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ABSTRACT 

DEFINING MECHANISMS OF ANTIFUNGAL RESISTANCE IN CRYPTOCOCCUS 
NEOFORMANS USING QUANTITATIVE PROTEOMICS 

 
 
 
Arianne Bermas 
University of Guelph, 2021

                  Advisor: 

      Dr. Jennifer Geddes-McAlister 
 

Cryptococcus neoformans, an opportunistic yeast-like fungal pathogen, has demonstrated 

resistance to all major classes of antifungal drugs, including fluconazole – the mainstay treatment 

of cryptococcosis. To provide mechanistic insight into fluconazole resistance, this study utilized 

quantitative proteomics to identify significant differences in protein abundance between 

fluconazole-resistant and fluconazole-susceptible strains of C. neoformans. From this data, the 

gene encoding a protein of interest, ClpX, was identified and further explored. Biolistic 

transformation combined with double joint homologous recombination was used to construct 

clpXΔ (CNAG_01343) knockouts. Mutant strains were phenotypically characterized to determine 

a role for ClpX in fungal virulence and involvement in antifungal resistance. Our results reveal 

that ClpX has an influence on the expression of key virulence factors. Additionally, we 

demonstrated that ClpX inhibition may display a synergistic effect with fluconazole and could act 

as a novel therapeutic strategy to reintroduce antifungal susceptibility in resistant C. neoformans 

strains. Overall, this work shows how ClpX, a previously uncharacterized protein in C. 

neoformans, contributes to virulence factor expression and antifungal resistance to fluconazole. 
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CHAPTER 1: INTRODUCTION 

1.1     Cryptococcus neoformans 

Emerging fungal diseases represent a critical threat to global health, affecting over 300 

million people and causing 1.6 million deaths annually (Bongomin, Gago, Oladele, & Denning, 

2017). As fungal infections and drug resistant pathogens increasingly evolve, clinicians are 

looking for ways to combat these difficult-to-treat pathogens. Among the many known invasive 

fungal species is Cryptococcus neoformans, an opportunistic, yeast-like fungal pathogen 

responsible for causing cryptococcal meningitis or meningoencephalitis in immunocompromised 

individuals, such as individuals with Human Immunodeficiency Virus (HIV)/Acquired Immune 

Deficiency Syndrome (AIDS) or patients taking immunosuppressive drugs. C. neoformans is the 

leading cause of morbidity and mortality in individuals with HIV/AIDS, resulting in approximately 

223,000 infections and 181,100 deaths annually (Rajasingham et al., 2017; Vu et al., 2019). 

Despite anti‐retroviral therapy reducing the incidence of HIV-associated cryptococcal infections 

in developed countries, mortality and morbidity rates have remained high in countries where 

healthcare is scarce, with sub‐Saharan Africa accounting for more than 70% of cases in 2014 

(McKenney et al., 2015; Rajasingham, 2017; Tenforde et al., 2017). Stark differences are generally 

observed in 1-year mortality rates for HIV‐infected cryptococcal meningitis patients living in 

resource-limited vs. resource-rich settings, with rates ranging from 50% to 100% and 10% to 30%, 

respectively (Loyse et al., 2013; Rajasingham et al., 2017; Williamson et al., 2016).  

Cryptococcus gattii, a closely related species of C. neoformans, may affect both 

immunocompromised and immunocompetent individuals. C. gattii is more commonly found in 

tropical or subtropical regions within Africa and Australia. However, an unlikely outbreak from 

1999 to 2003 occurred on Vancouver Island, British Columbia, where incidence of cases ranged 
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from 8.5 and 37 cases per million residents per year (Hoang et al., 2004). Overall, these 

cryptococcal species pose a high risk of infection in both immunocompetent and 

immunocompromised individuals and the demand for accessible and effective treatment options 

is paramount. 

1.1.1 Infection 

Cryptococcal infection is initiated with the inhalation of desiccated fungal cells or spores 

from an environmental source, such as pigeon droppings or decayed wood (Randhawa et al., 2006). 

Following inhalation, colonization of alveolar spaces ensues, resulting in a pulmonary infection 

(Giles et al., 2009). When inhaled by an immunocompetent host, spores can colonize the host 

respiratory tract without producing significant effects, thereby remaining latent for extended 

periods of time (Liu et al., 2012). Specifically, immunocompetent individuals can limit the severity 

of infection by forming granuloma in the lungs, thus preventing further dissemination to the central 

nervous system (CNS) (Farnoud et al., 2015; Giles et al., 2009). However, immunocompromised 

individuals are unable to regulate infection, leading to subsequent dissemination to the CNS, 

resulting in life threatening meningitis (Chang et al., 2004; Liu et al., 2012). C. neoformans cells 

begin to proliferate in the lungs and disseminate throughout the body after inhalation, then proceed 

to invade the CNS by hematogenously crossing the blood-brain barrier (BBB) – a system that 

consists of tight junctions around the capillaries and regulates the passage of blood-borne 

substances into the CNS (Chang et al., 2004; Santiago-Tirado et al., 2017) (Figure 1). Pathogens 

have evolved several strategies to cross the BBB, including transcellular, paracellular, and a 

“Trojan Horse” mechanism (Chang et al., 2004; Liu et al., 2012). Transcellular traversal involves 

the internalization of fungal cells by human brain endothelial cells, whereas paracellular traversal 

refers to the adherence of fungal cells to BBB endothelia and the modification of tight junctions 
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between host endothelial cells to facilitate passage into the CNS (Gaylord et al., 2020). The “Trojan 

Horse” mechanism involves using circulating monocytes to conduct the passive transfer of fungal 

cells into the CNS (Chang et al., 2004; Charlier et al., 2009; Santiago-Tirado et al., 2017). Once 

the BBB is crossed and the CNS is invaded, inflammation of the meninges occurs, and if untreated, 

causes cryptococcal meningitis or meningoencephalitis. 

 

 

Figure 1. Pathogenesis of Cryptococcus neoformans. Host inhalation of desiccated C. 
neoformans cells from environmental sources, such as soil, plants, and bird excreta. Colonization 
of alveolar macrophages, followed by dissemination to the CNS and crossing of the BBB occurs 
in which cryptococcal meningitis may develop (Bermas and Geddes-McAlister, 2020a). 
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1.1.2 Virulence Factors 

C. neoformans has several virulence factors that collectively facilitate successful infection 

into the host. The most prominent virulence factors of this fungal species include the 

polysaccharide capsule, melanin production, secretion of extracellular enzymes, and 

thermotolerance to mammalian host temperature at 37°C. These factors support survival and 

proliferation within the host, evasion of host immune responses, and usage of host nutrients upon 

damage.  All four play crucial roles in successfully counteracting the host immune system to 

propagate and establish an infection. It is believed that, as an environmental yeast, C. neoformans 

evolved these traits in response to selection pressures exerted by environmental stressors present 

in its natural habitats: the presence of similar stressors inside mammalian hosts allowed it to 

become an opportunistic pathogen. The body of evidence in support of this was synthesized by 

Casadevall and colleagues (2003) to propose that C. neoformans is a ‘ready-made’ pathogen with 

its virulence factors playing a ‘dual-role’ in both environmental and clinical settings (Casadevall, 

Steenbergen, & Nosanchuk, 2003).  

1.1.2.1 Polysaccharide Capsule 

The polysaccharide capsule is a major virulence factor that promotes evasion and survival 

of C. neoformans within the host. This structure is induced when responding to host-specific 

stimuli, including increased CO2, iron deprivation, physiological pH, and decreased glucose 

(Dykstra et al., 1977; Vartivarian et al., 2016). The capsule consists of two main polysaccharides: 

glucuronoxylomannan (GXM) and galactoxylomannan (GalXM). GXM makes up approximately 

90% of the capsule and consists of an O-acetylated α-1,3-linked mannose backbone substituted 

with glucuronic acid and xylose side groups (McFadden et al., 2006). This polymer demonstrates 

numerous immunoregulatory functions, including interference of phagocytosis, and inhibiting 
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leukocyte migration and cytokine production (Retini et al., 1996; Vecchiarelli et al., 1995; 

Vecchiarelli et al., 2003). Additionally, GalXM makes up about 10% of the polysaccharide capsule 

and also has several immunomodulating activities, such as inhibiting T-cell proliferation, inducing 

apoptosis of T lymphocytes, and upregulating interferon‐γ and interleukin‐10 production 

(Pericolini et al., 2006). Although a polysaccharide capsule is not required for survival or 

replication of cryptococci, cells lacking a capsule display a reduction in virulence (Chang & Kwon-

Chung, 1994). 

1.1.2.2 Melanin Production 

Melanin production is critical to the virulence of C. neoformans by providing protection 

against immune defense mechanisms. Melanins are hydrophobic, negatively charged pigments 

polymerized from phenolic or indolic compounds (White, 1958). C. neoformans synthesizes 

melanin when grown in the presence of exogenous phenolic substrates, such as 3,4-

dihydroxyphenylalanine (L-DOPA) (Casadevall et al., 2000). Melanin synthesis is catalyzed by 

laccase, an enzyme that causes the oxidation of L-DOPA to dopaquinone, resulting in the 

polymerization of pigmented products in the fungal cell wall (Williamson, 1994). Melanin 

production in C. neoformans provides protection against oxidants, ultraviolet (UV) light (within 

the natural environment), and cell-wall hydrolases (Casadevall et al., 2000; Jacobson and Tinnell, 

1993). Mutants unable to synthesize melanin show significant reduction in their ability to infect 

murine models, further demonstrating its importance in virulence (Kwon-Chung et al., 1982).  

1.1.2.3 Extracellular Enzymes 

The secretion of extracellular enzymes by C. neoformans contributes to its survival and 

pathogenicity, leading to enhanced proliferation within the host environment. These enzymes can 

facilitate damage to the host by invading tissue, degrading DNA, and disrupting immune responses 
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(Lev et al., 2014; Olszewski et al., 2004; Santangelo et al., 2004). Urease, a key enzyme in host 

invasion, enables the hydrolysis of urea to ammonia and carbamate, which causes a localized 

increase in pH and enhances dissemination into the BBB (Cox et al., 2000; Olszewski et al., 2004). 

Phospholipase B (PLB), a key enzyme localized in the cell wall, contributes to cell wall integrity 

and enhances fungal cell dissemination (Santangelo et al., 2004; Siafakas et al., 2007). 

Additionally, PLB facilitates adhesion to host cells and survival within macrophages by degrading 

host membrane phospholipids (Ganendren et al., 2006; Santangelo et al., 2004). Lastly, proteinases 

help degrade host tissues, fibronectin and laminin, and enhance migration to the CNS (Chen et al., 

1996; Rodrigues et al., 2003; Vu et al., 2014). Overall, various extracellular enzymes have 

implications in the pathogenesis and virulence of C. neoformans.  

1.1.2.4 Thermotolerance 

The ability to grow at 37°C is essential for cryptococcal pathogenesis in mammalian hosts. 

There are several key regulators of thermotolerance in C. neoformans, such as heat shock proteins 

(HSPs), heat shock transcription factor (Hsf1),  superoxide dismutase, and calcineurin (Brown et 

al., 2010; Giles et al., 2005; Liu et al., 1991; Steen et al., 2002). Hsf1 regulates the production of 

HSPs, such as Hsp90 and Hsp70, which are involved in the prevention  of  protein  denaturation 

(Brown et al., 2010; Burnie et al., 2006; Chatterjee and Tatu, 2017; Zhang et al., 2006). Superoxide 

dismutase, a major component of the antioxidant defense system in C.  neoformans, is also linked 

with adaptation to growth at higher temperatures (Giles et al., 2005; Liu et al., 1991). Furthermore, 

calcineurin, a serine/threonine-specific protein phosphatase, also contributes to the regulation of 

thermotolerance in C. neoformans. Notably, strains that lack either the calcineurin A or B subunit 

show reduced virulence, demonstrating the importance of the calcineurin signaling cascade for 

pathogenesis of C. neoformans (Odom et al., 1997). Genes implicated in tolerating growth at 
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mammalian physiological temperatures are also involved in other functions, such as stress 

response, membrane remodeling, and cell wall integrity (Kraus et al., 2004; Rosa e Silva et al., 

2008). 

1.2 Antifungal Therapy 

Finding effective treatments for cryptococcosis is dependent on the severity of the infection 

and immunity of the host. Cryptococcus spp. are susceptible to three classes of antifungals, 

including polyenes, flucytosine (5-FC), and azoles. The World Health Organization recommends 

a three-part therapeutic strategy to combat cryptococcal infection: (a) induction, (b) consolidation, 

and (c) maintenance (Perfect et al., 2010). Generally, infected individuals are recommended the 

use of two drugs as a first-line induction treatment, such as Amphotericin B (AmB) and 5-FC, 

while fluconazole (FLC) is used for the subsequent eight-week consolidation phase and long-term 

maintenance of up to twelve months or longer (Saag et al., 2000). Amphotericin B exerts fungicidal 

activity, while 5-FC and FLC exert fungistatic activity. Fungistatic antifungals inhibit growth, 

whereas fungicidal antifungals kill fungal pathogens (Graybill et al., 1997). Figure (2) displays an 

overview of the mechanisms of action employed by polyenes, flucytosine, and azoles toward 

Cryptococcus spp. and the subsequent outcomes of each treatment (Bermas and Geddes-

McAlister, 2020a).  
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Figure 2. Mechanisms of action for antifungals against Cryptococcus spp. Cryptococcus spp. 
are susceptible to various antifungals, including polyenes, flucytosine, and azoles, which act 
through distinct mechanisms to exert fungicidal and fungistatic activity. (Numbers) refer to 
sequence of events in mechanism of action for each antifungal.  

 
1.2.1 Polyenes 

AmB, a polyene, was the first antifungal agent created to treat systemic fungal infections. 

This drug is highly effective against C. neoformans due to its fungicidal effects by binding to 

ergosterol-containing membranes, the major sterol component of fungal cell membranes (Klepser, 

2011). Consequently, this causes the development of porin channels and leakage of cytoplasmic 
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components (Gray et al., 2012). However, widespread usage of AmB still has numerous limitations 

due to its high cost, limited availability in various countries, toxicity, and method of delivery (i.e., 

intravenous). Currently, AmB is unavailable in 42 countries and unlicensed in 22 (Kneale et al., 

2016). Additionally, using AmB requires hospitalization to treat and minimize negative side 

effects, such as anemia, electrolyte abnormalities, nephrotoxicity and hypomagnesaemia (Kagan 

et al., 2012; Yeo et al., 2006). Consequently, usage of AmB is avoided in countries unable to 

provide patient monitoring, resulting in the use of alternative treatments that are widely available 

and often less effective (e.g., azole monotherapy) (Saag et al., 1992).  

1.2.2 Flucytosine 

A synthetic antimycotic compound, 5-FC, was first used to treat cryptococcal meningitis 

in 1968. This antifungal must be used in combination with other antifungals, as monotherapy is 

often discouraged due to the frequent emergence of resistance (Normark and Schönebeck, 1972). 

Fungal cell uptake of 5-FC is regulated by cytosine permease, which is converted into 5-

fluorouracil (5-FU) by cytosine deaminase (Waldorft and Polak, 1983). Subsequently, two 

mechanisms take place to inhibit DNA and RNA synthesis. Disrupting DNA synthesis involves 

the conversion of 5-FU into 5-fluorodeoxyuridine monophosphate (FdUMP), resulting in the 

inhibition of thymidylate synthase (Waldorft and Polak, 1983). Disruption of RNA synthesis 

involves the conversion of 5-FU to 5-fluorouridine triphosphate (5-FUTP). Next, 5-FUTP is 

incorporated into fungal RNA in place of uridylic acid, altering the aminoacylation of tRNA and 

inhibiting RNA synthesis (Longley et al., 2003; Waldorft and Polak, 1983). Like AmB, 

administering 5-FC is avoided in low-resource settings as it requires patient hospitalization to 

minimize negative side effects, such as bone marrow depression, hepatotoxicity and 

gastrointestinal complications (Diasio et al., 1978; Bennett et al., 1979; Vermes et al., 2000). This 
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antifungal is also unavailable in most areas of sub-Saharan African, such as Nigeria and South 

Africa, which hold the highest annual incidence rates of cryptococcal meningitis (Oladele et al., 

2017). For this reason, FLC is more commonly administered to reduce cryptococcosis in these 

countries as it a more accessible option. 

1.2.3 Azoles 

Azoles are categorized into either imidazoles or triazoles depending on the presence of two 

or three nitrogen atoms in their azole ring, respectively. Azoles work by targeting ergosterol 

biosynthesis in fungal cells through the inhibition of a fungal cytochrome P450-dependent enzyme, 

lanosterol 14α-sterol-demethylase (LDM) (McLean et al., 2002). This enzyme plays a role in the 

biosynthesis of cholesterol and ergosterol in mammals and fungi, respectively (Lepesheva and 

Waterman, 2007; Warrilow et al., 2013). Inhibiting this enzyme results in the accumulation of 

sterol precursors, including 14α-methylated sterols, which alters the plasma membrane structure, 

disrupts growth, and increases cellular permeability (Ghannoum and Rice, 1999). Thus, it is 

important that azoles selectively bind to fungal LDM to avoid impacting the biosynthesis of 

cholesterol in mammalian hosts.   

While imidazoles and triazoles share a common mechanism of action, azole derivatives 

possess different binding affinities to LDM. Binding affinities influence the degree of antifungal 

activity against certain fungal species, safety profiles and side effects (Matsumoto et al., 2002; 

Sheehan et al., 1999). A stronger affinity for fungal cytochrome P450 is a key attribute of many 

triazole drugs, resulting in a more favourable safety profile than imidazoles (Lass-Flörl, 2011; 

Parker et al., 2008; Strushkevich et al., 2010). Triazoles, such as FLC, are used as the mainstay 

treatment for mild to moderate cryptococcal infections due to their clinical efficacy, infrequency 

of adverse effects, and favorable drug interaction profiles (Kneale et al., 2016). FLC is regarded 
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as the most advantageous azole drug as it has high CNS penetrability, bioavailability, minimal 

drug-drug interactions, tolerance of gastric pH, and has been extensively studied in clinical settings 

(Brammer et al., 1990; Carola et al., 1988; DeMuria et al., 1993). Additionally, FLC is readily 

available in most regions of Africa where cryptococcosis has a high burden of disease (Kneale et 

al., 2016). However, FLC takes longer to sterilize the cerebrospinal fluid and has poorer clinical 

outcomes in comparison with AmB-based induction regimens as it primarily uses fungistatic 

activity, thus making it less effective (van der Horst et al., 1997; Saag et al., 1992). Alternatively, 

monotherapy with FLC can be given in high doses (800–1200 mg/day) to effectively penetrate the 

CNS (Martínez et al., 2000; Aberg et al., 2002; Mussini et al., 2004). However, the widespread 

clinical usage of FLC has increased resistance in Cryptococcus spp., thus raising the urgency to 

develop novel antifungal therapies. 

1.3 Antifungal Resistance  

Given the widespread use of FLC and rising rates of resistance, this Thesis will focus on 

defining mechanisms of resistance towards FLC in C. neoformans and uncovering opportunities 

to overcome resistance. Currently, there is a limited number of antifungal drugs approved for 

clinical use and the emergence of resistant pathogens further complicates finding novel therapeutic 

strategies. Furthermore, fungal cells share biochemical pathways and cytoplasmic organelles 

analogous to humans due to their eukaryotic nature, which limits the number of drug targets that 

can be inhibited in the pathogen. Therefore, creating drugs that display selective toxicity to fungal 

cells, yet remain safe for human use, is a fundamental problem clinicians face in treating fungal 

infections (Perfect, 2017; Su et al., 2018).  

The rate at which resistance evolves is heightened by the widespread or improper usage of 

antifungal agents in medicine and agriculture, selecting for pathogens capable of survival despite 
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exposure to drugs (Geddes-McAlister and Shapiro, 2019). Additionally, hybridization further 

complicates combatting antifungal resistance as it causes an evolving population structure of 

Cryptococcus spp. Hybridization involves the interbreeding of individuals from genetically 

distinct species, leading to new interactions among genes that have diverged from each other 

(Samarasinghe et al., 2020). Hybridization occurs between C. neoformans (serotype A) and 

Cryptococcus deneoformans (serotype D), which are reported in both environmental and clinical 

settings (Bovers et al., 2006). When encountering drug pressure, hybridization may cause genetic 

changes, including gene duplication and quick adaptation to antifungal agents (Dong et al., 2020; 

Vogan et al., 2016).  

1.3.1 Azole Resistance 

Despite FLC being the most effective antifungal for maintenance therapy of both 

immunocompetent and immunocompromised cryptococcal meningitis patients, treating this 

infection is challenging due to increasing rates of resistance to azole drugs (Selby et al., 1992; 

Smith et al., 2014). Given the fungistatic nature of FLC, cryptococcosis may persist in 

immunocompromised individuals as strains repeatedly exposed to FLC could acquire resistance 

(Roemer and Krysan, 2014). Notably, using FLC for long-term maintenance or monotherapy 

commonly results in persistent subpopulations of fungal cells with developed resistance, which 

resultantly, lead to suboptimal clinical outcomes (Hope et al., 2019).  

The ARTEMIS DISK Global Antifungal Surveillance Study reported that FLC resistance 

in C. neoformans has progressively increased from 7.3% to 11.7% between 1997 and 2007 (Pfaller 

et al., 2009). While resistance is uncommon in the United States and United Kingdom, there was 

an increase in resistance in Cambodia, Africa, and Spain (Chen et al., 2015). Similarly, Taiwan 

and Uganda reported an increase in minimum inhibitory concentrations (MIC) and a decrease in 
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susceptibility to FLC among C. neoformans strains within the last decade (Smith et al., 2014). In 

addition to the widespread clinical use of antifungals, azoles are also used as fungicides in 

agriculture to protect the economic growth of several countries and prevent fungal diseases. 

However, the use of triazole fungicides in agriculture may contribute to the development of FLC 

resistance in Cryptococcus with subsequent implications in the clinic (Smith et al., 2014). A study 

determining the effect of tebuconazole, a commonly used agrochemical, on the susceptibility of 

C. neoformans to various clinical antifungal drugs found that exposure to tebuconazole influenced 

cross-resistance in vitro between the pesticide and clinical azoles, such as FLC, ravuconazole, and 

itraconazole (Bastos et al., 2018). Azole resistance was attributed to increased expression of 

ERG11, a gene encoding for LDM –– the target of FLC activity. This study shows how 

agrochemicals can affect fungi that occur ubiquitously in the environment by influencing their 

resistance to clinically used antifungal agents. Moreover, resistance is observed in environmental 

isolates without previous exposure to azole drugs, demonstrating how resistance is acquired 

environmentally (Geddes-McAlister and Shapiro, 2019; Sanglard, 2016). Overall, the use of azole 

fungicides can contribute to the development of drug resistance, further complicating the treatment 

of cryptococcosis. 

1.3.2 Mechanisms of Antifungal Resistance 

The molecular basis of resistance to azoles in Cryptococcus spp. is multifactorial, therefore 

more work needs to be done to fully understand its mechanisms of resistance. In the past decade, 

various studies have identified how Cryptococcus spp. can develop mechanisms of resistance to 

antifungal agents, such as AmB, 5-FC, and azoles. Recently, it was found that hypermutator states 

could lead to mutations that confer resistance to 5-FC in Cryptococcus as one study determined 

that cryptococcal meningitis relapse was associated with C. neoformans isolates bearing nonsense 
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mutations within the coding region of certain DNA mismatch repair proteins, including MSH2, 

MSH5, and RAD5, thus leading to a hypermutator state (Rhodes et al., 2016). Additionally, a whole 

genome analysis identified DNA mismatch repair defects associated with rapid resistance to 5-FC 

in Cryptococcus deuterogattii (Billmyre et al., 2020). Here, mutations were found in UXS1, a 

capsule biosynthesis enzyme that converts uridine diphosphate (UDP)-glucuronic acid to UDP-

xylose, as well FCY1 and FUR1 – two genes associated with the conversion of 5-FC to 5-FU. 

While Uxs1 is not  known to be involved in 5-FC metabolism, loss of UXS1 function results in the 

accumulation of UDP-glucuronic acid, which is associated with inhibited toxicity to both 5-FC 

and 5-FU (Billmyre et al., 2020). On the other hand, resistance to AmB, is less observed in C. 

neoformans; but altered AmB sensitivity after treatment for cryptococcal meningitis has been 

reported (Perfect and Cox, 1999). Currently, polyene-resistance is not well studied in 

Cryptococcus spp., but one study found that defective sterol Δ8-7 isomerase activity, an enzyme 

involved in ergosterol biosynthesis, was linked with reduced ergosterol content in a C. neoformans 

isolate (Kelly et al., 1994).   

For FLC resistance, a study found that both chromosome (Chr) 1 and 4 disomy is associated 

with survival of C. neoformans at concentrations of ≥64 μg/ml FLC (Ngamskulrungroj et al., 

2012). Notably, Chr1 contains two genes involved in FLC resistance in C. neoformans, ERG11 

and AFR1, a multidrug transporter (Sionov et al., 2010). A sequence analysis on ERG11 was 

conducted on five sequential C. neoformans clinical isolates collected from an AIDS patient with 

recurring cryptococcal meningitis. Of these, four were FLC-susceptible (MIC, 1–2 μg/ml) while 

the fifth isolate was FLC-resistant (MIC, 32 μg/ml) (Rodero et al., 2003). The FLC-resistant isolate 

revealed a point mutation (G1855T), which resulted in an amino acid substitution of glycine 484 

for serine (G484S). Similarly, another analysis of three clinical C. neoformans isolates with high 
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MIC values of ≥16 μg/ml also presented a G484S substitution (Bosco-Borgeat et al., 2016). While 

it is unclear how the substitution contributes to FLC resistance in Cryptococcus, previous research 

on Candida albicans revealed that this mutation results in conformational changes in the heme 

environment, leading to altered catalytic activity of the target enzyme and weakening affinity to 

azole antifungals (Sanglard et al., 1998; Kelly et al., 1999). Similarly, efflux of azole drugs out of 

the cell via multidrug efflux transporters, such as AFR1 in C. neoformans, plays a significant role 

in reducing triazole susceptibility (Chang et al., 2018). 

Cryptococcus also acquires resistance to FLC through heteroresistance, a phenomenon 

referring to a subpopulation of cells emerging from a single colony of a susceptible strain that can 

tolerate higher doses of FLC above the MIC (Ngamskulrungroj et al., 2012). A study investigating 

heteroresistant strains of C. neoformans discovered the occurrence of Chr1 and Chr4 disomy. The 

authors further characterized four genes located on Chr4 and revealed its involvement in the 

maintenance of endoplasmic reticulum (ER) morphology and trafficking (Ngamskulrungroj et al., 

2012). Development of disomic chromosomes is attributed to the presence of genes pertinent to 

ergosterol synthesis or drug transport, which aids in the survival of C. neoformans when under 

drug pressure (Sionov et al., 2010). Additional findings support that developing heteroresistance 

in Cryptococcus spp. is intrinsic and contributes to the relapse of cryptococcal meningitis during 

antifungal therapy (Varma and Kwon-Chung, 2010). Taken together, these data support 

heterogenous mechanisms of resistance against FLC in Cryptococcus, further supporting the 

importance of our study to define resistance and reverse its effect. 

1.4 Mass Spectrometry-Based Proteomics 

The large-scale study of proteomes, widely known as proteomics, refers to the 

identification and characterization of all proteins within an organism, including dynamics of 
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cellular processes, interactions, and modifications of proteins. Studying proteomes using high-

resolution mass spectrometry (MS) is useful for quantifying proteins within cells or tissues and for 

exploring cellular differences between biological systems (Aebersold and Mann, 2016; Mann et 

al., 2013). Extracted proteins from a biological sample can be analyzed via “top-down” or “bottom-

up” proteomics. Top-down proteomics involves the analysis of intact proteins for the identification 

and quantification of unique proteoforms, whereas bottom-up proteomics involves the unbiased 

identification and quantification of proteins within a sample by digesting proteins into peptides for 

analyzation (Cox and Mann, 2011). This Thesis will use a bottom-up MS-based quantitative 

proteomics approach to explore differences in protein abundance between FLC-resistant and -

susceptible C. neoformans strains for the detection of novel resistance mechanisms (Figure 3). 

 

 
Figure 3. Workflow for mass spectrometry (MS)-based proteomics. Cells are collected for 
analysis by prepping samples for protein extraction. First, samples are extracted by mechanical 
and chemical disruption, followed by acetone precipitation and then protein digestion to 
peptides. Peptides are ionized and analyzed using mass spectrometry. Identification of peptides 
and statistical analyses are conducted using bioinformatic platforms, MaxQuant and Perseus 
(Ball and Geddes-McAlister, 2019). 
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1.5 Hypothesis and Objectives 

The purpose of this research is to better define mechanisms of antifungal resistance in C. 

neoformans. This study will test the hypothesis that proteome changes between antifungal resistant 

vs. susceptible C. neoformans strains will identify target protein(s) involved in the development 

of FLC resistance and disruption of the corresponding gene(s) will reverse antifungal resistance. 

To accomplish this goal, a FLC-resistant C. neoformans strain was evolved in vitro. Next, 

quantitative proteomics was used to determine significant differences in protein abundance 

between FLC-resistant and -susceptible C. neoformans strains. From here, the gene encoding a 

protein of interest, caseinolytic protease subunit X (ClpX), was identified, deleted, and selected 

for characterization to identify its role in virulence and antifungal resistance to FLC.  

CHAPTER 2: MATERIALS AND METHODS 

2.1 Fungal Strains, Growth Conditions and Media 

Cryptococcus neoformans var. grubii strain H99 (serotype A; wild type [WT]) was used 

for all analyses. Unless otherwise stated, all strains were generated in the C. neoformans var. 

grubii strain H99 background. WT was maintained on Yeast Peptone Dextrose (YPD) medium 

(2% yeast extract, 1% peptone, 2% dextrose), while all resistant and mutant strains were 

maintained on YPD supplemented with 64 μg/mL FLC or 100 μg/mL Nourseothricin N-

acetyltransferase (NAT) at 30˚C, respectively. The FLC-resistant (64 μg/mL) C. neoformans var. 

grubii strain H99 clinical (CL) strain was generously donated by Dr. Jennifer Tenor (Duke 

University). Positive complementation transformants were maintained on YPD supplemented 

with 100 µg/mL Hygromycin B (HYG-B). FLC powder was purchased from Pfizer, Roerig 

(New York, NY). Stock solutions were prepared in the solvent dimethyl sulfoxide (Sigma) at a 

concentration of 10 mg/ml. 
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2.2 In vitro Evolution of FLC Resistance  

In vitro evolution of C. neoformans strains was performed as we previously described 

(Bermas and Geddes-McAlister, 2020b). Briefly, fungal cells were cultured (starting optical 

density of 600nm [OD600nm] of 0.2) in a 96-well microplate (Corning Inc. 3595) containing YPD 

with 2-fold FLC serial dilutions ranging from 0.0625 to 128 µg/mL FLC to a final volume of 150 

µl. Microplates were placed in the Multitron AJ125TC Incubator (Infors HT) at 37°C with shaking 

at 900 strokes min−1 (Figure 4). After 72 h, the growth of the cells was monitored by measuring 

OD600nm of each well using the BioTek Synergy HTX Multi-Mode Microplate Reader (Fisher 

Scientific). For in vitro evolution, the well with the highest drug concentration in which cells could 

grow were subcultured to a volume of 1:100 in 5 mL YPD. Once the subculture reached mid-log 

phase (OD600nm=1.0), the cells were inoculated 1:100 into each well in freshly prepared 

microdilution plates with the serially diluted FLC gradients (as described above) to a final volume 

of 150 μL. This process was repeated for 15 passages until growth was achieved at a FLC 

concentration of 64 µg/mL. Single-colony YPD plates supplemented with FLC were also prepared 

to confirm resistance of liquid cultures on agar plats and to generate glycerol stocks for long-term 

storage of the evolved strains. Cells from each passage were also archived in 1 mL of 40% (vol/vol) 

glycerol at −80°C and used for further analysis. Strains were then designated as: WT (FLC-

susceptible), lab evolved (LE; FLC-resistant), and clinical (CL; FLC-resistant). This assay was 

done in biological duplicate and three technical replicates. 
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Figure 4. General workflow for in vitro evolution of antifungal resistance in C. neoformans 
(Bermas and Geddes-McAlister, 2020b). First, the inoculum and working stocks of the antifungal 
agent were prepared. Next, 96-well microplates were prepared with YPD medium, serial dilutions 
of FLC, and the C. neoformans WT inoculum. After incubation, a spectrophotometric analysis at 
OD600nm was conducted using a microplate reader. Glycerol stocks were prepared of the desired 
cells that displayed growth within the highest concentration of the antifungal agent. The process 
was repeated until the desired level of resistance was achieved. 

 
2.3 Sample Preparation for Mass Spectrometry Analysis 

Sample preparation for MS was performed as previously described (Ball and Geddes-

McAlister, 2019). Cell pellets were collected and washed with phosphate-buffered saline (PBS), 

resuspended in 100 mM Tris-HCl (pH 8.5) with proteinase inhibitor cocktail (PIC) and lysed using 

a probe sonicator (Thermo Fisher Scientific). Next, 2% (final) sodium dodecyl sulphate (SDS) was 

added, followed by reduction with 10 mM dithiothreitol (DTT) at 95°C for 10 min at 800 rpm, 



 

 

20 

incubation with 55 mM iodoacetamide (IAA) for 20 min in the dark at room temperature, and 

acetone precipitation (80% final) at -20°C overnight. Precipitated proteins were collected by 

centrifugation for 10 min at 4˚C and 13,500 rpm, washed with 80% acetone twice, air dried, then 

solubilized in 8 M urea/40 mM HEPES. Protein concentrations were measured by bovine serum 

albumin (BSA) tryptophan assay (Wis̈niewski and Gaugaz, 2015). Samples were then diluted in 

300 µl 50 mM ammonium bicarbonate, normalized to 100 µg of protein, and a mixture of LysC 

and trypsin proteases (Promega, protein:enzyme ratio, 50:1) was added, followed by overnight 

digestion. Digestion was halted by the addition of 10% v/v trifluoroacetic acid (TFA), then 50 µg 

of acidified peptides were desalted and purified using C18 (three layers) Stop And Go Extraction 

(STAGE) tips (Rappsilber et al., 2007). 

2.4 Mass Spectrometry 

Purified peptides were resuspended in Buffer A (2% acetonitrile (ACN) and 0.1% TFA) 

and subjected to nanoflow liquid chromatography on an EASY-nLC system (Thermo Fisher 

Scientific, Bremen, Germany) using a 15 cm column with 75 μm inner diameter and 2 μm reverse-

phase silica beads to separate peptides. Peptides were electrosprayed directly into the high-

resolution Thermo Fusion Lumos mass spectrometer (Thermo Fisher Scientific) using a linear 

gradient from 4% to 30% ACN in 0.1% formic acid over 120 min at a constant flow of 300 nl/min. 

The linear gradient was followed by a washout with up to 95% ACN to clean the column. The mass 

spectrometer was operated in a data-dependent mode, switching automatically between one full-

scan and subsequent MS/MS scans of the most abundant peaks, with full-scans (400–1600 m/z) 

acquired.   
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2.5 Mass Spectrometry Data Processing 

.RAW MS files were analyzed using MaxQuant software (version 1.6.14.0) (Cox and 

Mann, 2008). The derived peak list was searched with the incorporated Andromeda search engine 

against the reference C. neoformans var. grubii serotype A (strain H99/ATCC 208821) proteome 

(7,430 sequences) from Uniprot (Cox et al., 2011). The parameters were as follows: trypsin 

enzyme specificity with 2 max missed cleavages; minimum peptide length of seven amino acids; 

fixed modifications – carbamidomethylation of cysteine, variable modifications – methionine 

oxidation and N-acetylation of proteins. Peptide spectral matches were filtered using a target-

decoy approach at a false discovery rate (FDR) of 1% with a minimum of two peptides required 

for protein identification. Relative label-free quantification (LFQ) and match between runs was 

enabled with a match time window of 0.7 min, in which LFQ used the MaxLFQ algorithm 

integrated into MaxQuant using a minimum ratio count of one (Cox et al., 2014).  

2.6 Bioinformatics 

Statistical analysis of the MaxQuant-processed data (“proteingroups.txt” file) was 

conducted using the Perseus software (version 1.6.14.0) (Tyanova et al., 2016). Hits to the reverse 

database, contaminants, and proteins solely identified by site were removed. Next, LFQ intensities 

were log2 transformed and protein intensities present in triplicate within one sample set were used 

for further statistical analysis (valid-value filter of 3 in at least one group).  Missing values were 

imputed from a normal distribution (downshift of 1.8 standard deviations and a width of 

0.3 standard deviations), followed by a Student’s t-test to determine proteins with significant 

differential abundance (p-value ≤ 0.05) (S0 = 1) between samples employing a 5% permutation-

based FDR filter [39].  Resulting data was visualized with a Principal Component Analysis (PCA), 

hierarchical clustering (Pearson correlation) by Euclidean distance to showcase replicate 
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reproducibility, and volcano plots to visualize significantly different proteins. An in silico 

characterization of proteins of interest (i.e., significant changes in abundance in both the LE and 

CL strains) was performed to gather information of the proteins, including database searches 

(https://www.uniprot.org; https://fungidb.org/fungidb/app).   

2.7 Gene Deletion Construction 

Linear constructs were generated through double joint polymerase chain reaction (PCR) as 

previously described with slight modifications (Lin et al., 2015). Constructs contained the 

resistance marker, NAT, and were prepared with the primers as listed (Appendix Table A). Using 

primers P1/P3 and P4/P6, the first round of PCR amplified the upstream (5’-gene) and downstream 

(3’-gene) regions of CNAG_01343 (gene encoding for protein of interest, CLPX) using WT H99 

genomic DNA. The NAT resistance marker was amplified from pA13 (generously donated by Dr. 

J. P. Xu, McMaster University) using primers NAT P9/P10. The 5’-gene and 5’-NAT amplicons 

were linked by double-joint PCR using primers P1/P10. Similarly, the 3’-gene and 3’-NAT 

amplicons are linked using P9/P6. Final products contained two overlapping DNA fragments 

approximately 2,000 bp in length each, with upstream and downstream homology to the gene of 

interest (Figure 5). Genomic integration and homologous recombination were achieved by biolistic 

transformation using the Bio-Rad PDS-1000/He particle delivery system as previously described 

with slight modifications (Bio-Rad Laboratories, CA, USA) (Jung et al., 2018). C. neoformans 

clpXΔ mutants were designed in WT H99 and LE strains, deemed as clpXΔ-WT and clpXΔ-LE, 

respectively. Deletion of clpX in WT and LE strains was confirmed by diagnostic PCR (e.g., 

outside-outside, in-out) and Whole Genome Sequencing (WGS) analysis (Microbial Genome 

Sequencing Center, Pittsburgh, PA; details provided in Section 2.9) (Appendix Figure AI 
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(Expected size: mutant size: 2188 bp and WT size: 2972 bp); Figure AII (Expected: Size: 1912 

bp; Figure AIII). Two independent clpXΔ mutants were each generated in the WT and LE strains. 

 

 

Figure 5. Double joint homologous recombination protocol to construct gene deletion 
mutants. Schematic representation of the first and second round of double-joint PCR, followed 
by genomic transformation into C. neoformans. Adapted from (Lin et al., 2015).  
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2.8 Complementation of clpX∆ 

The clpXΔ-WT1::CLPX complemented strain was generated by amplifying the ClpX open 

reading frame (ORF) and promoter region with primer pair ClpX_NotI_Promoter_F – 

ClpX_NotI_R. PCR products were digested with NotI, purified, and cloned into plasmid pHP1, 

which contains a 4x FLAG tag and the hygromycin B-resistant gene (Park et al., 2016). The 

resulting plasmid was transformed into Escherichia coli TOP10 using heat shock transformation 

and cells were plated onto Luria-Bertani (LB) plates supplemented with 100 µg/mL Ampicillin 

(AMP). Transformants were screened using colony PCR (Expected size: 3459 bp; Primers 

ClpX_NotI_Promoter_F – ClpX_NotI_R; Figure IV A). Plasmids were extracted from positive 

transformants and sequenced (U of Guelph Advanced Analysis Centre; primers M13_F and 

ClpX_PHP1_R) to confirm correct orientation and then introduced into the recipient clpXΔ strains 

using biolistic transformation as described in Section 2.7. Multiple transformants were selected 

using YPD medium supplemented with 100 µg/mL HYG-B (Sigma, St. Louis, MO, USA) and 

were confirmed by diagnostic PCR (Expected size: 1177 bp; Primers M13_F and ClpX_PHP1_R; 

Figure IV B). Primers used in this study are listed in Appendix Table A. Next, western blotting 

was performed to confirm production of ClpX with a FLAG-tag in the complement strains. Whole 

cell extracts were separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane using a transfer 

apparatus according to the manufacturer’s protocols (Bio-Rad). After incubation with 3% non-fat 

milk in 1X tris-buffered saline (50 mM Tris, 150 mM NaCl, pH 7.5) overnight at 4°C, the 

membrane was washed five times with Tris-buffered saline with 0.1% Tween-20 (TBST), and 

incubated with 1:2500 Monoclonal ANTI-FLAG® M2 antibody (Sigma-Aldrich) for 1 h. 

Membranes were washed three times for 5 min and incubated with 1:5000 dilution of horseradish 
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peroxidase-conjugated Goat anti-mouse IgG Fc secondary antibody (Invitrogen) for 1 h. Blots 

were washed with TBST three times and developed using the Clarity Max Western ECL Substrates 

system (BioRad). Expected size of ClpX with a FLAG-tag: 68 kilodalton (kDa). The same protocol 

was followed for construction and confirmation of the clpXΔ-LE::CLPX strain. Note, the WT 

complementation strain was constructed in the clpXΔ-WT1 background, while the LE 

complementation strain was constructed in the clpXΔ-LE1 background. Experiments were 

performed in biological and technical duplicates.  

2.9 Genomic DNA Extraction, Illumina sequencing and Whole Genome Analysis  

Genomic DNA (gDNA) was extracted from C. neoformans H99 WT and independent 

clpXΔ mutants using PureLink™ Genomic DNA Mini Kit (ThermoFisher Scientific). Purified 

gDNA were prepared using an Illumina Nextera kit by the Microbial Genome Sequencing Center 

(Pennsylvania, USA) followed by Illumina sequencing on a NextSeq 550 platform. Raw .fastq files 

were processed using Geneious Prime 2021.02 (www.geneious.com) (Kearse et al., 2012). C. 

neoformans H99 WT files were initially trimmed using an in-suite BBDuk plug-in to trim adaptors 

and low-quality reads (Kearse et al., 2012). The trimmed reads were mapped to a reference genome 

retrieved from NCBI (https://www.ncbi.nlm.nih.gov/assembly/GCF_000149245.1/). Correct 

assembly was validated by searching for variations (i.e., deletion or insertion) and single-

nucleotide polymorphism (SNPs). Upon confirmation of correct assembly, the independent 

deletion mutants were mapped to the assembled WT genome. Settings were modified to search for 

insertions or deletions up to 1600 bp (matching the expected size of the NAT gene) to identify any 

non-specific insertions of NAT into the C. neoformans mapping. Whole genome alignment 

between the WT and clpXΔ strains were performed using a progressiveMauve alignment from the 

Mauve plug-in using default alignment settings for a single chromosome and Mauve Contig Mover 
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algorithm ordered and aligned 15 contigs (i.e,., 14 chromosomes and one mitochondrion) (Darling 

et al., 2004). 

2.10 Polysaccharide Capsule Assay 

To visualize polysaccharide capsule production, C. neoformans strains were grown 

overnight at 37˚C in 3 ml YPD at 200 rpm, followed by 1:100 subculture in 3 ml Yeast Nitrogen 

Base (YNB) medium with amino acids (BD Difco, Franklin Lakes, NJ) supplemented with 0.05% 

dextrose at 37˚C overnight at 200 rpm, and inoculated into low-iron medium (LIM; 37.8 mM 

asparagine, 2.3 mM K2HPO4, 20 mM HEPES, 1.7 mM CaCl2·2H2O, 0.3 mM MgSO4·7H2O, 10.6 

mM NaHCO3, and 0.5% dextrose) for 20 h at 37˚C and 200 rpm. Differential interference contrast 

(DIC) microscopy was used to assess capsule production by staining 5 µL of culture with 5 µL of 

India ink dye. Cell diameter and capsule thickness were measured for 50 cells per strain, and 

relative capsule sizes were defined as the ratio of the capsule thickness to the diameter of the cell 

using ImageJ software (https://ij.imjoy.io).  

2.11 Melanin Plate Assay 

To evaluate melanin production in C. neoformans, strains were grown overnight at 37˚C in 

YPD at 200 rpm, followed by 1:100 subculture and overnight incubation in YNB at 37˚C and 200 

rpm, washed with 1 mL of Minimal Medium + Dextrose (MM+D; 29.4 mM KH2PO4, 10 mM 

MgSO4-7 H2O, 13 mM glycine, 3 µM thiamine, and 0.27% dextrose), and serially diluted tenfold 

(106 cells/ml) on MM+D agar containing 1 mM  L-DOPA (Sigma-Aldrich) and incubated at either 

30˚C or 37˚C for 7 d, with imaging every 24 h. 

2.12 Spot Dilution Growth Assays 

To determine the ability of C. neoformans strains to grow at 37°C, cells were pre-grown in 

YPD at 30°C at 200 rpm, washed in PBS, and resuspended in PBS at a concentration of 1×106 
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cells/mL. Ten-fold serial dilutions were then plated on YPD medium and incubated at 30°C and 

37°C for 3 d and photographed. 

2.13 Thermotolerance Growth Assays 

C. neoformans strains were cultured in 5 mL YPD overnight at 37°C with shaking at 200 

rpm. The overnight inoculum was transferred 1:100 into a sterile, 96-well flat-bottomed microplate 

(Corning Inc. 3595) containing YNB to a final volume of 150 µl. Microplates were placed in the 

BioTek Synergy HTX Multi-Mode Microplate Reader (Fisher Scientific) and grown at 30°C or 

37°C for 3 d with OD600nm measurements every 15 min. This assay was done in biological triplicate 

and two technical replicates.  

2.14 Antifungal Susceptibility Assays 

C. neoformans strains were cultured in 5 mL YPD overnight at 37°C with shaking at 200 

rpm. To test FLC susceptibility, overnight cultures of were transferred 1:100 into a sterile, 96-well 

flat-bottomed microplate (Corning Inc. 3595) containing YNB and 64 µg/mL FLC to a final 

volume of 150 µl. Microplates were placed in the Multitron AJ125TC Incubator (Infors HT) at 

37°C with shaking at 900 strokes min−1. Fungal growth was monitored by measuring OD600nm of 

each well using the BioTek Synergy HTX Multi-Mode Microplate Reader (Fisher Scientific) every 

3 h. Growth curves were obtained depending on the changes in the OD600nm of fungal growth for 

each drug concentration and the drug-free positive control. Two wells containing fungal cells with 

no drug (positive control) and 2 wells containing only media (blank control) were included. This 

assay was done in biological triplicate and two technical replicates. 

2.12    ClpX Inhibitor Susceptibility Assays 

C. neoformans strains were cultured in 5 mL YPD overnight at 37°C with shaking at 200 

rpm. To examine the effect of the ClpX inhibitor (generously gifted from Prof. Dr. Stephan Sieber, 
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Technical University of Munich) on fungal growth, overnight cultures of WT, LE, CL, clpXΔ-WT, 

clpXΔ-LE, and their complement strains were grown in different concentrations of the inhibitor 

(i.e., 0, 3, 5, 10, 15 µM), with or without FLC treatment at 64 µg/mL. Stock solutions of ClpX 

inhibitor were prepared in the solvent DMSO (Sigma) at a concentration of 100 uM/µL. Overnight 

cultures were transferred 1:100 into a sterile, 96-well flat-bottomed microplate (Corning Inc. 3595) 

containing YNB, 64 µg/mL FLC, and varying concentrations of ClpX inhibitor (1 uM/µL to 15 

uM/µL) to a final volume of 150 µl. This assay was also performed without the addition of FLC 

to assess the individual effect of the ClpX inhibitor. Microplates were placed in the Multitron 

AJ125TC Incubator (Infors HT) at 37°C with shaking at 900 strokes min−1. Fungal growth was 

assessed by measuring OD600nm of each well using the BioTek Synergy HTX Multi-Mode 

Microplate Reader (Fisher Scientific) in 3 h intervals. Two wells containing fungal cells with no 

FLC or inhibitor (growth control) and 2 wells containing only media (blank control) were included 

in this assay. Each strain tested was performed in biological triplicate and technical duplicate. 

Analysis of growth curves were obtained depending on the changes in the OD600nm of fungal 

growth for each FLC concentration and the FLC-free growth control. 
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CHAPTER 3: RESULTS 

3.1      In Vitro Evolution of FLC-Resistance in H99 WT C. neoformans 

To evolve resistance to FLC in vitro, two C. neoformans WT H99 isolates, labelled “A” 

and “B”, were subjected to a stepwise increase in antifungal concentration and the adaptation to 

FLC was observed over time. The evolution of FLC-resistance was plotted to demonstrate the 

gradual increase of fungal resistance to 64 μg/mL FLC, which was collected through OD600nm 

readings after each passage. Approximately 50 days (15 successive passages) surpassed to achieve 

growth at 64 μg/mL FLC, now deemed as the lab-evolved (“LE”) strain (Figure 6 A). To assess 

fungal tolerance to FLC amongst the three strains, we exposed the susceptible (WT) strain and two 

FLC-resistant strains (LE and CL) to the antifungal drug in a growth curve analysis. The C. 

neoformans var. grubii strain H99 CL strain that is resistant to 64 μg/mL FLC (donated by Dr. 

Jennifer Tenor at Duke University) was used as a reference to observe any similarities or 

differences to the LE and WT strains. Here, we observed similar growth between the LE and WT 

strain without the presence of FLC at 37°C, with the CL strain showing a significant reduction in 

growth compared to the LE and WT strain (Figure 6 B). This result was supported by a YPD agar 

plate assay with no FLC (Figure 6 C). Next, we observed a significant difference in growth of the 

LE and CL strain compared to WT in the presence of FLC with WT growth stunted in the presence 

of the antifungal. Comparison between the LE and CL strains showed no significant difference in 

growth (Figure 6 D). These results were supported by an agar plate assay supplemented with 64 

μg/mL FLC (Figure 6 E). 

 

 

 



 

 

30 

CL  

LE 

WT 

A	

	

	

	

	

B	

	

	

	

	

C	

	

CL  

LE 

WT 

	

	

	

	

	

D	

	

	

	

	

E	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 6. Growth analysis of C. neoformans strains. (A)  OD600nm readings of two independent 
C. neoformans H99 isolates, referred to as A and B, growing at a concentration of 64 μg/mL FLC 
over time. Data corresponds to 15 serial passages or approximately 50 days (Bermas and Geddes-
McAlister, 2020b). (B) Growth curve analysis of WT, LE and CL strains grown without drug at 
37°C. (C) WT, LE, and CL strains grown on YPD agar plates after 72 h incubation at 37°C. (D) 
Growth curve analysis of WT, LE and CL strains grown in 64 μg/mL FLC at 37°C. (E) WT, LE, 
and CL strains grown on YPD agar plates with 64 μg/mL FLC after 72 h incubation at 37°C. 
Experiment was performed in biological triplicate and two technical replicates. Error bars depict 
standard deviation. *denotes significant difference between WT and FLC-resistant strains by 
Student’s t-test, p-value ≤ 0.05. 
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3.2      Virulence Factor Assessment of FLC-Resistant Strains 

Given the complexity of the growth environment experienced in a host, experimentally 

evolved strains may not precisely match the virulence profile of strains that evolved resistance in 

a host, thus it is necessary to determine if a FLC-resistant strain that has only been evolved in the 

presence of drug displays differences, if any, compared to a resistant strain acquired in vivo. To do 

so, we phenotypically characterized all three strains. First, we performed growth curve assays to 

assess thermotolerance by growing the strains at either 30˚C or 37˚C in the absence of the 

antifungal agent. There was a significant difference in growth in the LE compared to the WT and 

CL strains at both temperatures (Figure 7 A, C). Overall, the LE strain displayed the highest level 

of growth amongst the strains, while the CL maintained the lowest levels of growth at both 

temperatures. These results were supported by agar plate assays grown on YNB plates at either 

30˚C or 37˚C (Figure 7 B, D). Next, we also assessed differences in capsule production between 

the WT and FLC-resistant strains. Using DIC microscopy, we observed an increase in both cell 

and capsule sizes in the CL strain relative to the WT and LE, but no observable difference between 

the LE and WT (Figure 7 E, F). In addition, we observed a significant increase in the ratio between 

capsule thickness and cell size in the LE strain compared to WT and CL (Figure 7 G). Furthermore, 

production of melanin was tested at 30˚C or 37˚C on L-DOPA agar medium. We observed an 

increase in melanin for the LE strain relative to WT at 30˚C and a reduction at 37 ˚C, while the CL 

strain showed a reduction in melanin at both temperatures relative to WT (Fig. 7 H, I). 
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Figure 7. Virulence factor assessment of a FLC-susceptible (WT) strain and two FLC-
resistant strains (LE and CL).  (A) Thermotolerance assessment of strains grown in YPD 
medium at 30°C for 72 h. (B) Thermotolerance assessment of strains grown on YPD agar at 30°C 
for 72 h. (C) Thermotolerance assessment of strains grown in YPD medium at 37°C for 72 h. (D) 
Thermotolerance assessment of strains grown on YPD agar at 37°C for 72 h. (E) DIC microscopy 
at 100x magnification of WT, LE, and CL strains at mid-log phase of growth. Scale bar = 4 μm. 
(F) Capsule and cell size measurements performed on an average of 40 cells. (G) Ratio of capsule 
diameter to cell size measurements. *denotes significant difference inferred by ANOVA followed 
by Tukey HSD test (p-value ≤0.05) between WT, CL, and LE strains. (H) Melanin production of 
strains grown on medium containing 1 mM L-DOPA at 30°C.  (I) Melanin production of strains 
grown on medium containing 1 mM L-DOPA at 37°C.   
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Figure 7. Continued 
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3.3      Proteomic Profiling of FLC-Resistant Strains 

Using bottom-up MS-based proteomics, the cellular proteome (cell pellet) of the three C. 

neoformans strains were profiled. Here, we detected and quantified 4,328 unique proteins (4,252 

proteins after filtering) across the samples. Across all strains, 3,685 proteins were common. The 

volcano plot analysis identified a total of 81 differentially produced proteins between the LE and 

WT strains, with 45 proteins displaying significantly higher abundance in LE and 36 proteins with 

significantly higher abundance in WT (Figure 8 A, B). Conversely, a total of 166 differentially 

produced proteins were identified in the CL vs. WT strains with 90 proteins displaying 

significantly higher abundance in CL and 76 proteins with significantly lower abundance in WT 

(Figure 8 C, D). Of the unique proteins identified in all analyses, 13 proteins were significantly 

higher or lower in both of the resistant strains compared to WT (Figure 8 E). The volcano plot 

analysis identified a total of 232 differentially produced proteins between the CL and LE strains, 

with 155 proteins displaying significantly higher abundance in CL and 77 proteins with 

significantly higher abundance in WT (Figure 8 F). 

To assess factors influencing separation of the samples, we performed a PCA, which 

distinguished the three different strains as the largest component of separation (component 1, 

30.9%) and the second component showed clustering based on biological variability (component 

2, 16.8%) (Figure 8 G). Biological replicate reproducibility was 87-92%, demonstrating high 

reproducibility among the cellular samples (Figure 8 H). Due to technical variation during sample 

processing, one biological replicate from the WT strain was removed from the cellular proteome 

analysis as low protein identification numbers were observed; three remaining WT biological 

replicates were used for further analysis.  
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Next, we used the list of proteins common to LE and CL to identify specific proteins 

impacted by FLC-resistance (Table 1). In the FLC-resistant strains, we observed a significant 

increase in abundance of a multi-drug resistant ATP-binding cassette (ABC) transporter (Mdr1, 

CNAG_00796), aligning with previously reported studies identifying that overabundance of this 

protein promotes azole resistance in C. neoformans (Bastos et al., 2018; Yang et al., 2016). We 

also detected higher abundance in a zinc-binding protein (PRA1, CNAG_04950), xylitol 

dehydrogenase (CNAG_04677), succinate semialdehyde dehydrogenase (CNAG_04467), and a 

hypothetical protein (CNAG_01043) with no known orthologs. On the contrary, we observed a 

significant decrease in abundance of various proteins in the FLC-resistant strains, including a 

XAP5-domain-containing protein (CNAG_02260), U3 small nucleolar RNA-associated protein 6 

(CNAG_04044), syntaxin 18 (CNAG_05808), and four hypothetical proteins (CNAG_01735, 

CNAG_04903, CNAG_07941, CNAG_04227). Given the importance of HSPs and chaperones in 

fungal pathogenesis, and as potential targets for novel antifungals, we focused on CNAG_01343 

(ClpX), an ATP-dependent Clp protease ATP-binding subunit ClpX in C. neoformans H99. The 

increased abundance of ClpX in the LE and CL strains suggests that this protein has an implication 

in FLC-resistance.
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Figure 8. Proteomic profiling of C. neoformans strains: WT, LE, and CL. (A) Venn diagram depicting proteins with significantly 
increased abundance in LE (green, 45) and WT (black, 36). (B) Volcano plot depicting proteins present in the proteome. Proteins in 
green (right) are significantly higher in abundance in the LE strain. Proteins in black (left) are significantly lower in abundance in the 
WT. (C) Venn diagram depicting proteins with significantly increased abundance in CL (purple, 90) and WT (black, 76).  (D) Volcano 
plot depicting proteins present in the proteome. Proteins in purple (right) are significantly higher in abundance in the CL strain. Proteins 
in black (left) are significantly lower in abundance in the WT. (E) Venn diagram depicting significantly different proteins between the 
CL (purple, 155) and LE (green, 77). (F) Volcano plot depicting proteins present in the proteome. Proteins in purple (right) are 
significantly higher in abundance in the CL. Proteins in green (left) are significantly lower in abundance in the LE. (G) Principal 
Component Analysis displaying variance amongst biological replicates of WT (black), CL (purple), and LE (green) strains separated 
based on component 1 (30.9%) and component 2 (16.8%). (H) Heat map of Pearson correlation plotted by hierarchical clustering by 
Euclidean distance to show clustering of samples (WT vs CL vs LE) and replicate reproducibility. Statistical analysis was performed 
using a Student’s t-test (p-value ≤0.05; FDR = 0.05; S0 = 1). Experiment performed in biological quadruplicate.
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Figure 8. continued 
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Table 1. Significantly different proteins identified in both CL and LE C. neoformans 

strains. 
*Difference relative to WT. SD denotes standard deviation between the CL and LE replicates 

 

CNAG 
Number Protein Name Proposed Function 

Difference 
 (log2)* 

SD 

CL LE 
CNAG_01735 Hypothetical protein Unknown -3.56 -5.45 1.33 

CNAG_04903 Hypothetical protein Unknown -4.27 -4.49 0.15 

CNAG_05808 
 

Syntaxin 18 

ER-localized SNARE 
protein involved in ER-
mediated phagocytosis 

-2.40 -4.022 1.15 

CNAG_02260 
XAP5-domain-

containing protein 
Unknown 

-1.73 -3.89 1.52 

CNAG_07941 Hypothetical protein Unknown -2.40 -3.87 1.03 

CNAG_04044 
U3 small nucleolar 

RNA-associated 
protein 6 

Required for the 
maturation of the 18S 
rRNA from the 35S 
pre-rRNA precursor 

-1.78 -2.89 0.79 

CNAG_04227 Hypothetical protein Unknown -2.74 -2.32 0.30 

CNAG_01043 Hypothetical protein Unknown 2.35 2.46 0.081 

CNAG_04677 
Xylitol 

dehydrogenase 
Required to convert 
xylose to xylulose 

4.34 3.06 0.90 

CNAG_00796 
ABC multidrug 

transporter MDR1 
ATP-dependent efflux 

pump 
1.78 3.18 0.99 

CNAG_04467 
Succinate-

semialdehyde 
dehydrogenase  

Catalyzes the NADP+-
dependent oxidation of 
succinate semialdehyde 

to succinate 

3.84 3.43 0.29 

CNAG_04950 PRA1 
ER to Golgi transport-

related protein 
3.14 4.90 1.24 

CNAG_01343 

ATP-dependent Clp 
protease ATP-
binding subunit 

ClpX 

Involved in proteolysis 
of defective and 

misfolded proteins 

3.22 4.57 0.95 
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3.4      Virulence Factor Assessment of clpXΔ-WT Strains 

Given the influence of FLC resistance on ClpX production and the fundamental role it 

plays in stress tolerance and virulence in pathogenic bacteria (Ibrahim et al., 2005), we constructed 

and characterized clpXΔ strains in both the WT and LE strain to determine its potential roles in 

virulence in C. neoformans H99. First, we assessed thermotolerance by performing growth curve 

assays at either 30˚C or 37˚C in the WT, LE, clpXΔ-WT, clpXΔ-LE, and complement strains. At 

30˚C, we observed a significant reduction in growth in the clpXΔ-WT strains compared to both 

WT and clpXΔ-WT::CLPX  (Figure 9 A). At 37˚C, we also observed a reduction in growth in the 

WT mutants compared to clpXΔ-WT::CLPX and WT (Figure 9 C). These findings were 

statistically significant, except between WT and clpXΔ-WT2. No statistical difference was found 

between the WT mutants or between WT and clpXΔ-WT::CLPX at 30˚C or 37˚C (insignificant 

statistical tests not shown on graph). These results were supported by agar plate assays grown on 

YNB plates (Figure 9 B, D). Generally, we observed a reduction in overall growth at the higher 

temperature of 37˚C. Overall, these results support the association that the production of ClpX at 

elevated temperatures aids in thermotolerance. Next, we evaluated the impact of deleting clpX 

from C. neoformans H99 on capsule size. Visually, we did not observe any differences in both cell 

and capsule sizes in the clpXΔ-WT strains relative to the WT (Figure 9 E). We measured the 

diameter of cells and thickness of capsule for 40 cells and saw no significant differences in both 

parameters in the clpXΔ-WT strain relative to the WT but we did observe a significant change 

relative to the complement strain (Figure 9 F). However, we observed a significant decrease in the 

ratio between capsule thickness and cell size in one of the clpXΔ-WT strains compared to WT 

(Figure 9 G). We also evaluated a connection between ClpX and melanin production and observed 
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a slight increase in melanin production at 30˚C and a reduction in melanin in the deletion strain at 

the elevated temperature relative to the WT strain (Figure 9 H). Overall, our assessment of ClpX 

in WT demonstrated a role for the protein in classical virulence factors expressed in C. neoformans, 

such as thermotolerance and melanin production. 

  



 

 

41 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9. Virulence factor assessment of clpXΔ-WT strains. (A) Thermotolerance assessment of strains grown in YPD medium at 

30°C for 72 h. (B) Thermotolerance assessment of strains grown on YPD agar at 30°C for 72 h. (C) Thermotolerance assessment of 

strains grown in YPD medium at 37°C for 72 h. (D) Thermotolerance assessment of strains grown on YPD agar at 37°C for 72 h. (E) 

DIC microscopy at 100x magnification of WT, clpXΔ-WT, and complement strains at mid-log phase of growth. Scale bar = 4 μm. (F) 

Capsule and cell size measurements performed on an average of 40 cells. (G) Ratio of capsule diameter to cell size measurements. 

*denotes significant difference inferred by ANOVA followed by Tukey HSD test (p-value ≤0.05) between WT, CL, and LE strains. (H) 

Melanin production of strains grown on medium containing 1 mM L-DOPA at 30°C.  (I) Melanin production of strains grown on 

medium containing 1 mM L-DOPA at 37°C.  
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Figure 9. continued 
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Figure 9. continued 

WT	

clpXΔ	-WT1	

clpXΔ	-WT2	

clpXΔ	-WT::CLPX	

WT	

clpXΔ	-WT1	

clpXΔ	-WT2	

clpXΔ-WT::CLPX	

	

37°C	

	

30°C	

	

H	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
I
	
	 	

106							105											104								103											102							10	
	

106	105	
	

106							105											104								103											102							10	
	

106	105	
	



 

 

44 

3.5 Virulence Factor Assessment of clpXΔ-LE Strains 

Similarly, we assessed thermotolerance in the clpXΔ-LE strains by performing growth 

curve assays at either 30˚C or 37˚C. The LE and clpXΔ-LE::CLPX strain grew similarly at 30˚C 

and 37˚C, with a reduction in overall growth at the elevated temperature (Figure 10 A, B). 

Conversely, we observed a significant reduction in growth of the clpXΔ-LE strains at both 30˚C 

and 37˚C compared to LE (Figure 10 A, B). Subsequently, we identified a significant difference 

between clpXΔ-LE1 and clpXΔ-LE::CLPX, but did not find a statistical difference when compared 

to clpXΔ-LE2. No statistical difference was identified between the LE mutants or between the LE 

and clpXΔ-LE::CLPX strain at 30˚C and 37˚C (insignificant statistical tests not shown on graph). 

Generally, we observed a reduction in overall growth at the higher temperature of 37˚C. These 

results were supported by agar plate assays grown on YNB plates at either 30˚C or 37˚C (Figure 

10 C, D). These results further support the association that the presence of ClpX is necessary for 

thermotolerance. Next, we evaluated the impact of deleting clpX may have on capsule formation 

in the clpXΔ-LE strains. Visually, we observed a decrease in both cell and capsule sizes in the 

clpXΔ-LE strains relative to the LE (Figure 10 E). We measured the diameter of cells and thickness 

of capsule for 40 cells and found significant decrease in both parameters in the clpXΔ-LE strains 

relative to the LE (Figure 10 F). Additionally, we did not observe any differences in the ratio 

between capsule thickness and cell size in the clpXΔ-LE strains compared to the LE or clpXΔ-

LE::CLPX (Figure 10 G). As in the WT strain, we observed a slight increase in production of 

melanin at 30˚C; however, we did not determine a difference in melanin production between the 

mutant strains and LE at the elevated temperature (Figure 10 H). Overall, our assessment of ClpX 

in the LE strains demonstrated the effect of clpX deletion on classic virulence factors expressed in 
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C. neoformans, such as thermotolerance and capsule formation with some modifications compared 

to gene deletion in the WT strain. 



 

 

46 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Virulence factor assessment of clpXΔ-LE strains. (A) Thermotolerance assessment of strains grown in YPD medium at 
30°C for 72 h. (B) Thermotolerance assessment of strains grown on YPD agar at 30°C for 72 h. (C) Thermotolerance assessment of 
strains grown in YPD medium at 37°C for 72 h. (D) Thermotolerance assessment of strains grown on YPD agar at 37°C for 72 h. (E) 
DIC microscopy at 100x magnification of LE, clpXΔ-LE, and complement strains at mid-log phase of growth. Scale bar = 4 μm. (F). 
Capsule and cell size measurements performed on an average of 40 cells. (G) Ratio of capsule diameter to cell size measurements. 
*denotes significant difference inferred by ANOVA followed by Tukey HSD test (p-value ≤0.05) between LE, clpXΔ-LE, and 
complement strains. (H) Melanin production of strains grown on medium containing 1 mM L-DOPA at 30°C. (I) Melanin production 
of strains grown on medium containing 1 mM L-DOPA at 37°C.
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Figure 10. continued 
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Figure 10. continued 
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3.6      Antifungal Susceptibility Assays  

To determine the role of ClpX in antifungal resistance, we exposed the mutant strains to 

64 µg/mL FLC. As a baseline, we first observed levels of growth without the presence of the 

antifungal in the clpXΔ-WT strains compared to the WT and complementation strain at 37°C. 

Here, we observed a significant reduction in growth in the WT mutants compared to both WT and 

clpXΔ-WT::CLPX (Figure 11 A). Subsequently, we identified no significant differences between 

clpXΔ-WT1 and clpXΔ-WT2 or between WT and clpXΔ-WT::CLPX (insignificant statistical tests 

not shown on graph). We exposed the same strains in the presence of 64 µg/mL FLC. Notably, we 

saw lower levels of growth in all strains when exposed to FLC, including the clpXΔ-WT strains 

(Figure 11 B). No statistical differences were identified between any of the strains in the presence 

of FLC. Similarly, we evaluated and compared growth in the clpXΔ-LE strains with and without 

the presence of FLC. In the absence of the antifungal, we observed a significant reduction in 

growth in the LE mutants compared to both LE and clpXΔ-LE::CLPX (Figure 11 C).  Next, we 

identified no significant differences between clpXΔ-LE1 and clpXΔ-LE2 or between LE and 

clpXΔ-LE::CLPX (insignificant statistical tests not shown on graph). When exposed to FLC, the 

clpXΔ-LE strains exhibited significant decrease in growth compared to the FLC-resistant LE strain 

(Figure 11 D). No statistical differences were identified between any of the strains in the presence 

of FLC. Together, these results showed that deletion of clpX in FLC-resistant strains reduces 

growth in both the absence and presence of FLC, suggesting that ClpX plays a role in fungal cell 

viability.  
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Figure 11. Antifungal susceptibility assays comparing growth of clpX deletion strains in WT and LE. (A) Growth assay displaying 
growth of clpXΔ-WT strains when grown in the absence of FLC. (B) Growth assay displaying growth of clpXΔ-WT strains when grown 
in 64 µg/mL FLC. (C) Growth assay displaying growth of clpXΔ-LE strains when grown in the absence of FLC. (D) Growth assay 
displaying growth of clpXΔ-LE strains when grown in 64 µg/mL FLC. *denotes significant difference inferred by ANOVA followed 
by Tukey HSD test (p-value ≤0.05). Experiment was performed in biological triplicate and two technical replicates. 
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3.7      ClpX Inhibitor Susceptibility Assays  

To test the hypothesis that proteome changes between antifungal resistant vs. susceptible 

C. neoformans strains will identify target proteins involved in the development of FLC resistance, 

we assessed the effect of ClpX inhibition in reversing FLC resistance. First, the WT, LE, and CL 

strains were grown in 1, 3, 5 and 10 µM of a ClpX inhibitor compound (Fetzer et al., 2017) to 

determine the impact of the inhibitor on fungal growth (Figure 12 A, B, C, D). In the presence of 

the inhibitor (absence of FLC), the LE and WT strains grew similarly at 1 and 3 µM; however, the 

CL strain showed lower levels of growth in comparison. At 5 µM, the LE and WT strain showed 

reduced growth in comparison to 1 and 3 µM, while the CL strain had complete reduction in 

growth. At 10 µM, all strains had growth completely inhibited. Next, we evaluated the impact of 

the inhibitor supplemented with 64 µg/mL FLC. Here, we observed a reduction in growth in the 

LE and WT strains at 64 µg/mL FLC + 1 µM inhibitor compared to its levels of growth at 1 µM 

of inhibitor alone; however, the growth of the CL strain remained unchanged (Figure 12A; Figure 

13 A). Notably, we observed that a concentration of 3 µM inhibitor with FLC reduced growth in 

all three strains in comparison to its level of growth in 3 µM/mL of inhibitor alone (Figure 12B; 

Figure 13 B). We also observed a similar trend at 64 µg/mL FLC + 5 µM/mL inhibitor, with a 

complete inhibition of growth at 64 µg/mL FLC + 10 µM/mL inhibitor (Figure 13 C, D).  

 

 

 

 

 

 



 

 

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Susceptibility assays comparing growth of FLC-susceptible and FLC-resistant 
strains in varying concentrations of ClpX inhibitor. (A) Growth assay displaying growth of 
different strains when grown in 1 µM/mL ClpX inhibitor. (B) Growth assay displaying growth of 
different strains when grown in 3 µM/mL ClpX inhibitor. (C) Growth assay displaying growth of 
different strains when grown in 5 µM/mL ClpX inhibitor. (D) Growth assay displaying growth of 
different strains when grown in 10 µM/mL ClpX inhibitor. 

 

 

 

 

 

A	
	
	
	
	
	
	
	
	
	
	
	
	
	
C	

B	
	
	
	
	
	
	
	
	
	
	
	
	
	
D	



 

 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Susceptibility assays comparing growth of FLC-susceptible and FLC-resistant 
strains in varying concentrations of FLC and ClpX inhibitor. (A) Growth assay displaying 
growth of different strains when grown in 64 µg/mL FLC + 1 µM/mL ClpX inhibitor. (B) Growth 
assay displaying growth of different strains when grown in 64 µM/mL FLC + 3 µM/mL ClpX 
inhibitor. (C) Growth assay displaying growth of different strains when grown in 64 µg/mL FLC 
+ 5 µM/mL ClpX inhibitor. (D) Growth assay displaying growth of different strains when grown 
in 64 µg/mL FLC + 10 µM/mL ClpX inhibitor. *denotes significant difference inferred by 
ANOVA followed by Tukey HSD test (p-value ≤0.05). Experiment was performed in biological 
triplicate and two technical replicates. 
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CHAPTER 4: DISCUSSION 

The emergence of antifungal resistance is a growing threat to public health, which is 

exacerbated by the widespread use of antifungals in both clinical and agricultural settings. To 

overcome the development and emergence of resistant pathogens, it is essential to understand the 

mechanisms underscoring antifungal resistance. In this study, we exposed a C. neoformans var. 

grubii H99 WT strain to increasing concentrations of FLC to evolve resistance at 64 μg/mL, the 

established MIC breakpoint reported in literature for Cryptococcus (Cheong and Mccormack, 

2013; Smith et al., 2014). Our study identified cellular proteins whose abundances were altered 

(i.e., increased or decreased) by FLC-resistance in both a lab-evolved and clinical strain. We 

characterized an ATP-dependent protease, ClpX, to define a novel role in facilitating resistance to 

FLC in C. neoformans, as well as regulating factors of fungal virulence. Through various 

susceptibility assays, we demonstrated that inhibiting ClpX activity through a chemical inhibitor 

can have a synergistic effect with FLC in antifungal resistant strains – a never-before-seen method 

to restore antifungal susceptibility in C. neoformans. Overall, we uncover a new strategy to 

reintroduce antifungal susceptibility in C. neoformans and report novel contributions to virulence 

and FLC resistance.  

We selected to follow-up with ClpX for this study because in response to cellular stressors, 

various pathogenic fungal species respond by increasing the production of HSPs (Burnie et al., 

2006; Cuéllar-Cruz et al., 2014). Some HSPs are identified as molecular chaperones – a group of 

proteins important for normal growth but also essential for survival under unfavourable conditions, 

including heat or oxidative stress (Clarke, 1996). Induction of molecular chaperones, such as those 

of the HSP100 family, is attributed to heightened levels of altered polypeptides rising from 

misfolded proteins, errors during translation, or heat denaturation (Clarke, 1996; Welch, 1993). 
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Several studies show that HSPs are essential for antifungal resistance and thermotolerance in 

various species, such as C. neoformans, C. gattii, C. albicans and Aspergillus fumigatus (Cordeiro 

et al., 2016; Robbins et al., 2011; Shapiro and Cowen, 2012).  ClpX, a highly conserved ATP-

dependent HSP, is a member of the HSP100 family of proteins (Jensen et al., 2019). ClpX partners 

with ClpP, a compartmentalized serine protease, to make a Clp proteolytic complex. Together, this 

complex works together to maintain protein homeostasis. ClpX selectively binds to misfolded 

proteins and aggregates bearing specific ClpX recognition signals, unfolds, and translocates them 

through the axial pores of ClpP and into the proteolytic chamber for refolding or degradation (Frees 

et al., 2003; Olivares et al., 2015; Sauer et al., 2004). Substrates of ClpX include proteins involved 

in metabolism, starvation, and oxidative stress response (Wawrzynow et al., 1995). Independent 

of ClpP, ClpX acts as a molecular chaperone by preventing protein misfolding and aggregation by 

denaturing the tertiary structures of damaged proteins (Jones et al., 1998; Wawrzynow et al., 1995). 

Given the previous information, it is clear that ClpX is essential to stress tolerance and survival in 

fungal species, making it necessary to understand its mechanisms of how it induces, and can 

possibly reverse, antifungal resistance in C. neoformans.  

Currently, the role of ClpX in C. neoformans has yet to be investigated, but previous work 

in Staphylococcus aureus demonstrated that ClpX is essential for growth, stress tolerance, and 

survival in unfavourable conditions (i.e. heat, drug, and oxidative stress) through the regulation of 

major virulence factors (Fetzer et al., 2017; Frees et al., 2003). Cellular proteins unfold and 

aggregate when encountering cellular stressors, in which the cell responds by increasing the 

production of chaperones and proteases that work to disaggregate, refold damaged proteins, or 

degrade those incapable of being refolded (Krüger et al., 2001; Wiegert and Schumann, 2001). 

Our work has demonstrated that the genetic deletion of clpX prevented mutant strains from 
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growing in FLC and may have an influence on the expression of classic virulence factors like 

thermotolerance; however, more work needs to be done to determine if ClpX is a regulator of 

specific virulence factors in C. neoformans. Given that we observed decreased growth in the 

mutant strains at 30°C and even more so at 37°C, deletion of clpX is likely decreasing overall 

fungal growth and inhibiting the removal of damaged proteins at higher temperatures. Notably, 

genetic manipulation of clpX can lead to global changes in the proteome by causing dysregulation 

of ABC transporters, virulence-associated proteins, and proteins of the purine/pyrimidine pathway 

and urease complex (Kirsch et al., 2021) (similar analysis underway in Geddes-McAlister lab by 

MSc student, Michael Woods). In C. neoformans, proteins of the urease complex (i.e. Ure4) and 

those involved in the purine/pyrimidine pathway are essential for pathogenicity, stress response, 

and metabolic processes, such as DNA synthesis and energy generation, suggesting that various 

proteins related to virulence depend on the functionality and presence of ClpX. A study 

investigating substrates of ClpXP found that various proteins trapped by this complex act as 

sensors of oxidative stress and aid in oxidative stress response (Flynn et al., 2003). As FLC 

treatment increases production of reactive oxygen species (ROS) in fungal cells and the majority 

of ROS-induced damage on proteins cannot be repaired, proteolytic removal of these modified 

proteins is vital for preventing further damage to fungal cells (Hoehamer et al., 2010; 

Szczepanowska and Trifunovic, 2021) Therefore, the absence of CLPX in the mutant strains is 

likely preventing the removal of ROS-damaged proteins, which suggests why growth was 

attenuated in FLC. 

While we focused our study on characterizing a commonly shared protein that had 

differential abundance in both the LE and CL strain, it is important to note that these strains 

displayed variation in their proteomic profiling. Clinical strains are presumably more pathogenic 
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than laboratory strains as clinical strains display unique proteomic profiles that heighten its 

virulence expression and stress tolerance compared to those that are non-clinical, suggesting that 

laboratory strains may not completely mimic the virulence occurring in clinical strains (Liew et 

al., 2021). We expected both proteomic and phenotypic differences between our LE and CL strain, 

despite being both FLC-resistant, as resistance was developed under different conditions, meaning 

that other genes or proteins associated with virulence may have been impacted and resultantly, 

caused genetic variability between the two strains. This was confirmed in our study as the LE and 

CL strains displayed similar levels of growth when supplemented with FLC but displayed 

differences in their proteomic profile and virulence. Additionally, variations were identified in 

drug-free assays at 37°C; however, it is important to note that one assay was set at an rpm of 900 

in the Multitron AJ125TC Incubator, while another assay (Figure 7C) was performed at 400 rpm 

in the BioTek Synergy HTX Multi-Mode Microplate Reader. Different shaker agitation rate and 

orbit is known to affect culture growth (Onyetugo et al., 2013), which may explain the differences 

observed between Figure 6B and Figure 7C. Furthermore, previous studies have found that strains 

of the same sequence type can display different levels of virulence as a means to acquire rapid 

changes in vitro and adapt to laboratory conditions (Franzot et al., 1998). Quantitative trait loci 

regions that lie close to genes regulating virulence are also known to cause variations in virulence 

C. neoformans (Vogan et al., 2016). Additionally, we observed differences in virulence between 

our clpXΔ-LE and clpXΔ-WT mutants, demonstrating that while ClpX does have an impact on 

classic virulence factors, the genomic differences originating from the parent strains may be 

causing the phenotypic differences observed between the clpXΔ-WT and clpXΔ-LE mutants. 

Furthermore, since deletion of clpX may lead to global changes in the proteome, it is likely that 

there are unique proteomic differences induced by the deletion of clpX between the clpXΔ-WT and 
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clpXΔ-LE mutants. Overall, this indicates that expression of virulence in C. neoformans is 

multifactorial, strain specific, and must be explored further to understand what regulates variation 

in virulence. 

Deletion of clpX determined that growth is reduced in the presence of FLC. Similar 

findings were observed in S. aureus where genetic deletion of clpP resulted in increased 

susceptibility to cell-wall targeting antibiotics, including vancomycin, bacitracin, and polymyxin 

B (Chattoraj et al., 2010). This phenomenon was also observed in Bacillus anthracis where 

deletion of clpX resulted in increased susceptibility to antimicrobial peptides that target the cell 

membrane or cell wall, including daptomycin and cationic (McGillivray et al., 2009). Given that 

FLC affects the integrity of both the cellular membrane and the fungal wall (Sorgo et al., 2011), 

this possibly suggests that ClpX is necessary for structural cell integrity and may explain why clpX 

deletion resulted in susceptibility to FLC. Currently, it is unclear if ClpX is a regulator of cell-well 

integrity in C. neoformans. Previously, it was found that FtsZ, a major cytoskeletal protein 

implicated in cell wall synthesis in E. coli, has a ClpXP recognition signal, which suggests that 

ClpXP may play a role in regulating the cell wall (Camberg et al., 2020). Furthermore, we found 

that clpX deletion has an influence on the expression of certain virulence factors. Similarly, studies 

in S. aureus have determined that the absence of Clp proteases, such as ClpX and ClpP, results in 

decreased expression of extracellular virulence factors (Chattoraj et al., 2010; Frees et al., 2003); 

however, the mechanism underscoring how ClpX regulates virulence remains to be elucidated. 

Currently, our lab is conducting further studies to profile the proteome of our clpXΔ strains to 

identify any proteins that may be implicated in cryptococcal virulence or cell wall integrity.  

This study also showed that growth of both FLC-resistant and -susceptible strains can be 

stunted using a ClpX inhibitor, confirming previous findings ClpX is essential for overall cell 
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viability (Clarke, 1996; Frees et al., 2003). Synthesized in the laboratory of our collaborator Dr. 

Stephan Sieber, their recent work has shown that the ClpX inhibitor targets the ClpXP complex in 

living cells, thus reducing overall proteolysis and virulence in S. aureus (Fetzer et al., 2017). 

Through an MS-based secretome analysis, it was determined that treatment with the inhibitor 

in multidrug-resistant S. aureus causes reduced production of toxins and proteases involved in the 

expression of major virulence factors in S. aureus (Fetzer et al., 2017). While the mechanism of 

the inhibitor has not been studied in Cryptococcus, it is likely that the inhibitor induced proteomic 

changes in the WT, LE, and CL strains as a downstream response, causing decreased production 

of proteins essential for stress tolerance and resistance. It is important to note that there were 

differences in growth between the CL strain compared to the LE and WT strain when treated with 

the inhibitor. Given that we identified proteomic differences between the FLC-resistant strains, it 

is possible that the application of the inhibitor on the CL strain induced a different downstream 

response compared to the LE and WT. Therefore, a follow-up study investigating the proteomic 

profiles of the WT, LE and CL strain in the presence of the ClpX inhibitor should be performed. 

Interestingly, we observed that combining the ClpX inhibitor with FLC further reduces growth of 

FLC-resistant C. neoformans strains in comparison to its growth in the inhibitor alone, suggesting 

that the inhibitor may have a synergistic effect with FLC. A previous study on Bacillus anthracis 

found that combining a ClpX inhibitor with antibiotics, such as penicillin and daptomycin, worked 

synergistically to significantly reduce bacterial growth in both antibiotic-resistant and -susceptible 

strains (McGillivray et al., 2012), which supports our finding that FLC and the inhibitor may be 

acting in a synergistic manner.  

Overall, the data presented in this Thesis demonstrates that ClpX plays a role in facilitating 

antifungal resistance in C. neoformans. Strikingly, we also showed that a ClpX inhibitor can reduce 
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overall fungal growth and may be displaying a synergistic effect with FLC to reduce resistance in 

FLC-resistant strains, thereby restoring drug susceptibility in resistant C. neoformans. Inhibiting 

ClpX represents a novel therapeutic strategy to re-sensitize C. neoformans strains to readily 

available antifungal agents. Targeting ClpX has yet to be explored in C. neoformans, but a study 

assessing the effect of inhibition on Hsp90 compromised the permeability of the cell membrane, 

reduced capsular growth, inhibited growth at mammalian host temperature of 37°C, and increased 

susceptibility to FLC both in vitro and in vivo in mutants strains lacking HSP90 (Cordeiro et al., 

2016). The previously mentioned results, in combination with the data presented in this paper, 

shows the effectiveness in inhibiting HSPs for the development a novel antifungal target against 

cryptococcosis. However, more work must be conducted to better understand the mechanisms 

ClpX plays in antifungal resistance and assess its involvement in the regulatory pathways that 

influence virulence in C. neoformans.  

4.1 Future Directions 

This purpose of this work was to determine what facilitates FLC resistance in C. 

neoformans and identify a mechanism to reverse antifungal resistance. Our proteomic analysis 

determined that ClpX displays increased abundance in both FLC-resistant CL and LE strains. As 

determined through our antifungal susceptibility assays and phenotypic characterization, it is 

evident that ClpX plays a role in antifungal resistance and influences virulence factors, such as 

thermotolerance and melanin production. Additionally, inhibition and deletion of clpX impacts 

overall growth of fungal cells and may display a possible synergistic effect with FLC. This is a 

novel and crucial finding in our fight against the ever-increasing rates of fungal infections and the 

evolution and emergence of antifungal resistance. Our lab will conduct further studies to define 

how ClpX influences antifungal resistance.  
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To elucidate the mechanism of the ClpX inhibitor, a proteomic analysis should be 

conducted to identify changes in the proteome of C. neoformans after receiving treatment with the 

ClpX inhibitor. Here, the proteome of the WT and LE strains will be profiled after growth in the 

presence or absence of the ClpX inhibitor. Subsequently, a second proteomic analysis should be done 

to assess the proteomic changes in the clpX deletion strains. Proteins with significant changes in 

abundance in the absence of ClpX will be profiled to determine the downstream targets of clpX 

deletion. This approach will help in better defining the mechanism(s) of ClpX, as well identify any 

differences between the impact of gene deletion versus inhibition. Furthermore, the impact of both the 

ClpX inhibitor and clpX gene deletion, in the presence and absence of FLC, should also be assessed 

through in vitro assays of C. neoformans infection in BALB/c murine macrophages. Two experiments 

should be conducted in which the first will be to assess the effects of the inhibitor and the second would 

be to assess the effect of clpX deletion. First, WT and LE C. neoformans strains should be treated with: 

i) 64 μg/mL fluconazole; ii) 3 μM ClpX inhibitor; or iii) 64 μg/mL fluconazole and 3 μM ClpX 

inhibitor. This would allow us to properly assess the efficacy of the ClpX inhibitor within an in vitro 

model of infection. Additionally, a second experiment should be conducted to determine survival of 

the WT, LE, and clpXΔ strains in the presence and absence of FLC. It would also be valuable to conduct 

similar experiments in vivo to observe if the efficacy of the ClpX inhibitor or gene deletion of clpX 

could increase survival in murine models. Preliminary studies conducted by our lab have determined 

that the ClpX inhibitor is safe to use in vivo. Overall, these experiments would further our 

understanding behind the mechanisms of antifungal-resistance in C. neoformans and demonstrate if 

ClpX is a valuable therapeutic target to revert antifungal susceptibility. 
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APPENDIX 

Table A. Summary of all primer sequences. 

Name of Primer Role Sequence 

P1 ClpX forward primer for left 
arm 

AAAGCACTGGAACCGAACG 

P3 ClpX reverse primer for left 
arm 

CGAATCCTGCATGCTTATGTAA
GTTTAGGAGTGGATGGAGATG
GAA 

P4 ClpX forward primer for 
right arm 

ATCTTCATCACTCCTTGTCTCT
GAAAGTAATGGAGGTTCGCGT
GT 

P6 ClpX reverse primer for 
right arm 

ACTATTGGGGCAGAACTTGG 

P9 Forward primer for NAT 
resistance marker  

 CCATCCTTGTTGGTGCTGTA  

P10 Reverse primer for NAT 
resistance marker 

AGTAAGAGACGACAACGAATC
CTG  

SCRN_F ClpX forward screening 
primer for outside-outside 
diagnostic PCR 

AGTTTCCATAGCGGCAGTTG 

SCRN_R ClpX reverse screening 
primer for outside-outside 
diagnostic PCR 

CAGCGGAGAAGAAAGAATGG 

NAT_IN_R ClpX/NAT marker forward 
screening primer for inside-
outside diagnostic PCR 

 ATACGGCGGAGTAGTGGATG  

NAT_OUT ClpX/NAT reverse 
screening primer for inside-
outside diagnostic PCR 

GAGAGGCAGGTTGATTGAGC 

ClpX_NotI_Promoter
_F  

Forward primer with NotI 
Cut Site and promoter of 
ClpX  

AATT GCGGCCGC 
ACCGAAAGTAGAGCCGGTTT 

ClpX_NotI_R Reverse primer with NotI 
Cut Site and stop site of 
ClpX 

AATT GCGGCCGC 
AGGCAACCGTTCTTTTTCAA 

M13_F Forward screening primer 
for complementation strains 

GTAAAACGACGGCCAGT 

ClpX_PHP1_R Reverse screening primer 
for complementation strains 

TTTAGGAGTGGATGGAGATG 
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Figure AII. Agarose gel electrophoresis (1%) of diagnostic out-out PCRs of clpX mutants. 
(A) PCR screening test confirming the shift in bp size between the clpX in WT (lane 11; 2972 bp) 
and the potential clpXΔ-WT colonies (i.e., contain NAT marker with clpX deletion) (lane 9, 10; 
2188 bp). Lane 1 represents the 1 kilobase (kb) ladder, lanes 2-10 are gDNA of potential mutant 
strains, and lanes 11 and 12 are gDNA from H99 WT. (B) PCR screening test confirming the shift 
in base pair (bp) size between the clpX in WT (lane 12, 13; 2972 bp) and potential clpXΔ-LE 
colonies (i.e., contain NAT marker with clpX deletion) (lane 8, 9; 2188 bp). Lane 1 represents the 
1 kilobase (kb) ladder, lanes 2-11 are gDNA of potential mutant strains, and lanes 12 and 13 are 
gDNA from H99 WT.  
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Figure AII. Agarose gel electrophoresis (1%) of diagnostic in-out PCRs of clpX mutants. (A) 
PCR screening test confirming the insertion of NAT in the clpXΔ-WT colonies (lane 8, 9; 1912 
bp). Lane 1 represents the 1 kilobase (kb) ladder, lanes 2-11 are gDNA of potential mutant strains, 
and lanes 12 and 13 are gDNA from H99 WT. (B) PCR screening test confirming the insertion of 
NAT in the clpXΔ-LE colonies (lanes 2-10; 1912 bp). Lane 1 represents the 1 kilobase (kb) ladder, 
lanes 2-10 are gDNA of potential mutant strains, and lanes 11 and 12 are gDNA from H99 WT. 
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Figure AIII. Whole genome alignment of C. neoformans WT to clpXΔ-WT and LE to clpXΔ-LE. The Geneious platform was 
utilized to align reads and visualize alignments following Illumina sequencing. (A) Zoom-in of loci where CLPX is localized. WT and 
clpXΔ-WT1 and clpXΔ-WT2 are not properly aligned reflecting the insertion of NAT in place of CLPX in the mutant strains. (B) Zoom-
in of loci where CLPX is localized. WT and clpXΔ-LE1 and clpXΔ-LE2 are not properly aligned reflecting the insertion of NAT in place 
of CLPX in the mutant strains. 
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Figure AIII. continued 
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Figure AIV. Agarose gel electrophoresis (1%) of diagnostic PCRs of clpX complementation 
strains. (A) Out-Out PCR screening test confirming presence of ClpX complemented in pHP1 
plasmid in E. coli transformants (Lane 6,7; Expected size: 3459 bp). Lane 1 represents the 1 
kilobase (kb) ladder and lanes 2-9 are mini prepped DNA of potential positive E. coli 
transformants (B) In-out PCR screening test confirming presence of ClpX complemented in 
pHP1 plasmid in C. neoformans colonies following biolistic transformation (Lane 2-10; 
Expected size: 1177 bp). Lane 1 represents the 1 kilobase (kb) ladder and lanes 2-10 are mini 
prepped DNA of WT and LE complementation strain. 
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