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Abstract 

Aspergillus fumigatus is a filamentous fungus that is the most common cause of life-

threatening invasive mould infections in immunosuppressed individuals. A. fumigatus 

produces a sialidase enzyme that shows a preference for 2-keto-3-deoxy-D-glycero-D-

galacto-nononic acid, (KDN). Sialidases break the glycosidic bond between terminal sialic 

acids and an underlying glycan chain. The purpose of my research was to create and 

characterize the KDNase knockout and complemented strains in A. fumigatus. Both 

strains were successfully generated. Growth in the presence of cell wall stressors 

(hyperosmolarity, antifungal agents, Congo Red dye) showed that the KDNase gene 

deletion affected morphology and cell wall integrity.  Treatment of A. fumigatus conidia 

with endogenous AfKDNase enzyme resulted in conidial clumping and damage, an effect 

not observed when conidia were treated with a bacterial sialidase. The Δkdnase strain 

remained virulent in an immunosuppressed murine model of invasive aspergillosis. 
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Chapter 1. Introduction 

1.1. The fungus Aspergillus fumigatus 

1.1.1. A. fumigatus and the aspergilli 

Aspergillus fumigatus is a ubiquitous, saprotrophic, filamentous fungus.  It is a critical 

organism in ecosystems worldwide due to its ability to breakdown detritus, and thus its 

role in carbon and nitrogen recycling.  However, it is also a serious pathogenic threat to 

immuno-suppressed individuals and other persons with certain risk factors.  In recent 

years an increase in solid organ transplant, bone marrow transplant and HIV prevalence 

has resulted in a larger number of at-risk individuals (Latge 2003). 

The genus Aspergillus, consisting of approximately 250 different species, belongs to the 

phylum Ascomycota, members of which are characterized by a spore producing ascus or 

strong genetic similarities to ascus-forming species.  Interestingly, the aspergilli are so 

named due to the resemblance of the asexual spore-forming apparatus, called the 

conidiophore, to an aspergillum, a device used to sprinkle holy water during Catholic mass 

(Bennet 2010). 

The aspergilli are important industrial microbes used in the production of food products, 

enyzmes, and antibiotics.  Aspergillus oryzae has been used in the production of sake, 

soy sauce, and miso for hundreds of years, and in the past century has been utilized in 

industrial scale production of citric acid.  As saprophytes, aspergilli are capable of 

producing and secreting massive quantities of enzymes making them ideal for mass 

production of these proteins. Examples include the production of α-amylase by A. oryzae 

and fructofuranosidase by A. niger (Knuf & Nielsen 2012). 

In A. fumigatus the primary mode of reproduction is asexual via the production of 

thousands of conidia.  Conidia are typically green and echinulate.  They are produced in 

chains attached to club-shaped vesicles that lack metulae.  The species is morphologically 
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variable and several varieties have been described that differ slightly (Latgé 1999).  Sexual 

reproduction in A. fumigatus was detected only recently; Cleistothecia and ascospores are 

produced during sexual reproduction and the breeding system is heterothallic (O’Gorman 

et al. 2009).   

 

Figure 1-1  The structure of the A. fumigatus conidiophore.  
A) A schematic of the conidia-forming structure of A. fumigatus, which 
enables asexual reproduction and spore dispersion. B) SEM image of the 
A. fumigatus conidiophore. Panel B by Isabelle Raymond-Bouchard 
(unpublished data). 

Airborne A. fumigatus conidia are abundant in the environment and it is has been 

estimated that people are regularly exposed to concentrations of between 1 and 100 

spores/m3 (Lacey 1996). A. fumigatus spores are small (2-3 μm in diameter) (Latgé 1999) 

which allows them to remain airborne for long periods of time, settling at a rate of 0.03cm/s 

(Lacey 1996).  Furthermore, their small diameter allows them to reach the alveolar spaces 

after inhalation. Environmental conidial concentration tends to increase in the autumn and 

winter months, particularly in proximity to fungal reservoirs such as compost heaps 

(O’Gorman 2011). 

Infection by A. fumigatus typically results from the inhalation of conidia; therefore, the 

major site of infection/portal of entry is the lungs and/or the sinuses.  Infection can also 

occur in non-respiratory sites including the skin and gastrointestinal tract; however, such 

instances are less common (Latgé 1999). There are approximately 20 Aspergillus species 
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that are opportunistic human pathogens, the most common of which are A. fumigatus, A. 

nidulans, A. flavus, A. niger, and A. terreus (Latgé 1999). 

1.2. Human disease caused by A. fumigatus 

Human disease caused by Aspergillus species can be broadly classified into one of three 

groups: Allergic bronchopulmonary aspergillosis (ABPA), aspergilloma, and invasive 

aspergillosis (IA).  Each group is characterized by the course of the disease and the risk 

factors that make an individual susceptible (Latgé 1999).  

ABPA is a condition in which Aspergillus fungus grows non-invasively within the 

respiratory tract triggering a continual immune response that will eventually damage tissue 

and cause symptoms (Agarwal 2009). ABPA occurs in patients with asthma or cystic 

fibrosis.  Overall, 1-2% of asthmatics and 7-35% of patients with cystic fibrosis will develop 

ABPA (Latgé 1999). Patients may present with hemoptysis, mucosal expectoration and 

difficulty breathing (Agarwal 2009). The course of the disease may change over time with 

patients experiencing alternating periods of exacerbation and remission (Greenberger 

2002).  

In ABPA, both the fungus and host response contribute to lung damage.  For example, 

Aspergillus secretes proteases that compromise the epithelium (Wark 2004). In addition, 

the presence of the fungus stimulates the release of host factors that directly promote 

inflammation and further damage the lung. Cell-mediated immunity is also involved: in 

some individuals, a fungal antigen-specific TH2 lymphocyte response results in increased 

production of IL-4 and IL-5 leading to a rise in the levels of IgE and eosinophils. IgE and 

eosinophils have been implicated in type 1 allergic reactions (Skov et al. 1999). Aspergillus 

hypersensitivity (AH), in which a patient reacts immediately to cutaneous application of 

Aspergillus antigen, is an additional risk factor for asthma patients; these patients have 4-

fold higher risk of developing ABPA over non-AH asthmatics (Agarwal et al. 2009). 

An aspergilloma is a fungal ball made up of densely packed mycelia, in addition to host 

immune cells and cell debris, that grows non-invasively in the lung (J. K. Lee et al. 2014) 

Patients with Aspergilloma are often asymptomatic but commonly present with mild 
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haemoptysis. Cough and laboured breathing are less frequently occuring symptoms. 

Severe haemoptysis is the most common fatal complication of aspergilloma, with 

aspergilloma-related haemoptysis carrying a mortality rate of between 2-12% (Kousha et 

al. 2011). Those at risk for aspergilloma are those with pre-existing cavities within the lung 

caused by some earlier disease, accident, or surgical procedure. Diseases that can result 

in pulmonary cavitation and subsequent development of aspergilloma include sarcoidosis, 

bronchiectasis, and lung cancer, although the most common is tuberculosis (Khan et al. 

2011). A larger aspergilloma-related cavity is correlated with an increased frequency of 

clinically significant haemoptysis (J. K. Lee et al. 2014) 

The most serious disease caused by fungi of the genus Aspergillus is invasive 

aspergillosis (IA). IA typically begins in the lungs, with end-stage disseminated disease 

targeting primarily the brain and kidneys (Schmiedel & Zimmerli 2016). Other less 

common portals of entry for invasive aspergillus infection include the skin, gastrointestinal 

tract, and the eyes (Fuqua et al. 2010). Invasive aspergillosis is not common in 

immunocompetent hosts but it is a major complication of other underlying conditions.  

Approximately half of all IA cases are diagnosed in patients with underlying 

haematological malignancy. Other risk factors include solid organ transplantation with an 

associated anti-rejection immunosuppression regimen, and severe obstructive pulmonary 

disease treated with corticosteroids (Schmiedel & Zimmerli 2016). Symptoms of IA vary 

significantly between patients but include fever, cough, malaise, dyspnea, and weight loss 

(Latgé 1999). The overall mortality rate for IA is approximately 50% but underlying factors 

can worsen prognosis, such as the progression of underlying malignancy, renal 

impairment, or recent corticosteroid treatment (Nivoix et al. 2008). 
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Figure 1-2 Pathogenesis of invasive aspergillosis. 
Airborne conidia are inhaled and reach the bronchioles and alveoli. In 
normal individuals, the conidia are promptly cleared by the immune 
system; however, if the immune response is not sufficient germination will 
occur. Germination is followed by hyphal growth and tissue invasion in the 
case of neutropenia, or significant inflammation due to polymorphonuclear 
leukocytes responding to infection. Reprinted from Dagenais & Keller 
(2009) with permission. 

1.2.1. Pathogenesis of Aspergillus fumigatus 

Aspergillus fumigatus is capable of causing invasive disease (invasive aspergillosis) in 

human hosts with appropriate pre-disposing conditions. The pathogenesis of invasive 

aspergillosis depends on the ability of the fungi to adapt and thrive in the peculiar 

environmental niches that comprise the mammalian host. 

The conidia of A. fumigatus range in size from 2 – 3.5 µm. Their small size allows them 

access to the pulmonary alveoli, while Aspergillus species with larger conidia typically 

cause disease in the more accessible, upper airways (Ben-Ami et al. 2010). Adhesion of 

spores to respiratory tract epithelial cells is mediated by Neu5Ac, the presence of which, 

on the spore surface, has been shown to be important for conidial adhesion to fibronectin, 

a component of the basal lamina (Wasylnka et al. 2001).  Once in the lung, conidial 

germination is activated by the presence of particular nutrients in addition to water and air. 
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During germination the conidia swell up with water, and undergo a change in the chemical 

properties of the cell surface. Hyphal growth begins several hours after germination 

(Osherov & May 2001). 

Prior to germination, A. fumigatus conidia are coated in a layer of the hydrophobic protein 

RodA. During germination this protein layer is removed and newly exposed ligands are 

recognized by the immune system, leading to an immune response (Aimanianda et al. 

2009). Both lectin and toll-like receptors are involved in activating the innate immune 

response (Ben-Ami et al. 2010). Melanin pigment has been shown to protect A. fumigatus 

conidia from oxidative attack by the immune system, possibly by reactive oxygen species 

(ROS) scavenging; a mutant strain lacking melanin was shown to be hypo-virulent (Jahn 

et al. 1997). 

Invasion of respiratory tissue occurs by the extension of hyphal filaments through intact 

epithelial cells (Ben-Ami et al. 2010) or by conidial germination subsequent to endocytosis 

by pneumocytes (Wasylnka & Moore 2003). In the latter case 3% of conidia internalized 

by A549 lung epithelial cells remained alive 24 hours post-endocytosis, of which one third 

had germinated, and at 36 hours the germlings were able to produce extracellular hyphae 

without lysis of the host epithelial cell (Wasylnka & Moore 2003). The vasculature of the 

lung is invaded by hyphae from the abluminal side, passing through to the luminal surface 

of the blood vessel. Once the fungus has entered the lumen of a blood vessel small 

portions of hyphae may break off and be disseminated throughout the body via the 

bloodstream. Subsequently, the fungus can invade the vessel endothelium from the 

luminal side causing significant tissue damage and allowing for the establishment of 

infection at sites distant from the lung (Kamai et al. 2006). Lesion morphology in IA falls 

into 2 categories described as discrete nodule, and fused lobular consolidation. The 

former consists of well-demarcated, round coagulation necrosis with hyphae arranged in 

a radial pattern, and surrounded by a circular band of hemorrhage. The latter consists of 

hyphal proliferation in the alveoli  and acute inflammatory exudate (Shibuya et al. 2004). 

Secondary metabolites play an important role in the pathogenesis of A. fumigatus. 

Gliotoxin appears to protect the fungus from attack by neutrophils. Mutant A. fumigatus 

lacking the ability to produce gliotoxin showed attenuated virulence in mice which had 
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been treated with cortisone acetate to induce immune suppression. However, in mice 

treated with an immunosuppressive regime containing cyclophosphamide, which causes 

neutropenia, the mutant was as virulent as wild type (Kwon-Chung & Sugui 2009). Small, 

iron chelating compounds, called siderophores, are also important for virulence in A. 

fumigatus, as the mammalian host constitutes an environment that is very low in free iron. 

Knockout of the SidA gene, which encodes an enzyme responsible for catalyzing the first 

step of hydroxamate siderophore biosynthesis, resulted in a strain that was avirulent in a 

murine model of IA (Schrettl et al. 2004) (Hissen et al. 2005). 

1.2.2. Anti-fungal drugs for the treatment of invasive aspergillosis 

IA is usually treated with a regimen of one or multiple anti-fungal drugs, although surgery 

is sometimes utilized (in addition to chemotherapy) depending on the location of the 

infection.  The triazole antifungal, voriconazole is usually used as the primary treatment, 

with the polyene antibiotic, amphotericin B (ampB) as an alternative. Caspofungin, an 

echinocandin antifungal agent, is utilized as a salvage therapy as it is generally less toxic 

than the other two drugs (Walsh et al. 2008; Kousha et al. 2011). Additional details for 

these drugs about their mechanism of action and efficacy in patients with invasive 

aspergillosis are provided below and summarized in figure 1-3. 

AmpB is a polyene anti-fungal agent discovered in the 1950’s (Oura et al. 1955) and the 

first anti-fungal used clinically to treat invasive aspergillosis (Mesa-Arango et al. 2012). 

Despite the age of the compound, its mechanism of action has not been fully elucidated 

(Mesa-Arango et al. 2012) but a number of studies have provided insight into how the drug 

functions. The ‘canonical’ amphotericin anti-fungal mechanism involves eight ampB 

molecules forming a barrel-like octamer in the plasma membrane upon hydrophobic 

interaction with ergosterol, the fungal membrane sterol.  This ampB octamer acts as a 

pore through which small ions and other molecules can leak leading to fungicidal effects 

(Palacios et al. 2007) (Mesa-Arango et al. 2012). However, more recent experiments have 

challenged this hypothesis.  A derivative of ampB, lacking a functional group predicted to 

be required for pore formation, showed no decrease in anti-fungal activity (Palacios et al. 

2007) (Palacios et al. 2011) and it has been proposed that sterol binding and 

sequestration, by ampB, is the primary requirement for anti-fungal activity. In this model, 
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pore-formation is considered a secondary mechanism of action that is dependent upon 

sterol binding(Palacios et al. 2011) (Gray et al. 2012). In addition to ergosterol 

sequestration and pore formation, there is also evidence that oxidative stress induction 

plays a role in the anti-fungal properties of ampB (Kim et al. 2012).  In Cryptococcus 

neoformans, treatment with ampB resulted in intracellular damage caused by free radical 

production that preceded any damage at the cell membrane (Sangalli-Leite et al. 2011). 

A major drawback limiting the use of ampB in humans is the possibility of infusion-related 

reactions such as fever and/or nephrotoxicity that can require dialysis. These are 

associated with a poorer prognosis for the patient (Hamill 2013). To combat the toxic 

effects of the drug, liposomal formulations of ampB have been developed. Disruption of 

the liposome occurs upon binding to the fungal cell wall, and results in the release of 

ampB, allowing for the fungicidal molecule to bind targets in the plasma membrane.  The 

host (mammalian) cells lack a cell wall and so do not trigger the release of ampB from the 

liposomes (Adler-Moore & Proffitt 2002). In a clinical trial of nearly 700 patients, liposomal 

ampB was shown to have similar levels of treatment success but significantly lower toxicity 

than regular ampB.  Of patients treated with conventional ampB, 44 percent developed 

infusion related fever, compared to 17 percent of patients treated with a liposomal 

formulation, and nephrotoxicity was lower in the group treated with liposomal ampB (19% 

vs 34%) (Walsh et al. 1999). 

Voriconazole is a second generation triazole anti-fungal compound which acts as an 

inhibitor of the cytochrome P450-dependent lanosterol 14α-demethylase, an enzyme 

critical for the biosynthesis of ergosterol.  The anti-fungal effects of voriconazole result 

both from the lack of ergosterol and the accumulation of toxic ergosterol pre-cursors (Kofla 

& Ruhnke 2005). Currently, voriconazole is considered to be the safest and most 

efficacious drug for the treatment of IA.  In a clinical trial that compared voriconazole with 

ampB, 144 IA patients were treated with voriconazole while 133 IA patients were treated 

with ampB.  Successful outcomes (full or partial response to the medication) were seen in 

52.8% of patients treated with voriconazole and the 12-week survival rate of all individuals 

in the voriconazole group was 70.8%. In contrast, 31.6% of individuals experienced a 

successful outcome in the ampB treatment group and the 12-week survival rate was 

57.9%.  The same trial also showed a significantly lower frequency of adverse effects 
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related to anti-fungal treatment with voriconazole compared to ampB (Herbrecht et al. 

2002).  Unfortunately, A. fumigatus is developing resistance to voriconazole that may 

significantly reduce its efficacy.  The first triazole resistant isolates of A. fumigatus were 

discovered in 1997 and the frequency of such strains has continued to increase (Howard 

et al. 2009). Recent data indicate that patients infected with resistant strains have a poorer 

outcome: the mortality rate for IA patients infected with a TR34/L98H triazole-resistant 

strain of A. fumigatus was 88% compared to 30-50% for patients infected with a triazole-

susceptible strain (Denning & Bowyer 2013).  

The anti-fungal drug caspofungin is one of a class of compounds, called echinocandins 

that are composed of a peptide core with a lipid side-chain.  The lipid side chain binds the 

transmembrane protein Fksp1, which is responsible for the synthesis of β-1,3-glucans in 

A. fumigatus.  The resulting lack of β-1,3-glucans available for cell wall 

synthesis/modulation is considered the primary cause of the fungi-static properties of 

caspofungin (Odds et al. 2003). Caspofungin is primarily used a salvage therapy, i.e., it is 

utilized when previous treatment attempts have failed.  A clinical trial with 83 IA patients, 

71 of whom did not respond to prior drug treatment and 12 of whom had to cease prior 

treatment due to adverse effects, assessed the efficacy of caspofungin. 44.6% of these 

patients achieved a successful outcome from the therapy and only 2 patients had to be 

removed from the trial due to adverse drug-related effects (Maertens et al. 2004).  

Echinocandins, including caspofungin, are the only anti-fungals approved for clinical use 

that target the fungal cell wall (Valiante et al. 2015). Such compounds represent a 

particularly promising avenue for aspergillosis therapeutics, as humans do not have a cell 

wall or the machinery required to produce it.  Thus, disrupting cell wall processes should 

adversely affect the invasive fungus much more than its human host.  Unfortunately, the 

fungal cell wall has mechanisms to compensate for deficiencies.  When treated with 

caspofungin a fungal cell will produce and incorporate more chitin into the cell wall to 

mitigate deleterious effects associated with the decreased availability of β-1,3-glucan 

(Valiante et al. 2015). The increased cell wall chitin levels following caspofungin treatment 

appears to be dependent on a single chitin synthase, ChsG (Walker et al. 2015).   More 

details on the structure and regulation of the A. fumigatus cell wall are provided in Section 

1.3 below. 
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Figure 1-3 Mechanisms of action for anti-fungal agents used in the treatment of 
IA.  
A) Amphotericin B binds ergosterol in the plasma membrane, producing 
pores and increasing membrane permeability. Recent work suggests, 
however, that the sequestration of ergosterol produces the fungicidal 
effect and pore-formation is a side-effect. B) Voriconazole blocks 
ergosterol biosynthesis by inhibiting the P450 14α-sterol demethylase. C) 
Caspofungin inhibits Fks1, a β-1,3-glucan synthase. β-1,3-glucan is a 
critical component of the A. fumigatus cell wall. Reprinted from Valiante et 
al. (2015) with permission.  

 

1.2.3. Host immune response to challenge by A. fumigatus 

The primary portal of entry in a human host, for A. fumigatus, is the respiratory system.  

Inhaled conidia must first pass through the trachea to enter the host’s lungs.  Many of 
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these conidia get trapped in the mucous lining that extends from the trachea to the terminal 

bronchioles. Particles are ejected from the respiratory system by mucociliary clearance in 

which cilia on the luminal surface of epithelial cells push mucus, and anything trapped in 

the mucus, to the pharynx where it is swallowed (Dagenais & Keller 2009). 

Conidia that are able reach the alveoli are cleared by the host’s innate immune system.  

Two types of white blood cell are involved in this response, macrophages and neutrophils.  

Alveolar macrophages resident at the epithelial surface of the lungs, engulf and kill conidia 

before germination.  Mice treated with cortisone acetate, which renders macrophages 

anergic, were significantly impaired in their ability to clear conidia from the lungs compared 

to untreated mice (Schaffner et al. 1982). In comparison, neutrophils attack and clear 

mycelia when conidia escape macrophage phagocytosis and germinate.  Mice treated 

with nitrogen mustard, a compound which induces neutropenia, were more susceptible to 

A. fumigatus infection compared to wild type when the conidia were administered via IV, 

but not when conidia were given intranasally (Schaffner et al. 1982). 

After phagocytosis by macrophages, conidia are destroyed in a process requiring the 

production of reactive oxidant intermediates (ROIs) by NADPH oxidase.  Mice treated with 

NADPH oxidase inhibitors were impaired in their ability to kill conidia, following 

phagocytosis, in comparison with untreated mice.  However, the rate of conidial 

phagocytosis was similar in both groups of mice.  Treatment of mice with cortisone-acetate 

affected conidial clearance in a similar fashion (Philippe et al. 2003). Interestingly, the 

initiation of conidial killing via ROIs requires the fungal spore to swell (the first stage of 

germination) inside the macrophage.  It is hypothesized that recognition of fungal β-1,3-

glucan by the macrophage, which is only exposed upon swelling, is required for initiation 

of ROI-mediated conidial killing.  β-1,3-glucan is present in small quantities in the conidial 

cell wall, but is the major constituent of the hyphal cell wall (Hohl & Feldmesser 2007).  

The importance of NADPH oxidase in clearance of Aspergillus is also highlighted by the 

susceptibility of patients with chronic granulomatous disease (CGD) to invasive 

aspergillosis, particularly caused by Aspergillus nidulans. CGD patients have a defect in 

phagocyte NADPH oxidase (Segal et al. 2011). 
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In addition to their primary role in the killing of hyphae, neutrophils have been shown to 

play a role in conidial killing.  Upon recruitment to the lungs, neutrophils form aggregates 

around conidia and release ROIs, inhibiting germination.  CXCR2-/- mice, which exhibit 

delayed recruitment of neutrophils in response to inflammation, were inoculated intra-

nasally with A. fumigatus conidia.  In this model, conidial germination was observed at 6 

hours (pre-arrival of neutrophils), but the fungus had been cleared by 48 hours (post-

arrival of neutrophils) (Bonnett et al. 2006). 

The role of the adaptive immune system in host defence against A. fumigatus infection is 

not well understood.  Neither SCID mice, which lack functional T and B cells, nor nude 

mice, which lack functional T cells, are more susceptible to IA than wild type mice (Williams 

et al. 1981; Hohl & Feldmesser 2007). Nonetheless, in vitro assays have shown that 

hyphae incubated with T cells, neutrophils, and antigen presenting cells are damaged to 

a greater extent than hyphae incubated with either T cells or neutrophils alone (Beck et 

al. 2006). Regardless of the uncertainty about the exact role of the adaptive immune 

system, in response to A. fumigatus infection, it is clear that the innate immune system is 

the primary line of defence. 

In immunocompromised human patients, the manifestation of IA differs depending on 

which components of the immune system are deficient.  In neutropenic patients, a large 

exposure to conidia can overwhelm lung macrophages and germination of some of the 

inhaled spores can occur.  In the absence of a sufficient quantity of neutrophils to kill 

invading hyphae, the fungus can penetrate the tissue of the lung and may enter the blood 

stream allowing for systemic dissemination. Patients deficient in macrophages, or whose 

macrophages are functionally impaired, such as those receiving high dose corticosteroids, 

will be unable to effectively clear conidia from the lungs.  Neutrophils will prevent hyphal 

dissemination but without the ability to remove the infectious particle from the lungs, the 

immune response becomes pro-longed and can result in extensive tissue damage 

(Dagenais & Keller 2009). 
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1.3. The cell wall of A. fumigatus 

1.3.1. Structure and function of the A. fumigatus cell wall 

The cell wall of A. fumigatus is a dynamic structure that performs multiple functions 

important for the proper growth and development of the fungus, including structural 

support of the cell, adhesion to surfaces, mitigation of osmotic stress, size-based 

exclusion of molecules, and biofilm generation (Lee & Sheppard 2016). Proteins, lipids, 

and pigments are all components of the cell wall but the primary constituents are 

polysaccharides linked together covalently, and non-covalently, to form a net-like structure 

around the cell (Lee & Sheppard 2016). The identities of A. fumigatus cell wall 

polysaccharides are illustrated in Figure 1-4. 

The cell wall can be divided into two distinct layers based on the composition and 

organization of its constituent polysaccharides.  The inner layer (or alkali insoluble layer) 

is tightly packed and provides the fungus with structural resistance, whereas the outer 

layer (or alkali soluble layer) is loosely associated and amorphous (Latgé 2010).  The two 

cell wall layers have unique polysaccharide profiles which differ depending on the 

developmental stage of the fungus.  The cell wall of hyphae has a different make-up than 

the cell wall of conidia. 
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Figure 1-4 Polysaccharides of the A. fumigatus cell wall.  
Schematic of cell wall polysaccharides with linkages and monosaccharide 
identities indicated. Reprinted from Lee and Sheppard (2016) with 
permission. 

The organization of cell wall components is unique to each layer.  The inner layer is 

composed of a network of branched β-(1,3)-glucan associated covalently with 

chitin/chitosan, β-(1,3)-/β-(1,4)-glucan and galactomannan, while the outer layer is made 

up of linear α-(1,3)-glucan and galactomannan (Beauvais, Fontaine, Aimanianda, & Latge, 

2014). In addition, hyphae have a layer of extracellular matrix (ECM) above the outer cell 

wall layer that is composed of galactosaminogalactan (GAG), galactomannan, and α-

(1,3)-glucan  (Lee & Sheppard 2016). 

The outer cell wall of conidia contains highly hydrophobic structures called rodlets that aid 

in conidial dispersion/buoyancy. The rodlets are composed of hydrophobic proteins called 

hydrophobins.  A. fumigatus has two hydrophobins in the conidial cell wall, RodAp and 

RodBp, though only RodAp is present in rodlets (Paris et al. 2003). The rodlet layer is 

immunologically inert, and RodA protein is not capable of activating lymphocyte 



 

15 

proliferation, or Aspergillus-specific human CD4+ T-cell clones. This suggests a ‘masking’ 

role for RodA in hiding underlying pathogen-associated molecular patterns (PAMPs) from 

the immune system (Aimanianda et al. 2009). GAG, found in the ECM cell wall layer, also 

functions to conceal PAMPS (Gravelat et al. 2013). Additionally, hydrophobins function in 

adhesion, however, in A. fumigatus, there was no difference between RodA deficient 

mutants and wild type in conidial adhesion to common pulmonary substrates 

(pneumocytes, fibrinogen, and laminin) (Thau et al. 1994).  

 

Figure 1-5 The cell wall of A. fumigatus.  
Schematic depiction of the cell of A. fumigatus including the plasma 
membrane and transmembrane polysaccharide synthetases. Reprinted 
from Abad et al. (2010) with permission. 
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1.3.2. Biosynthesis of the A. fumigatus cell wall 

The cell wall of A. fumigatus is not an inert and unchanging structure.  Rather, it is a 

constantly growing component of the fungal cell that is capable of changing composition 

in response to environmental effects or the current needs of the fungus.  To allow for such 

dynamic growth and modification, new cell wall polysaccharides must be constantly 

produced, modified and re-organized (Bernard & Latgé 2001). Biosynthesis of cell wall 

polymers is performed primarily by plasma membrane bound/associated proteins, 

although galactomannan is synthesized in the Golgi (Lee & Sheppard 2016). 

β-(1,3)-glucan synthesis, in A. fumigatus, is performed by the Fks1 protein (A Beauvais, 

Drake, & Latge, 1993). Fks1 is an integral membrane protein (Beauvais et al. 2001) which 

extends β-(1,3)-glucan polymers using UDP-glucose as a substrate, and extrudes the 

product into the periplasmic space (Bernard & Latgé 2001). The action of Fks1 is regulated 

by an associated Rho small GTPase.  Rho1 was found to directly complex with Fks1 at 

the plasma membrane and is the most likely candidate for Fks1 regulation (Beauvais et 

al. 2001). Interestingly, a viable Δfks1 mutant was produced, which displayed increased 

sensitivity to the cell wall disrupting compounds, calcofluor white (CW) and sodium 

dodecyl sulfate (SDS).  In addition, the cell wall was completely lacking β-(1,3)-glucan, but 

increased levels of chitin and GAG partially compensated for the missing polysaccharide 

(Dichtl et al. 2015). While the β-(1,3)-glucan synthase, itself, is not necessary for fungal 

viability, Rom2 is a guanine nucleotide exchange factor that interacts with Rho1 and is 

essential for fungal survival. Conditional Rom2 mutants showed severe cell wall defects 

including increased sensitivity to caspofungin, CR, and CW (Samantaray et al. 2013). 

In addition to the synthesis of cell wall polymers, a properly functioning fungus requires 

machinery capable of constructing, modifying, and re-modelling the cell wall and its 

constituent parts.  In A. fumigatus Eng2 is a GPI-anchored endo β-(1,3)-glucanase that 

cleaves soluble β-(1,3)-glucans randomly at internal residues (Hartl, Gastebois, 

Aimanianda, & Latge, 2011). The GEL enzymes are β-(1,3)-glucanosyltransferases that 

allow for elongation of β-(1,3)-glucans by attaching polymers together. This occurs via an 

initiating endo-type splitting of a β-(1,3)-glucan and its subsequent attachment, by its 

reducing end, to the non-reducing end of another β-(1,3)-glucan molecule (Hartland et al. 

1996). Finally, BGT enzymes are glucanosyltransferases that mediate the 
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interconnections and branching of cell wall glucans.  In A. fumigatus Bgt1 produces a 

kinked β(1-3;1-6) linear glucan, while Bgt2 produces a β(1-3) molecule with  β(1-6) linked 

branches (Gastebois et al. 2010). It is interesting that knockout mutants of many of these 

remodelling enzymes have been produced and in many cases the mutant phenotype is 

no different than wild type. Deletion mutants have been constructed for 2 of 6 putative eng 

genes found in the A. fumigatus genome.  Both Δeng1 and Δeng2 strains displayed no 

phenotype of interest (Hartl et al. 2011).  Out of 5 putative A. fumigatus bgt genes, bgt1 

and bgt2 have been deleted individually as well as in combination.  None of these mutant 

strains, including the double knockout, showed decreased growth or increased sensitivity 

to cell wall stressors compared to wild type (Gastebois et al. 2010). Only the GEL enzymes 

seem to consistently produce a phenotype upon deletion. Of seven putative gel genes, 

the knockout of gel2 and gel7 result in conidiation defects, and Δgel7 had lower levels of 

cell wall β-(1,3)-glucan, while gel4 deletion was lethal (Lee & Sheppard 2016). The lack of 

mutant phenotypes among deletion mutants of A. fumigatus cell wall modifying enzymes 

is probably due to massive functional redundancy among these enzyme families as well 

as compensatory effects from related enzymes. 

In A. fumigatus, chitin polymerization is performed by 8 chitin synthases (Chs) that are 

separated into two families based on the number and position of their transmembrane 

domains.  Single deletions of these genes resulted in minimal or no phenotype and had 

little impact on the total chitin present in the cell wall.  Quadruple deletion of family sets of 

chs genes was only marginally more successful in producing a phenotype.  Furthermore, 

no trend was discovered between the deletion of single or multiple chs genes and the 

chitin content of the cell wall (Muszkieta et al. 2014). Among these mutants, however, the 

ΔchsG strain showed the most interesting cell wall phenotype, with an increased 

sensitivity to caspofungin and to a synergistic mixture of caspofungin and nikkomycin Z 

(Walker et al. 2015). 

Modification of cell wall chitin is in part performed by chitanases which cleave the β-(1-4)-

linkage between GlcNAc moieties. A. fumigatus has 18 chitanases and single deletion of 

each of these genes resulted in mutant strains with no growth or germination defects.  In 

addition, a quintuple mutant, produced by the deletion of an entire class of chitinase 
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enzymes, produced only a slight growth defect during autolysis, suggesting a nutritional 

basis for the phenotype (Alcazar-Fuoli et al. 2011). 

Chitosan, another cell wall polysaccharide, is a derivative of chitin produced by 

deacetylation of some of the polymer’s GlcNAc residues.  This is achieved via the activity 

of chitin deacetylases (CDA). Two putative CDA genes have been identified in A. 

fumigatus but to date they have not been studied (Lee & Sheppard 2016). 

Galactomannan is a branched polysaccharide, present in the cell wall of A. fumigatus, 

composed of a mannose polymer backbone with galactofuran side chains.  It can be GPI-

anchored to the plasma membrane, or more loosely associated with the amorphous, outer 

cell wall.  Unlike most cell wall polymers in A. fumigatus, galactomannan is synthesized in 

the Golgi, rather than at the plasma membrane (Engel et al. 2012). This synthesis has 

only been sparsely studied in A. fumigatus, however, deletion of the GDP-mannose 

transporter (GmtA), which functions to import mannose into the golgi from the cytoplasm, 

results in a mutant with no cell wall galactomannan. The ΔgmtA strain also displayed a 

severe growth phenotype that was rescued by osmotic stabilization with the addition of 

sorbitol to the growth medium (Engel et al. 2012). This suggests that mannan containing 

polymers are important for proper function of the A. fumigatus cell wall. 

α-(1,3)-glucan is found only in the alkali-soluble layer of the A. fumigatus cell wall, and is 

synthesized by three plasma membrane synthases (Ags1, Ags2, and Ags3) (Lee & 

Sheppard 2016). Surprisingly, triple deletion of all ags genes produced a strain that was 

similar in phenotype to wild type but with a cell wall devoid of α-(1,3)-glucan (Henry, Latge, 

& Beauvais, 2012). However, in a cyclophosphamide immunosuppressed murine model 

of invasive aspergillosis, the triple ags deletion strain was significantly less virulent than 

wild type; at 20 days 60% of mice infected with the mutant survived, compared to 0% of 

mice infected with the wild type (Beauvais et al. 2013). The lack of a significant mutant 

growth phenotype was likely due to a compensatory re-organization of the cell wall (Henry 

et al. 2012). The Ags proteins also display functional redundancy, as deletion of ags2 

alone resulted in a mutant with no cell wall modification and levels of α-(1,3)-glucan 

identical to wild type. 
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The biosynthesis of GAG, a cell wall polysaccharide found pre-dominantly in the ECM 

layer of the A. fumigatus hyphal cell wall, is not well understood.  It requires the conversion 

of UDP-glucose into UDP-galactose and of UDP-GlcNAc into UDP-GalNAc.  This process 

is performed by a pair of cytosolic epimerases called Uge3 and Uge5 and double deletion 

of uge3 and uge5 is sufficient to produce a mutant entirely lacking GAG (M. J. Lee et al. 

2014). Once UDP-galactose and UDP-GalNAc are produced, it is hypothesized that Gtb3, 

a transmembrane glycosyl transferase, links the residues and extrudes the polymer (M. J. 

Lee et al. 2014). 

1.3.3. Regulation of A. fumigatus cell wall synthesis and 
composition 

Successful cell wall dynamism requires that new polysaccharides are constantly being 

produced, modified and re-arranged.  Synthases and re-modelling enzymes are critical for 

this process, but the action of these myriad enzymes must be regulated appropriately in 

response to changing developmental stage and environment.  This requires a set of 

mechanisms that link changing conditions, internal or external to the cell, with a response 

by cell wall building enzymes.  This regulation is critical to cell wall function. 

The A. fumigatus cell wall contains GPI anchored glycoproteins with both N and O glycans. 

Correct glycosylation of these proteins is critical in the maintenance of cell wall 

organization (Jin 2012). A. fumigatus has three protein O-mannosyltransferases called 

Pmt1, Pmt2, and Pmt4. Pmt proteins function by initiating O-mannosylation of secretory 

glycoproteins.  A deletion mutant, lacking the pmt1 gene, exhibited a strong phenotype 

indicative of cell wall dysfunction, including an increased sensitivity to high growth 

temperatures and CW. Additionally, the Δpmt1 mutant displayed increased levels of chitin 

and α-glucans, but decreased levels of β-glucans (Zhou et al. 2007). However, a more 

recent experiment was not able to find a difference between a Δpmt1 mutant and wild type 

A. fumigatus.  A conditional mutant of pmt2 was produced by replacing the native gene 

promoter with the alcA promoter from A. nidulans, which allows for inducible/repressible 

expression.  The pmt2 mutant showed increased sensitivity to CW and CR when pmt2 

expression was repressed (Fang et al. 2010). 
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N-glycans are transferred to new glycoproteins via the oligosaccharyltransferase enzyme 

complex. A conditional mutant of Afstt3, which encodes the oligosaccharyltransferase 

catalytic sub-unit, was produced by replacing the native promoter with the nitrogen-

dependant niiA promoter.  Repression of the stt3 gene resulted in growth defects, as well 

as a mild cell wall defect phenotype characterized by increased cell wall chitin content and 

a thicker proteinaceous cell wall layer, seen by transmission electron microscopy (TEM) 

(K. Li et al. 2011). 

The pmt and stt mutants show the importance of adding properly constructed glycans to 

the correct glycoprotein. N-glycan trimming, by glycoside hydrolases, has been shown in 

mammals to be an important quality control regulator of the glycosylation process (Zhang 

et al. 2009). In A. fumigatus the α-glucosidase I protein is encoded by the cwh41 gene.  

Deletion of cwh41 results in sensitivity to high growth temperatures, indicative of cell wall 

weakness. Δcwh41 also showed an upregulation of Rho-type GTPase genes, suggesting 

that the cell wall integrity (CWI) pathway has been activated (Zhang et al. 2009). 

The CWI pathway is involved in sensing cell wall stress, caused either by environmental 

stress or cell wall defects, and modulating expression of cell wall genes in response.  In 

general, stress is detected by plasma membrane proteins, and the signal is transferred to 

the MAPK signalling module by intermediary proteins thought to include Rho1 (a GTPase) 

and PkcA (a kinase).  Upon phosphorylation, MpkA, the most downstream protein of the 

MAPK cascade, moves into the nucleus and activates transcription factors (Valiante et al. 

2015). This process is summarized in figure 1.6. 
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Figure 1-6 The cell wall integrity (CWI) pathway of A. fumigatus.  
The CWI pathway is activated by cell wall stress, which is detected by 
WSC1, WSC3, and MidA. The G-protein Rho1 transduces the signal 
between the plasma membrane sensor proteins and a phosphorylation 
cascade involving four kinases (PkcA, Bck1, Mkk1, and MpkA). Upon 
phosphorylation, MpkA translocates in the nucleus and activates various 
transcription factors. Growth phenotypes of MapK module mutants are 
indicated in comparison to the wild type. Reprinted from Valiante et al. 
(2015) with permission. 

The CWI sensor proteins are called WSC receptors and act as nano-springs that detect 

mechanical stress. In A. fumigatus the WSC receptors, all found in the plasma membrane, 

are Wsc1-3 and MidA, although Wsc2 doesn’t function in the CWI pathway (Valiante et al. 

2015) (Grice et al. 2013).  A set of A. fumigatus WSC deletion strains were produced, 

including Δwsc1, Δwsc3, ΔmidA, all possible double mutants from the three WSC genes, 

and a triple mutant.  The results indicated a large degree of redundancy among the WSC 

receptors, at least in their function as CWI pathway activators, but certain mutants did 

display unique cell wall phenotypes. ΔmidA displayed increased sensitivity to CR, CW, 
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and increased growth temperature, while Δwsc1 exhibited increased sensitivity to 

caspofungin (Dichtl et al. 2012).  

The WSC receptors are thought to be connected to the downstream MAPK cascade, at 

least in part, by the kinase PkcA. Deletion of pkcA was lethal in A. fumigatus, so a single 

amino acid (G579R) was changed in the proteins regulatory domain with the goal of 

decreasing its activity.  The pkcAG579R mutant showed an increased sensitivity to CW, CR, 

and SDS, indicative of cell wall dysfunction (Rocha et al. 2015). 

The work detailed in this thesis established a link between a sialic acid metabolizing 

enzyme (KDNase) and the proper functioning of the A. fumigatus cell wall. Sialic acids 

and sialidases are introduced in sections 1.4 and 1.5, respectively. 

1.4. Sialic acids 

1.4.1. Diversity among sialic acids 

The term sialic acid refers to any substituted derivative of neuraminic acid, a nine-

carbon carbohydrate. Sialic acids are common in nature, although the unsubstituted 

parent molecule is not (Traving et al. 1998). Substitution with an N-acetyl or N-glycolyl 

group at C-5 yields N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc), respectively. Substitution of a hydroxyl group at C-5 results in 2-keto-3-deoxy-

D-glycero-D-galacto-nononic acid (KDN). These molecules, in addition to neuraminic acid 

itself, can be further substituted at C-4, C-7, C-8 and C-9 with a variety of functional groups 

resulting in the diversity of molecular structures in the sialic acid family that has over 50 

members (Varki & Schauer 2009). 
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Figure 1-7 The family of sialic acids.  
The basic backbone of all sialic acids is depicted schematically with 
known substitutions at each carbon indicated. Reprinted from Schauer 
(2003) with permission. 

Sialic acids are most commonly found at the terminus of glycan chains, including N-

glycans, O-glycans and glycosphingolipids. They are usually attached to an underlying 

galactose residue by an α2,3- or α2,6- linkage, but can also be found α2,6- linked to N-

acetylglucosamine (GlcNAc) (Varki & Schauer 2009). Sialic acids can also be found in an 

internal position on glycan chains; however, in mammals, this occurs only as α2,8- 

polysialic acid (Mühlenhoff et al. 1998). Poly (α2,8-KDN) has been detected in most rat 

tissues, as well as golden hamster, pig, chicken and human tissues (Ziak et al. 1996).  

KDN has been found to be naturally occurring among lower vertebrates, mammals, and 

some microbes (Inoue & Kitajima 2006). Specifically, KDN has been detected in rainbow 

trout eggs (Nadano et al. 1986), ovarian fluid (Kanamori et al. 1989), sperm (Song et al. 

1991), and testis (Song et al. 1995); in the eggs and ovarian fluid of Chum and Kokanee 

salmon (Inoue & Kitajima 2006); and in very high proportions in the skin mucus of the 
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loach (Kimurat et al. 1994) as well as most other loach organs (Inoue & Kitajima 2006). 

KDN has also been detected in amphibian egg jelly coats (Strecker et al. 1992), 

occasionally monofucosylated at C4 or difucosylated at C4/C5 (Inoue & Kitajima 2006), 

and in the microbial plant pathogens Sinorhizobium fredii (Gil-serrano et al. 1998), 

Pseudomonas corrugate (Corsaro et al. 2002), as well as Streptomyces sp. that cause 

potato scab disease (Shashkov et al. 2002). 

In mammals, KDN has been detected in numerous rat tissues and may be ubiquitous in 

rats, although it is 2-3 orders of magnitude less common than Neu5Ac in the same tissues 

(Inoue et al. 1996). Pig submaxillary glands have also been shown to contain KDN (Inoue 

et al. 1996). In humans, KDN has been detected in red blood cells, primarily as free KDN 

(Inoue et al. 1998), but traces of KDN were detected on glycoproteins and glycolipids 

present in the erythrocyte plasma membrane (Bulai et al. 2003). Interestingly, KDN has 

also been detected in human ovarian cancer (Inoue et al. 1998) and lung cancer (Inoue 

et al. 1996).  

1.4.2. Sialic acid biosynthesis 

Sialic acid biosynthesis is comprised of two main steps. First, UDP-GlcNAc is converted 

to free N-acetylmannosamine (ManNAc) and UDP by UDP-N-acetyl-glucosamine 2-

epimerase. In mammals, ManNAc is phosphorylated, resulting in ManNAc-6P.  

Subsequently, ManNAc-6-P is reacted with phosphoenolpyruvate (PEP) resulting in 

Neu5AC-9-P, which is subsequently dephosphorylated to produce the most common sialic 

acid, Neu5Ac. In bacteria, ManNAc is directly reacted with PEP to produce Neu5Ac.  In 

the nucleus, sialic acid is then activated by the addition of cytosine monophosphate 

(Tanner 2005) to form CMP-sialic acid that can subsequently be taken up into the ER and 

Golgi compartments for addition to oligosaccharide chains. 

KDN biosynthesis has been studied in Rainbow trout. In the first step of KDN biosynthesis, 

a phosphate group is added to mannose from a donor adenosine triphosphate (ATP) to 

generate mannose-6-phosphate.  Mannose-6-phosphate is then condensed with PEP 

followed by dephosphorylation to yield KDN (Angata et al. 1999) (Nakata et al. 
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2001)(Terada et al. 1993) . There is no evidence that KDN can be formed by removal of 

the N-acetyl group at C5 (Varki & Schauer 2009).  

In addition to de novo biosynthesis, some bacteria are able to scavenge ‘donor’ sialic acids 

or their metabolic precursors (Y. Li. X. Chen. 2012). For example, Neisseria gonorrhoeae 

secretes a sialyltransferase enzyme to ‘hijack’ host CMP-sialic acid such that sialic acid is 

presented on the bacterial cell surface to reduce host immune recognition (Shell et al. 

2002). Another mechanism is employed by Haemophilus influenzae which imports free 

Neu5Ac from the host (Severi et al. 2005). The free neu5Ac is then activated by the 

addition of a CMP group in a reaction catalyzed by the siaB enzyme, a CMP-Neu5Ac 

synthetase (Jurcisek et al. 2005). 

1.4.3. Sialic acids in microbial pathogenesis 

Sialic acids are an important chemical constituent of many microorganisms (Schauer 

2004),and play important roles in pathogenesis and other pathogen-host interactions. In 

pathogenesis, sialic acids often ‘cloak’ the pathogen, protecting it from host immune 

responses due to a lack of recognition of the microbe by the host.  Alternatively, sialic 

acids can act as a receptor/ligand that mediates critical cell-cell interactions and 

communication.  In addition, the utilization of host sialic acids as a carbon source can be 

important for pathogen survival. 

The bacterium, Neisseria meningitides has a polysialic acid (PSA) capsule that appears 

to inhibit the complement membrane-attack complex, protecting the bacteria from being 

destroyed in serum(Vimr & Lichtensteiger 2002), while N. gonorrhoeae and H. influenzae 

are similarly protected by sialylation of surface lipopolysaccharides (LPS)(Severi et al. 

2007). Sialic acids on N. meningitides, Campylobacter jejuni and group B streptococci 

interact with various host siglecs (sialic acid binding lectins) to reduce the response of the 

innate immune system (Khatua et al. 2013). 

Sialic acids have also been detected on numerous species of pathogenic fungi including 

Fonsecaea pedrosi, Sporothrix schenckii, Paracoccidiosides brasiliensis, Cryptococcus 

neoformans, and Candida albicans (Alviano et al. 1999). In both S. schenckii and C. 

neoformans, the enzymatic removal of sialic acids from the surface of the cell increased 



 

26 

the uptake of the yeasts by macrophages compared to cells that remained sialylated 

(Alviano et al. 1982; Rodrigues et al. 1997). 

Sialic acids have also been detected on the surface of A. fumigatus conidia. Binding of 

conidia to fibronectin and intact basal lamina was shown to be stronger in A. fumigatus 

when compared to multiple non-pathogenic aspergilli, and this binding was inhibited by 

co-incubation with negatively charged carbohydrates, suggested that a negatively 

charged conidial surface carbohydrate was involved in basal lamina adhesion (Wasylnka 

& Moore 2003). Subsequently, the negatively charged sugars were identified as sialic acid 

(Wasylnka et al. 2001). The majority of these sialic acids were determined to be 

unsubstituted Neu5Ac that were α2,6-linked to an underlying galactose residue.  Removal 

of these conidial surface sialic acids led to a decrease in uptake by both cultured murine 

macrophages and cultured type 2 pneumocytes (Warwas et al. 2007). A. fumigatus sialic 

acid biosynthesis occurs de novo, as indicated by the presence of sialic acids on fungi 

grown in minimal media lacking sialic acid (Wasylnka et al. 2001). 

1.5. Sialidases 

1.5.1. Structure and function 

Sialidases are a group of glycoside hydrolases that catalyze the release of sialic acids 

from glycans present on the cell surface, or in an organism’s environment.  Endosialidases 

cleave linkages internal to macromolecules and are only found in bacteriophage viruses, 

whereas exosialidases cleave terminal sialic acid residues from underlying glycans 

(Achyuthan & Achyuthan 2001) (Jakobsson et al. 2015). The latter group of sialidases 

have been found in most types of organisms, including viruses, bacteria, and many 

animals including mammals.  Notably, no sialidases have been found in plants (Kim et al. 

2011).  

Sialidases have a sialidase domain that consists of a canonical catalytic β-propeller fold 

in which some amino acid residues are highly conserved between species (Kim et al. 

2011). Among the conserved active site amino acids are three co-ordinated arginine 

residues (called the arginine triad) that bind the carboxylate group of sialic acids, a tyrosine 



 

27 

and a glutamic acid that act as a nucleophilic pair, and an aspartic acid residue that 

functions as an acid/base catalyst (Buschiazzo & Alzari 2008). 

 The first arginine of the catalytic triad is present as part of the conserved RIP motif (Arg-

Ile-Pro) (Vilei et al. 2011).  Conserved motifs are also present outside the catalytic site; 

bacterial sialidases contain 3-5 repeats of the ‘aspartate box’ motif (Ser/Thr-x-Asp-x-Gly-

x-Thr-Trp), none of which are in proximity to the active site.  The position of aspartate 

boxes within the primary structure of sialidases is not well conserved; however, the 

topological positioning of these motifs within the tertiary fold of the protein is conserved 

(Crennell et al. 1993). The function of the aspartate box is unclear, but similar motifs have 

been found in non-sialidase protein families including the ribonucleases, sulfite oxidases, 

and netrins (among others), hinting that the function is regulatory and not related 

specifically to glycoside hydrolase activity (Copley et al. 2009).  

Most sialidases have one or more domains in addition to the sialidase domain.  Often 

sialidases are secreted and function as extra-cellular proteins, or as plasma 

membrane/cell wall associated proteins.  This is achieved through the presence of a signal 

sequence, allowing for appropriate trafficking of the newly synthesized enzyme (Vimr et 

al. 2004). Carbohydrate binding domains (lectin-like domains) can be present at the N or 

C termini, though they are not found in all sialidases (Kim et al. 2011). The function(s) of 

the lectin-like domains has not been elucidated, but it is suspected to target the enzyme 

to areas rich in carbohydrate substrate (Boraston et al. 2007). 

At the molecular level, sialidases function by cleaving the glycosidic bond between a sialic 

acid and a glycan; however, each enzyme has a unique substrate specificity. The 

substitutions on sialic acid, type of linkage, and identity of the underlying glycan are all 

factors that will determine whether a sialidase can act upon a particular glycan substrate 

(Parker et al. 2012). At the organismal level, sialidases perform a wide variety of functions.  

In mammals and higher eukaryotes, sialidases regulate and modify the cell-surface glycan 

profile that in turn, modulates cell-cell and cell-environment interactions.  In microbes, 

sialidases have most often been found in pathogens or commensals that are in contact 

with a mammalian host (Kim et al. 2011). Their functions include ahesion to host cells (J. 

Li et al. 2011), unmasking of cellular receptors or toxin binding sites (previously hidden by 
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terminal sialic acid) (Moustafa et al. 2004), scavenging of host sialic acids to be used in 

pathogen sialylation (Bouchet et al. 2003), and nutritional scavenging (Lewis & Lewis 

2012). Additional details are provided below. 

1.5.2. Sialidases in microbial pathogenesis 

The role of sialidases in pathogenesis has been studied most extensively in bacteria.  The 

bacteria studied include a number of pathogens that use the respiratory system to access 

the human body and establish infection, including Streptococcus pneumoniae, 

Haemophilus influenzae, and Pseudomonas aeruginosa (Lewis & Lewis 2012).  This is 

notable, as A. fumigatus also primarily utilizes the respiratory system as a portal of entry 

(Latgé 1999). 

Streptococcus pneumoniae is a major cause of pneumonia, particularly in the elderly or 

the immunocompromised (van der Poll & Opal 2009). S. pneumoniae expresses three 

sialidases: NanA, NanB, and NanC.  NanA is a cell surface sialidase with specificity for 

α2-3 and α2-6-linked sialic acids, while NanB is a secreted sialidase that can only utilize 

α2-3-linked sialic acid.  The role and location of NanC has not been elucidated (King 

2010).  

A ΔNanA mutant was produced from an R6 cell line (un-encapsulated variant of D39 S. 

pneumoniae that better allows for cell-cell adhesion studies) and displayed reduced 

adherence to D562 human pharyngeal cells.  In addition, the adherence phenotype of 

R6ΔnanA was complemented by pre-treatment of D562 cells with purified neuraminidase 

(King et al. 2006). S. pneumoniae sialidases have also been shown to play a role in biofilm 

formation, a process often important for virulence.  ΔNanA mutants show a 25-50% 

decrease in biofilm formation compared to wild-type.  NanB is involved in biofilm formation 

as well but to a lesser extent (Parker et al. 2009). Finally, as the concentration of free 

sugars in the human airway is low, S. pneumoniae sialidases, in addition to other 

glycosidases, may play a role in supporting bacterial growth via nutritional scavenging 

(King 2010). 

H. influenzae is a human respiratory pathogen, implicated in a variety of infections, which 

presents sialylated LPS glycoforms.  Sialic acid deficient strains of H. influenzae were 
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generated by disrupting the sialyltransferase gene, which encodes the enzyme 

responsible for transferring sialic acid to a growing glycan chain. The mutant strains, 

lacking sialylated glycoforms, displayed severely attenuated virulence in a chinchilla 

model of the middle ear disease, otitis media.  Importantly, the full genome sequence of 

H. influenzae shows that the organism is missing several critical enzymes involved in 

intrinsic synthesis of sialic acid.  Thus, there is a need for the organism to scavenge sialic 

acid or sialic acid pre-cursors from the host environment to maintain infection (Bouchet et 

al. 2003). H. influenzae sialidases may play a role in liberating sialic acid from mucus and 

host epithelial cells, allowing for sufficient uptake by the bacteria.  There is uncertainty 

about the extent of the role played by sialidases in H. influenzae sialic acid scavenging, 

but some strains have been shown to express these enzymes (Lewis & Lewis 2012). Also 

unclear is the mechanism by which sialylated LPS glycoforms are important for H. 

influenzae virulence, but it has been speculated that sialic acids on the bacterial surface 

may mask bacterial epitopes and prevent its detection by the immune system, in addition 

to potentially mitigating the effectiveness of the complement system (Bouchet et al. 2003). 

P. aeruginosa is an opportunistic human pathogen which has been shown to encode 

multiple sialidase-like enzymes (Lewis & Lewis 2012). A mutant strain was constructed 

lacking the PA2794 sialidase gene and was tested for virulence in a murine infection 

model.  Interestingly, Δ2794 was avirulent when mice were inoculated intra-nasally, but 

displayed no attenuation in virulence when mice were injected with inoculum 

intraperitoneally. Δ2794 was also impaired in its ability to form biofilm, showing marked 

differences in scanning electron microscopy images of in vitro colonies (Soong et al. 

2006). Thus, in P. aeruginosa, a sialidase enzyme is critical to the proper formation of 

biofilm, which itself is critical for establishing infection in the respiratory tract. 

Bacterial sialidases play key functions in a variety of non-respiratory diseases as well 

(Lewis & Lewis 2012). In cholera, the infectious agent Vibrio cholerae expresses a 

sialidase (VCNA) that promotes the uptake of cholera toxin.  VCNA removes sialic acids 

from host gangliosides, thereby unmasking underlying GM1, the receptor for cholera toxin 

(Moustafa et al. 2004). Clostridium perfringens is another human pathogen that utilizes a 

sialidase to unmask toxin binding-sites.  C. perfringens strains express up to three 

sialidases: NanI, NanJ, and NanH. Treatment of cultured kidney cells (MDCK) with NanI, 
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the primary secreted sialidase of C. perfringens, allowed for stronger binding of the ETX 

toxin to cell surface ligands, and a corresponding amplification of the toxin’s effects (J. Li 

et al. 2011). 

Non-bacterial pathogens also express sialidases that are important for their infectivity.  

The influenza virus and Trypanosoma cruzi, the protist that causes Chagas disease, 

represent two famous examples of such cases.  In influenza infection, host cell-surface 

sialic acid acts as the receptor for the virus, that is bound by viral hemagglutinin.  Following 

replication, the viral particle remains attached to the host cell via sialic acid.  The influenza 

neuraminidase (sialidase) removes sialic acid from the host cell, liberating the virus.  

During the establishment of infection, influenza sialidase breaks down highly sialylated 

mucus thereby decreasing its viscosity and increasing viral access to the host epithelium 

(Matrosovich et al. 2004).  Zanamivir and oseltamivir are two selective inhibitors of the 

influenza neuraminidase (von Itzstein 2007) that have been successfully used to treat 

influenza infections. T. cruzi expresses a remarkable enzyme called a trans-sialidase, 

which functions to remove sialic acid from host glycans and directly transfer them onto 

mucin-like molecules on the protist’s surface. This transfer is essential for virulence and 

allows the organism to evade the immune system by covering itself with glycans that 

appear as ‘self’ to the host’s immune system (Crennell et al., 1993) (Freire-De-Lima et al. 

2015). 

Despite the importance of sialic acids in adhesion of A. fumigatus conidia to host proteins, 

and the fact that de novo sialic acid biosynthesis was detected, no homologues to known 

sialic acid biosynthetic pathway genes have been found by us or others using BLAST 

searches. However, the search did identify a putative sialidase in the A. fumigatus genome 

which was cloned and characterized. The sialidase was determined to have a molecular 

weight of 42kDa, a pH optimum of 3.5, and a preference for α2-3-linked sialic acids over 

α2-6-linked isomers (Warwas et al. 2010). Subsequently, the A. fumigatus sialidase was 

shown to strongly prefer KDN as a substrate although it also has N-acetylneuraminidase 

activity comparable to mammalian sialidases (Telford et al. 2011).  
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1.6. Aims of current research 

Our ultimate goal is to determine the role that the A. fumigatus sialidase plays in virulence. 

Therefore, the primary goal of this project was to construct a strain of A. fumigatus 13073 

in which the Afkdnase gene was disrupted along with a complemented strain. The 

importance of KDNase in the growth and development of A fumigatus was investigated in 

several ways. 

The mutant strain was grown on media containing varying cell stressors and its growth 

phenotype was compared to the wild type strain under identical conditions.  These 

stressors included congo red, amphotericin B, caspofungin, and high concentrations of 

sorbitol.  Ultrastructure of the A. fumigatus cell wall was examined under transmission 

electron microscopy in the presence and absence of osmotic stress. 

The removal of sialic acids from the surface of A. fumigatus by endogenous treatment with 

AfKDNase was compared to treatment with a sialidase which prefers Neu5Ac.  

Fluorophore-conjugated lectins specific for sub-terminal galactose were used to quantify 

the extent of sialic acid removal, detected via flow cytometry. 

Finally, the virulence of the Δkdnase strain was compared to the wild type in a cortisone 

immune-suppressed murine model of invasive pulmonary aspergillosis. 
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Chapter 2. Materials and Methods 

2.1. General 

2.1.1. Culturing and maintenance of fungal strains 

A. fumigatus strains and growth conditions 

A. fumigatus strain ATCC 13073 (American Type Culture Collection, Manassas, VA), 

originally isolated from a human pulmonary lesion, was used in this study and will 

henceforth be referred to as the wild type strain. In addition, ATCC 13073 is the parent 

strain for all mutant strains produced and used in this study. Unless stated otherwise, fungi 

were grown on YAG agar (for formulation see Appendix 3) for 72 hours at 37 °C. All strains 

were maintained as silica storage cultures, and at regular intervals, new cultures were 

prepared from storage cultures for use in the experiments. This mitigated potential genetic 

change in the strains due to repeated culturing in laboratory conditions.  

2.2. Construction and confirmation of kdnase knockout 
strain 

The kdnase knockout was done by homologous recombination using a disruption 

construct containing long (1000 bp) sequences of DNA encoding the upstream and 

downstream regions of the kdnase gene, flanking a positive selectable marker for 

hygromycin resistance (Figure 2.1). The disruption construct was generated using fusion 

PCR and introduced into the wild type strain using Agrobacterium-mediated 

transformation as described below. 
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Figure 2-1 Schematic of kdnase gene knockout strategy.  
 The knockout construct (top) is shown undergoing homologous 
recombination with part of the A. fumigatus chromosome 4 that contains 
the kdnase gene (bottom). After recombination the kdnase gene is 
replaced with the hygromycin resistance cassette. The hygromycin 
phosphotransferase gene from E. coli (hph) is flanked by the constitutive 
trpC promoter and terminator from A. nidulans. pCambia 0380 is a 
plasmid designed to facilitate A. tumafaciens-mediated transformation. 

 

2.2.1. Amplification of individual components of knockout 
construct 

The hygromycin resistance gene cassette contained a hygromycin resistance gene from 

Escherichia coli (hygromycin phosphotransferase, hph) under the control of the 

constitutive trpC promoter and terminator from Aspergillus nidulans (Hamert & Timberlaket 

1987) was amplified with the primers 5’- AAACATTCCCACTATCGCGA 

TCGTCGACGTTAACTGATATTGA and 5’- ATAATGCTGTCCAGCAACGACGTCGAC 

GTTAACTGGTTCC. The underlined nucleotides are complementary tags on each end of 

the cassette that will allow for later fusion of the piece to the upstream and downstream 

regions of the kdnase gene.  

The upstream and downstream 1000 base pairs of DNA that flank the kdnase gene in 

were amplified by PCR. The upstream region was amplified using the primers 5’- 

GCGCTCCTATCCAGTCAGTC and 5’-TCGCGATAGTGGGAATGTTT. The downstream 
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flank was amplified using the primers 5'- TCGTTGCTGGACAGCATTAT and 5’- 

TGCTTCATGTCATGCCTAGC. 

The following PCR mixtures were used to amplify the hph cassette and kdnase flanking 

regions: 10 µL iProof HF buffer, 2 mM dNTPs, 5 ng HPH cassette (from plasmid), 0.5 µM 

of each primer, and 0.02 units/µL of iProof™ High-fidelity DNA polymerase (Bio-Rad) in a 

volume of 50 µL. For the HPH cassette, 5 ng hph cassette (from pID620) was used as 

template, while 400 ng of A. fumigatus genomic DNA was used as a template for the 

flanking regions. DMSO (2 μL) was added to the reaction mixtures for the flanking regions 

to reduce secondary structure formation which interfered in amplification. 

The following program was used for amplification of the hph cassette: 98 °C for 30 seconds 

followed by 30 cycles composed of denaturing at 98 °C for 30 seconds, annealing at 68 

°C for 20 seconds, and extension at 72 °C for 40 seconds; a final extension was done at 

72 °C for 10 minutes. For amplification of the flanking regions an extension time of 30 

seconds was used, but all other parameters were identical to those used for hph cassette 

amplification. Agarose gel electrophoresis was used to confirm that bands of the expected 

sizes were amplified. 

2.2.2. Fusion PCR to produce knockout construct 

The individual fragments described in sub-section 2.2.1 were fused using PCR. Fusion 

PCR was performed with high-fidelity Accuprime Taq DNA polymerase (Thermofisher) 

using the primers 5’-GGGATCCACATACCATTCTCGCCGAAC and 5’- 

GGGATCCAATGCTA CGGGAACACTTGG. These primers added a BamH1 restriction 

site to the finished construct to facilitate insertion into the pCambia plasmid. 

The following PCR reagents were used for the fusion PCR reactions: 5 µL 10 x Accuprime 

PCR buffer 1, 0.5 µM of each primer, 20 ng HPH cassette template, 20 ng upstream 1000 

base pairs region, 20 ng downstream base pairs regions and 1 unit of Accuprime Taq high 

fidelity DNA polymerase. 

The following program was used for the fusion PCR step: Initial melt at 94 °C for 2 minutes 

followed by 9 cycles of 94 °C for 20 seconds, 70 °C for 1 second, 56 °C for 30 seconds 
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ramping up at 0.1 °C/second, and 68 °C for 3:30 ramping up at 0.2 °C/second. Then 4 

cycles of 94 °C for 20 seconds, 70 °C for 1 second, 55 °C for 30 seconds ramping up at 

0.2 °C/second, and 68 °C for 3:30 ramping up at 0.2 °C/second + 5 seconds per cycle. 

Lastly, there are 9 cycles of 94 °C for 20 seconds, 70 °C for 1 second, 53 °C for 30 seconds 

ramping up at 0.1 °C/second, and 68 °C for 3:55 ramping up at 0.2 °C/second + 20 

seconds per cycle. Agarose gel electrophoresis was used to confirm that the appropriate 

bands were amplified. The band representing the fusion proper PCR fragment was 

excised and gel purified using the Qiaquick PCR purifications and gel extraction kit 

(Qiagen).  

2.2.3. Insertion of knockout construct into the plasmid, pCambia 
0380  

The pCambia 0380 plasmid (Cambia) is used to facilitate Agrobacterium-mediated 

transformation (AMT). AMT is a transformation system for plants and fungi that utilizes the 

bacteria Agrobacterium tumefaciens. The system takes advantage of the A. tumafaciens 

tumor-inducing plasmid, pTiBo542 which codes for genes that set up a transfer pilus, 

between the bacteria and the organism to be transformed, and stabilize DNA as it is 

transferred. The T-regions of the plasmid, which denote which DNA segment will be 

transferred, have been removed from pTiBo542 and inserted flanking the multiple cloning 

site of pCambia 0380 (Lazo et al. 1991). pCambia contains the kanR gene to allow 

selection on kanamycin.   

Both the insert (fusion PCR product) and the plasmid were digested for 1 hour with BamH1 

(New England Biolabs). The vector digest was treated with 1 unit of FastAP™ Alkaline 

Phosphatase (Thermofisher) upon completion to prevent the vector from re-ligation. This 

reaction was stopped after 5 min by incubation at 75 °C (in thermocycler). 

Ligation was done as per Fermentas' T4 ligase protocol. A ratio of 90 fmol insert to 30 

fmol vector was used. This reaction was incubated for 20 minutes at 22 °C in the 

thermocycler. The ligation reaction product was used to transform DH5α ultra competent 

cells. 
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Single cell colonies were isolated from the transformants and cultured. Plasmids were 

extracted using a Nucleospin Plasmid kit (Macherey-Nagel). Proper insertion of the 

construct into the plasmid, now called pCambia-KdnaseKO, was confirmed by agarose 

gel electrophoresis and sequencing (Macrogen) was used to ensure that the construct’s 

sequence was correct. 

2.2.4. Transformation of A. fumigatus with kdnase knockout 
construct 

Agrobacterium tumefaciens (AGL-1; gift from Dr. Zamir Punja, Simon Fraser University) 

was first transformed with the knockout plasmid, pCambia-KdnaseKO.  To make the 

competent A. tumerfaciens, a 5 mL starter culture of A. tumefaciens was added to 200 mL 

LB media (for formulation see appendix 3) and incubated at 26 °C until it reached an OD600 

of 0.8. The cells were centrifuged for 10 minutes at 3000 g, washed with cold sterile TE 

buffer (10 mM Tris pH 8, 1 mM EDTA) and re-suspended in LB before being aliquotted 

and snap-frozen in liquid nitrogen for storage. Thawed competent cells were mixed with 1 

µg of pCambia-KDNaseKO and incubated on ice for 5 minutes followed by a 5-min 

incubation in liquid nitrogen. Cells were then heat-shocked at 37 °C for 5 minutes. LB 

media (1 mL) was added to the cells and they were allowed to recover on a shaker at 

room temperature for 2 hours. Putative transformants were grown on selective LB media 

containing 100 µg/mL kanamycin at 28 ºC for 48 hours. Colonies were sub-cultured on LB 

agar containing 100 µg/mL kanamycin. 

For the transformation of A. fumigatus, we followed the protocol of Sanchez and Aguirre 

(1996) with some modifications. Briefly, overnight pre-cultures of A. tumefaciens 

containing the transformation construct were grown in LB-kanamycin at 30 °C with 

shaking. Fungal spores were freshly harvested as described above. A. tumefaciens pre-

culture (1 mL) was added to 9 mL induction media (Michielse et al. 2008) and the culture 

was allowed to grow to an OD600 of 0.8. A. tumefaciens suspension (100 l) was added to 

100 µL of fresh wild-type A. fumigatus spores. Concentrations of the starting inocula were 

adjusted so that the ratio of bacteria cells to fungal spores in the co-culture was 

approximately 10:1. A sterile cellophane disk was placed on top of a plate of induction 

agar and 200 µL of the co-cultivation suspension was spread-plated onto the cellophane-
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coated agar. Plates were incubated in the dark at 24 °C for 48 hours. Following incubation, 

the cellophane disk was removed with sterile forceps and placed on top of a plate of weak 

complete medium agar (0.1% sucrose, 0.1% yeast extract, 0.1% peptone, 1.5% agar) 

containing 200 µg/mL hygromycin and 300µg/mL timentin; timentin inhibits further growth 

of A. tumefaciens. This plate was further incubated at 37 °C for 48 hours.  

Putative fungal transformants were harvested using a punch transfer tool and placed on 

fresh YAG agar plates containing 100 µg/mL hygromycin. These plates were incubated at 

37 °C for 72 hours before mature spores were harvested following the method described 

above. Spore concentrations from each putative transformant were determined with a 

hemocytometer. Conidial suspensions were then diluted and re-plated with an estimated 

10 spores per plate. After incubation, these plates had colonies grown from single spores. 

2.2.5. PCR, sequencing and Southern blotting analysis of putative 
transformants   

I performed PCR to confirm successful homologous integration of the knockout construct 

in the putative mutants. The primers used bound on either side of the KDNase coding 

region: primer sequences were 5’-CGGAATCGGGAAGAAGTATT-3’ and 5’-

TCAGGATGTGATTTCACACGA-3’.  In wild type fungi, only the KDNase gene would be 

amplified (~1.2 kb) whereas mutants would have the hph cassette (~1.5 kb). Ectopic 

integration of the knockout construct would result in the appearance of both bands. 

The following reagents were used in each PCR: 0.2 µM of each primer, 10 x PCR buffer 

(ABM), 1.5 mM magnesium chloride, 2 mM dNTP’s, 2% DMSO, and 5 units of Taq 

polymerase (ABM). The following temperature program was used for the PCR: 94 °C for 

3 minutes followed by 30 cycles composed of denaturing at 94 °C for 30 seconds, 

annealing at  55 °C for 30 seconds, and extension at 72 °C for 30 seconds. The cycle 

ended with a ten-minute final extension at 72 °C. Agarose gel electrophoresis was used 

to analyze the bands. 

DNA from the mutants was also analyzed by Southern blotting to ensure that only a single 

copy of the kdnase gene was integrated into the genome and that the integration was at 

the kdnase locus. The probe used for Southern blotting was 528 bp and was amplified 
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from the downstream sialidase flanking region (242 bp downstream of the stop codon) by 

the primers 5’-TCACTGGGCTAATCCCTGAC and 5’-TGCACTCTCACTCCAAATGC. 

PCR amplification of the probe was performed with iProof (Bio-rad) polymerase as per 

manufacturer’s protocol. 

Synthesis of the chemiluminescent probe was performed with digoxigenin-labelling of 

nucleic acids using the DIG High-Prime DNA Labelling and Detection Starter Kit II (Roche) 

according to the manufacturer’s protocol. Template DNA (1 µg from PCR) was added to 

16 µL dH2O and the mixture was heated in a boiling water bath for 10 minutes before 

being chilled on ice. Then, 4 µL of DIG-High prime reagent was added and the mixture 

was incubated at 37 °C for 20 hours. The reaction was terminated by heating at 65 °C for 

10 minutes in a water bath. Labelling efficiency was determined by preparing small dot 

blots where known volumes of probe were added to a positively charged nylon membrane 

(Roche). These were compared with known amounts of digoxigenin-labelled nucleic acid 

standards that were provided by the manufacturer (Roche). 

Genomic DNA to be used in the Southern blot was extracted via the CTAB method 

(Carlson et al. 1991). The DNA was digested with XhoI (Fermentas). To achieve nearly 

complete digestion of the DNA, 10 µg genomic DNA, 20 µL buffer R, and 5 µL XhoI were 

mixed before adding sterile water to bring the final volume to 200 µL. The reaction was 

incubated overnight at 37 °C. Digested DNA (2 µg) was loaded onto a 0.8% agarose gel 

to check for appropriate digestion. The gel showed a long even smear, consistent with full 

degradation of the genomic DNA. The remaining 8 µg of DNA was cleaned via isopropanol 

precipitation and washed with 95% followed by 70% ethanol. 

A 25 mL 0.8% agarose gel was used to separate the DNA. Each of the genomic DNA 

digests (8µg each of 3 putative knockout mutants and wild type A. fumigatus) and 5 µL of 

DNA ladder were loaded onto the gel. The gel was run at 100 V at room temperature until 

the loading dye reached the bottom. 

DNA in the gel was then depurinated and denatured in a series of washes, which were 

performed in small plastic containers that were shaken gently. The gel was first 

depurinated in 100 mL of 0.25 M HCL before being rinsed in water for 1 minute. 

Subsequently, the gel was washed in 100 mL denaturation buffer (0.5 M NaOH, 1.5 M 
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NaCl) for 30 minutes. The entire volume of denaturation buffer was replaced after 15 

minutes of the denaturation wash had elapsed. After denaturation, there was a 1-min wash 

in water followed by a 30-min wash in neutralization buffer (0.5 M Tris-HCl, 1.5 M NaCl). 

Finally, the gel was washed in 100 mL 20x SSC buffer (3 M NaCl, 0.3 M sodium citrate). 

To transfer the DNA, GB004 blotting paper (Fisher) was cut to the size and shape of the 

agarose gel. Three pieces of blotting paper were wet with 20 x SSC buffer and stacked on 

top of each other. A positively charged nylon membrane, cut to the correct size and pre-

wet with 20 x SSC, was placed on top of the stack of filters and the gel was placed on top 

of the membrane. Three more pre-wet pieces of blotting paper were placed on top of the 

gel followed by a long piece of blotting paper placed such that each end was immersed in 

a reservoir of 20 x SSC buffer (acting as a wick for the transfer buffer). The entire 

apparatus was carefully covered in plastic wrap to minimize evaporation and a stack of 

paper towels was added on top for compression. The transfer was allowed to occur 

overnight at room temperature. After completion of the transfer, the DNA was crosslinked 

to the membrane using a UV Stratalinker (120 mJ). 

The membrane was placed in a 50 mL centrifuge tube (Falcon) to which 6 mL of DIG Easy 

Hyb buffer (Roche) was added. The membrane was incubated at 42 °C for 30 minutes 

with rotation. The Easy Hyb buffer was removed and replaced with 2 mL fresh Easy Hyb 

buffer containing 12.5 ng/µL of DIG-labelled probe. After incubation at 42 °C for 30 minutes 

with rotation, the membrane was washed in 100 mL of 2 X SSC containing 0.1% SDS for 

10 minutes (with a full replacement of buffer at 5 minutes) followed by a wash in 100 mL 

of 0.5 X SSC/0.1% SDS for 30 minutes at 65 °C (with a full replacement of buffer after 15 

minutes) and finally, a wash in 40 mL of washing buffer (0.1 M maleic acid, 0.15 M NaCl, 

0.3% Tween 20) for 5 minutes at 37 °C. 

The membrane was blocked in 70 mL blocking buffer (0.1 M maleic acid, 0.15 M NaCl, 1X 

DIG blocking solution (Roche)) at room temperature for 30 minutes before being treated 

with 20 mL antibody solution (Anti-digoxigenin-AP (Roche) diluted 1:10000 in blocking 

solution) at room temperature for 30 minutes. Two washes of 15 minutes each were done 

using washing buffer. 20 mL Detection buffer (0.1 M Tris-HCL, 0.1 M NaCL, pH 9.5) was 

added to membrane and allowed to incubate for 5 minutes to equilibrate membrane for 
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detection. 1 mL CSPD ready-to-use (Roche) was applied evenly to the membrane and 

incubated in the dark for 5 minutes. Membrane was applied to chemiluminescent film for 

20 minutes before removal and development of film. 

2.2.6. Rescue plasmid construction- native KDNase promoter 

Amplification of the DNA fragment used to create the Native promoter controlled (NPC) 

rescue strain was performed with iProof polymerase (Bio-Rad). This rescue construct was 

2470 base pairs and included the wild type KDNase gene plus 928 bp of upstream 

sequence (including TATA and CAAT boxes (Warwas et al. 2010)) and 322 bp of 

downstream sequence. 

The rescue construct was amplified with the primers 5’-TGCAAGCTTCAGA 

ACTGCCCTTTCCCTCT-3’ and 5’-GTTAAGCTTACTGTTTTGCTGCCCTCTTC-3’. These 

primers add HindIII restriction sites (underlined) on each end of the rescue fragment to 

facilitate insertion into the vector, pBCPhleo. 

The PCR mix contained 10 µL iProof HF buffer, 2 mM dNTPs, 100 ng A. fumigatus 

genomic DNA, 0.5 µM of each primer, 1.5 µL of DMSO, and 0.02 units/µL of iProof™ High-

fidelity DNA polymerase (Bio-Rad) in a volume of 50 µL. The following program was used: 

98 °C for 30 seconds followed by 30 cycles composed of denaturing at 98 °C for 10 

seconds, annealing at 63.4 °C for 20 seconds, and extension at 72 °C for 60 seconds. A 

final extension was done at 72 °C for 10 minutes. Agarose gel electrophoresis was used 

to confirm that the appropriate bands were amplified. 

The rescue construct was then ligated into the plasmid pBC-phleo (Silar 1995). pBC-phleo 

is based on a pBC-SK+ bluescript vector (Stratagene) and contains the phleomycin 

resistance cassette in which the ble gene (whose product binds and inactivates 

phleomycin) is flanked by the Aspergillus nidulans gpd promoter and the Saccharomyces 

cerevisiae CYC1 terminator. It also contains a resistance gene for chloramphenicol for 

selection in E. coli. For the digestion reactions, 300 ng of amplified KDNase rescue 

fragment was added to 2 µL HindIII and 1 µL Fermentas buffer R. In a separate reaction, 

1000 ng of pBC-phleo was added to 3 µL HindIII, 1 µL Fermentas buffer R and 4 µL    

dH2O. Both reactions were incubated at 37 °C for 2 hours followed by restriction enzyme 
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inactivation at 80 °C for 20 minutes. Subsequently, the vector digest was treated with 1 

unit of FastAP™ Alkaline Phosphatase (Thermofisher) upon completion to prevent vector 

re-ligation. 

Ligation was done according to the protocol recommended by Fermentas; a ratio of 3:1 

(insert:vector) was used and the reaction was incubated for 10 minutes at room 

temperature. The ligation reaction product, pBC-phleo-Kdnase was used to transform E. 

coli DH5α ultra-competent cells using standard heat shock methods. The putative 

transformants were plated on YAG containing 30 µg/mL chloramphenicol. 

Single cell colonies were isolated from the transformants and cultured. Plasmids were 

extracted using a Nucleospin Plasmid kit (Macherey-Nagel). Proper insertion of the 

construct into the plasmid was confirmed by agarose gel electrophoresis and the plasmid 

was sequenced (Macrogen) to ensure that the KDNase sequence had no errors. 

2.2.7. Transformation of Δkdnase with the rescue construct via 
electroporation 

Before transformation by electroporation, conidia must be completely swollen and the 

germ tube should be just beginning to emerge, giving conidia a pear-like appearance. 

Freshly harvested conidia from the Δkdnase strain were washed 5 times with sterile dH2O 

and 1 x 109 of these conidia were used to inoculate 50 mL of liquid YG media (0.5% yeast 

extract, 2% glucose). This culture was incubated overnight with shaking at room 

temperature. The culture was then moved to a 37 °C incubator and a small sample of the 

culture was removed every 30 minutes (under sterile conditions) and examined with a light 

microscope at 400 x magnification. After 60 min, conidia were at the proper developmental 

stage to proceed with electroporation and were put on ice.  

Ice-cold swollen conidia were centrifuged at 10000 RPM for 1 minute and washed 3 times 

with 4 °C sterile water after which they were re-suspended in 4 mL YED media (1% yeast 

extract, 1% glucose, 20 mM HEPES, pH 8) and incubated for 1 h at 30 °C with gentle 

shaking. Following incubation, conidia were centrifuged and re-suspended in 150 µL of 

electroporation buffer (10 mM Tris-HCL pH 7.5, 270 mM sucrose, 1 mM lithium acetate). 

The conidial suspension was then divided into 50 µL aliquots for use in transformation. 
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The restriction enzyme SpeI (New England Biolabs) was used to linearize pBC-phleo-

Kdnase. Linearized plasmid DNA (10 µg) was added to 50 µL of prepared conidia and the 

mixture was incubated for 15 minutes on ice before being transferred to an electroporation 

cuvette with a 2 mm gap. Conidia were exposed to an electric field pulse of 1 kV, 400 

ohms, and 25 µF. Immediately following the pulse, 1 mL of ice-cold YED media was added 

to the conidia and they were cooled on ice for 15 minutes before being allowed to recover 

for 2 hours at 37 °C with gentle shaking. Conidia were plated on YAG media containing 

100 µg/mL phleomycin. Putative transformants were subcultured onto selective media at 

low concentrations to obtain pure cultures as described in section 2.2.4. Ectopic 

integration of the rescue construct was confirmed via PCR. The primers used bound on 

either side of the KDNase coding region: primer sequences were 5’-

CGGAATCGGGAAGAAGTATT-3’ and 5’-TCAGGATGTGATTTCACACGA-3’. 

2.2.8. Trp-C rescue construction  

The Aspergillus nidulans trpC promoter was amplified from the pID620 plasmid 

using the forward primer 5’-GTCATAAGCTTTCGACGTTAACTGATATTGAAGGA-3’ and 

the reverse primer 5’- ATGAAGCGCATCGACTGCATTTGGATGCTTGGGTAGAATAGG-

3’. The 5’ end of the forward primer contains five random nucleotides followed by a HindIII 

cut site. The underlined portion of the reverse primer consists of sequence that is 

complimentary to the start of the KDNase gene. The KDNase coding region, as well as 

200bp downstream sequence, was amplified from pBC-KDNase with the forward primer 

5’- ATGCAGTCGATGCGCTTCA-3’ and the reverse primer. 5’- 

AGTCTAAGCTTTTCTACGAGTGGGAGGATGG-3’. The 5’ end of the reverse primer 

contains five random nucleotides followed by a HindIII cut site. 

The proofreading polymerase Q5 (New England Biolabs) was used for these PCR 

reactions. The master mix for two 25 µL tubes was made following the manufacturer’s 

recommendations and included GC enhancer. Master mix (24 µl) and 1 µL (approximately 

10 ng) of plasmid DNA were added to each tube for a 25 µL reaction volume. A negative 

control was included with each reaction in which water substituted for DNA. °  
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The TrpC promoter and the KDNase coding region were amplified using the following PCR 

program: 98 °C for 30 seconds followed by 30 cycles composed of denaturing at 98 °C for 

10 seconds, annealing at 55 °C for 30 seconds, and extension at 72 °C for 30 seconds; a 

final extension was done at 72 °C for 2.5 minutes. Agarose gel electrophoresis was used 

to confirm that bands of the expected sizes were amplified. 

KAPA Hifi polymerase (Kapa Biosystems) was used to catalyze the attachment of the trpC 

promoter to the KDNase gene in the fusion reaction. The recipe for one 50 µL tube was 

made as recommended by the manufacturer. Approximately 1 ng of the trpC amplicon 

and KDNase amplicons were added to each tube. 

Fusing PCR was done using the following program: 95 °C for five minutes followed by 30 

cycles composed of denaturing at 98 °C for 20 seconds, annealing at 60 °C for 15 

seconds, and extension at 72 °C for 2 minutes; a final extension was done at 72 °C for 5 

minutes. Agarose gel electrophoresis was used to confirm that bands of the expected 

sizes were amplified. The correct band was gel purified using the EZ-10 Spin Column DNA 

gel extraction kit (Bio Basics Inc.) as per manufacturers protocol for agarose gels. 

The purified fragment was inserted into the pJET cloning plasmid using the CloneJET kit 

(Thermo Scientific) according to manufacturers protocol and subsequently transformed 

into E. coli DH5α using a standard heat shock procedure. Colony PCR and sequencing 

were performed to confirm that the procedure had been successful. Plasmid DNA was 

obtained using a Nucleospin plasmid miniprep kit (Machery-Nagel) as per manufacturers 

protocol. 

To transfer the fusion product from the cloning plasmid to pBC-phleo both pBC-phleo 

(vector) and pJET-trpCpromoter-KDNase (insert) were digested with the HindIII restriction 

enzyme, which generates 5’ overhangs at the cut site AAGCTT. Two 20 µL reactions were 

set up, consisting of 300 ng of vector or insert DNA, 2 µL of 10 x buffer R (Fermentas), 1 

µL (10 units) of HindIII restriction enzyme (Fermentas), and 15 µL of dH2O. The reactions 

were incubated at 37 °C for 2 hours, and then the enzyme was heat inactivated at 80 °C 

for 20 minutes. To prevent vector self-ligation in the upcoming ligation step, digested pBC-

phleo was treated with FastAP Thermosensitive Alkaline Phosphatase (Fermentas). 17 

µL of the heat-inactivated vector digestion product was mixed with 1 µL (1 unit) of FastAP 
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(Fermentas) and 2 μL of 10 x FastAP buffer for a 20 μL reaction. The reaction was 

incubated at 37 °C for 10 minutes, and then the FastAP enzyme was heat inactivated at 

75 °C for five minutes. For ligation 2 μL of 10x T4 buffer and 5 µL (5 units) of T4 DNA 

ligase was mixed with either a 3:1 or a 1:1 molar mixture of insert:vector DNA,  for two 

reactions with a total volume of 20 μL. The reactions were incubated at room temperature 

for 10 minutes and transformed into E. coli DH5α.  

Transformation of A. fumigatus with the trpCpromoter-KDNase construct was done using 

electroporation as detailed in section 2.2.7.  

2.2.9. Harvesting conidia 

Mature conidia were harvested by flooding an agar plate with phosphate-buffered saline 

pH 7.4 supplemented with 0.05% Tween 20 (PBS-T) and gently agitating the surface with 

a sterile cotton swab to suspend conidia. The suspension was then filtered through sterile 

Miracloth (Calbiochem) to remove hyphal fragments before washing the conidia three 

times in sterile PBS. Spore enumeration was done using a hemocytometer. 

2.3. Comparative growth assays 

2.3.1. Growth assays on solid media supplemented with various 
stressors  

The effect of several stressor agents on the growth of wild type, the Δkdnase mutant and 

the rescued strain were evaluated in solid media. Molten YAG agar was cooled to 

approximately 55 °C before supplements were added. Stressors and their concentrations 

used in the assays include the polysaccharide-binding dye, Congo Red (500 µg/mL, 750 

µg/mL), the polyene antifungal agent, amphotericin B (1.5 µg/mL), the detergent, sodium 

dodecyl sulfate (SDS) (50 µg/mL, 500 µg/mL), and sorbitol, a slowly-metabolized 

monosaccharide used to increase osmotic strength (1 M). In each case, stock solutions 

were made in sterile dH2O. 
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For growth analyses, A. fumigatus conidia, suspended in PBS, were plated in either a 

series of concentrations or as a single spot in the center of a plate. Serial dilutions of 107- 

104 conidia/mL were prepared in sterile 96-well plates (Corning). Separate 96-well plates 

were used to make the dilution series for each fungal strain to reduce the risk of cross-

contamination. Using a multi-channel pipette, 1.90 µL of each dilution was pipetted onto 

the plate. Plates were allowed to dry for approximately 15 minutes so that the spore 

suspension was absorbed into the media to prevent mixing of adjacent dilutions/strains. 

Single spot inoculations were performed similarly to the dilution inoculations where 105 

spores were pipetted on the centre of a plate in a volume of 5 µL and allowed to dry for 

approximately 15 minutes. In all assays, the plates were incubated at 37 °C for 24-72 

hours. Each plate was examined visually every 24 hours, and incubation was stopped 

once growth was sufficient for analysis (overgrowth would result in mixing of strains and 

dilutions). Plates that contained Congo Red were incubated and stored in the dark. 

2.3.2. Osmotic stress tolerance assays in 96-well plates 

Assays were performed in sterile, polystyrene, flat-bottomed 96 well plates (Corning). Four 

sorbitol concentrations – 0 M, 0.4 M, 0.7 M and 1.0 M - were tested. Each sorbitol solution 

was prepared at 2 x concentration and added to 2 x YAG liquid media. The 2 x media 

mixture (100 μL) was pipetted into each appropriate well and 100 µL of conidial 

suspension ( 2x 105 conidia/mL) containing spores of the appropriate strain (or dH2O for 

the negative control) was pipetted into each well containing media, resulting in a final 

conidial concentration in each well of 2 x 104 spores/mL. Wild-type A. fumigatus (the 

parental strain), Δkdnase, and a dH2O control (blank) were inoculated separately to avoid 

cross contamination. Each test condition was replicated in 6 different wells. Plates were 

incubated at 37 °C and growth was assessed over 3 days by measuring absorbance at 

600 nm using a SpectraMax M2e Microplate reader. 

2.3.3. Anti-fungal resistance assays using resazurin as a vital dye 

I used the protocol published by the European Committee on Antimicrobial Susceptibility 

Testing (EUCAST) (Rodriguez-Tudela et al. 2008) to determine fungal minimum inhibitory 

concentration (MIC) testing, with some modifications. RPMI-1640 (Sigma-Aldrich) (100 L 
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of 2-fold concentrated RPMI) was added to each well. We also added 2 μL of 2% resazurin 

(Sigma-Aldrich). Resazurin is a vital dye that is used to determine cell viability because 

only live cells can reduce it to the highly fluorescent product, resorufin (Czekanska 2011). 

Reduction is also accompanied by a colour change from blue to pink. We used resorufin 

production to determine the MIC values for amphotericin B (Gibco) and caspofungin 

(Selleckchem) in both the wild type and Δkdnase knockout strains. Dilutions of each anti-

fungal agent were prepared in either water (amphotericin B) or DMSO (caspofungin) and 

added to the appropriate wells. The test range of concentrations for each anti-fungal was 

determined by a combination of published MICs listed in the EUCAST protocol and pilot 

experiments. Conidia from each strain were enumerated, suspended in dH2O and added 

to each well (dH2O alone added for negative controls) such that the final concentration of 

spores in each well (containing a total volume of 200 µL) was 105 spores/mL. The volume 

of each well was then brought to 200 µL with sterile dH2O. in addition, 200 µL of sterile 

water was added all empty wells adjacent to experimental wells to prevent differential 

evaporation of liquid from wells based on their position in the microdilution plate. A no anti-

biotic control was included for each of the strains. Six replicate wells were used for each 

strain and drug. 

Each plate was then wrapped in aluminum foil, (resazurin is light-sensitive) and incubated 

at 37 °C for up to 72 hours. Readings were taken at 0 hours, and approximately every 12 

hours thereafter. The fluorescence of resorufin was measured using an excitation 

wavelength of 560 nm and an emission wavelength detection of 590 nm on a SpectraMax 

M2e Microplate reader. 

2.4. Slide cultures and microscopic analysis 

Slide cultures in YAG supplemented with sorbitol were grown in liquid media as follows: 

YAG liquid media containing appropriate concentrations of stressing agent was poured 

into a petri dish such that the whole bottom of the dish was covered. Glass cover slips 

(Thermo-Fisher) were heat-sterilized in a Bunsen burner using a pair of sterile forceps and 

then placed in the dishes containing the test media. A small number of A. fumigatus spores 

were pipetted into the solution and the plate was swirled to mix. Each dish was covered 

and incubated at 37 °C for 16 hours. 
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Following incubation, the media in each plate was aspirated, carefully replaced with dH2O, 

and slides were allowed to soak for 5 minutes. This washing process was performed three 

times in total. After the third wash, the dH2O was aspirated and replaced with a fixative 

solution (8% formaldehyde (BDH) and 5% DMSO (Caledon) in PBS) followed by a 1-h 

incubation at 37 °C in a sealed container. The fixative solution was then aspirated from 

each plate and the slips were washed again 3 times in water. Cover slips were then placed 

on paper towels in the laminar flow cabinet for 30 minutes to dry. 

Mounting solution (10 l of 50% glycerol in dH2O) was pipetted onto a glass microscope 

slide for each coverslip. Coverslips were carefully placed on mounting solution with 

forceps, and excess fluid was blotted with paper towels. Nail polish was used to seal each 

slide, and they were stored in the dark. 

Slide cultures in YAG supplemented with CR were grown in solid media as follows: YAG 

agar was melted and placed in a water bath heated to ~60 °C to prevent solidification. 

Conidia were added to the molten media to obtain a final concentration of 105 conidia/mL. 

Working quickly, the conidial suspension was vortexed and a small drop was placed on 

the slide. A cover-slip was placed on top of the media and the cultures were incubated at 

37 °C. The slides were incubated in a box filled with wet cotton-balls to prevent desiccation 

of the agar. 

Microscopy of slide cultures was performed using an Axioskop 2 plus microscope (Zeiss). 

Slide cultures were analyzed using either DIC microscopy or oil-immersion DIC 

microscopy. Images were captured with an Axiocam MRm digital camera (Zeiss). 

2.5. Transmission electron microscopy 

2.5.1. Preparation of samples 

Petri dishes containing YAG agar or YAG + 1M sorbitol agar were prepared and overlaid 

with a sterile disc of cellophane. 1 x 106 conidia of the appropriate fungal strain were 

pipetted onto each plate and spread evenly over the surface of the cellophane. Each plate 

was incubated at 30 °C for 20 hours followed by a 5-hour incubation at 37 °C. Following 
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incubation, each plate was flooded with a fixative solution containing 2.5% EM-grade 

glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. Plates were incubated at room 

temperature for 1 hour and the fixative was then aspirated, carefully replaced with 0.1 M 

sodium cacodylate buffer, and allowed to soak for 15 minutes. This washing process was 

repeated twice more. After the third wash, the buffer was aspirated and, for each sample, 

a 1 cm2 piece of cellophane (with a layer of fixed cells on top) was cut out with a razor and 

transferred to a microcentrifuge tube filled with 0.1 M sodium cacodylate buffer. 

2.5.2. Fixation, dehydration, embedding, and imaging 

Each cellophane sample was immersed in osmium tetroxide for 2 h at room temperature 

followed by 2 washes of 10 min each in 0.1 M sodium cacodylate buffer. Samples were 

then dehydrated in an ethanol/water series by immersing each sample in successively 

increasing concentrations of ethanol (10%, 25%, 50%, and 70%) for 30 minutes per 

concentration. Samples were then immersed in 90% ethanol for 1 hour, and finally 100% 

ethanol (replaced with fresh ethanol every 20 minutes) for 1 hour. 

Dehydrated samples were transferred to a 1:1 solution of ethanol/propylene oxide for 30 

minutes, and then immersed in pure propylene oxide for 1 hour. The samples were soaked 

in a series of propylene oxide/Spurr resin mixtures at ratios of 3:1, 1:1, and lastly 1:3 before 

being immersed in 100% resin. Each sample was incubated in 100% resin for 2 days and 

during this period the resin was replaced twice every day. To polymerize the resin, 

samples were transferred to a polyethylene capsule and heated in an oven pre-warmed 

to 70 °C for 8 h. Sections were cut with a microtome. To allow for better visualization under 

TEM, sections were treated with uranyl acetate (1%) for 12 minutes, and lead citrate (2%) 

for 6 minutes. 

2.6. Lectin binding and flow cytometry  

2.6.1. Sialidase treatment of A. fumigatus conidia 

Suspensions of wild type or Δkdnase A. fumigatus conidia (1 x 107 spores in each sample) 

were washed once with M. viridifaciens sialidase (MvS) buffer (16 mM sodium tartrate, pH 
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5.2) or A. fumigatus KDNase buffer (50 mM sodium acetate, 100 mM sodium chloride, pH 

4) depending on the sialidase used. Recombinant MvS was a gift of Dr. A. Bennet, Dept 

of Chemistry, SFU. Recombinant AfS was prepared by J. Yeung in our laboratory. Each 

sample was then re-suspended in 25 µL of the proper sialidase buffer supplemented with 

0.1% bovine serum albumin (Roche) and 7.4 µg MvS or 288.6 µg AfS: the mass of each 

sialidase enzyme used per reaction was calculated such that the catalytic activity toward 

the preferred substrate (Neu5Ac or KDN) would be equivalent for each sialidase at 37 °C 

(Appendix 2) (Watson et al. 2003) (Telford et al. 2011). Each reaction was incubated at 4  

°C for approximately 8 hours before being moved to 37 °C for a 10-h incubation. After 

sialidase treatment, conidia were washed 3 times in PBS and then used for lectin binding 

analysis (described below) or stored at 4 °C overnight before analysis. 

2.6.2. Lectin treatment of A. fumigatus conidia 

To determine the extent to which conidial surface sialic acids were removed by the 

bacterial or fungal sialidase enzyme, we measured the amount of exposed galactose by 

lectin binding with Peanut agglutinin (PNA is specific for β-1,3 linked galactose (Lotan et 

al. 1975)). Conidia from each strain were centrifuged, re-suspended in 45 µL PBS 

supplemented with 10% goat serum to block non-specific binding, and incubated for 1 

hour at room temperature. Following blocking, FITC-labelled PNA (EY Laboratories) (5 

µL) was added to each reaction resulting in a final concentration of 200 µg/mL PNA. 

Mixtures were incubated at room temperature, in the dark, for 1 hour. Conidia were 

washed 3 times with PBS remove unbound lectin. Bound PNA was quantified by 

microscopy or flow cytometry as described in the following sections. 

2.6.3. Microscopic analysis of lectin-bound conidia 

Conidial suspensions were vortexed and 5 l from each condition was pipetted onto a 

glass microscope slide and prepared as a wet mount. Each slide was analyzed using 

either DIC microscopy or oil-immersion DIC microscopy with an Axioskop 2 plus 

microscope (Zeiss). FITC fluorescence was visualized at 1000 x or 400 x magnification 

after excitation with 470 nm laser. All images were captured with an Axiocam MRm digital 

camera (Zeiss) and for each sample, the same settings were used to obtain the images.  
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2.6.4. Flow cytometry 

Lectin-bound conidia were re-enumerated and re-suspended in 3 mL sterile dH2O at a 

concentration of 1 x 107 conidia/mL. Fluorescence intensity was quantified using a BD 

FACS JAZZ flow cytometer (Becton Dickenson) with an excitation wavelength of 488 nm 

and emission detection wavelength of 530 nm. 

 

2.7. Examining virulence of fungal strains in a mouse 
model of invasive aspergillosis 

2.7.1. Mouse care protocol 

Female C57BL/6J mice (Charles River Laboratories International, Inc.) were allowed to 

acclimatize in SFU’s Animal Research Centre (ARC) for 6 days. The mice were randomly 

assigned into four treatment groups: 11 received A. fumigatus wildtype (WT), 10 received 

KDNase-knockout, 10 were treated with the KDNase-rescue strain, and 5 control mice 

received saline only. Each cage held 5 mice except that one WT cage had 6 mice. 

Immunosuppression was achieved by administering 4 subcutaneous injections of 

cortisone acetate suspended in medical-grade saline at 250 mg/kg per mouse on days -

3, 0, 2, 4 (where day 0 is the day of conidial inoculation). To reduce the risk of bacterial 

infections, all mice were supplied with drinking water supplemented with tetracycline (1000 

mg/L) and ciprofloxacin (64 mg/L). On day 0, conidia were carefully harvested from 

cultures grown on YAG. The Δkdnase strain and the rescued strain were cultured on YAG 

with 100 µg/mL hygromycinin or 100 µg/mL phleomycin, respectively, and re-suspended 

in medical-grade saline. Each mouse was anaesthetized with isofluorane and given 1 x 

106 conidia suspended in a 20 µl droplet instilled into the nares using a gel-loading pipette 

with an elongated tip. Mice were allowed to recover once the droplet was inhaled. Control 

mice were treated identically except that they received 20 µl of medical-grade saline. 
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2.7.2. Mouse monitoring and data collection 

Beginning on day 1, we monitored the mice twice daily for two weeks. This entailed a 

visual health check twice per day and weight measurements each afternoon for all mice. 

Each mouse was inspected for signs of any one of the following endpoints: 20% or greater 

weight loss with respect to the day 0 weight, Central Nervous System (CNS) impairments 

(loss of balance), respiratory distress (panting, hunched posture). If a mouse reached one 

of these endpoints, we administered 0.2 mL of 240 mg/mL Euthanyl (active ingredient: 

pentobarbital) intraperitoneally (IP). After 14 days, any remaining mice were euthanized 

in an identical fashion.  
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Chapter 3. Results 

3.1. Building the kdnase knockout construct 

3.1.1. Confirmation of successful construction of knockout 
construct 

To disrupt the kdnase gene in the A. fumigatus genome, a knockout construct was created 

by amplifying 1000 base pairs of sequence both upstream and downstream of the kdnase 

gene coding region. These fragments were then attached onto either side of an hph 

cassette and inserted into pCambia0380 to create the pCambia-kdnaseKO plasmid. 

Successful construction of the knockout plasmid was confirmed by PCR followed by gel 

electrophoresis (Figure 3-1). 
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Figure 3-1 PCR screening for insertion of the knockout construct into the 
pCambia vector. 
PCR was performed on plasmid DNA extracted from 12 E. coli colonies 
that were transformed with the pCambia vector, pCambia-kdnaseKO 
containing the knockout construct (hph cassette with kdnase flanking 
regions). Primers amplified a 150 bp segment of the hph cassette. In both 
gels, Lane 1 contained a DNA ladder with the 250 bp band indicated by 
an arrow. Left gel: Lane 2 is a positive control where pID620, known to 
contain the hph cassette was used as a template. Right gel:  Only 
colonies from Lanes 6 and 7 showed the expected band confirming 
insertion of the knockout construct. All of the other lanes show a non-
specific amplification pattern indicative of the lack of an appropriate target 
sequence in the template. 

3.1.2. Confirmation of successful transformation of A. fumigatus 
conidia with the knockout construct 

A. fumigatus 13073 was transformed with the pCambia-kdnaseKO plasmid by 

electroporation. The presence of the hph cassette (which confers hygromycin resistance) 

in pCambia-kdnaseKO allowed for selection of successful transformants by culturing on 

selective media containing hygromycin. Numerous putative transformants were selected, 

gDNA was extracted from each, and PCR was performed using a primer pair that binds 

on either side of the kdnase gene in the immediate upstream or downstream region (Figure 

3-2). This PCR tested for the integration of the knockout construct into the genome, in 

addition to testing whether or not the insertion was ectopic, or at the kdnase locus (inserted 

by homologous recombination) (Fig. 3-2). 
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Figure 3-2 Schematic of PCR used to screen for successful insertion of the 
knockout construct into the A. fumigatus genome by homologous 
recombination.  
Primers used for this screen are represented as small boxes labelled with 
either F (forward) or R (reverse) and are displayed at their expected DNA 
binding site. Primer binding sites are in the kdnase flanking regions present 
both at the kdnase locus (bottom) and at any knockout construct insertion 
sites (top). The differential size of the hph cassette and kdnase gene results 
in an amplicon of proportional size following PCR. Non-transformed putative 
mutants should present a single 1.4 kb band. Putative mutants transformed 
correctly by homologous recombination should present a single 1.7 kb band. 
Finally, transformation followed by ectopic insertion of the knockout construct 
should result in a mutant that presents both bands.  

The reaction allowed for the segment between the kdnase flanking regions to be amplified 

regardless of its identity as either the kdnase gene or the hph cassette. One of the mutants 

tested (Figure 3-3 bottom, lane 5) clearly shows two distinct bands. The large band (~1.7 

kb) indicates the presence of the hph cassette and that the disruption construct has 

integrated into the genome; however, the smaller band (~1.4 kb) indicates that the wild 

type kdnase gene remains within the genome. Hence, It is likely that the knockout 

construct integrated ectopically in this mutant.  

All other tested putative transformants displayed only a single band, though in most cases 

the large width of the 1.5 kb band could be obscuring 2 bands and making them appear 

as one. Thus, only putative mutants with a clear single band (Figure 3-3, lanes 2 and 4; 

bottom, lane 6) were selected for further analysis. 



 

55 

 

Figure 3-3 PCR screening for successful insertion of the knockout construct into 
the A. fumigatus genome by homologous recombination. 
PCR was performed on genomic DNA extracted from putative 
transformants. Primers used for amplification bind in the upstream and 
downstream flanking regions of the kdnase locus. Lane 5 in the bottom 
image shows two bands, the 1.2 kb represents amplification of the kdnase 
gene, while the larger band (1.5 kb) represents amplification of the hph 
cassette. The presence of both bands indicates ectopic integration of the 
knockout construct. Lanes with blue square are indicative of homologous 
integration of the hph cassette at the kdnase locus and were selected for 
further analysis. 
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3.1.3. Southern blot confirmation of knockout construct insertion 
at the correct locus 

To confirm that the knockout construct had inserted at the kdnase locus, a Southern blot 

was performed using a probe that binds in the region just upstream of the kdnase gene. 

Genomic DNA from each strain was cut with the Xho1 restriction enzyme that recognizes 

a single sequence in the kdnase gene but no sequences in the hph cassette (Figure 3-4). 

 

Figure 3-4 Schematic of Southern blot designed to confirm insertion of the 
knockout construct into the A. fumigatus genome by homologous 
recombination.  
The binding site for the DIG-labelled probe is downstream of the kdnase 
gene or hph cassette. Double-sided arrows illustrate the size of the DNA 
segments that will be probed after XhoI restriction digest of the DNA. Top 
image shows locus after integration of disruption construct (expected size 
of segment bound to probe is 4476 bp) and the bottom schematic 
represents the wild type locus (expected size of segment binding to probe 
is 1595 bp). 

Figure 3-5 shows that the wild type displayed a single band at 1.6 kb, close to the expected 

size of the probe binding to the upstream region with a small part of the Xho1-cut kdnase 

gene. Each of the putative mutants displayed a single band at 4.5 kb corresponding to 

portions of the upstream and downstream region and the full hph cassette. A mutant with 
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the knockout construct inserted ectopically into its genome would be expected to display 

both the 2 kb and 4.5 kb band. Thus, each of the 3 mutants tested have the knockout 

construct inserted in place of the kdnase gene. All subsequent experiments were 

performed with mutant 3 (lane 4, Figure 3-5). qPCR confirmed that the mutant 3 strain 

does not express the kdnase gene (Appendix A). 

 

Figure 3-5 Southern blot confirming homologous insertion of the knockout 
construct at the kdnase locus. 
Genomic DNA from wild type A. fumigatus and 3 putative kdnase 
knockout mutants was digested with the restriction enzyme Xho1. Xho1 
cuts at a recognition sequence in the kdnase gene but not in the hph 
cassette. After blotting, the membrane was treated with a probe that 
hybridizes with the kdnase upstream region (included in knockout 
construct). Lane 1 – wild type; lanes 2,3 and 7 – ladder; lanes 4-6 – 
putative kdnase knockouts. 
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3.1.4. Confirmation of successful transformation of A. fumigatus 
conidia with rescue constructs 

To ensure that any observed knockout mutant phenotypes were the direct result of the 

absence of the kdnase gene rather than other unidentified variables, several rescued 

strains were produced, i.e., ones in which the knockout mutant was re-transformed with 

the wild type kdnase gene (ΔkdnaseR): 1) the native promoter controlled (NPC) rescue 

has the kdnase gene under the control of its normal promoter and terminator (928 bp of 

upstream sequence and 322 bp of downstream sequence) inserted into Δkdnase 

ectopically; 2) the Trp-C rescue has the kdnase gene under the control of the constitutive 

A. nidulans trpC promoter inserted into Δkdnase ectopically; and 3) the homologous 

rescue has the wild type kdnase gene re-inserted at the kdnase locus of the Δkdnase 

strain by homologous recombination. The strains were constructed chronologically in the 

order listed above. All of the rescue strains showed only partial reversion to wild type 

phenotype, but the NPC rescue showed a phenotype most similar to wild type.  

To confirm that the NPC rescue construct inserted ectopically into the Δkdnase genome, 

PCR was performed using gDNA from wild type, Δkdnase, and the NPC rescue as a 

template. A primer pair that spanned from 200 bp upstream to 200 bp downstream of the 

kdnase gene were used for amplification. Following amplification and gel electrophoresis, 

the wild type displayed the expected band size of 1.6 kb, consisting of the 1.2 kb kdnase 

gene plus 400 bp of flanking sequence (Figure 3-6). In contrast, the Δkdnase strain 

displayed a band at 1.9 kb, representing the 1.5 kb hph cassette and 400 bp of flanking 

sequence. The NPC rescue strain displayed both bands, as would be expected if the 

rescue construct inserted ectopically without displacing the hph cassette at the kdnase 

locus (figure 3-4). 
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Figure 3-6 PCR screening for successful ectopic insertion of the NPC rescue 
construct into the Δkdnase genome.   
PCR was performed on genomic DNA extracted from wild type, Δkdnase, 
and putative NPC rescue strains. Primers used for amplification bound in 
the upstream and downstream flanking regions of the kdnase locus. Lane 
1: wild type - a band at 1.6 kb from 400 bp of flanking sequence in 
addition to the 1.2 kb kdnase gene; Lane 2:  Δkdnase -  a band at 1.9 kb 
from 400 bp of flanking sequence plus the 1.5 kb hph cassette. Lane 3: 
NPC rescue strain - both bands were amplified. 

To confirm that the Trp-C rescue construct inserted ectopically into the Δkdnase genome, 

PCR was performed using gDNA from wild type A. fumigatus, Δkdnase, and several 

putative Trp-C rescue transformants, as a template. Primers were used that hybridized 

with DNA sequence at the start of the trpC promoter and at the end of the kdnase gene 

such that a 1750 bp sequence should be observed in transformants. No amplification 

should occur in wild type or knockout templates. All nine putative transformants tested 

display the expected band after gel electrophoresis suggesting that all were transformed 

with the Trp-C rescue construct (Figure 3-7).  
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Figure 3-7 PCR screening for successful insertion of the Trp-C rescue 
construct into the Δkdnase genome.  
PCR was performed on genomic DNA extracted from several putative 
Trp-C rescue strains (Lanes 1-9), in addition to wild type (WT) and 
Δkdnase strains (KO). The expected amplicon size from a transformant is 
1750 bp. No amplification is expected in the wild type or Δkdnase 
conditions. L- molecular size ladder. 

3.2. Growth assays 

3.2.1. Growth of the Δkdnase strain is inhibited on minimal media 
containing KDN, glucose, or mannose as the sole carbon 
source 

A growth assay was performed to determine how the loss of the kdnase gene affects the 

nutritional requirements of A. fumigatus. Strains were grown for 72 h on Kafer’s minimal 

medium containing only the specified carbon source. When grown on minimal media 

supplemented with KDN, glucose or mannose, the growth of the Δkdnase strain was 

inhibited compared to wild type (Figure 3-8). 
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Figure 3-8 Comparative growth of wild type and Δkdnase strains on minimal media supplemented with varying carbon 
sources. 
Wild type and Δkdnase strains were plated on solid Kafer’s minimal media, supplemented with various carbon 
sources. Equivalent numbers of conidia were inoculated into the center of each plate and plates were incubated for 72 
hours at 37 °C. Hygromycin is the Δkdnase selectable marker and as expected, the mutant but not the wild type grew 
in the presence of hygromycin. (Yeung J., unpublished data).    
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3.2.2. The Δkdnase strain is susceptible to sorbitol-induced 
hyperosmotic stress compared to wild type 

To assess the relative ability of the Δkdnase strain to grow under conditions of 

hyperosmotic stress, its growth was compared to that of the wild type strain on complete 

solid media (YAG) containing 1 M sorbitol, a slowly-metabolized sugar. The high 

concentration of sorbitol induces hyperosmotic stress. 

On YAG media with no added sorbitol, inoculation of the same number of conidia of both 

strains produced colonies of comparable diameter although the Δkdnase strain clearly 

grew to a lesser extent (Fig 3-9). The extent of sporulation was also similar between the 

two strains on YAG.  

On YAG media supplemented with 1 M sorbitol, the growth of the wild type strain was 

inhibited slightly when compared to growth on un-supplemented YAG, although the 

pattern of sporulation appears to be similar. In contrast, the growth of the Δkdnase strain 

was severely inhibited by the presence of sorbitol resulting in a small, spherical colony 

almost entirely lacking conidia. 
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Figure 3-9 Growth of the Δkdnase strain is inhibited compared to the wild type 
strain when grown on solid medium supplemented with 1 M sorbitol. 
 YAG plates (with or without 1M sorbitol) were inoculated with 105 conidia, 
in a volume of 5 µL in the centre of each plate. A) Wild type on YAG. B) 
WT on YAG + 1M sorbitol. C) Δkdnase on YAG. D) Δkdnase on YAG + 1 
M sorbitol. 

To better quantify the growth of the Δkdnase and wild type strains under sorbitol-induced 

osmotic stress, and to test the effects of varying concentrations of sorbitol (in YAG), growth 

assays were performed in 96 well plates. At various time-points after inoculation, the 

optical density (OD600) of each well was measured with a spectrophotometer. 

Growth after 48 hours post-inoculation is presented in Figure 3-10. No significant 

difference in growth was observed between the two strains in YAG without sorbitol. 

However, at concentrations of 0.4 M sorbitol, growth of the Δkdnase strain was 

significantly inhibited (p<0.001) by ~30% whereas the wild type showed no growth 

inhibition even in 1 M sorbitol. In 1 M sorbitol, the growth of the knockout strain was only 

~50% of wild type growth after 48 h at 37 °C. 
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Figure 3-10 Growth of the Δkdnase strain by sorbitol is inhibited in a dose-
dependent fashion. 
 Wild type and Δkdnase conidia were grown in 96-well microdilution plates 
at 37 °C for 48 h and the OD600 was quantified as an indicator of fungal 
growth. Wild type – black bars; Δkdnase mutant – white bars. Error bars 
indicate the 95% confidence interval. The decrease in growth of the 
kdnase strain relative to the wild type was significant at p < 0.001 
(indicated by ***) in 1 M sorbitol and at p <0.05 (indicated by *) at 0.7 M 
sorbitol.  

A time course of wild type and kdnase mutant growth in YAG plus 1 M sorbitol was also 

performed. The results are presented in Figure 3-11. The lag phase for Δkdnase was 

considerably longer than the wild type. By 48 hours post-inoculation, the OD600 for the 

Δkdnase was similar to that of the wild type after 24 h. After 48 h, the Δkdnase mutant 

begins to achieve the same cell density as wild type. 
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Figure 3-11 Growth of the Δkdnase strain is inhibited by 1 M sorbitol over 72 h of 
growth at 37 °C. 
 Wild type and Δkdnase conidia were inoculated into 96 well microdilution 
plates, containing RPMI media with resazurin, at a concentration of 2 x 
105 conidia/mL and incubated at 37 176°C. Fluorescence from resorufin 
was monitored as an indicator of fungal growth (excitation wavelength = 
560 nm; emission wavelength = 590 nm). Wild type - black circles and 

kdnase mutant – black squares.  

Sporulation interferes with OD600 measurements and it requires a mineral oil overlay to 

prevent spore formation. To observe the effect of sorbitol on sporulation, WT and KO 

conidia were inoculated in YAG medium containing increasing concentrations of sorbitol 

but without the mineral overlay. Figure 3-12 shows that the wild type exhibited almost full 

sporulation at all sorbitol concentrations whereas the Δkdnase strain showed poor growth 

in 0.7 M sorbitol and in 1 M sorbitol, where some hyphae but almost no sporulation is 

visible.  
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Figure 3-12 Sorbitol reduces sporulation of the Δkdnase knockout strain.  
Wild type and Δkdnase conidia were inoculated into a 96-well 
microdilution plate, containing YAG media with or without sorbitol, at a 
concentration of 5 x 104 conidia/mL and incubated at 37 °C for 48 hours. 
White patches are areas are hyphal growth while conidia are dark grey-
green. Blank wells were inoculated with sterile water in place of a conidial 
suspension. 

 

3.2.3. The Δkdnase strain is more resistant than wild type to the 
dye, Congo Red.  

Congo Red is a diazo dye that has been shown to interact strongly with β-linked glucans 

in vitro (Wood, 1980), and with chitin in vivo (Herth, 1980). Ram and Klis have proposed 

a mechanism for the anti-fungal action of CR whereby nascent chitin chains are bound by 

CR resulting in the inhibition of enzymes that link the chitin chains to β-glucans in the cell 

wall (Ram and Klis, 2006). Congo Red is a dye that has been used to probe cell wall 

integrity in fungi (Ram & Klis 2006). 

To assess the relative impact of Congo Red (CR) on the growth and development of the 

Δkdnase strain compared to wild type A. fumigatus and the NPC rescue, conidia from 
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each strain were plated on solid YAG media, supplemented with 500 µg/mL CR as a series 

of serially diluted dot cultures.  

The results in Figure 3-13 show that the Δkdnase strain was more resistant to the growth-

inhibitory effects of CR than wild type. At lower concentrations of conidia, the kdnase 

mutant grew to a much greater extent compared to wild type. The NPC rescue displayed 

a phenotype similar to kdnase.  Although some growth inhibition was observed compared 

to the mutant strain, it was not equivalent to the wild type phenotype as expected. 

 

 

Figure 3-13 The Δkdnase strain is resistant to the chitin-binding dye, Congo 
Red.   
Wild type, Δkdnase, and NPC rescue conidia were plated in a series of 
ten-fold dilutions ranging from 2 x 104 to 2 x 107 spores in a total volume 

of 2 µL on YAG containing 500 g/mL of Congo Red. 

 

To examine the effect of CR on the microscopic morphology of the mutant, cultures of 

both mutant and wild type strains, in addition to the partial rescue strain, were grown on 

cover slips in liquid YAG media supplemented with 750 µg/mL CR.  Figure 3-14 shows 

that the growth of the wild type was extremely restricted, limited to small, dense clumps 

with limited hyphal extension that appear heavily stained with CR. In contrast, the growth 
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of the Δkdnase strain was significantly greater than WT, and in this experiment, the NPC 

rescued strain displayed an intermediate phenotype: the epicenter of the colony displayed 

the dense restricted growth similar to the wild type but hyphae were produced, unlike the 

wild type strain. 

 

Figure 3-14 The wild type strain shows limited hyphal extension in the presence 
of Congo Red while the Δkdnase is partially resistant to these 
effects. 
Slide cultures were prepared for each strain on YAG+750 µg/mL Congo 
Red and incubated for 20 hours at 37 °C. Images were obtained at 400 x 
magnification. Panel A is wild type, panel B is the Δkdnase strain and 
panel C is the rescued strain.
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3.2.4. Hyphae from the Δkdnase strain appear morphologically 
distinct from wild type hyphae when exposed to osmotic 
stress 

To assess the impact of hyperosmotic stress on the morphology of the wild type and 

Δkdnase mutant strains, A. fumigatus were grown on cover slips in liquid YAG media 

supplemented with 1 M sorbitol. 

DIC images of the two strains are shown in Figure 3-10. The wild type strain shows similar 

features in the presence or absence of sorbitol: hyphae are relatively straight whereas in 

contrast, hyphae of the Δkdnase strain on sorbitol are wider, flatter, and are 

hyperbranched. The appearance of the mutant may be explained by the removal of a large 

amount of water from the fungal cells due to an apparent inability to compensate for the 

high osmotic pressure. 

 

 

Figure 3-15 Hyperosmotic stress induces aberrant morphology in Δkdnase 
hyphae.  
Slide cultures were prepared for each strain on YAG and YAG+1 M 
sorbitol. Cultures were grown for 20 hours at 37 °C. DIC images were 
captured at 1000 x magnification. A) WT on YAG + 1 M sorbitol B) KO on 
YAG + 1 M sorbitol C) WT on YAG D) KO on YAG.  
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3.2.5. The Δkdnase strain is more susceptible than wild type to the 
clinical anti-fungal agent Amphotercin B 

Amphotericin B is a polyene fungicidal compound whose mechanism of action involves 

binding to the fungal membrane sterol, ergosterol. It has been proposed that, upon binding 

to ergosterol, Amphotericin B molecules form an aqueous pore in the membrane, resulting 

in lethal leakage in or out of the cell (Ghannoum & Rice 1999).  However, the mechanistic 

origins of Amphotericin B’s fungicidal properties are still debated, and more recent work 

suggests that it is the binding and sequestration of ergosterol that confers anti-fungal 

properties on amphotericin B and not the formation of membrane pores (Gray et al. 2012). 

In the past, amphotericin B was a first line therapy for invasive aspergillosis. The triazole 

agent, voriconazole, has since been shown to be more efficacious but amphotericin B is 

still in wide use for patients whose disease is refractory to voriconazole. In addition, there 

is interest in using amphotericin B together with either voriconazole or caspofungin as a 

combination therapy (Segal & Walsh 2006). We tested the effect of amphotericin B on the 

growth of the wild type and Δkdnase strains to determine if the presence or absence of 

the KDNase enzyme affects the response to amphotericin B. After 48 hours, at all tested 

concentrations of amphotericin B except the highest (0.9 µg/mL), growth of the Δkdnase 

strain was significantly inhibited compared to the wild type strain (Figure 3-16).  

We then examined the time course of inhibition of fungal growth by 0.7 g/mL of 

amphotericin B. Figure 3-17 shows that amphotericin B inhibits growth of the wild type and 

Δkdnase strains equally for the first 30 hours, after which the amphotericin B treated wild 

type strain reached the same cell density as in the no drug control. In contrast, the 

Δkdnase strain showed only a modest increase in growth after 30 h and even after 54 h, 

growth was ~67% lower than wild type. 
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Figure 3-16 The Δkdnase strain is more susceptible than wild type strain to 
amphotericin B. 
Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates containing RPMI media at a concentration of 2 x 105 conidia/mL 
and incubated at 37 °C for 28 hours.  Growth was quantified by resorufin 
fluorescence (excitation = 560 nm; emission = 590 nm). Control wells 
contained no antibiotic. Error bars indicate the 95% confidence interval. 
Significant differences in growth (p<0.001) between wild type and the 
mutant are indicated by ***.  The data is from 6 replicates per condition. 
This experiment was repeated an additional 2 times with similar results. 

Black bars - wild type;  white bars - kdnase mutant. 
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Figure 3-17 Growth of the Δkdnase strain is inhibited compared to the wild type 
strain by 0.7 µg/mL Amphotericin B over a 54 hour time-course. 
Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates containing RPMI media at a concentration 2 x 105 conidia/mL and 
incubated at 37 °C. Growth was determined by fluorescence yield. The 
data are from 6 replicates per condition; this experiment was repeated an 
additional 2 times with similar results.     Wild type in 0 µg/mL  
amphotericin B;      Δkdnase in 0 µg/mL amphotericin B;      wild type in 
0.7 µg/mL amphotericin B;       Δkdnase in 0.7 µg/mL amphotericin B. 

3.2.6. The Δkdnase strain is more susceptible than wild type to the 
clinical anti-fungal agent caspofungin  

Caspofungin is a relatively new anti-fungal drug that has been indicated as either a first or 

second line treatment for IA, in addition to its use as a combination therapy with other anti-

fungal agents (Heinz & Einsele 2008). It is a non-competitive inhibitor of the enzyme 

β(1,3)-D-glucan synthase which produces β(1,3)-D-glucan, a critical component of the 

fungal cell wall (Letscher-Bru 2003). We tested the relative effect of caspofungin on the 

growth of the wild type and Δkdnase strains. After 28 h of growth at 37 °C, the growth of 

the Δkdnase strain was significantly inhibited compared to the wild type strain at all tested 

caspofungin concentrations (Figure 3-18). In comparison, the Δkdnase strain grew 
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significantly better than wild type in the absence of caspofungin (RPMI plus reazurin 

alone). 

The time-course depicted in Figure 3-19 shows that when exposed to 5 g/mL of 

caspofungin, the shape of the growth curve was the same for Δkdnase as for the wild type 

strain.  

 

Figure 3-18 The Δkdnase strain is more susceptible than wild type to a range of 
caspofungin concentrations.  
Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates, containing RPMI media, at a concentration 2 x 105 conidia/mL and 
incubated at 37 °C for 28 h.  The fluorescence of resorufin was quantified 
using an excitation wavelength of 560 nm and an emission wavelength of 
590 nm. Error bars indicate the 95% confidence interval. Significant 
differences in growth at p < 0.001 is indicated by ***. Note that the growth 

of the kdnase strain relative to the wild type, in the no caspofungin 
condition, was significantly higher at p < 0.05 (*). For each condition six 
replicates were performed; this experiment was repeated an additional 2 

times with similar results. Black bars- wild type; white bars – kdnase 
mutant. 
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Figure 3-19 Comparison of the growth curves of the wild type versus the 
Δkdnase strains in the presence of 5 µg/mL caspofungin. 
Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates containing RPMI media at a concentration 2 x 105 conidia/mL and 
incubated at 37°C. Control wells contained no caspofungin. Fluorescence 
was monitored over time at excitation/emission wavelengths. The graph 
represents data from 6 replicates per condition; this experiment was 
repeated an additional 2 times with similar results.      Wild type in 0 
µg/mL caspofungin;      Δkdnase in 0 µg/mL caspofungin;        wild type in 
5 µg/mL caspofungin;         Δkdnase in 5 µg/mL caspofungin. 

3.2.7. Transmission electron microscopy 

Our results in the preceding sections showed that the Δkdnase strain displays dramatic 

differences from wild type upon exposure to cell-wall stressors such as Congo Red or 

osmotic stress.  As a result, we hypothesized that the KDNase enzyme functions in the 

establishment and/or maintenance of the fungal cell wall in A. fumigatus. 

We therefore examined the ultrastructure of the kdnase and wild type strains by 

transmission electron microscopy after growth in either rich media or under conditions of 

osmotic stress. Representative images are displayed in Figure 3-20.  The wild type and 

Δkdnase were morphologically similar when grown on YAG; however, when grown on 
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sorbitol, the cell wall of the mutant appeared to be much thicker. In addition, many dark-

coloured (electron dense) filaments were seen adjacent to the cell wall, and spanning the 

area between cells, in the images of the Δkdnase fungi grown on sorbitol.  These filaments 

might be an excess of secreted proteins.  They were apparent in the wild type fungus with 

or without added sorbitol but were much less dense than in the mutant strain. 
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Figure 3-20 Transmission electron microscopy of A. fumigatus hyphae from wild 
type or Δkdnase strains after growth on YAG or YAG plus sorbitol. 
Conidia were inoculated onto cellophane on solid media containing YAG 
or YAG supplemented with 1 M sorbitol (106 conidia per mL) and allowed 
to incubate for 20 hours at 30 °C and then for 5 hours at 37 °C. Cells 
were fixed and processed as outlined in Materials and Methods and 
examined on a Hitachi H-7600 transmission electron microscope. Each 
row represents one condition at lower (left) and higher (right) 
magnification where A&B – Δkdnase mutant in YAG; C&D Δkdnase 
mutant in YAG+ sorbitol; E&F - WT in YAG; G&H - WT in YAG + sorbitol. 
Scale bar is below each image.  
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The thickness of the cell wall was quantified from the TEM images and the data are 

summarized in Figure 3-21.  No significant difference in the width of cell walls was found 

when comparing wild type grown in YAG alone or with sorbitol, and with the kdnase 

mutant in YAG alone. In contrast, the average width of cell walls of the kdnase mutant 

increased more than 3-fold when this strain was grown in YAG plus sorbitol. Thus, the 

lack of KDNase resulted in a greater deposition of cell wall material when cells were 

exposed to hyperosmotic stress. 

 

 

Figure 3-21 Hyperosmotic stress increases cell wall thickness of the kdnase 
mutant 3-fold.  
From the TEM images of hyphae, cell wall thickness was quantified with 
ImageJ using the measure function. Cell wall thickness was measured 5 
times in each image at coordinates determined by random number 
generation. The number of separate images analyzed for each condition 
is as follows: WT – 17, Δkdnase (KO)- 17, WT + 1 M sorbitol – 12, 
Δkdnase + 1 M sorbitol – 24.  Whiskers represent the 5-95% confidence 
interval, while the dots indicate outliers, and the x indicates the median. 
*** indicates that the difference between the cell wall thickness in the 
Δkdnase + 1 M sorbitol condition compared to the other conditions is 
significant at p<0.001. 
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3.3. Lectin-binding assays 

3.3.1. Treatment of A. fumigatus conidia with recombinant 
AfKDNase but not bacterial sialidase caused clumping and 
damage to conidia 

The kdnase gene contains an N-terminal secretion sequence suggesting that it is secreted 

from the cell or remains associated with the cell wall. Previous studies in our laboratory 

using rabbit polyclonal antibodies to recombinant AfKDNase localized KDNase to the cell 

periphery in A. fumigatus hyphae; furthermore, little protein was detected in the culture 

supernatant and KDNase was found in cell lysates (Yeung 2015). Hence, we hypothesize 

that KDNase remains cell-associated, possibly bound to the cell wall where it may play a 

role in modulating cell wall structure. This is supported by the increased cell wall thickness 

in the kdnase mutant when exposed to hyperosmotic stress (Figure 3-21).  To assess 

whether exposure to the KDNase enzyme affected surface glycans, conidia were treated 

with recombinant AfKDNase which we have shown preferentially cleaves terminal KDN 

over Neu5Ac from glycan chains (Telford et al., 2011). For comparison, we also treated 

conidia with M. viridifaciens sialidase (MvS), which preferentially cleaves Neu5Ac (Watson 

et al. 2003) though some KDNase activity exists (Yeung et al. 2013). The mass of enzyme 

was adjusted so that equivalent specific activity against respective preferred substrates 

was achieved in each sample. Following treatment with the bacterial or fungal sialidase, 

conidia were incubated with the lectin peanut agglutinin (PNA) conjugated to the 

fluorophore, FITC. PNA binds to terminal galactose residues linked beta 1,3- with the 

underlying sugar (Lotan et al. 1975). Previous work in our lab has shown that, in A. 

fumigatus, the sub-terminal moiety on conidial surface glycans is galactose, while the 

terminal moiety is a sialic acid (Warwas et al., 2007). It is presently unknown whether 

significant amounts of KDN are found on conidia.  Thus, the extent of PNA-FITC binding 

should reflect the proportion of terminal sialic acids (either Neu5Ac or KDN) removed by 

either KDNase or MvS. 

The immunofluorescence microscopy results are summarized in Figures 3-22 and 3-23.  

Treatment of conidia with MvS did not cause any visible morphological changes when 

either wild type or kdnase conidia were examined by light microscopy. As we showed in 

a previous study using MvS (Warwas et al, 2007), PNA-FITC binding increased after 
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sialidase treatment indicating that MvS exposed sub-terminal galactose residues. In 

contrast, treatment with KDNase for the same period resulted in conidial clumping (Figure 

3-22), possibly due to the removal of negatively charged sialic acids. The large clumps of 

conidia fluoresced more intensely than the MvS treatment group suggesting that 

AfKDNase exposed more sub-terminal galactose residues. The same result was observed 

using either wild type or Δkdnase conidia (Figure 3-23); exposure to KDNase removed 

more sialic acid from the conidial surface than MvS. 

 

Figure 3-22 Treatment of wild type A. fumigatus with recombinant AfKDNase 
causes clumped conidia.  
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Conidia were treated with AfKDNase or M. viridifaciens sialidase (MvS) 
followed by incubation with PNA-FITC, a lectin specific for exposed 
terminal β-1,3 linked galactose residues. For fluorescent image capture, 
the excitation wavelength was 470 nm and all images were captured 
using identical settings. Left column – panels A, B and C, conidia treated 
with MvS; Right column- panels D, E and F, conidia treated with 
AfKDNase. A,D = DIC images; B,E = fluorescence images; C,F = merged 
channels. 

 

Figure 3-23 Treatment of Δkdnase mutant A. fumigatus conidia with 
recombinant AfKDNase causes clumped conidia.  
Δkdnase Conidia were treated with AfKDNase or M. viridifaciens sialidase 
(MvS) followed by treatment with PNA, a lectin specific for exposed 
terminal β-1,3 linked galactose residues. For fluorescent image capture 
the excitation wavelength was 470 nm. Left column – panels A, B and C, 
conidia treated with MvS; Right column- panels D, E and F, conidia 
treated with AfKDNase. A,D = DIC images; B,E = fluorescence images; 
C,F = merged channels. 
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3.3.2. Quantification of sialic acid removal by KDNase or MvS 
using flow cytometry 

Flow cytometry was used to quantify the intensity of PNA-FITC fluorescence after MvS or 

KDNase treatment. The data for wild type and kdnase strains are summarized in Figures 

3-24 and 3-25, respectively. Negative controls show that auto-fluorescence of the conidia 

or non-specific binding of the PNA-FITC lectin generated low fluorescence signals as 

expected (Figures 3-24 and 3-25, panels A,B (buffer plus conidia sialidase) and D,E 

(buffer plus PNA, no sialidase). The fluorescence of the KDNase-treated wild type conidia 

was 11-fold higher than that of wild type conidia incubated with MvS. Similarly, in the 

Δkdnase knockout strain, exposure to the recombinant KDNase enzyme resulted in a >6-

fold higher PNA fluorescence compared to MvS incubation. In addition, the heat maps had 

a wider spread of fluorescence intensities among the KDNase treated conidia, perhaps 

attributable to aggregation of the particles, or perhaps conidial damage.  Analysis of 

kdnase conidia resulted in side-scatter and fluorescence values similar to those of the 

wild type. Thus, treatment with KDNase removed a significantly higher proportion of sialic 

acids (Neu5Ac or KDN) from the conidial surface compared with MvS in both wild type 

and kdnase knockout strains. Whether this is due to higher levels of KDN versus Neu5Ac 

on the surface of conidia will requires further investigation. Interestingly, the data in figures 

3-24 and 3-25 suggest that almost twice as much PNA-reactive material is exposed on 

the surface of the kdnase knockout strain (panels B and E), even before sialidase 

exposure. In preliminary studies, direct chemical analysis has confirmed that conidia from 

the knockout strain have significantly lower levels of Neu5Ac (Dr. Wes Zandberg, UBC 

Okanagan, personal communication). Thus, perturbations of KDNase resulted in changes 

to the sialic acid profile of conidia.  

 

 



 

83 

 

Figure 3-24 Fluorescence vs side scatter of sialidase-treated wild type A. 
fumigatus conidia measured by flow cytometry.  
Wild type conidia were incubated with either Afkdnase or M. viridifaciens 
sialidase and then treated with PNA-FITC, a fluorophore conjugated lectin 
that binds terminal galactose residues. The 530/40 (488) ratio is a 
measure of fluorescence intensity while SSC (side scatter) is a measure 
of particle granularity. The left column (panels A, B, C) indicates 
treatment with MvS and/or MvS buffers, while the right column (D, E, F) 
indicates treatment with KDNase and/or KDNase buffers. A and D: 
conidia plus buffer, no sialidase, B and E: conidia plus PNA only, and C 
and F: conidia plus sialidase plus PNA . The numbers above the heat 
maps indicate fluorescence intensity using a 530/40 filter. A minimum of 
20,000 particles were examined in each run.  
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Figure 3-25 Fluorescence vs side scatter of sialidase treated Δkdnase A. 
fumigatus conidia measured by flow cytometry.  

Δkdnase conidia were incubated with either Afkdnase or M. viridifaciens 
sialidase (MvS) and then treated with PNA-FITC, a fluorophore 
conjugated lectin that binds terminal galactose residues. The 530/40 
(488) ratio is a measure of fluorescence intensity while SSC (side scatter) 
is a measure of particle granularity. The left column (panels A, B, C) 
indicates treatment with MvS and/or MvS buffers, while the right column 
(D, E, F) indicates treatment with KDNase and/or KDNase buffers. A and 
D: conidia plus buffer, no sialidase, B and E: conidia plus PNA only, and 
C and F: conidia plus sialidase plus PNA. The numbers above the heat 
maps indicate fluorescence intensity using a 530/40 filter. A minimum of 
20,000 particles were examined in each run. 



 

85 

3.4. Mouse model of invasive aspergillosis 

3.4.1. The Δkdnase strain is virulent in a cortisone suppressed 
mouse model of invasive aspergillosis 

We used the cortisone-treated immunocompromised mouse model of invasive 

aspergillosis to examine the virulence of the Δkdnase strain in vivo. The survival curve 

from this experiment is presented in Figure 3-26.  Interestingly, the Δkdnase strain 

appears to be more virulent than wild type A. fumigatus.  At the end of the 14-day 

experimental period, only 10 percent of Δkdnase infected mice survived compared to 50% 

of mice infected with the parental, wild type strain.  All of the uninfected control mice 

survived. Interestingly, only one of the mice infected with the rescued strain died.  As this 

strain should have been at least as virulent as the wild type strain, the data suggest that 

this experiment may have had technical difficulties. One possibility was that the animals 

were immunosuppressed using cortisone acetate, which forms a suspension of insoluble 

drug. The subcutaneous administration of cortisone acetate to all mice was carried out for 

the treatment groups in the following order: knockout strain, wild type, rescued strain and 

finally controls. We speculate that the last treatment groups of mice, which was inoculated 

with the rescued strain, did not receive the same concentration of cortisone acetate as the 

knockout and wild type groups due to settling of the drug in suspension. Hence, we can 

only conclude from this experiment that the Δkdnase strain remained virulent; however, 

we cannot determine whether it is more or less virulent than wild type. 
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Figure 3-26 Survival curves for immunosuppressed female BALB/c mice 
infected with A. fumigatus wild type and Δkdnase strains.  
Mice were immunosuppressed with cortisone acetate and inoculated with 
1 X 106 conidia of wild type A. fumigatus, the Δkdnase strain, or the 
rescued strain. End point was reached if the mice displayed one of the 
following characteristics: 1) 20% weight loss compared to the day 0 
weight; 2) Central nervous system impairments (such as loss of balance); 
or 3) respiratory distress indicated by panting and a hunched posture. 
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Chapter 4. Discussion 

To elucidate the role of the AfKDNase enzyme in the growth and development of A. 

fumigatus, I created a knockout strain by homologous recombination, and a rescued strain 

in which the wild type kdnase gene was reintroduced ectopically into the genome. Strains 

were grown on media containing stressors. Most of the compounds found to induce a 

phenotype in the Δkdnase strain were those that affected the fungal cell wall (Congo Red, 

caspofungin, hyperosmotic concentrations of sorbitol) suggesting that kdnase is essential 

for maintaining cell wall integrity in Aspergillus fumigatus. 

In fungi, the cell wall acts as a flexible exoskeleton protecting and stabilizing cells in 

varying external conditions.  Proper development, maintenance, and alteration of the cell 

wall is essential for the survival of the organism (Valiante et al. 2015). Because animals 

(including humans) do not have a cell wall or any of the enzymatic machinery required for 

its synthesis/degradation, the cell wall presents an attractive target from a therapeutic 

perspective.  Nonetheless, only one anti-fungal agent that directly targets the cell wall, 

caspofungin, has been approved for use in the treatment of aspergillosis.  Caspofungin 

inhibits the β-1,3 glucan synthase, Fks1. β-1,3 glucan is an abundant and important 

component of the fungal cell wall (Odds et al. 2003). 

In growth assays on minimal media containing caspofungin, the Δkdnase strain grew 

approximately 75% as well as wild type at all caspofungin concentrations tested despite 

growing slightly better than wild type in the no caspofungin condition. Oddly, growth of 

both strains increased slightly at concentrations of caspofungin greater than 5 μg/mL. This 

is likely due to the “paradoxical effect” of caspofungin in which increasing the 

concentration of the drug beyond the MIC promotes growth in some fungal species 

(Stevens et al. 2004). 

In the literature, mutant strains of A. fumigatus that show an increased sensitivity to 

caspofungin are those which have had cell-wall related genes knocked out or otherwise 

disrupted.  In A. fumigatus the kinase pkcA is a component of the CWI signalling cascade 

which acts to phosphorylate, and thus activate, the first of three sequential MAP kinases.  

A substitution mutant, pkcAG579R, with decreased ability to activate the MAPK module was 
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found to display an increased susceptibility to caspofungin.  Additionally, the zone of 

inhibition surrounding the source of caspofungin was found to be clearer in the mutant, 

suggesting that caspofungin acts as a fungicide when pkcA is compromised rather than a 

fungi-static agent, which is usual (Rocha et al. 2015). Strains of A. fumigatus that are 

deficient for other components of the CWI signalling process have also been found to be 

hypersensitive to caspofungin.  These include strains deficient in MpkA, the third of three 

kinases in the MAPK module; Wsc1, a stimulus sensing integral membrane protein; and 

Rho4, a GTPase possibly involved in transmitting information from sensor proteins to the 

underlying CWI signal cascade (Dichtl et al. 2012). In the model organism A. nidulans, 

deletion of the ugmA gene, which encodes for a mutase involved in the synthesis of 

galactofuranose, also leads to an increased sensitivity to caspofungin (Alam et al. 2014). 

A large-scale analysis of a set of 4600 deletion mutants in the yeast S. cerevisiae was 

performed to determine which genes might be involved in caspofungin resistance.  

Caspofungin hypersensitive mutants could be categorized into three groups: those 

involved in the synthesis and assembly of cell wall components, including a chitin synthase 

and a β-1,3 glucan synthase subunit; those involved in transport of materials in the cell, 

and those involved in protein translation (Lesage et al. 2004).  The latter two groups of 

proteins are likely involved in facilitating a compensatory response to caspofungin. 

The hypersensitivity to caspofungin displayed by the A. fumigatus Δkdnase mutant 

suggests a role for the KDNase in cell wall organization, or re-organization in response to 

stress.  However, caspofungin sensitivity may result from a deficiency in enzymes that are 

important for stimulus response but that are not directly cell wall or CWI related.  For 

example, deletion of the rpb3 gene which encodes a sub-unit of RNA polymerase II leads 

to a strain that is hypersensitive to caspofungin (Lesage et al. 2004). 

The role of the AfKDNase in cell-wall maintenance is most dramatically illustrated by the 

response of the Δkdnase strain to osmotic stress. When challenged by hyperosmotic 

conditions, the mutant’s growth was extremely restricted. These growth defects are 

dependent on the severity of the challenge and resulted in morphological changes to the 

hyphae as well as a significant thickening of the cell wall.  Because a functional cell wall 

is critical to protect fungi from changing osmotic force (Valiante et al. 2015), it is apparent 
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that the cell wall of the Δkdnase mutant is incapable of performing this function.  The 

thickened cell wall of the mutant is likely the result of continual activation of the CWI 

pathway and a compensatory increase in chitin deposition (Valiante et al. 2015), though 

in this case the response does little to help the organism grow, and may be dysregulated.  

Congo Red is a diazo dye with anti-fungal properties.  The precise mechanism behind the 

anti-fungal properties of CR is unclear but it is known to bind cell wall polysaccharides, 

particularly β-1,3 glucan, and may interfere in the linking of β-1,3 glucan to chitin (Ram 

and Klis, 2006).  The Δkdnase knockout strain is resistant to CR compared to wild type. 

Although the knockout displayed abnormal morphology on media containing CR with 

bulbous and hyperbranching hyphae, growth of the wild type was completely inhibited. 

Based on the literature, it appears to be somewhat rare to induce resistance to CR by 

gene knockout, as is the case with the Δkdnase strain.  One explanation may come from 

preliminary data from our laboratory which suggests that β1,3-glucan levels are reduced 

in the Δkdnase knockout strain which could decrease CR binding (E. Steves, personal 

communication). Knockout mutants with increased sensitivity to CR are more common in 

the literature.  MidA, one of four plasma membrane sensor protein of the CWI, is required 

for resistance to CR. Deletion of MidA, but none of the other CWI sensors, resulted in 

increased susceptibility to the dye (Dichtl et al. 2012).  An A. fumigatus mutant lacking the 

MAP kinase MpkA displayed a dramatically reduced ability to grow in the presence of CR 

compared to wild type (Valiante et al. 2008). The deletion of the mpkA gene was discussed 

earlier as being responsible for an increased sensitivity to caspofungin (Dichtl et al. 2012). 

Thus, in A fumigatus, the removal of MpkA, a kinase that translocates to the nucleus to 

effect CWI changes via transcription factors, causes a phenotype similar to that of 

Δkdnase following challenge by caspofungin, but the two strains produced opposite 

phenotypes (sensitivity versus resistance) when challenged with CR. 

Resistance to CR is thought to be caused by decreased levels of chitin in the fungal cell 

wall, and the resulting decrease in interaction between CR and chitin (Imai et al. 2005) 

(Ram & Klis 2006). However, the Δkdnase mutant displays elevated levels of cell wall 

chitin (E. Steves, personal communication) and a resistance to CR. It is possible that the 

chitin in the mutant cell wall has been improperly processed in a manner which reduces 

chitin-CR interaction. Interestingly, the relative susceptibility of Kluyveromyces, Candida, 
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and Schizosaccharomyces species to the anti-fungal amphotericin B was found to be 

correlated with chitin content in those species cell walls, despite the fact that amphotericin 

targets ergosterol in the plasma membrane (surprisingly, plasma membrane ergosterol 

content did not correlate with amphotericin B susceptibility).  Species or strains with high 

levels of chitin in their cell wall were shown to be more susceptible to challenge with 

amphotericin B (Bahmed et al. 2003).  

The MIC of amphotericin B was significantly lower for the Δkdnase strain than for the wild 

type. In our study, the breakpoint for wild type was 0.9 µg/mL while the breakpoint for 

Δkdnase was 0.7 µg/mL. When grown in media containing 0.7 µg/mL, both wild type and 

Δkdnase were similarly inhibited for the first 24 hours; however, after ~44 hours the growth 

of wild type + amphotericin B reached the same level as wild type without drug.  In 

comparison, growth of the kdnase mutant increased only slightly after this time.  This 

suggests that initially there may be no difference between the two strains when challenged 

by Amphotericin, but the mutant is unable to overcome the growth inhibition.  

The mechanistic causes of ampB sensitivity in Aspergillus species are not as clear as 

those that lead to caspofungin sensitivity.  Indeed, the basic mechanism of action by which 

ampB kills fungi is still unclear (Gray et al. 2012). The heat shock proteins (HSP) are 

chaperones that function to increase the likelihood of proper protein folding in stressful 

cellular conditions, such as high temperature. Inhibitors of HSP90 increased the sensitivity 

of A. terreus to amphotericin B in vitro, but did not potentiate the activity of amphotericin 

B in vivo (Blum et al. 2013). Inhibitors of another chaperone, HSP70, also increased the 

in vitro susceptibility of A. terreus isolates to amphotericin B, although typically only in 

those strains already resistant to the drug (Blatzer et al. 2015).  

Proteomic and transcriptomic analysis of A. fumigatus revealed that some cell wall related 

proteins are differentially expressed following challenge with amphotericin B. Conidial 

hypdrophobin B and the structural protein tir-3 were both downregulated in response to 

amphotericin B exposure. Interestingly, a chitinase was upregulated (Gautam et al. 2008), 

which is compatible with the hypothesis that high chitin content is proportional to increased 

susceptibility to amphotericin B.  The upregulated chitinase might be involved in reducing 

cell wall chitin content. 
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Therefore, the genetic elimination of KDNase function in A. fumigatus resulted in 

increased sensitivity to two, clinically-used anti-fungal drugs.  Because, to our knowledge, 

humans do not express a KDNase, a specific inhibitor of this enzyme could be expected 

to have a good safety profile.  The current understanding of mammalian sialidases is 

detailed in table 1. Furthermore, small-molecule inhibitors of viral sialidases include the 

two important anti-influenza drugs, zanamivir and oseltamivir, (von Itzstein 2007). As a 

result, the inhibition of AfKDNase might have therapeutic potential.  Nevertheless, in the 

present study, elimination of A. fumigatus KDNase activity did not eliminate virulence in a 

murine model of invasive aspergillosis.  Therefore, inhibition of KDNase alone is unlikely 

to be a productive therapy.  Nevertheless, combining the effects of KDNase inhibition with 

another anti-fungal agent that has been shown to be potentiated by KDNase deletion 

(either amphotericin B, caspofungin, or both) could be a successful strategy. For this 

strategy to be successful, a small molecule KDNase inhibitor must recapitulate the 

phenotype of the kdnase knockout.  
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Table 1 Summary of mammalian sialidase enzymes 
Reprinted from (Monti & Miyagi 2015) with permission. 
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We did not find any increased sensitivity of the Δkdnase knockout to the antifungal drug, 

voriconazole (E.Steves, personal communication). Voriconazole is the first line agent for 

the treatment of invasive aspergillosis followed by liposomal amphotericin B (Gregg & 

Kauffman 2015). Voriconazole inhibits ergosterol biosynthesis by inhibiting CYP51A, 

encoding lanosterol demethylase. Voriconazole resistance has emerged over the past few 

decades and two primary resistance mechanisms have been characterized (Vermeulen 

et al. 2013). The first mechanism, TR34/L98H, is the result of a 34 bp tandem repeat in the 

promoter sequence in combination with a point mutation resulting in the substitution of 

leucine with histidine at codon 98. TR34/L98H strains display increased expression of the 

CYP51A gene (Mellado et al. 2007). The second mechanism, TR46/Y121F/T289A, is the 

result of a 46bp tandem repeat in the promoter sequence in combination with a point 

mutation resulting in the substitution of tyrosine with phenylalanine at codon 121, and a 

point mutation resulting in the substitution of threonine with alanine at codon 289 (Van Der 

Linden et al. 2013). Concerningly, a sudden increase in the frequency of azole resistant 

A. fumigatus strains has been observed since 2004 (Howard et al. 2009), and it has been 

hypothesized that the agriculture use of azoles, as plant protection agents, is major causal 

factor (Verweij et al. 2009). As such the use of Amphotericin B as the primary agent for IA 

treatment is necessary in cases of azole resistance, and in time will become more 

common. If a KDNase inhibitor could reduce the dose of amphotericin B required, this may 

reduce overall toxicity to the patient while increasing the antifungal effect.   

Combination drug therapy is a commonly-debated technique for treating patients with 

aspergillosis.  The rationale behind combination therapy is to diminish the effects of stress 

response systems and enzyme redundancies by attacking the fungus from multiple 

directions, mechanistically.  The CWI pathway and the massive redundancy in some sets 

of cell wall genes make the cell wall a difficult target. For example, the genome of A. 

fumigatus contains eight chitin synthases (Muszkieta et al. 2014). However, the lack of a 

cell wall in the host and its importance to fungal survival makes it an attractive target.  It is 

clear that KDNase deletion interferes with the proper organization of the cell wall in A. 

fumigatus.  Perhaps then, inhibition of the KDNase combined with the cell wall-targeting 
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anti-fungal caspofungin, or the cell-wall related anti-fungal amphotericin B, could be a 

viable therapeutic strategy.  

To date, a few in vitro studies have examined the effect of combining amphotericin B and 

caspofungin on their anti-fungal properties.  In one study, 14 clinical Aspergillus isolates, 

including 4 A. fumigatus isolates, were challenged with amphotericin B and caspofungin 

simultaneously.  The two anti-fungal drugs showed synergy or additivity in approximately 

half of the isolates.  The effect was most pronounced in the A. fumigatus strains, with only 

one isolate being scored as indifferent to the combination therapy.  Importantly, 

antagonism wasn’t seen in any of the isolates tested regardless of species (Arikan et al. 

2002). A broader study, utilizing more combinations of anti-fungals, found that 

amphotericin B and caspofungin displayed synergy, but that the combination of 

voriconazole with caspofungin was superior (Cuenca-Estrella et al. 2005). Using 

combinations containing more than just two compounds appears promising also.  A 

combination of caspofungin, amphotericin B and flucytosine showed synergy for all tested 

isolates. In this case, substituting voriconazole for the amphotericin B reduced overall 

synergy (Dannaoui et al. 2004). 

Animal trials of combination anti-fungal therapy show a similar trend. In one study of 

murine CNS aspergillosis, the combination of amphotericin B and caspofungin was 

somewhat beneficial, leading to slightly prolonged survival and not displaying any 

antagonism (Clemons et al. 2005). In another study using a murine model of invasive 

aspergillosis with underlying chronic granulomatous disease, combination therapy with 

caspofungin and amphotericin B prolonged survival (Dennis et al. 2006). 

For invasive aspergillosis, clinical trials that examined combination anti-fungal therapy 

have been limited and generally, of low quality.  Any effects seen have been small; thus, 

some clinicians have been hesitant about the potential of combination therapy (Vazquez 

2008). However, at least two existing anti-fungals work by similar mechanisms 

(interference with ergosterol metabolism).  Using compounds that are more varied 

mechanistically could make the approach more effective. The cell wall re-structuring that 

resulted from KDNase knockout might make the normal compensatory response to 

existing anti-fungals less effective or ineffective in vivo, as was shown in vitro. 
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Biochemically, the AfKDNase hydrolyses the glycosidic linkage between terminal KDN or 

terminal Neu5Ac and the underlying glycan chain.  This process is an order of magnitude 

faster for KDN than Neu5Ac.  Biologically, the AfKDNase functions to properly organize 

and maintain the cell wall.  The mechanism that links the biochemical activity of this 

enzyme to the biological results of its activity, in A. fumigatus, currently represents a ‘black 

box’ and more experimentation will be required to elucidate it fully. The cell wall phenotype 

seen in Δkdnase is likely indirectly related to the strain’s lack of sialidase activity. This lack 

of activity results not only in the inadequate stress response in the knockout, but also in a 

decrease in cell surface sialic acids as shown indirectly by flow cytometry.  The A. 

fumigatus cell wall contains a variety of N- and O-glycosylated GPI anchored proteins.  A 

number of proteins involved in cell wall polysaccharide synthesis are also glycosylated 

(Jin 2012).  Correct glycosylation of these glycoproteins is likely required for full 

functionality.  Without AfKDNase activity it is possible that too high a proportion of 

glycoproteins are sialylated, or certain glycans may remain sialylated when not required.  

In the Δkdnase mutant, the surface sialic acid profile of the cell has been disrupted, 

changing its chemical properties, and ultimately altering its functionality.  The specifics of 

how this disruption is occurring will require more experiments to determine.  A possibility 

for future experiments involves constructing double mutants with the Afkdnase gene 

knocked out in addition to other cell wall related genes.  A series of these double mutants 

could be constructed, testing the combination phenotype of the kdnase knockout with 

various other knockout of genes important for cell wall function.  Candidate genes for 

double knockout include components of the CWI pathway (at varying places in the 

pathway, and with varying functions) or cell wall synthesis/regulatory proteins, particularly 

those known to produce a dramatic phenotype (fks1).  Comparing the various phenotypes 

of the double knockouts to the Δkdnase strain, the single knockout of the selected second 

gene, and the wild type may provide insight as to where and how the AfKDNase is acting 

to regulate the cell wall. 

Instances of sialidase disruption resulting in cell wall defects are sparse in the literature. 

In the gram-negative bacterium, Porphyromonas gingivalis, disruption of a gene encoding 

an O-sialoglycoprotease, which is functionally similar to a sialidase, resulted in an overall 

sialidase activity reduction of 70% in the microbe. This mutant also displayed a thick and 

fuzzy cell envelope, when imaged with TEM (Aruni et al. 2011). Although P. gingivalis only 
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has a small peptidoglycan layer, and no cell wall, the effect of the sialidase disruption on 

the cell surface appears visually similar to the thickened cell wall seen in the A. fumigatus 

Δkdnase strain. 

It is possible that the cell wall organizing functionality of the AfKDNase enzyme is derived 

from its N-acetylneuraminidase activity rather than its KDNase activity, despite being 

significantly more efficient at the latter.  However, I propose that the enzyme likely would 

not have evolved such an efficient means of KDN removal without a reason to do so.  A. 

fumigatus can utilize KDN (but not Neu5Ac) as a primary carbon source; hence, KDNase 

activity may serve primarily as a means of scavenging carbon. There are sources of KDN 

in the natural environment of A. fumigatus. For example, KDN is present in numerous 

plant-related bacteria including the nitrogen-fixing species Sinorhizobium fredii (Gil-

serrano et al. 1998), the causal agent of tomato pith necrosis, Pseudomonas corrugate 

(Corsaro et al. 2002), and Streptomyces sp. that cause potato scab disease (Shashkov et 

al. 2002). Thus, most KDN-containing bacteria discovered to-date are plant-associated 

and as result, often soil-dwelling.  The primary habitat of A. fumigatus is soil/compost 

where it acts to break down biomass, much of it plant-based.  

Only limited information is available regarding other KDNase enzymes. For example,the 

bacterium, Sphingobacterium multivorum has a KDN-specific sialidase.  Unlike 

AfKDNase, however, the S. multivorum KDNase is incapable of using Neu5Ac as a 

substrate (Nishino et al. 1996). S. multivorum was isolated from the sludge of a sewage 

pond at trout hatchery (Kitajima et al. 1994).  The trout hatchery was specifically chosen 

as a likely spot to find a KDNase expressing micro-organism because KDN is known to 

be present in the sperm, testis, and ovarian fluid of rainbow trout (Inoue & Kitajima 2006). 

The rainbow trout KDNase was identified in the kidney, spleen and ovaries of this species.  

Like A. fumigatus KDNase, the trout KDNase also displayed N-acetylneuraminidase 

activity (Angata et al. 1994). The oyster Crassostrea virginica expresses two KDNase 

enzymes.  The first is a KDN-specific hydrolase, while the second has both KDNase and 

N-acetylneuraminidase activity, and is expressed in greater concentrations than the 

specific KDNase.  The C. virginica KDNase-sialidase catalyzes the removal of KDN 

significantly faster than the removal of Neu5Ac (Pavlova et al. 1999).  The A. fumigatus 

KDNase also shows a similar preference for KDN over Neu5Ac (Telford et al. 2011). 
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Despite slower growth phenotype in vitro compared to wild type under conditions of cell 

wall stress, the Δkdnase strain retained virulence in a murine model of invasive 

aspergillosis (figure 3-26).  It is possible that the altered cell wall structure of the mutant 

modulates interactions between pathogen and host in such a way that benefits the fungi’s 

survival. Perhaps, the re-arrangement of the cell wall has made the mutant less detectable 

by the immune system.  β-1,3 glucan is a PAMP that is recognized by the dectin-1 receptor 

in mice.  If β-1,3 glucan cannot be detected, for example in the case of a dectin-1 knockout 

mouse, inflammatory cell recruitment is diminished and fungal burden increases (Taylor 

et al. 2007). Constant activation of the CWI pathway in the mutant, resulting from an 

improperly organized cell wall, and the associated increase in cell wall chitin, could 

partially mask β-1,3 glucans from the immune system.  Alternatively, the high osmolarity 

glycerol (HOG) pathway, in A. fumigatus, is activated by hyperosmotic stress.  It is clear 

that the cell wall of the Δkdnase strain is not efficient at protecting the organism from 

hyperosmotic challenges.  This is most obvious when osmotic effects are extreme (1 M 

sorbitol, Figure 3-9) but it is likely that, in any osmotically challenging environment (e.g., 

murine lungs), the HOG pathway of the mutant strain will be activated to a higher degree 

than in the wild type.  The HOG pathway activates in response to a broad array of 

challenges and functions to buffer the fungus against them.  Such challenges include heat, 

UV, and oxidative stress (Ma & Li 2013).  The increased osmotic stress experienced by 

the Δkdnase strain, due to cell wall defects, likely activates the HOG pathway to a greater 

degree than in the wild type fungus. This may protect the fungus against other challenges, 

like the oxidative stress attack of the mammalian immune system.  In this way the mutant 

may be primed to resist the immune system due to constant low-level activation of the 

HOG stress-response system.  

Creating a genetic rescue of the Δkdnase mutant has not been trivial, and I was only able 

to achieve a partial rescue phenotype. A number of strategies were attempted: ectopic 

insertion of kdnase with native promoter, ectopic insertion of kdnase with constitutive 

promoter, and homologous re-insertion of the gene at the correct locus.  None of these 

resulted in a full wild type phenotype.  An updated annotation to the Aspergillus genome 

(Aspergillus genome database, 2015) showed that the kdnase gene had a previously 

unidentified 5’ untranslated region (UTR).  These regions are known to regulate the 

translation, location and stability of mRNA transcripts (Mignone et al. 2002) and would be 
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expected to be necessary for function of the attached enzyme in vivo. Interestingly, genes 

encoding many key fungal virulence factors contain a 5’-UTR region (Naidoo et al. 2015).  

Nonetheless, the introduction of this segment (A. Hadwin, unpublished data) into our 

rescue strains did not increase success.  The rescued strain that most closely resembled 

wild type, and the strain used in this paper, was built via ectopic re-insertion of the kdnase 

gene with its native promoter. We determined that expression of the only downstream 

gene near the kdnase locus (a glycoside hydrolase) was unaffected in the kdnase 

knockout. Epigenetics, or a complicated genetic environment surrounding the kdnase 

locus, may be responsible for the difficulty in achieving full complementation.  Difficulty in 

producing a full rescue strain for a sialidase knockout mutant has been reported in the 

literature (May et al. 2012).  

The A. fumigatus Δkdnase strain has a dysfunctional cell wall, characterized by diminished 

resistance to amphotericin B, caspofungin, and hyperosmotic stress, in addition to 

increased resistance to Congo Red.  The CWI pathway may be hyper-activated in the 

mutant, particularly in conditions of osmotic stress, where compensatory action causes 

the cell wall of the mutant to expand in width 3-fold.  These changes did not reduce the 

virulence of the fungus in vivo but the increased susceptibility of the strain to clinical anti-

fungals suggests a possible combination therapy approach, combining a KDNase inhibitor 

with one, or more, synergistic anti-fungal compounds.  The A. fumigatus KDNase enzyme 

appears to regulate the development and maintenance of the cell wall.  This likely occurs 

through modification of sialylated glycans on cell-surface glycoproteins. Further 

experiments are needed to elucidate the role of KDNase in these pathways. 
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Appendix A. 
 
qPCR confirmation of Afkdnase knockout 

 

Figure A-1 No expression of kdnase transcripts in the Δkdnase strain. qPCR 
targeting transcripts from the Afkdnase gene in addition to a putative glycosyl hydrolase 
located in proximity to the Afkdnase locus. WT = wild type; KO = ΔAfkdnase; black bars 
= fungus incubated on complete fungal media; white bars = fungus incubated on 
complete fungal media with 1 M sorbitol. 
 
 Carroll, C. (unpublished data). 
 

Material and Methods: Spores were inoculated into YAG +/- sorbitol and incubated at 37 
°C. After overnight incubation, mycelia were harvested by filtration using filter paper and 
stored in RNAlater (Thermo Fisher Scientific) at 4 °C overnight or at -20 °C for longer 
storage. RNA was extracted from mycelia using the NucleoSpin RNA Plant kit (Macherey-
Nagel) and the DNase treatment was done in solution followed by the NucleoSpin RNA 
Plant Clean-up kit (Macherey-Nagel). RNA was quantified using the NanoDrop UV/Vis 
2000 spectrophotometer and RNA quality was assessed using agarose gel 
electrophoresis. RNA (400 ng) was used to synthesize cDNA with the iScript reverse 
transcription supermix for RT-qPCR kit (Bio-Rad Laboratories). qPCR primers for the 
kdnase gene (For: GCGGACGCGAAGAAGTTCAAC, Rev: TGCCAGTGCCAT 
CATTGAAG), the glycoside hydrolase (GH; For: CCGCAACCCACGTAATCTA, Rev: 
TTTCGCCGAAGAGGATGAG) gene and for the housekeeping gene β-tubulin (β-tub; For: 
TTCCGCAATGG ACGTTACC, Rev: ACAGAGCGGTCTGGATGTTGT) were designed 
using the Oligo-dT Analyzer and PrimerQuest (Integrated DNA Technologies). qPCR was 
performed using the EvaGreen qPCR Mastermix (Applied Biological Materials Inc.) with 
the following cycling parameters: 95 °C for 10 minutes followed by 30 cycles of 95 °C for 
15 seconds and 60 °C for 1 minute. Primer efficiencies for qPCR were comparable for 
kdnase, GH and β-tub (the range was 86 – 92%).  
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Appendix B.  
 
Replication of Amphotericin B and Caspofungin growth 
assays 

Figure (3-16) and Figure (3-18) from sections 3.2.5 and 3.2.6, respectively, display the 
results from one of three repeated experiments. The data obtained from the other two 
experiments are presented in this appendix. 

The experiment represented in Figure B-4 found no significant difference between the wild 
type and Δkdnase strains in the 5, 10, 15 and 20 µg/mL condition, while the experiment 
represented in figure B-3 and in figure (3-18) did find a significant difference between the 
two strains in those conditions. However, the general trend is the same in all three 
experiments. Also, in figure B-4 the 0 µg/mL the Δkdnase strain grows significantly more 
than the wild type, but this difference is eliminated at all concentrations of caspofungin 
tested. 

 

Figure B-1 The Δkdnase strain is more susceptible than wild type strain to 
amphotericin B. Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates containing RPMI media at a concentration 2 x 105 conidia/mL and incubated at 37 
°C for 28 hours.  Growth was quantified by resorufin fluorescence (excitation = 560 nm; 
emission = 590 nm). Control wells contained no antibiotic. Error bars indicate the 95% 
confidence interval. Significant differences in growth (p<0.001) wild type and the mutant 
are indicated by ***.  The data is from 6 replicates per condition. This experiment was 
repeated an additional 2 times with similar results. Black bars - wild type; white bars - 

kdnase mutant. 
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Figure B-2 The Δkdnase strain is more susceptible than wild type strain to 
amphotericin B. Wild type and Δkdnase conidia were inoculated into 96-well microdilution 
plates containing RPMI media at a concentration 2 x 105 conidia/mL and incubated at 37 
°C for 28 hours.  Growth was quantified by resorufin fluorescence (excitation = 560 nm; 
emission = 590 nm). Control wells contained no antibiotic. Error bars indicate the 95% 
confidence interval. Significant differences in growth (p<0.001) wild type and the mutant 
are indicated by ***.  The data is from 6 replicates per condition. This experiment was 
repeated an additional 2 times with similar results. Black bars - wild type; white bars - 

kdnase mutant. 
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Figure B-3 The Δkdnase strain is more susceptible than wild type to a range of 
caspofungin concentrations. Wild type and Δkdnase conidia were inoculated into 96-
well microdilution plates, containing RPMI media, at a concentration 2 x 105 conidia/mL 
and incubated at 37 °C for 28 h.  The fluorescence of resorufin was quantified using an 
excitation wavelength of 560 nm and an emission wavelength of 590 nm. Error bars 
indicate the 95% confidence interval. Significant differences in growth at p < 0.001 is 

indicated by ***. Note that the growth of the kdnase strain relative to the wild type, in the 
no caspofungin condition, was significantly higher at p < 0.05 (*). For each condition six 
replicates were performed; this experiment was repeated an additional 2 times with similar 

results. Black bars- wild type; white bars – kdnase mutant. 
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Figure B-4 The Δkdnase strain is more susceptible than wild type to a range of 
caspofungin concentrations. Wild type and Δkdnase conidia were inoculated into 96-
well microdilution plates, containing RPMI media, at a concentration 2 x 105 conidia/mL 
and incubated at 37 °C for 28 h.  The fluorescence of resorufin was quantified using an 
excitation wavelength of 560 nm and an emission wavelength of 590 nm. Error bars 
indicate the 95% confidence interval. Significant differences in growth at p < 0.001 is 

indicated by ***. Note that the growth of the kdnase strain relative to the wild type, in the 
no caspofungin condition, was significantly higher at p < 0.05 (*). For each condition six 
replicates were performed; this experiment was repeated an additional 2 times with similar 

results. Black bars- wild type; white bars – kdnase mutant. 
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Appendix C.  
 
Enzyme Kinetics calculations for endogenous treatment 
of A. fumigatus conidia with MvS and AfKdnase 

To compare the effects of MvS with AfKDNase, a ratio of the absolute kcat/km of MvS 
catalyzing Neu5Ac substrate to the absolute kcat/km of AfKDNase catalyzing KDN 
substrate, was calculated: 

MvS kcat/km Neu5Ac (7.2*106 M-1s-1) / AfKDNase kcat/km KDN (1.82*105 M-1s-1) = 39.56 

Therefore, MvS cleaves Neu5Ac from underlying carbohydrates at a rate that is roughly 
39-fold higher than the rate at which AfKDNase cleaves KDN from underlying 
carbohydrates. In the experiments detailed in Section 2.6 and 3.3, the amount of 
AfKDNase used was 39-fold higher than the amount of MvS used. 
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Appendix D  
 
Recipes for media and media components 

Hutner’s Trace Elements 

dH2O  700 mL 

0.5M EDTA 300 mL 

Add separately while stirring: 

ZnSO4•H2O 13.7 g 

H3BO3  11 g 

MnCl2•H2O 3.8 g 

FeSO4•7H2O 5.0 g 

CoCl2•6H2O 1.6 g 

CuSO4•5H2O 1.6 g 

Ammonium molybdate 11 g 

pH 6.5 

 

Kafer’s Minimal Media 

Salt Solution: 

NaNO3  120 g 

KCl  10.4 g 

KH2PO4 16.3 g 

K2HPO4 20.9g 

dH2O to 1 L 



 

124 

Store at 4-8oC 

MgSO4 Solution: 

MgSO4•7H2O  10.4 g 

dH2O to 100 mL 

Store at 4-8oC 

Minimal Media: 

Add the following to 950 mL dH2O: 

Salt solution     50 mL 

MgSO4 Solution    5 mL 

Glucose (or appropriate sugar)  10g 

Hutner’s Trace Elements   1 mL 

Vitamin suspension    1 mL 

pH should be 6.6 with no need for adjustment 

For Kafer’s agar: add 15 g agar 

 

LB Media 

Bacto-tryptone  10 g 

Yeast Extract  5 g 

NaCl   10 g 

dH2O to 1 L 

pH 7.5 

For LB agar add 15 g agar 
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Vitamin Suspension for Kafer’s Minimal Media 

Pyridoxin HCL   10 mg 

Thiamine HCL   15 mg 

p-aminobenzoic acid  75 mg 

Nicotinic acid   250 mg 

Riboflavin   250 mg 

Choline HCL   2.0 g 

Calcium Pantothenate 10 g 

Biotin    5 mg 

dH2O to 100 mL 

 

YAG Media 

Yeast extract   5.0 g 

Dextrose   20 g 

MgSO4•7H2O   1.25 g 

Hutner’s Trace Elements 1.0 mL 

Vitamin suspension  1.0 mL 

dH2O to 1 L 

For YAG agar add 15 g agar 

 

  


