strains were cultured at 3rC for 7 days on solid Neiland's

agar medium until fully conidiated. Conidia were harvested using 0.1 % (v/v)
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Tween 20 (Sigma Chemica co., St. Louis, USA) in phosphate buffered saline

(PBS, pH. 7.4) and filtered through Miracloth (Calbiochem) to remove hyphae.

After harvesting, conidial suspensions were centrifuged for 5 minutes at 1000 g

and the pellet was resuspended in 1 ml of 0.05% PBS Tween 20 and transferred

into a 1.5 ml pre-siliconized tube. After vortexing for 30 seconds, conidial

suspensions were centrifuged for 2 minutes at 16060 g to break up chains of

conidia. The pellet was resuspended in 1ml of 0.05% PBS Tween 20 and

vortexed. The concentration of conidia was determined using a haemocytometer

(Hausser Scientific, Horsham, PA) and suspensions containing approximately 1

conidium/lJl were prepared. Inoculation of medium sized Petri dishes (size 60 x

15mm) containing FeUd Neiland's solid agar medium was done with a total of

approximately 10-20 IJI of 1conidium/lJl suspension. After approximately 24

hours, mats from single germinated conidia were isolated and transferred to the

centre of large Petri dishes, and at least two germinated conidia of one strain

were transferred to two different Petri dishes. Transfers were carried out using a

cork borer. After transfer, Petri dishes were placed in an incubator at 3rC.

Starting at day 3 after the initial inoculation, colony diameter was marked on the

Petri dish (in two directions at right angles to each other) every 24 hours until day

6. Three experiments with at least two replicates per experiment involving

independent growth and harvest of conidia were performed for parental and

recombinant strains. Similar techniques were followed for FeSupp media.
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2.2.4 Measuring virulence in G. mellonella larvae

Conidia were harvested and counted as described above and

suspensions containing 30,000 conidia/IJI were prepared. An aliquot of this

suspension was diluted to 30 conidia/1J1 and 51J1 were inoculated on Neiland's

solid agar medium plates (5 plates/strain) to determine the concentration of

viable conidia. After approximately 36 hours, germinated spores were counted.

Suspensions containing 2080 viable conidia/IJI were prepared and used for

injection into the wax moth larvae. The concentration of viable conidia was

confirmed by inoculating two plates per strain with dilutions of the 2080 viable

condia/IJI suspension.

G. mellonella larvae were reared on Heinz baby mixed cereal (1200ml)

(H.J. Heinz Company, Canada) supplemented with glycerol (119ml), water

(98ml), sugar (1 OOml) and Multi-vitamins (Enfamil, Poly-vi- sol) (1 ml) at 28°- 30°C

with 50-60% relative humidity and a 12L:120 light cycle as described previously

(Outsky et a/., 1962) except that 1ml of Multi-vitamins were used instead of

0.6m!. G. mellonella larvae 40 to 50 days of age (in their final instar stage)

weighing between 0.25 g - 0.30 g were selected for injection because larval

weight was found to have an effect on mortality in preliminary experiments;

mortality after injection with the strain A4 differed between heavy and light wax

moth larvae (Fig. 2.1). The weight range of the light larvae was between 0.15 g

to 0.20 g (mean = 0.18 g) and that of heavy larvae was 0.27g and 0.32 g (mean

=0.30 g). Three replicates were performed and 10 larvae were injected per
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replicate including a negative control injected with 51J1 of 0.05% PBS Tween 20 in

each experiment (Fig. 2.1).

Conidial suspensions (51J1 of the 2080 viable condia/IJI) were injected into

the hemocoel of G. mellonella larvae via their last left proleg using a 25 IJI

Hamilton syringe (part # 7636 - 01 702RN, Hamilton) with a removable needle

(part # 7762-06 (33/5"/3)S, Hamilton). Incubation of G. mellonella larvae before

injection at low (4°C) or high temp (3rC) has been shown to affect their immune

responses (Mowlds & Kavanagh, 2008) so insects were maintained at their

growth temperature (28°C) prior to injection of A. nidulans conidia. For each

replicate, each strain was injected into 10 G. mellonella (larvae were injected with

a single strain). Three replicates were done for all of the experiments and for

each replicate, conidia were grown, harvested, and counted independently, and

all replicates were injected on different days. In addition to all of the recombinant

strains injected on a given day, the two parental strains, A4 and A91 , and two

negative controls were included: 10 G. mellonella injected with 51J1 of 0.05% PBS

Tween 20, and another 10 G. mellonella that received no injection. As a result,

there were 32 replicates of A4 and A91. Conidia of A. nidulans killed by heating

at 100°C for 1 hour were also injected into wax moth larvae to see if non-viable

conidia contribute to virulence. Lack of viability of heat killed conidia was

confirmed by plating on Petri dishes containing FeUd solid Neiland's agar

medium. This negative control was repeated three times and not included in

every assay. Between G. mellonella injections, the syringe was washed once

with 70% ethanol and twice with 0.05% PBS Tween 20 to avoid cross
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contamination. Injected G. mellonella were placed in Petri dishes containing pine

wood chips and were incubated in a moist chamber at 3rC in the dark. Mortality

was monitored once a day for 8 days. Larvae showing no sign of movement and

no response to touch were considered dead and removed. I calculated the

average number of days survived by larvae for each replicate, i.e., a higher

survival value indicates lower virulence. For this calculation, larvae that were still

alive at the end of the 8 day observation period were considered to die on day 9,

i.e., in trials where no larvae died, the average survival was 9 days.

2.3 Results

2.3. 1 Virulence of recombinant progeny strains in G. mellonella

None of the G. mellonella from the negative controls (data not shown). No

growth of heat killed conidia was observed on FeUd Neliland's agar medium.

Variation in virulence among the 2 parental strains, A4 and A91 , and the 92

recombinant strains of A. nidulans was assessed by analysis of variance

(ANOVA) using JMP software (version 7.0.2). Average survival of G. mellonella

was compared between A4 and A91 and among recombinant strains separately.

Significant variation in virulence between the two parental (F1. 30 = 6.0, P =

0.0202) and among recombinant strains was observed (F91 , 208 =1.5, P < 0.0049;

Fig. 2.2). Virulence did not differ between strains with green and beige conidia

(F1.89 =2.24, P =0.13) but on average survival of strains with beige conidia was

lower, i.e., they were more virulent (Fig. 2.3).
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The virulence of the recombinant strains was found to be roughly normally

distributed (Fig. 2.4) suggesting that there is continuous variation in virulence

among recombinant strains, i.e., virulence is under the control of more than one

gene. If only one gene was controlling virulence, we would expect to see a

bimodal distribution.

2.3.2 Radial growth on FeUd medium

Significant variation in growth was found between A4 and A91 on FeUd

medium (F1,464 = 10.4, P < 0.0013). A91 strain grew significantly faster in each

replicate on each day from day 1 to 7 (Fig. 2.5); although the difference was

highest on days 3 to 6. As a result, growth of the recombinant strains was

measured on days 3 to 6.

When the 93 recombinant strains were cultured on iron limited medium, I

found significant variation in growth (days 0-3: F92,557 = 13.3, P < 0.0001; days 3

6: F92,557 = 5.7, P < 0.0001; Figs. 2.6 & 2.7). Unlike virulence (Fig. 2.4), the

distribution of radial growth on FeUd medium is not symmetric around the

parental strains and most of the values of the recombinant strains were between

or less than the parents (Fig. 2.8). There was no significant difference in radial

growth between beige and green conidia (days 0-3: F1,9207 =0.7, P> 0.40; days

3-6: F1,9099= 1.13, P> 0.29).

2.3.3 Radial growth on FeSupp medium

When the solid medium was supplemented with iron (FeSupp), significant

variation in growth among 90 recombinant strains was observed (days 0-3: Fa9,
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450 = 15.1, P < 0.0001; days 3-6: F89,449 = 6.4, P < 0.0001; Figs. 2.9 & 2.10). In

the FeSupp medium, as was observed in the FeUd medium, the distribution of

radial growth was not symmetric (Fig. 2.11).

2.3.4 Correlation between virulence and growth

Significant but weak negative correlations were found between G.

mellonella survival and the rate of early (days 0-3) growth on FeUd (P < 0.02, R

= -0.24) and late (days 3-6) growth both on FeUd (P < 0.01, R = -0.26) and

FeSupp medium (P < 0.02, R =-0.23) (Fig. 2.12). These data suggest that

recombinant strains that grow faster in vitro are more virulent in vivo. However,

these correlations were not significant when the two slowest growing strains

(CW65, CW67) were removed from the analysis (data not shown). There was

not any correlation (P < 0.48, R =-0.07) between early growth on FeSupp

medium and G. mellonella survival as shown in (Fig. 2.12A), regardless of

whether the two slowest growing strains were removed. There was a modest but

statistically significant correlation between radial growth on iron supplemented

and iron limited medium whether measured during early (R = 0.73, P < 0.0001)

or late growth (R = 0.62, P < 0.0001; Fig. 2.13) which suggests that strains that

grow faster on FeUd medium also grow better on FeSupp medium.

2.3.5 Discussion

This is the first study to use G. mellonella as a model host to measure the

virulence of A. nidulans and to study variation in virulence among progeny from a

cross between two strains. In a previous study, when Aspergillus species were
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used to infect G. mellonella, A. nidulans did not show any virulence (Leger et al.,

2000). Possible reasons for the virulence of A. nidulans in the present study

could be the higher conidial concentrations (10400 viable conidia versus 3000

conidia per larvae for Leger et al. (2000)) and the higher temperature of

incubation (3rC versus 22°C for Leger et al., 2000). I found that weight of the G.

mellonella larvae must be kept within a narrow range as variation was observed

in virulence of the same strain depending on whether heavy or light larvae were

used. Moreover, suspensions used to inject G. mellonella should be made

based on the number of viable spores not counted spores, and should be double

checked for accuracy. G. mellonella appears to be a good host model to test

virulence of A. nidulans because no mortality was seen in insects injected with

heat-killed conidia suggesting that abiotic components of the conidia alone do not

contribute to virulence.

The main goal of this study was to determine whether natural variation in

virulence and growth occurs in A. nidulans. The present study showed that there

is continuous variation in virulence among A. nidulans recombinant strains.

Some previous studies have demonstrated among strain variation in virulence of

A. fumigatus associated with the production of a toxin, gliotoxin, and in the

activity of an enzyme, elastase (Blanco et al., 2002; Reeves et al., 2004).

Interstrain variation in virulence of A. fumigatus was tested in an insect model of

IA (Ben-Ami et al., 2010), and significant variation in virulence between two

clades (group of strains with a single ancestor) of A. fumigatus was observed

(Ben-Ami et al., 2010). However, to date, no studies have identified variation in
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virulence in isolates of Aspergillus generated via sexual reproduction or among

strains of A. nidulans. This study showed continuous variation in virulence

among A. nidulans recombinant strains where the range of variation in the

recombinant strains greatly exceeds the range between the parental A4 and the

A91 strains and which may be the result of the additive effect of multiple alleles.

Both A4 and A91 may have alleles that increase virulence at some loci and some

of the recombinant strains may inherit mostly increased virulence alleles,

explaining the higher virulence of some strains, and the converse is also true.

A weak correlation was found between growth on FeSupp or FeUd

medium and the survival of G. mellonella. In a previous study, correlation

between the rate of in vitro growth and in vivo virulence of A. fumigatus (9

isolates) was found in a mouse model (Paisley et al., 2005). Reduced virulence

has been linked to reduced colony radial growth rate for double mutants of chitin

synthase genes, chsC and chsG in A. fumigatus in a mouse model (Mellado et

aI., 1996). In addition, mutants of rasB, catalytic subunit of calcineurin A (cnaA)

and pkaC1, required for cAMP signalling pathway, of A. fumigatus displayed a

reduction in growth rate and virulence in comparison to their wild types

(Fortwendel et al., 2005; Liebmann et al., 2004; Steinbach et aI., 2006; Zhao et

al., 2006). In contrast, no correlation was found between in vitro growth rate and

in vivo virulence of A. fumigatus isolates in an insect model (Ben-Ami et aI.,

2010). The weak correlations found in my study suggest that virulence factors

other than growth also contribute to virulence. The number of isolates used in

studies discussed above was smaller than in my study, and using a large sample
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may provide a better indication of whether growth rate contributes to virulence or

not. No correlation was found between early growth on FeSupp medium and G.

mellonella survival whereas a correlation was observed with early growth on

FeUd medium. A possible reason for this may be that during germination and

early growth, the ability to acquire iron is important for infecting the insect host.

In other words, the strains which are able to grow more quickly on FeUd medium

are better able to acquire iron and so be virulent.

The distribution of growth on FeUd and FeSupp medium is continuous but

it was not symmetric on either side of the parents. Only one strain grew faster

than A91 on FeUd medium and on FeSupp medium, only six strains had faster

growth than A91. A potential reason for this is that when the progeny were

isolated, faster growing strains than A91 would have been more likely to grow

close to neighbouring colonies. Because we selected isolated colonies we may

have chosen only the strains with growth slower than A91. Another potential

explanation is that there is epistasis i.e., an interaction between genes which

made some strains grow even less than the parental strains. Combinations of

alleles found in the parental strains may lead to higher growth, but when these

combinations are broken up through a genetic cross producing recombinant

strains, the new combinations of alleles may lead to slower growth. In addition, a

significant correlation between iron supplemented and iron limited growth was

identified suggesting that strains that grow better on FeUd tend to grow better on

the FeSupp medium.
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No significant difference in virulence was observed between strains with

green and beige conidia. Previously, pigmentation has been found to be

important factor for protection in C. neoformans and A fumigatus against

macrophages and oxidative damage produced by host immune cells (Casadevall

et al., 2000; Tsai et al., 1998; Wang et al., 1995). In these studies, pigmentless

strains were found to be more susceptible to killing by macrophages than

pigmented ones in mouse and insect models. In addition, pigmentation has been

found to be important for protection of conidia against oxidative damage in A

nidulans and A fumigatus in cultured leukocytes (Jahn et al., 2000; Langfelder et

al., 1998). It appears that only one gene is affecting the colour in A nidulans

because approximately half of the recombinant strains have each colour (40

beige and 53 green). Potential explanations for the lack of effect of pigmentation

on virulence in my study are as follows: The allele which confers green

pigmentation increases virulence as expected, but, close to this pigmentation

gene, on the same chromosome, there is another QTL affecting virulence. The

pigmentation gene and other virulence QTL may be linked such that the green

colour and QTL allele which decreases virulence tend to be inherited together.

Their effects cancel out and that is a possible reason why we do not see any

effect of pigmentation. Alternatively, higher virulence of beige conidia is

consistent with a previous study in which conidial colour mutants of A fumigatus

were associated with increased virulence in G. mellonella (Jackson et al., 2009).
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2.4 Conclusions and future directions

This is the first study showing virulence of A. nidulans in G. mellonella and

it demonstrated variation in virulence among recombinant strains. The variation

in virulence can further be investigated at the genome level by QTL mapping to

dissect the gene(s) contributing to this variation. Although this study has shown

virulence of A. nidulans strains in G. mellonella , no effect of pigmentation on

virulence in G. mellonella was observed. In future, the use of G. mellonella as a

model can reduce costs compared to mammalian models for Aspergillus species.

Since a sexual cycle has recently been identified in A. fumigatus (O'Gorman et

a/., 2009), recombinant strains can now be created by conducting a cross

between compatible strains and the extent of natural variation in virulence can be

measured using G. mellonella.
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2.5 Figures and figure legends
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Figure 2.1 Virulence of the Aspergillus nidulans parental strain A4 in heavy (O.30 g) and light

(O.18 g) Gal/eria mel/onel/a. Black bars show the standard error of three independent

experiments. Negative controls injected with 51J1 of 0.05% PBS Tween 20 were included in

each experiment.
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Figure 2.2 Variation in virulence in recombinant and parental strains of A. nidulans. The X
axis shows the strain numbers in the decreasing order of virulence and the Y-axis
represents the average number of days survived by G. mel/onel/a larvae post-inoculation.
Black bars show standard error, and arrows indicate survival of A4 and A91, respectively.
The standard errors for A4 and A91 are much smaller than for the recombinant strains
because there were more replicates of the parental strains.
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Figure 2.3 Survival of G. mellonella injected with A. nidulans isolates of different colour
(green and beige). Values represent the least squares mean survival of 40 beige and 52
green isolates. The black bars represent the standard error of the mean.
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Figure 2.6 Variation in early radial growth (day 0 to day 3) of recombinant strains on FeUd

medium. Black bars show standard error, and arrows represent growth of A4 and A91

strains.
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43



A

40

35

30

25
>.
u
c 20Q)
:::J
0-
0)

15....
LL

10

5

0

,,~ ,,'!:' " I");~ 1");'\ ~'? ~'<?1");'

Growth (em)

44



B

40

35

30

25
>.
()
c
Q) 20
:::J
0-
Q)
'- 15u..

10

5

0

1"\;1).- I"\;<t:>

A4

1

Growth (em)

Figure 2.8 Distribution of A) early (day 0 to day 3) and B) late growth (day 3 to day 6) in

recombinant strains on FeLtd medium. The black arrows represent the growth of A4 and

A91 strains.

45



5

A91

---- A4E 4().........
.c--~
0
L..

<.9
(J)
Ol 3('(l
L..
(J)

~

2

1
Strain

65,67,91,95,38,47,92,81,105,54,89,27,44,31,83,32, 82, 56, 57, 103, 99,25,28, 94, 35, 14,50, 17,53, 62,
72,68,37,45,5,101,80,59,49,29,104,87,48,46,18,15, 75b, 106, 52, 4,26, 70, 55, 74,84,1,93,66,71, 21,A4,
6,7,78,69,73,12,77,64, 61b,3, 90,76,100,30,9,51,13,79,96,97,22,8,10,24,2,11,23, 36, 20,A91, 19

Figure 2.9 Variation in the early growth (from day 0 to day 3) of recombinant strains on
FeSupp medium. Black bars show standard error and arrows represent A4 and A91
strains.

46



5
A91

A4

......... 4
E
u---.c......
~
0
L- 3<.9
a>
Ol
co
L-

a>

~
2

1
Strain

65,67,47,57,91,94,68,25,5,38,66,28,104,105,54,62, 50, 82, 1,22,9,46,49,45,15,30,31,101, 2,44,A4, 56,

32,103,23,95,3,89,92,100,81,52,24,35,27,21,83, 106,59, 17, 80, 96, 87, 18,69,61b, 73,4,53, 70, 37,12,64,

10, 75b, 7, 13,99,77,76,26,8,78,29,72,6,90,51,14,36,48,93,84, 20, 19,A91, 74,55, 11, 79, 71, 97

Figure 2.10 Variation in the late growth (from day 3 to day 6) of recombinant strains on

FeSupp medium. Black bars show standard error, and arrows represent A4 and A91

strains.

47



A
A4

135

30

25

>-u 20c::
Q)
::J
0-
Q) 15.....

lJ..

10

5

0

~-:- I\.- 1\.-'> I\.-~ I\.-~ 0;)1} O;)~ O;)~

Growth (em)

48



Figure 2.11 Distribution of A) early (day 0 to day 3) and B) late growth (day 3 to day 6) in

recombinant strains on FeSupp medium. The black bars represent the growth of A4 and

A91 strains.
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CHAPTER 3: SOURCES OF VARIATION IN VIRULENCE

AMONG ISOLATES OF AN OPPORTUNISTIC FUNGAL

PATHOGEN, ASPERGILLUS FUMIGATUS

3.1 Introduction

Aspergillus fumigatus is an opportunistic fungal pathogen with a worldwide

distribution. The diseases caused by this fungus and susceptible populations

have been discussed in detail in Chapter 1 (Section 1.3). The virulence of A.

fumigatus is thought to be multifactorial (Latge &Steinbach, 2009; Rementeria et

a/., 2005) and natural variation among strains of A. fumigatus has been

documented in virulence-related traits, such as the ability to produce a toxin, and

to elicit an oxidative response (Pastor et a/., 2006; Reeves et a/., 2004).

Furthermore, there is variation among isolates of A. fumigatus in the production

of the proteolytic enzyme, elastase, and strains with higher elastase levels were

more pathogenic in mouse model (Kothary et a/., 1984). Subsequently, the

elastase activity index (EAI) of A. fumigatus isolates of clinical and environmental

origin was evaluated, and the proportion of isolates with high EAI was much

higher in isolates from patients with IA than from other clinical or environmental

sources (Blanco et a/., 2002).

Recently, sexual reproduction was observed in A. fumigatus (O'Gorman et

a/., 2009). A. fumigatus is heterothallic and sexual reproduction is controlled

mainly by genes residing in the mating type locus, which has two alleles (MAT 1-

1 and MAT 1-2) that lack sequence similarity but are present in the same
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chromosomal location (Galagan et a/., 2005; Paoletti et a/., 2005). Both mating

type alleles contain a single open reading frame (Coppin et a/., 1997; Turgeon &

Yoder, 2000) and each mating type requires a partner with the complementary

mating type to undergo sexual reproduction. Paoletti et a/. (2005) found that the

frequency of mating types in A. fumigatus was similar in clinical and

environmental isolates suggesting that both mating types are equally pathogenic.

However, a higher proportion of MAT 1-1 isolates were found from patients with

invasive aspergillosis, and MAT 1-1 isolates also showed higher elastase activity

index (EAI) in an in vitro model (Alvarez-Perez et a/., 2010) suggesting the

possible association between MAT 1-1 and invasiveness. The goals of this study

were to use an in vivo model of invasive aspergillosis to test whether virulence

differed between mating types and between clinical and environmental isolates.

Mammalian models traditionally used to assess virulence are costly and

laborious forreplicated measures of virulence in many isolates. I therefore used

larvae of the wax moth, Galleria mellonella as a model organism as it is an

established model host for A. fumigatus (Reeves et a/., 2004; Renwick et a/.,

2006; Steinbach et a/., 2006). Previously, G. mellonella had been used to

identify variation in virulence in Candida a/bicans and Cryptococcus neoformans

(Brennan et a/., 2002; Cotter et a/., 2000; Dunphy et a/., 2003) and has been

used as a model of IA to detect differences in virulence between mutants of A.

fumigatus (Jackson et a/., 2009). Recently, correlation between the virulence of

A. fumigatus mutants in insects (G. me/lonella and Drosophi/a me/anogaster) and
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mouse models of IA has been established (Chamilos et a/., 2010; Gravelat et a/.,

2010).

3.2 Materials and methods

3.2. 1 Fungal strains and growth conditionS

A total of 20 A. fumigatus strains (Table 1) were used in this study of

which seven were from the Fungal Genetics Stock Centre (FGSC A1100, FGSC

A1236, FGSC A1237, FGSC A1238, FGSC A1239, FGSC A1240, FGSC A1241)

(McCluskey et a/., 2010), one a gift to Dr. Margo Moore's laboratory by M.

Monod, Laboratoire de Mycologie,Centre Hospitalier Universitaire Vaudois,

Lausanne, Switzerland (AfCHUV), two strains were from the American Type

Culture Collection, Manassas, Va. (ATCC42202, ATCC 13073) and ten were

from the University of Alberta Microfungus and Herbarium (UAMH3109,

UAMH3762, UAMH3906, UAMH4052, UAMH4299, UAMH4338, UAMH6948,

UAMH7676, UAMH9309, UAMH10100). These strains included 10

environmental isolates and 10 clinical isolates (Table 1). All of the A. fumigatus

strains were cultured at 3rC for 7 days on solid Neiland's agar medium (see

below) until fully conidiated.

3.2.2 Growth media

All strains were grown on solid Neiland's agar medium at 3rC (18 9 of

agar, 20 9 of sucrose, 1 9 of KZS04, 3 9 of (NH4)zS04, 1 9 of citric acid, 3 9 of

KzHP04, 3 9 of KzHP04, 810 mg of MgS04.7HzO, 2 mg of thiamine hydro-
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chloride, 962 IJg of MnS04, 20 IJg of CUS04, 5.5 mg of ZnS04, per liter of

solution with pH adjusted between 6.8-7.0 (Martell et al., 1981)).

3.2.3 Conidia harvesting and preparation

Conidia were harvested as described in Chapter 2 (Section 2.2.3). The

concentration of conidia was determined using a haemocytometer (Hausser

Scientific, Horsham, PA) and suspensions containing 20,000 conidia/1J1 were

prepared. An aliquot of this suspension was diluted to 20 conidia/1J1 and 51J1 was

inoculated on solid Neiland's agar medium plates (5 plates/strain) to determine

the number of viable conidia. After approximately 36 hours, germinated conidia

were counted. Suspensions containing 500 viable conidia/IJI were prepared and

used for injection into the wax moth larvae. The concentration of viable conidia

was confirmed by inoculating two plates per strain with dilutions of the 500 viable

conidia/IJI suspensions.

3.2.4 Measuring virulence in G. mellonella larvae

G. mellonella larvae within a narrow range of weight were selected as

described previously in Chapter 2 (Section 2.2.4).

Conidial suspensions (Sui of the 500 viable conidia/IJI) prepared as

described above were injected into the hemocoel of G. mellonella following the

procedure described in Chapter 2 (Section 2.2.4). Six replicates were done for

all of the experiments and for each replicate, conidia were grown, harvested, and

counted independently, and all replicates were injected on different days. Larvae
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showing no sign of movement and no response to touch were considered dead

and removed.

3.2.5 DNA extraction and mating type determination

Mycelia were grown on liquid MYPD-medium (0.5% dextrose, 0.15% yeast

extract, 0.15% malt extract and 0.25% peptone per litre) for 24 to 30 hours at

3rC in the dark and harvested by filtration yielding 65 to 250 mg (wet weight).

DNA was extracted using an Epicentre MasterPure™ Yeast DNA Purification Kit

following the manufacturer's instructions with some modification (Jin et a/., 2004).

Genomic DNA quality was checked on a 1% agarose gel. The mating type of all

of the A. fumigatus strains was determined by PCR as described by Paoletti et a/.

(2005). Briefly, three primers were used: a MAT 1-1 specific primer, AFM1 (5'_

CCTTGACGCGATGGGGTGG-3'), a MAT 1-2-specific primer, AFM2 (5'

CGCTCCTCATCAGAACAACTCG-3'), together with a "common" primer, AFM3

(5'-CGGAAATCTGATGTCGCCACG-3') flanking the MAT locus (Paoletti et a/.,

2005), such that amplification of the MA T 1-1 locus yields an amplicon of 834 bp

whereas amplification of the MAT 1-2 locus yields an amplicon of 438 bp.

Polymerase chain reaction (PCR) amplification was performed using 20I-lL

reaction volumes containing reaction buffer (Fermentas), 0.5U of Taq DNA

polymerase (Fermentas), 0.2mM dNTP, 2 I-IM AFM1 primer, 11-1M AFM2 primer,

11-1M AFM3 primer, 3mM MgCI2 , 0.2mM cresol red (as a loading dye), 12%

sucrose, and 3.5% dimethyl sulfoxide. PCR consisted of an initial denaturation of

5 minutes at 95°C followed by forty cycles of 30 seconds at 95°C, 30 seconds at

60°C and 60 seconds at 72°C, followed by a final extension of 5 minutes at 72°C.
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3.2.6 Statistical analysis

The average number of days survived by G. me/lone/la larvae was

calculated as described in Chapter 2 (Section 2.2.4). A general linear model was

used to test for differences in average survival between mating types and

between clinical and environmental isolates. This analysis was performed using

JMP (version 7.0.2), including strain identity as a random effect to account for

replicated measures for each strain and date of injection to account for variation

between days. Least squares means of each strain from the model are shown in

Table 1. Effects were considered significant at an alpha of 0.05.

3.3 Results and discussion

A single band corresponding to either the MAT 1-1 or MAT 1-2 amplicon

was obtained for each strain. Eight strains were mating type MAT 1-1 and 12

strains were mating type MAT 1-2 (Table 1). The mating types of FGSC A1236,

A1237, A1238, A1239, A1240, A1241 are consistent with those reported by

O'Gorman et al. (2009). Of the MAT 1-1 strains, three are of environmental

origin while five are of clinical origin. Of the MAT 1-2 strains, seven are of

environmental origin while five are of clinical origin (Table 1).

3.3.1 Variation between mating types

None of the larvae from the negative controls died. Virulence differed

between mating types (F1,16.33= 16.7, P =0.0008; Fig. 3.1). The survival of the

G. me/lone/la injected with mating type MAT 1-1 isolates was lower, i.e., MAT 1-1

isolates were more virulent (Fig. 3.1). The higher virulence of MAT 1-1 isolates
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was similar to the findings of Alvarez-Perez et a/. (2010) who studied

invasiveness in vitro and found the MAT 1-1 mating type to have higher

virulence.

Virulence has also been found to be linked to mating type in certain

serotypes of opportunistic fungal pathogen, Cryptococcus neoformans

(Kwonchung et a/., 1992; Nielsen et a/., 2003; Nielsen et a/., 2005; Nielsen et a/.,

2005). In strains of serotype 0 (C. neoformans var. neoformans) congenic

strains differing only at the mating type locus differ in virulence in a mouse model

with enhanced virulence in the alpha mating type strain (Kwonchung et a/.,

1992). In contrast to this study, no difference in virulence between mating types

was found in murine and rabbit models in congenic strains of serotype A (G.

neoformans var. grubiJ) (Nielsen et a/., 2003). Subsequently, two additional

congenic pairs of C. neoformans var. neoformans (serotype D) of different

genetic backgrounds were used to investigate the interaction between the mating

type locus and genetic background (Nielsen et a/., 2005). Virulence was similar

between mating types for one genetic background, but in the other background,

the alpha strain was more virulent. Overall, these studies reveal the involvement

of mating type in virulence, at least in some genetic backgrounds.

3.3.2 Variation between clinical and environmental isolates

Significant variation in virulence between clinical and environmental

isolates was found (F1, 1604 =31.4, P < 0.0001) but surprisingly, environmental

isolates had lower survival, i.e., higher virulence (Fig. 3.2). Previously, some but

not all environmental isolates have been found to be less virulent in A. fumigatus
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in a mixed infection model (Aufauvre-Brown et a/., 1998). However, no

significant difference in virulence of A. fumigatus in an insect model (Ben-Ami et

a/., 2010) was observed between invasive isolates (where there was the

presence or possibility of invasive aspergillosis) or colonizers (clinically not

associated with aspergillosis).

There are a number of potential reasons for lower virulence in clinical

isolates in our study. One possible reason is that some of the clinical samples

may have been sub-cultured more than environmental isolates before I received

them and sub-culturing has been suggested to reduce virulence (Warn et a/.,

2006). Furthermore, while the presence of an isolate in a clinical sample may

indicate pathogenicity (i.e., ability to cause disease), I measured virulence

(severity of disease resulting from an infection). The clinical strains I studied may

have been sufficiently pathogenic to establish an infection in the host, but may

not have been highly virulent.

3.4 General conclusions

Using G. mellonella as a model host, I was able to identify variation in

virulence between mating types and between isolates of clinical and

environmental origin. Many steps were taken to reduce variability between

assays. For example, suspensions used to inject G. mellonella were based on

the number of viable conidia, and were double checked for accuracy.

Furthermore, the weight and age of G. mellonella were kept within a narrow

range. The incubation of G. mellonella before injection at low (4°C) or high temp

(3rC) was found to affect their immune system (Mowlds & Kavanagh, 2008;
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Mylonakis, 2008); hence, insects were maintained at their growth temperature

(28°C) prior to injection of A. fumigatus conidia. Moreover, 6 replicates per

strain were performed. Insects and mammals possess a high degree of similarity

in their innate immune response which is an important line of defence against

fungal pathogens (Mylonakis et al., 2007). There are number of insect host

models that are currently being used to assess the pathogenic effects of fungi

(Mylonakis et al., 2007). A. fumigatus virulence in D. melanogaster is correlated

with virulence in mammalian models of IA (Ben-Ami et al., 2010; Chamilos et al.,

2010). However, I did not use D. melanogaster for this study because of its

inability to survive at 3rC (Mylonakis et al., 2007). G. mellonella is able to

survive human body temperature and has identified differences in virulence of

mutants in A. fumigatus (Jackson et al., 2009) and other microorganisms at this

temperature (Champion et al., 2009).

In this study, I was able to explain sources of variation (mating type and

origin) in virulence among A. fumigatus isolates. Previously, interstrain variation

in virulence of A. fumigatus was tested in an insect model of IA (Ben-Ami et al.,

2010) and significant variation in virulence between two clades (group of strains

with a single ancestor) of A. fumigatus was observed (Ben-Ami et al., 2010). The

present study also found that some isolates are more virulent than others.

This is the first study to compare the virulence of mating types in A.

fumigatus in an in vivo model and shows that natural variation in virulence exists

among A. fumigatus strains. Sexual reproduction has been observed in A.

fumigatus (O'Gorman et al., 2009), and a cross can now be created between
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strains that differ in virulence to generate recombinant strains for quantitative trait

loci (QTL) mapping. The variation in virulence among these recombinant strains

can be measured using G. me//onella, and the genes responsible may be

identified by QTL mapping; as genes for variation in hyphal growth and

production of melanin have been mapped previously in an opportunistic fungal

pathogen (Lin et a/., 2006).
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3.5 Figures and figure legends
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Figure 3.1 Survival of Galleria mellonella injected with Aspergillus fumigatus isolates of

different mating types. Values represent the least squares means of survival for eight and

twelve isolates of MAT 1-1, and MAT 1-2 mating type, respectively where lower survival

indicates higher virulence. Black bars represent standard error of the mean.
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Figure 3.2 Survival of G. mellonella injected with A. fumigatus isolates of clinical and

environmental origin. Values represent the least squares mean survival of 10 clinical and

10 environmental isolates. The black bars represent the standard error of the mean.
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3.6 Tables

Table 3.1 Source, origin and mating type of the 20 Aspergillus fumigatus isolates.

Strain # Source Origin
Mating Mean survival

type (days)1

7.15 ± 0.19

7.39±0.19

7.54 ± 0.19

7.34 ± 0.19

7.33±0.19

7.57±0.19

7.42±0.19

7.49 ± 0.19

7.42±0.19

7.53 ± 0.19

7.43 ± 0.20

7.22 ± 0.20

7.53 ± 0.19

7.45 ± 0.19

7.41 ± 0.19

7.29 ± 0.19

7.25 ± 0.20

1-2

1-1
1-1

1-2

1-2

1-1
1-1
1-1
1-2

1-2

1-1
1-2
1-1

1-2
1-2
1-1
1-2

Environmental

Environmental

Environmental

Environmental

Environmental

Environmental

Environmental

Environmental

Clinical

Clinical

Clinical

Environmental

Environmental

Clinical

Clinical

UAMH 9309

FGSCA1237

FGSCA1236

FGSC A1238

FGSCA1240

UAMH 4338

UAMH 7676

FGSC A1239

UAMH 4299

FGSC A1100

UAMH 3762

UAMH 3109

UAMH 4052

FGSC A1241

UAMH 6948

UAMH 10100

ATCC 13073

Grain dust from

grain elevator

Outdoor

Outdoor

Outdoor

Outdoor
Dust & grain

sample

Indoor

Provisions for

Megachile

rotundata larvae

Indoor air

Outdoor

Brain abscess

Human Lung tissue

from patient with

IA2

Liver biopsy Clinical

Human pUlmonary Clinical

lesion
Human lung tissue

Lung ex autopsy

Tissue culture

contaminant

UAMH 3906 Human lung biopsy Clinical 1-2 7.34 ± 0.20

AfCHUV Unknown Clinical 1-2 7.52 ± 0.20

ATCC 42202 Sputum Clinical 1-2 7.55 ± 0.20

1 Values are least square means ± standard error. Six replicates of 10 larvae each were done for

all of the A. fumigatus strains, except for UAMH 3762 where 4 replicates were carried out.

2 Invasive aspergillosis.
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS

The primary goal of my studies was to identify whether there is natural

variation in virulence in A. nidu/ans and A. fumigatus. My work in Chapter 2 is

the first to show that A. nidu/ans can be virulent in G. me/Janella, and to study

variation in virulence between strains of A. nidu/ans. No mortality was seen in

insects injected with heat killed conidia (Chapter 2) demonstrating that abiotic

components of the conidia alone do not contribute to virulence, i.e., G. mellonella

mortality was due to live fungus. The work described in Chapter 3 is the first to

test whether virulence differs between mating types in A. fumigatus using an in

vivo model.

I found continuous variation in virulence in recombinant strains of A.

nidu/ans (Chapter 2). While previous studies have identified sources of variation

in virulence in A. fumigatus (Blanco et a/., 2002; Reeves et a/., 2006), this is the

first study showing variation in virulence among A. nidu/ans strains.

The pigmentation of A. nidu/ans did not affect virulence (Chapter 2). In

contrast, pigmentation has been found to be an important factor in other fungal

species for protection against macrophages and oxidative damage produced by

host immune cells (Casadevall et a/., 2000; Jahn et a/., 2000; Langfelder et aI.,

1998; Tsai et a/., 1998; Wang et a/., 1995). These studies found that

pigmentless mutants were more susceptible to killing by macrophages and

reactive oxygen species. A possible explanation for this observation is that while
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the allele which confers green pigmentation increases virulence, there is another

QTL gene affecting virulence close to the colour gene and the allele which

decreases virulence is linked to the colour allele. Therefore, strains that inherit

the green allele also tend to inherit QTL allele which decreases virulence. Their

effects cancel out and that is why we do not see any affect of pigmentation.

Furthermore, condial colour mutants were found to be highly pathogenic in insect

model, G. mellonella (Jackson et a/., 2009).

This study found a significant association between mating types and in

vivo virulence in A. fumigatus (Chapter 3) which is consistent with a recent study

(Alvarez-Perez et a/., 2010) where greater invasiveness of isolates found in vitro

correlated with the MAT 1-1 mating type. A difference between mating types in

the virulence of Cryptococcus neoformans has also been established using mice

models (Kwonchung et a/., 1992; Nielsen et a/., 2003), but only for one of two

serotypes tested, and only in certain genetic backgrounds.

Significant variation in virulence between clinical and environmental

isolates was found (Chapter 3) with environmental isolates being more virulent.

This surprising result is in contrast to a previous study that has found some

clinical isolates of A. fumigatus to be more virulent (Aufauvre-Brown et a/., 1998).

There are number of potential reasons why clinical isolates in my study showed

lower virulence. Clinical isolates were found clinically but may not have been

responsible for disease. Furthermore, the clinical strains used in my study may

have been sub-cultured prior to being deposited in stock centres more than the

environmental strains, which may have resulted in lower mortality as sub-
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culturing has been suggested to reduce virulence in A. fumigatus (Warn et a/.,

2006).

G. mellonella larvae were used as model hosts to assess virulence of A.

nidulans and A. fumigatus (Chapter 2 & 3). Although mammalian models are

normally used to assess virulence in Aspergillus species (Clemons & Stevens,

2006; Steinbach et a/., 2004), using mammalian models was not feasible due to

the need to measure virulence in many strains (94 A. nidulans and 20 A.

fumigatus strains) with multiple replicates for each strain. In contrast, insect

models are relatively cheap and easy to inject (Mylonakis et aI., 2007). Although

there are number of invertebrate model hosts which are in use to assess the

pathogenic effects of fungi, most of them do not survive at 3rC (Mylonakis et al.,

2007), e.g., Drosophila melanogaster (Lionakis & Kontoyiannis, 2005; Lionakis et

a/., 2005), and so may be less relevant models of human infections. Most of the

studies on D. melanogaster for Aspergillus infections are usually done at

temperatures lower than 30°C (Ben-Ami et aI., 2010; Lionakis et a/., 2005), and

therefore I used G. mellonella instead. Using G. mellonella , I was effectively able

to identify the variation in virulence in A. nidulans and A. fumigatus strains

(Chapter 2 & 3). Although G. mel/onel/a is an established model for Aspergillus

species (Reeves et a/., 2004; Renwick et a/., 2006; Steinbach et a/., 2006), this

study was the first to show the potential of this model to measure variation in

virulence in A. nidulans (Chapter 2). In a previous study, A. nidulans was not

been found to be pathogenic in G. mellonella (Leger et a/., 2000). There are two

possible reasons for the absence of virulence in the previous work: low conidial
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concentrations (3000 conidia per larva) and low temperature (22°C) (Leger et al.,

2000) compared to our study where 10400 viable conidia were injected per larva

and incubated at 3rC. Furthermore, to perform this type of study, the weight of

the G. mellonel/a should be kept within a narrow range as variation in virulence is

observed against heavy and light G. mel/one/la (Chapter 2). Suspensions used

to inject G. mel/onel/a should be made based on the number of viable spores,

and should be double checked for accuracy (Chapter 2 &3). Insects should be

maintained at their growth temperature (28°C) prior to injection of A. fumigatus

conidia, since the incubation of G. mel/onel/a before injection at low (4°C) or high

temp (3rC) was found to affect their immune system (Mowlds & Kavanagh,

2008). This study demonstrates the potential of using G. mel/onel/a as a model

host for Aspergillus species and other microorganisms to measure relatively

subtle variation in virulence.

My work has revealed the presence of naturally-occurring variation in

virulence in A. nidulans and A. fumigatus. Previously, A. nidulans virulence has

been suggested to be influenced by its genotype in which different auxotrophic

mutations were found to have different effects on virulence (Purnell, 1978).

Therefore, this study demonstrates the potential to use A. nidulans to explore the

cause of variation in virulence'at genome level. Quantitative trait loci (QTL)

mapping can be used to determine the genetic basis of continuous variation in

traits and has been used to identify genes for variation in virulence-related traits

in S. cerevisiae and C. neoformans (Lin et al., 2006; Steinmetz et al., 2002).

Variation in the ability of isolates of S. cerevisiae to grow at 42°C was identified
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(Mccusker et al., 1994) and three genes responsible for this variation were

identified by QTL mapping (Steinmetz et al., 2002) and studied in depth (Sinha et

aI., 2006). In Cryptococcus neoformans, a aTL responsible for variation in

hyphal growth and production of melanin was mapped and a gene responsible

for the QTL was identified and confirmed using gene deletion (Lin et al., 2006).

Identification of the genes involved in variation in virulence in Aspergillus species

will provide insight into the contribution of specific and potentially unknown

gene(s). These findings can further be applied to A. fumigatus, the leading

cause of lA, in which a sexual cycle has recently been identified (O'Gorman et

al., 2009). I have identified strains of different mating types that differ in virulence

(Chapter 3), which can be used to generate recombinant strains by conducting a

cross (O'Gorman et al., 2009). The variation in virulence among these

recombinant strains can be measured using G. mel/onella, as carried out in A.

nidulans in Chapter 2, and the genes underlying this variation may be identified

by aTL mapping.

4.1.1 Conclusions and future directions

Natural variation in virulence in strains of A. nidulans and A. fumigatus has

been identified using G. mel/onella as a model host. In future, a cross between

A. fumigatus strains can be created and the virulence of progeny tested using G.

mel/onel/a. Now, gene(s) responsible for variation in virulence in A. nidulans may

be identified using aTL mapping after genotyping the recombinant strains.

These gene(s) may help in identifying new targets for interventions in Aspergillus
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infections which are a significant cause of mortality in immunocompromised

individuals.
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