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ABSTRACT 
 
 
 

ANALYZING THE ROLES OF THE ESSENTIAL GENE TRA1 AND THE NOVEL 
EXTRACELLULAR VESICLE EVP1 IN REGULATING MORPHOGENESIS AND THE 
ANTIFUNGAL DRUG RESISTANCE RESPONSE IN THE OPPORTUNISTIC FUNGAL 

PATHOGEN CANDIDA ALBICANS 
 
 
 
Iqra Razzaq                                                                                   Advisor: Dr. Rebecca Shapiro  
University of Guelph, 2021 
 
 
 

Candida albicans is the leading cause of candidiasis, a systemic bloodstream infection 

with 40% mortality. The role of the essential gene TRA1 in C. albicans has not previously been 

studied. Using CRISPR strategies, we introduced three arginine to glutamine point mutations 

into TRA1, generating a tra1Q3 mutant. Phenotypic profiling of tra1Q3 revealed that the mutant is 

highly azole resistant, while subsequently demonstrating hypersensitivity to cell wall stressors, 

demonstrating an example of collateral sensitivities within fungi. RNA-seq analysis of tra1Q3 

revealed 289 differentially expressed genes between tra1Q3 and the WT. From this data, we 

identified and further explored the gene Orf19.6741, which has not been studied in literature, and 

created a novel ΔOrf19.6741 knockout mutant Δevp1. Both tra1Q3 and ∆evp1 demonstrated 

impaired filamentation and biofilm formation, antifungal sensitivity, and reduced macrophage 

evasion. Together, this work demonstrates the novel cellular roles of two previously 

uncharacterized genes in C. albicans. 
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1. Introduction  

1.1. Global Relevance of Fungal Pathogens 
 

Fungal pathogens have historically been overlooked and understudied compared to 

pathogenic bacteria and viruses. However, with the advent of medical technology and an ever-

growing immunocompromised and aging population, fungal infections are an emerging global 

health crisis which can no longer be overlooked. Fungal diseases can range from mild or 

superficial infections, such as skin, nail, or hair infections, which impacts roughly 1.7 billion 

people or 25% of the global population (Brown et al., 2012; Havlickova et al., 2008), to severe 

systemic candidiasis. Of these incidents of severe candidiasis, over 1.5 million fungal infections 

result in mortality (Bongomin et al., 2017). The mortality rate of fungal infections is similar to 

tuberculosis (approximately 1.6 million annual deaths) and is three times greater than the number 

of deaths associated with malaria (Bongomin et al., 2017). Usually, prevalence of death due to 

fungal infection more severely impacts high risk populations, such as the elderly, premature 

babies, or immunocompromised individuals, including those who have recently undergone 

surgery or organ transplantation, or individuals with another underlying health condition, such as 

HIV/AIDS, tuberculosis, cancer, COPD (Chronic Obstructive Pulmonary Disease), or asthma 

(Bongomin et al., 2017). As individuals with underlying health conditions are more susceptible 

to fungal diseases, an increase in cancers, HIV/AIDs, asthma, and many other conditions have 

also been associated with an increase in fungal infections and mortality in both the developing 

and developed world. Examples of this include HIV/AIDs patients suffering recurrent 

vulvovaginal candidiasis and being at higher risk for cryptococcal meningitis or cystic fibrosis 

and asthma patients facing complications due to ABPA (Allergic Bronchopulmonary 

Aspergillosis), which is triggered by hypersensitivity to Aspergillus antigens.  
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Global incidents of fungal infections have overall increased. According to 2017 

estimates, there were 134 million cases of vulvovaginal candidiasis, which affects 70-75% of 

women at least once in the lifetime, over 10 million global reported cases of fungal asthma, 

which is typically caused by fungal infection of the lung by Aspergillus fumigatus (Denning et 

al., 2014), 3 million annual cases of chronic pulmonary aspergillosis (CPA), which results in 

80% mortality within 5 years of infection if left untreated (drops to 15% mortality with 

treatment), 1-1.2 million cases of fungal keratitis (infection of the cornea which can cause 

blindness), 1 million cases of cryptococcal meningitis, which spikes to a 55-70% mortality when 

combined with immunosuppression by HIV/AIDs due to deficits in CD4+ lymphocytes (Brown 

et al., 2012), roughly 700,000 cases of severe invasive candidiasis (severe systemic tissue and 

organ invasion), over 500,000 cases of pneumonia caused by Pneumocystis jirovecii, almost 

250,000 cases of invasive aspergillosis (50% mortality if diagnosed and treated, 75% mortality 

combined with COPD, almost 100% fatality if left untreated), and 100,000 cases of disseminated 

histoplasmosis, a type of fungal lung infection caused by inhaling Histoplasma capsulatum 

spores.  

Many deaths due to fungal infections may be avoidable if the patient is accurately 

diagnosed early on and treated with the appropriate antifungals, but delayed or no treatment of 

the infection can result in severe consequences such as blindness, chronic illness, or death 

(Bongomin et al., 2017). It is estimated that 80% of patients with fungal infections could be 

prevented from dying if the appropriate diagnostic tools for early detection of disease and 

clinical treatments, including potent antifungals, were made universal. However, socio-economic 

and geo-economic factors play a role in impacting patient accessibility to care. Often in the 

developing world, there is a lower quality of diagnostic tools available due to lack of 
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affordability, as well as a lack of potent antifungals and effective treatment options, usually 

resulting in higher mortality rates compared to the developed world. Even in the developed 

world, many fungal diagnostic tools are poor, especially from culture, and lack sensitivity; 

culture-based diagnostics are also often slow, making early disease detection challenging. For 

example, blood culture assays are only sensitive enough to detect 50% of invasive candidiasis 

cases; the rate of sensitivity drops to almost undetectable levels for invasive aspergillosis (Brown 

et al., 2012).  

In addition to poor diagnostic tools, there are currently no antifungal vaccines clinically 

available which target fungal agents or prevent fungal disease (Nami et al., 2019). Although 

some efforts have previously been made in the development of antifungal vaccines, none have 

passed clinical trials or obtained approval by the FDA (Food and Drug Administration of the 

United States) due to several challenges: lack of funding, inability to carry out efficiency trials 

outside of animal models, combatting diminished vaccine response in immunocompromised 

populations (the main group at risk of fungal infections), and lack of adjuvants which directly 

encite a strong CD4+ T-cell response for fungi (Brown et al., 2012; Nami et al., 2019). All of the 

above not only highlights the importance of studying fungal infections, but also demonstrates the 

vitality of developing better diagnostic tools for early disease intervention, researching the 

development of preventative measures, such as clinically approved vaccines, and ensuring 

reliable antifungal treatment options are universally available for use.  

2. Candida albicans 

2.1 Global Significance and Candidiasis 
 

Candida species are responsible for the majority (90%) of invasive fungal infections 

(Dadar et al., 2018). Candidiasis can be defined as a condition of severe invasive fungal 
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overgrowth and proliferation, with over 700,000 global cases reported annually (Brown et al., 

2012). The most common form of invasive candidiasis is candidaemia (bloodstream infection), 

which is associated with a shockingly high mortality rate estimated to be 40% in the developed 

world (Bongomin et al., 2017; Dadar et al., 2018; Nami et al., 2019), and up to 65-75% in the 

developing world (Brown et al., 2012; O’Leary et al., 2018). Variation in the mortality rates is 

due to several factors, some of which include the type of tissue/area most predominantly affected 

by the infection, how early the disease was identified and treated with antifungals, age of the 

patient, and if the patient also suffers from other health conditions (O’Leary et al., 2018).   

Candida species are also the most common cause of hospital-acquired nosocomial 

bloodstream infections in the UK and the fourth most common cause in the US (Nami et al., 

2019), with a global rate of over 400,000 bloodstream infections reported annually; this is of 

importance as approximately 50% of candidaemia cases have been linked to a nosocomial or 

ICU (Intensive Care Unit) setting, which may be due to the fact that most patients administered 

to the ICU are in a state of physical trauma or immunodeficiency (Pappas et al., 2018). There are 

several risk factors associated with ICU stay which have been associated with increased 

probability of invasive candidaemia. Some of the most common include prolonged ICU stay, 

assisted ventilation, use of an indwelling catheter or other embedded medical devices, total 

parenteral nutrition, or any type of dialysis (Ostrosky-Zeichner et al., 2007; Playford et al., 

2009). Many nosocomial issues caused by Candida species are due to their ability to form 

multidrug resistant biofilms on medical devices, which are difficult to detect and remove 

(Shapiro et al., 2011; Sharma et al., 2019). The ability of Candida species to form these 

problematic biofilms and the issue of antifungal drug resistance and multidrug resistant (MDR) 

strains will be further expanded upon in later sections. The financial burden of candidaemia is 
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estimated to be $40,000 per patient (in the United States) while the total annual burden of 

treating invasive fungal infections (within the US) is estimated to be between $2.6-4 billion 

dollars (Dadar et al., 2018; Pappas et al., 2018).  

There are over a dozen pathogenic species of Candida; some prevalent Candida 

pathogens include C. albicans, Candida glabrata, Candida auris, an emerging MDR pathogen of 

global concern (Chowdhary et al., 2017; Clancy and Nguyen, 2017; Jeffery-Smith et al., 2018; 

Lockhart et al., 2017), Candida parapsilosis, Candida tropicalis, and Candida krusei (Dadar et 

al., 2018; Pappas et al., 2018). Of these species, C. albicans is the most common cause of 

disease. C. albicans is responsible for 47% of reported cases of invasive candidiasis, followed by 

24% for C. glabrata and 8% for C. parapsilosis (Dadar et al., 2018), highlighting the global and 

clinical relevance of C. albicans.  

C. albicans is a polymorphic, parasexual, opportunistic fungal pathogen, which normally 

acts as a commensal organism present in the human gut microbiota. It is able to adapt to a 

diverse range of niches within the human body, including the oral cavity and vaginal epithelium. 

It colonizes mucosal surfaces and can be detected in approximately 60-70% of healthy adults 

(Kullberg and Arendrup, 2016; McCarty and Pappas, 2016); due to this unique relationship as a 

commensal pathogen, C. albicans is well-adapted to environmental changes within the human 

body and has evolved adaptive mechanisms which allow it to survive even under conditions of 

stress, such as limited nutrient availability or fluctuations in pH levels. Within a healthy host, 

proliferation of C. albicans may occasionally cause superficial infections, such as oral thrush, 

skin or nail infections, sinus infections, urinary tract infections, and vaginal yeast infections. 

However, in situations where the host has become severely immunocompromised or the gut 

microbiota has been disrupted due to changes in the cellular environment (microbial dysbiosis), 
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C. albicans may abnormally proliferate, triggering a cascade of virulence factors which cause the 

organism to switch from a commensal to opportunistic pathogenic state (Fan et al., 2015; Gow et 

al., 2011); this begins the process of mucosal candidiasis. Breaches in the mucosal lining or the 

intestinal barrier can allow C. albicans to enter the bloodstream of the patient (invasive 

candidiasis), allowing the pathogen to disseminate to almost any tissue or organ system; 

Examples of this include dissemination to the heart (Candida endocarditis), brain or spinal cord 

(fungal meningitis), lungs (pulmonary candidiasis), bone (Candida osteomyelitis), eyes (Candida 

endophthalmitis), liver, kidneys, and spleen (hepatosplenic candidiasis).  

It is important to recognize the nuances present between mucosal and invasive 

candidiasis, as they are distinct pathophysiological states with unique host immune responses. 

For instance, the main immune response in mucosal candidiasis consists of lymphocytes, 

specifically T Helper 17 (TH17) differentiation. In contrast, immunity against invasive 

candidiasis is centered around myeloid phagocytes such as neutrophils, monocytes, 

macrophages, and dendritic cells (Netea et al., 2015). Further details of host-pathogen 

interactions will be explored in section 2.4.  

2.2 Morphological Plasticity: Yeast, Pseudohyphae, Hyphae, and Chlamydospores 
 

C. albicans is highly versatile and adaptive. It is able to undergo dramatic morphological 

changes, triggered by changes in environmental cues, which allow it to switch from unicellular 

yeast cells, which confer an advantage when disseminating through the bloodstream to various 

tissue or organ systems, to a multicellular and filamentous hyphal form with upregulated 

virulence factors, providing an advantage in adhering to surfaces, tissue invasion, and beginning 

the process of biofilm formation. Although the filamentous form of C. albicans has more highly 

upregulated virulence factors, both the yeast and hyphal forms appear to play critical roles in the 
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development of invasive disease; various studies have found that mice infected with C. albicans 

mutant strains locked into either yeast or filamentous form demonstrated reduced virulence and 

impaired disease progression, highlighting the importance of being able to undergo morphogenic 

transitions in both directions (Lo et al., 1997; Murad et al., 2001; Noble et al., 2017).  

The morphological plasticity which confers C. albicans the ability to freely switch 

between these two very distinct forms also confers additional advantages as a pathogen and 

assists effective dissemination and colonization of new environments while simultaneously 

allowing for immune evasion. Yeast and hyphae have a unique surface composition; both 

express different levels of chitin (an N-acetylglucosamine polymer and a major component of 

fungal cell walls), glucans, and mannoproteins within their cell wall, thus promoting evasion and 

making it more difficult for the innate immune system to mount an efficient response (Jiménez-

López and Lorenz, 2013; Luo et al., 2013; Sasse et al., 2013). The intricacies of the host-

pathogen immune response will be further elaborated upon later (section 2.4). Classically, C. 

albicans is known to take on four major morphological forms: yeast cell, pseudohyphae, hyphae, 

and chlamydospores. Of these, yeast cells and hyphae have been well characterized, while less is 

known about pseudohyphae and chlamydospores. In addition to the traditional morphologies 

which have been previously identified, new research has also identified new cell types including 

white and opaque cells, grey cells, and GUT (Gastrointestinally Induced Transition) cells, which 

are induced upon transition to a gastrointestinal environment. A total of nine unique cell 

morphologies have been identified, which are specific to different niches within the human body, 

each corresponding with differing virulence potential, modes of division, and transcriptional 

regulatory and signaling pathways. However, to remain within the confines of what is relevant 

for this thesis, only the classical four major morphological forms will be elaborated upon further.  
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2.2.1 C. albicans Yeast Cells are Similar to the Fungal Model S. cerevisiae   
 

 The unicellular form of C. albicans, known as yeast cells or white cells, are 

morphologically similar to the model fungal organism Saccharomyces cerevisiae. They are 

typically round or oval shaped and white in colour. Similar to S. cerevisiae, C. albicans yeast 

cells divide through the process of budding, a form of asexual reproduction (Perry et al., 2020; 

Sun et al., 2015). Daughter cells develop as protrusions on the surface of the mother cell. After 

the completion of cytokinesis, daughter cells depart by nuclear division occurring at the junction 

connecting the mother-daughter cells, causing “budding” and the formation of a new unicellular 

yeast cell genetically identical to the original mother cell.  

Yeast are traditionally thought to be the morphological form which C. albicans uses to 

disseminate through the bloodstream and effectively spread to new tissue or organ systems, 

before undergoing morphogenesis into hyphae for cellular adherence and penetration. Yeast are 

unable to penetrate or damage epithelial cells and only colonize the surface of tissues, thus 

triggering little to no inflammatory response from the host compared to hyphae, which secrete 

many virulence factors and are invasive.    

Surprisingly, a 2003 study using C. albicans mutants locked into yeast morphology, with 

a tetracycline-inducible promoter for the gene NRG1 (negative filamentation regulator), to infect 

mice models were still capable of escaping from blood vessels and penetrating host tissue 

systems (Saville et al., 2003), inferring that the mutants retained pathogenic potential and that the 

role of yeast cells may be more complex than originally assumed. Despite their ability to 

establish infection, yeast-locked mutants were unable to kill their host, contrary to mice infected 

with wild-type C. albicans, inferring that morphogenesis between yeast and hyphal forms is 

required for full virulence.  
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2.2.2 C. albicans Pseudohyphae are an “Intermediate” Stage Between Yeast and 
Hyphae  

 
 Pseudohyphae are unique ellipsoid-shaped cells which share properties of both yeast and 

hyphae. The status of pseudohyphae as a distinct morphology of C. albicans is somewhat 

controversial, as there is debate regarding whether these cells are a terminal cell type or simply 

an intermediate which occurs as C. albicans transitions from its yeast to hyphal form. Part of this 

speculation is due to the lack of known in vitro conditions which specifically generate stable and 

pure pseudohyphae populations (Berman, 2006; Noble et al., 2017), as they are usually observed 

in mixed populations containing both yeast and hyphal cells.  

Similar to yeast cells, when pseudohyphae undergo cellular division nuclear division 

occurs at the junction between mother-daughter cells. However, following cytokinesis, 

pseudohyphae emulate hyphal cells; daughter cells remain attached to the mother cell instead of 

budding. However, unlike hyphae, pseudohyphae do not form long, filamentous structures and 

are closer in appearance to elongated yeast cells. Furthermore, unlike hyphae, the junctions 

separating mother-daughter cells do not disappear and instead form visible indentations which 

act as a visual divider. Pseudohyphae appear as several separate elongated yeast cells which 

happen to be connected, rather than one extremely long and fine filament.    

2.2.3 C. albicans Hyphae Properties and Hyphal Formation  
 

Hyphae are thin tube-shaped cells, approximately 2μl in size (Berman, 2006). Exposure 

to certain environmental stimuli, such as serum, high CO2 levels, nutrient or iron depletion, or 

presence of N-acetylglucosamine trigger Efg1 promotion, which in turn activates signalling 

pathways which signal yeast-to-hyphae morphogenesis (Stoldt, 1997). Unlike yeast cells, hyphae 

do not bud or depart from the mother cell during replication, and instead experience continuous 
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growth by remaining attached after cytokinesis (Noble et al., 2017). This elongation continues 

through each subsequence cell division cycle, eventually producing extremely long and branched 

multicellular filamentous structures, known as mycelia. This continuous growth is enabled by the 

spitzenkörper, a pleomorphic, multicomponent organelle specific to fungal hyphae and not found 

within C. albicans yeast or pseudohyphae (Riquelme and Sánchez-León, 2014).  

The spitzenkörper is thought to serve as a control center for hyphae growth and 

determines the direction of growth, as well as hyphal morphology. It is present at the tips of 

hyphae, also known as the hyphal apex, within the apical dome. It is composed of ribosomes, 

suggesting protein synthesis occurs directly at the hyphal apex, actin microfilaments, many 

layers of secretory vesicles which flow both in and out of the spitzenkorper, clusters of 

microvesicles and microvesicles, and a poorly understood granular material. Each layer of 

vesicles is composed of an actin cytoskeleton and contains distinct enzymes required for cell 

wall synthesis; some of these enzymes are also secreted into the extracellular space of the 

expanding plasma membrane. Microvesicles converge and concentrate at the core of the 

spitzenkörper, which is believed to serve as the localization site of chitin synthesis. The 

spitzenkörper works in conjunction with the polarisome complex and exocyst to regulate the 

growth of the hyphal tip (Jones and Sudbery, 2010; Riquelme and Sánchez-León, 2014).  

The polarisome is a multiprotein complex which directs the localization of and nucleation 

of actin microfilaments in filamentous fungi (Xie et al., 2019). The complex is dynamic and 

changes in both size and protein density during polarized growth. Polarisome proteins are 

intrinsically disordered proteins which lack a fixed structure and exist with a non-membranous 

zone. They recruit actin via actin nucleation factors (NFs) in response to environmental stimuli, 

which in turn triggers various signal transduction pathways which regulate polarized growth. In 
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some fungal species, such as N. crassa and Ashbya gossypii, the polarisome partially co-localizes 

with the spitzenkörper core within the hyphal dome. However, within C. albicans, the 

polarisome and spitzenkörper are believed to be distinct structures. Currently, the molecular 

mechanisms by which polarisome proteins and NFs regulate actin assembly, after concentrating 

within the non-membranous compartment, especially under stress conditions, is poorly 

understood.  

Finally, the exocyst is a conserved octameric complex. Vesicles are tethered to sites of 

exocytosis by the exocyst complex before recognition by SNARE proteins and transport to 

various regions of the plasma membrane. It has been proposed that the exocyst complex 

regulates exocytosis and endocytosis and assists in hyphal formation by preventing exocytosis 

occurring at locations other than the hyphal apex. Effectively, the diffusion of apical proteins to 

the subapical collar is prevented, thus concentrating the fusion of vesicles to the apical plasma 

membrane of the hyphal tip. A 2013 study created a 3D model for hyphal growth in C. albicans 

to specifically quantify the importance of regulating exocytosis and endocytosis (Caballero-Lima 

et al., 2013). Their study found that a stable hyphal form could only be simulated when the 

plasma membrane of the subapical actin collar was devoid of cell wall synthesizing enzymes, 

thus reenforcing the idea that the exocyst contributes to hyphal formation through regulation of 

exocytosis.  

Hyphae are invasive on solid media and known to demonstrate thigmotropism, a 

directional response which helps the cell sense surface irregularities, thus allowing it to obtain 

topographical guidance cues from its environment. Additionally, hyphae are known to express 

numerous virulence factors, some of which include adhesin proteins (i.e. Hwp1, Als3, Als10), 

antioxidation defence proteins (i.e. Sod5), tissue degrading enzymes (i.e. Sap4, Sap5, and Sap6) 
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and peptide toxins (Ece1). Through a combination of secreted degradation enzymes and physical 

force, hyphae can actively penetrate epithelial cells, causing cellular damage which triggers the 

host immune response and host pro-inflammatory signalling pathways (Noble et al., 2017).  

2.2.4 C. albicans Chlamydospores are Theorized to be Similar to Short-Lived 
Vegetative Spores  

 
 Chlamydospores have been observed to occur in only two Candida species, both of 

which are human commensals and opportunistic pathogens: C. albicans and its closely related 

partner C. dubliniensis. They are large, spherical, asexual, dormant spores, approximately 7-12 

μm in diameter or approximately 3 to 4 times larger than C. albicans yeast cells and possess 

extremely thick 400 nm cell walls (Böttcher et al., 2016). Chlamydospores contain large 

quantities of RNA and lipid globules in their core, of which their function is unknown (Staib and 

Morschhäuser, 2007). Similar to blastospores, the center of chlamydospores appears to contain a 

large vacuole and cytoplasmic organelles, including an abundant amount of mitochondria and 

ribosomes; however, the abundance of mitochondria and ribosomes appears to decrease over 

time as chlamydospores age and are not detectable after 14 days (Miller et al., 1974; Shannon, 

1981; Staib and Morschhäuser, 2007), inferring that unlike vegetative spore, chlamydospores are 

fairly short-lived. Using electron microscopy, it can be seen that the thick cell wall of 

chlamydospores is double layered, and consists of a thin outer layer composed of β-1,3-glucan 

and minor amounts of chitin, and an electron-dense thicker inner layer composed of protein 

(Staib and Morschhäuser, 2007). It is presumed the thickness of the cell walls provide 

chlamydospores with protection against harsh environmental stressors, such as hypoxia, osmotic 

stress, and starvation, but the structure and composition of chlamydospore cell walls has yet to 

be well studied and characterized (Ingle et al., 2017). Environmental stressors, specifically 
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limited nutrient availability and low oxygen, triggers promotion of Efg1 (Kadosh and Johnson, 

2005), which in turn signals chlamydospore secretion from specialized suspensor cells; 

suspensor cells are elongated cells located at the end of hyphae or pseudohyphae filaments 

(Navarathna et al., 2016; Staib and Morschhäuser, 2007). Nuclear division occurs within the 

parent suspensor cell in a manner similar to budding for yeast cells, while the nucleus of the 

progeny migrates to attached immature chlamydospore (Noble et al., 2017). A septum forms 

between the parent suspensor cell and nascent chlamydospore, but at no point do the cells 

separate; the chlamydospore remains contiguous, with the thin outer layer of its cell wall 

touching the wall of the suspensor cell (Staib and Morschhäuser, 2007). C. albicans forms only 

one chlamydospore per suspensor cell, while C. dubliniensis is able to readily form multiple 

(usually 2-3) chlamydospores per suspensor cell (Navarathna et al., 2016).     

Chlamydospores are able to survive in harsh environments by dramatically decreasing 

their metabolic activity; when environmental conditions return to a favourable state, they 

upregulate metabolic activity and germinate to form hyphae  (Navarathna et al., 2016; Staib and 

Morschhäuser, 2007). The signalling pathways regulating chlamydospore formation are still not 

fully understood (Ingle et al., 2017), but the gene EFG1 has been identified as one of the major 

transcriptional regulators required for chlamydospore formation (Sonneborn et al., 1999), as well 

as morphogenesis to hyphae (Sonneborn et al., 1999). Additional signalling regulators and genes 

of interest include OLE1, HOG1, and NRG1 (Alonso-Monge et al., 2003; Staib and 

Morschhäuser, 2005). A recent 2013 study also found that the cell wall proteins Csp1p and 

Csp2p are specifically induced during chlamydospore production (Palige et al., 2013). 

Additionally, a 2003 study found that deletion of the gene ISW2 completely inhibited 

chlamydospore production in C. albicans (Nobile et al., 2003). Furthermore, Isw2p, the ortholog 
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of ISW2 in S. cerevisiae, is known to control and initiate sporulation in S. cerevisiae. A newer 

2016 study found that deletion of ISW2 in C. albicans did not completely inhibit chlamydospore 

formation in vivo, but rather inhibited the production of suspensor cells, which in turn affected 

chlamydospore development (Navarathna et al., 2016); some chlamydospore formation still 

occurred in certain conditions (Staib agar), despite the absence of suspensor cells, thus 

contradicting the idea that suspensor cells are required for chlamydospore formation (Navarathna 

et al., 2016). The study also found ISW2 deletion downregulated NRG1, and significantly 

reduced virulence and pathogen survival in infected mouse kidneys (Navarathna et al., 2016), 

implying that chlamydospores may have a role to play in C. albicans immune evasion and 

pathogenesis. However, despite these initial findings, chlamydospores have rarely been observed 

in clinical infections (Noble et al., 2017; Staib and Morschhäuser, 2007), and the biological 

function of chlamydospores, especially in the context of host infection and disease, still remains 

largely undefined.    

2.3 Biofilm Formation  
 

Biofilms are the most common state of growth for most microorganisms; they are highly 

structured and densely packed microbial communities encased by an extracellular matrix, which 

adhere to both biotic (epithelial layer, tissues, and organs) and abiotic (implanted medical 

devices, such as catheters, dentures, and prosthetic devices) surfaces (Perry et al., 2020). C. 

albicans biofilms are robust and demonstrate a high degree of antifungal drug resistance, as well 

as resilience against host immune responses (Gulati and Nobile, 2016), which makes treatment 

of Candida infections increasingly challenging (Perry et al., 2020). Biofilms can also act as 

protective reservoirs which shield the cells within from environmental and chemical stresses, the 

host immune response, and help maintain a persistent infection within the host (Nobile and 
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Johnson, 2015). Most biofilms discussed in literature refer to “conventional” or asexual biofilms 

formed by heterozygous MTLa/α strains (Lohse et al., 2018). However, specialised sexual 

biofilms comprised of hemizygous (MTLa/Δ or MTLα/Δ) and homozygous (MTLa/a or MTLα/α) 

populations, which are usually less robust than asexual biofilms but may serve as a unique, 

protective environment for C. albicans to increase genetic diversity through high frequency 

mating and the parasexual cycle, have also recently come to light (Daniels et al., 2006; Park et 

al., 2013). Sexual and asexual biofilms, though structurally similar, are regulated by different 

transcriptional networks and signalling pathways (Park et al., 2013).  

     The process of C. albicans biofilm formation can largely be divided into four major 

segments: adherence, initiation, maturation, and dispersion (Gulati and Nobile, 2016; Nobile and 

Johnson, 2015). To begin, free-floating planktonic yeast cells begin attaching to either an abiotic 

or biotic surface (Figure 1); the cells accumulate and proliferate through a combination of 

repeated cellular division and quorum sensing (a form of microbial communication which 

facilitates recruitment of neighbouring cells, signalled via secretionary particles or soluble 

quorum sensing molecules, when the cellular population has reached an appropriate threshold 

(Shchepin et al., 2003), creating a basal layer which serves as the structural integrity and anchor 

for the biofilm to remain firmly adhered to its substrate. Several early and late adhesin genes, 

which encode proteins containing glycosylphosphatidylinositol (GPI) anchors, are upregulated to 

assist in basal layer formation and biofilm adherence to the substrate. Although less is 

understood about late adhesion genes, five early adhesions have been identified as vital for 

biofilm formation: ALS1, ALS2, ALS3, MSB2, and EAP1 (Dranginis et al., 2007; Finkel et al., 

2012; Li et al., 2007; Sundstrom, 2002; Zhao et al., 2005).      
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Following establishment of the basal layer, cells at the top of the layer subsequently 

begin to divide and undergo morphogenesis producing both pseudohyphae and hyphae. 

Pseudohyphae and hyphae extend away from the substrate and basal layer, providing additional 

architectural support as a scaffold for various components of the growing biofilm. Under most in 

vitro conditions, the biofilm is deemed mature at approximately 24 hours, after creating a firm 

structure composed of yeast, pseudohyphae and hyphal cells, as well as an extracellular matrix, a 

protective barrier which provides both structural integrity and protection for the biofilm from 

mechanical forces and environmental stressors, including antifungals. The extracellular matrix is 

a complex material engineered using approximately 25% carbohydrates (mostly β-1,6-glucan 

polysaccharides, ɑ-mannan, and β-1,3-glucan), 55% glycoproteins, 15% lipids, and 5% nucleic 

acids (Zarnowski et al., 2014); the matrix surrounds all of the cells within the biofilm and 

contains over 500 proteins, most of which are enzymes, as well as some remnants of lysed cells 

(Zarnowski et al., 2014). The role of these extracellular enzymes has not been experimentally 

validated, but it is assumed they contribute to nutrient acquisition through digestion of cellular 

components (Zarnowski et al., 2014).  

Once a mature biofilm has been established, new daughter cells, in the form of yeast, bud 

from hyphae and disperse from the biofilm. Now returned to their planktonic state, the cells 

disseminate to establish a new biofilm elsewhere, thus contributing to the spread of C. albicans 

within the host and systemic disease progression (Andes et al., 2004; Lohse et al., 2018; Nobile 

and Johnson, 2015; Perry et al., 2020). Interestingly, compared to standard planktonic cells, yeast 

cells secreted from mature biofilms appear to possess enhanced virulence and adhesion 

capabilities, presumably for the formation of new biofilms (Uppuluri et al., 2010). Additionally, 

some studies have found that the rate of cellular dispersion from the biofilm is influenced by 
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nutrient availability, with a nutrient-rich environment facilitating greater dispersion rates and a 

nutrient-poor environment yielding reduced dispersion (Sellam et al., 2009a; Uppuluri et al., 

2010). Genetically, dispersion has been linked to the transcriptions factors Ume6, Nrg1 and 

Pes1; overexpression of UME6 has been linked to reduced dispersal rates, while overexpression 

of NRG1 and PES1 increases cellular dispersion (Sellam et al., 2009a; Uppuluri et al., 2010).   

 

Figure 1: Formation of mature C. albicans biofilm.  Formation of the biofilm begins with 
yeast cells adhering to a biotic or abiotic surface and accumulate through proliferation and 
recruitment of other yeast cells via quorum sensing, thus forming a basal layer. Following 
this, initiation of biofilm formation triggers morphogenesis of yeast cells to hyphae and 
pseudohyphae. After approximately 24 h, the biofilm reaches maturation, characterized by 
the presence of an extracellular maxtric and a dense cellular cluster comtaining a mixture 
of yeast, mature hyphae, and pseudohyphae. Finally, the cycle repeats upon dispersion of 
free-floating yeast cells into the external environment, which will disseminate to form a new 
biofilm elsewhere.  
 

     Over 50 transcriptional regulators for C. albicans biofilm formation have been 

discovered (Chen and Lan, 2015; Fox et al., 2015; Ghosh et al., 2015; Nobile and Johnson, 2015; 

Nobile et al., 2012). Genetic screens and targeted deletions have helped to identify nine main 

transcriptional regulators required for biofilm formation: Efg1 (deletion produced extremely thin 
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biofilms), Bcr1 (deletion produced biofilms lacking hyphal cells, due to hyphae being unable to 

adhere to each other), Brg1, Gal4, Flo8, Tec1, Rob1, Ndt80 (deletion moderately reduced 

biofilm thickness), and Rfx2 (deletion produced abnormally thick biofilms) (Fox et al., 2015; 

Nobile and Mitchell, 2005; Nobile et al., 2012). These nine regulators form a complex 

transcriptional network controlling each other, as well as up to an additional 1,000 genes 

required for biofilm formation, or for specific biofilm-related functional characteristics, such as 

hyphal growth and drug resistance (Fox et al., 2015; Nobile et al., 2012). Unfortunately, the 

function of many genes controlled by these transcriptional networks are either unknown or 

poorly characterized, as there are no known homologs. It is presumed that many of the genes 

involved in biofilm formation are relatively novel genes which were either evolved or acquired 

through horizontal gene transfer after the Candida clade diverged from a non-pathogenic 

ancestor and transitioned to a mammalian opportunistic pathogen (Nobile et al., 2012).  

 C. albicans biofilms are extremely resistant to antifungal drugs; antifungal 

concentrations which are effective against planktonic cells are often ineffective against biofilms, 

while prescribing a patient with a drug concentration high enough to be effective against biofilms 

may be toxic or result in negative clinical outcomes, such as liver or kidney damage  (Fiori et al., 

2011). There are a number of factors which may explain the enhanced antifungal resistance 

properties of biofilms compared to planktonic cells, some of which have been attributed to the 

protective features of the extracellular matrix, which directly sequesters antifungals to decrease 

exposure of the drug to cells within the biofilm (Taff et al., 2012), and upregulated expression of 

drug efflux pumps, which are expressed even in the absence of drug. C. albicans uses two main 

classes of efflux pumps: ATP-Binding Cassette (ABC) transporters and Major Facilitator (MF) 

superfamilies (Mukherjee et al., 2003; Ramage, 2002). Examples include CDR1, CDR2, and 
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MDR1 (Prasad et al., 2016a). Efflux pumps and mechanisms of drug resistance used by C. 

albicans will be further elaborated on in Section 6. 

Due to the tendency of C. albicans to form these drug resistance biofilms on implanted 

medical devices, such as catheters, heart valves, and pacemakers, and a lack of effective 

antifungal treatment options, patients suspected to have biofilm-contaminated devices are often 

subjected to a second invasive procedure; standard clinical practise is to remove and replace the 

medical device, rather than prescribe antifungals. In situations where the patient is too critically 

ill to undergo a second procedure, clinicians are often left with little to no treatment options 

(Pappas et al., 2009). The global crisis of antifungal drug resistance will be further elaborated 

upon in Section 4.    

2.4 Host-Pathogen Immune Response  
 
 The recognition of a fungal infection by the host immune response begins with 

membrane-bound Pattern Recognition Receptors (PRRs), such as Toll-like Receptors (TLRs) 

and C-type Lectin Receptors (CLRs), on the surface myeloid phagocytes (monocytes, 

macrophages, and dendritic cells) recognizing the presence of excellular or intracellular 

Pathogen-Associated Molecular Patterns (PAMPs) of an invading Candida species (Netea et al., 

2006; Pappas et al., 2018). Monocytes and macrophages are capable of phagocytosis, allowing 

them to engulf C. albicans and display their PAMPs on their surface; engulfment or recognition 

of C. albicans triggers complex host signalling cascades, such as the complement system, 

resulting in the production of pro-inflammatory cytokines and chemokines (IFNγ, IL-1β, IL-17) 

which triggers further recruitment of additional phagocytes, neutrophils, activation of TH helper 

cell responses, and production of Reactive Oxygen Species (ROS) which eliminate C. albicans 

via oxidative stress (Drummond and Lionakis, 2016; Netea et al., 2015). In particular, early 
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neutrophil recruitment (within 24-48 hours of infection) to sites of infection appears to be a 

critical threshold for clearance of C. albicans infections. Within this timeframe, if sufficient 

numbers of neutrophils have been recruited, the infection is successfully controlled, but failure to 

do so results in insufficient host defense and systemic spread of the infection (Lionakis et al., 

2011; Romani et al., 1997).        

2.4.1 C. albicans Immune Evasion Strategies   
 

C. albicans is able to use its morphogenic plasticity for numerous adaptive advantages, 

including evasion of host immune responses by escaping phagocytosis by macrophages and 

neutrophils. Upon engulfment, phagocytosis triggers transcriptional upregulation of the 

gluconeogenesis and glyoxylate pathways, triggering C. albicans to switch from glycolysis to 

gluconeogenesis, thus inducing an alternative carbon metabolism and allowing the pathogen to 

make efficient use of the nutrients available within the phagosome (Lorenz et al., 2004). 

Additionally, exposure to ROS and nitrogen compounds secreted by the phagosome trigger stress 

response pathways in C. albicans, some of which include metal ion homeostasis to detoxify ROS 

and DNA damage repair pathways modulated by Hsp78, allowing C. albicans to survive inside 

the phagosome (Luo et al., 2013). Eventually, morphological switching from yeast to hyphae 

allows C. albicans to penetrate and kill the phagocyte, allowing the fungal cells to escape and 

resume proliferation (Jiménez-López and Lorenz, 2013). The environmental cues which trigger 

yeast to hyphal switching within the phagosome are poorly understood, as the intracellular 

environment of the phagosome (carbon-poor and acidic) should repress, not trigger, hyphal 

formation. Current explanations of this phenomenon propose that C. albicans may be able to 

degrade arginine to produce higher internal CO2 concentrations or catabolize amino acids as a 
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carbon source to increase intracellular pH through the release of ammonia, allowing hyphal 

switching to occur (Ghosh et al., 2009; Vylkova et al., 2011).     

2.5 Challenges to Laboratory Studies  
 
C. albicans is an extremely versatile opportunistic fungal pathogen of global significance. 

It is highly adaptive, able to survive in multiple niches within its mammalian host by taking 

advantage of its phenotypic plasticity and multiple morphological forms, can replicate both 

sexually and asexually, and is able to form highly drug resistant biofilms. Due to all of the above, 

C. albicans is of extreme clinical importance and of high laboratory interest. However, unlike the 

model yeast organism S. cerevisiae, in vitro experiments using traditional molecular tools to 

study C. albicans have historically been challenging for several reasons.    

C. albicans does not follow the universal genetic code, and instead possesses an 

alternative codon usage which transcribes the codon CUG, which usually encodes for the amino 

acid leucine, to instead be read as serine (Stynen et al., 2010). In addition to this, C. albicans was 

previously believed to be an obligate diploid, causing severe limitations to genomic studies; this 

dilemma has thankfully now been resolved due to research that recently detected that C. albicans 

could also form rare mating-competent haploid cells (Hickman et al., 2013). They also went on 

to construct stable haploid mating-competent strains to facilitate further molecular and genetic 

work conducted on C. albicans. In particular, haploid strains are advantageous for screening for 

recessive alleles and generating single gene knockout events. This discovery has made genetic 

interaction analysis studies within C. albicans far more accessible. Building upon this, there have 

been several modern innovations and dramatic improvements in genetic technique, such as 

CRISPR Cas9, which have assisted in resolving many of the limitations of studying C. albicans 

within the laboratory.  
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3. Classification of Antifungals  
 

There is a diverse catalogue of both fungicidal and fungistatic antifungal drugs available 

for treatment of fungal infections. Superficial fungal infections are usually treated with a series 

of topical drugs. In contrast, systemic invasive infections are treated with antifungal therapy, 

which either differentially block or destroy the eukaryotic machinery of the fungi while limiting 

damage to host cellular functions (Odds et al., 2003). Antifungals used to treat C. albicans 

systemic infections are divided into 3 major classifications: azoles, polyenes, and echinocandins. 

There are also some drug compounds, such as pyrimidine analogues, which are used as 

antifungal agents as part of combination therapeutic strategies, but are not classified under the 

three major antifungal classifications.  

3.1 Azoles  
 

Azoles were first introduced in the late 1970s. They quickly gained popularity and are 

now the class of antifungal drugs most frequently used to treat Candida infections. They have 

been used in clinical treatments for over two decades, resulting in a high degree of azole-

resistance (Whaley et al., 2016), especially among Candida species. Azoles are an inexpensive 

class of nitrogen-containing, five-membered heterocyclic compounds (Ji et al., 2000; Shapiro et 

al., 2011) which exhibit limited toxicity to the host and can be administered orally (Perea et al., 

2001). Examples of azoles include fluconazole, the most commonly-administered antifungal 

drug (Whaley et al., 2016), as well as ketoconazole, miconazole, voriconazole, posaconazole, 

and isavuconazole (Mount et al., 2018). Members of the azole class function by targeting the 

enzyme lanosterol demethylase, which is encoded by the gene ERG11 (Mount et al., 2018; Xiang 

et al., 2013).  Lanosterol demethylase, also known as cytochrome P450, is involved in ergosterol 

biosynthesis. Ergosterol is the functional equivalent of cholesterol within mammalian cells and 
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plays a critical role in controlling membrane fluidity and maintaining the integrity of several key 

membrane-bound enzymes. After entering the fungal cell through facilitated diffusion, the free 

nitrogen atom of the azole ring binds to an iron atom located in a heme group that corresponds to 

the active site of Erg11 (also known as lanosterol 14ɑ-demethylase), thus blocking the critical 

activation of oxygen which is required for the demethylation of lanosterol. This effectively 

blocks ergosterol production and also results in the accumulation of the toxic sterol 14-α-methyl-

3,6-diol, resulting in the exertion of high levels of membrane stress. Azoles typically act in a 

fungistatic manner against yeast but are fungicidal against mould pathogens (Shapiro et al., 

2011). They have been shown to produce some negative side effects in polypharmaceutical 

patients due to complications which arise from drug-drug interactions (Warrilow et al., 2014).   

3.2 Polyenes  
 

Polyenes were first approved for clinical use in the 1950s. To this day, they remain the 

most potent fungicidal compounds which have received clinical approval. Polyenes are highly 

effective fungicidal, amphipathic compounds which possess both hydrophobic and hydrophilic 

regions (Broughton et al., 2009). This unique property allows them to strongly bind ergosterol 

within the fungal cell membrane, resulting in the formation of large drug-lipid complexes. This 

complex spans the membrane and forms a leaky channel which allows cellular ions to leak out of 

the cell (Baginski et al., 2005; Shapiro et al., 2011). This significantly disrupts the proton 

gradient of the fungal membrane. Polyenes have been in clinical use for over 50 years, but their 

use has been limited due to poor solubility (Whaley et al., 2016) and strong adverse effects of 

host toxicity which results from the structural similarities between ergosterol and its mammalian 

analogue cholesterol (Masiá Canuto and Gutiérrez Rodero, 2002). Perhaps due to their limited 
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use, high levels of polyene-resistance have not been reported in the literature. Examples of 

polyenes include the antifungals amphotericin B, nystatin, and natamycin.  

The toxicity and deliverability of polyenes have recently been revisited in an effort to 

produce safer antifungals. Research is being conducted on changing the structure of 

amphotericin B to either a conjugated polysaccharide or nanoparticles which preferentially target 

fungal cells over mammalian cells, thus reducing the toxicity of polyenes (Janout et al., 2015). 

For instance, Matinas BioParma has developed an oral formulation of cochleates, a lipid-based 

drug delivery system using nanoparticles (Pawar et al., 2015) containing amphotericin B lipid-

crystals, which is currently in clinical testing (Delmas et al., 2002).                                                                                                                                                                                                  

3.3 Echinocandins and Paradoxical Growth  
 
Introduced in the early 2000s, the echinocandins are the newest classification of antifungals and 

are also the only class which have had new drug additions with novel targets over the course of 

several decades (Wiederhold, 2016). There are currently only three compounds belonging to this 

class: caspofungin, anidulafungin, and micafungin (Wagener and Loiko, 2017). The opposite of 

azoles, echinocandins are typically fungicidal against yeasts and fungicidal against moulds 

(Shapiro et al., 2011). They are reported to have low host toxicity and reduced drug-drug 

interactions, thus improving their safety over many other types of antifungals (Wagener and 

Loiko, 2017). Echinocandins act as non-competitive inhibitors of the enzyme (1,3)-β-D-glucan 

synthase, which disrupts synthesis of a major fungal cell wall component – the carbohydrate β-

1,3-glucan (Wagener and Loiko, 2017). Disruption of (1,3)-β-D-glucan synthase results in severe 

stress on the fungal cell wall and loss of cell wall integrity (Wagener and Loiko, 2017). 

Echinocandins have been reported to be effective against most Aspergillus and Candida species 

(Chen et al., 2011; Eschenauer et al., 2007). However, some strains have been reported to be 



 

25 
 

intrinsically resistant to caspofungin (Beyda et al., 2012; Wiederhold, 2016; Yang et al., 2017). 

Furthermore, echinocandins have been reported to demonstrate no antifungal activity against the 

species Cryptococcus neoformans (Feldmesser et al., 2000; Pfaller et al., 2011). Further 

complications with the use of echinocandins include a well-documented phenomenon known as 

the “paradoxical effect”, which has shown some fungal isolates growing exceptionally well and 

demonstrating high levels of resistance at high echinocandin concentrations, while subsequently 

also demonstrating high levels of susceptibility at lower concentrations of the drug (Wagener and 

Loiko, 2017).  

The mechanism behind the phenomenon of paradoxical growth has yet to be fully 

understood. However, recent studies have identified several factors which may contribute to 

manifestation of the paradoxical effect, such as media composition and additives, biofilm 

formation, and consistency of the drug concentration (Wagener and Loiko, 2017). The 

paradoxical effect has been reported to be less pronounced in RPMI 1640 media , yeast nitrogen 

base medium, 5% mouse serum, and assays with inconsistent drug concentrations, such as disc 

diffusion assays conducted on solid media (Shields et al., 2011; Stevens et al., 2004). The 

phenomenon was reportedly more pronounced with the presence of C. albicans biofilm growth 

or when C. albicans was grown in minimal media (Melo et al., 2007; Walraven et al., 2014). 

Furthermore, the paradoxical effect is reported to only occur within the drug range of 

approximately 4-32µg/mL but appears to disappear at high drug concentrations exceeding 

64µg/mL (Loiko and Wagener, 2017; Stevens et al., 2004, 2005). To explain this, some 

researchers have proposed that echinocandins may exert additional uncharacterized antifungal 

activity against fungal pathogens at extremely high concentrations which repress the activity of 

paradoxically growing colonies, such as possible induction of apoptosis (Hao et al., 2013; 
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Wagener and Loiko, 2017). Others have suggested that the phenomenon may be due to the 

unique phenotypic properties of C. albicans biofilms which are distinct from their planktonic 

free-moving cellular counterparts, such as the significant upregulation of (1,3)-β-D-glucan 

synthase within the fungal cell wall (Feldmesser et al., 2000; Shapiro et al., 2011). However, 

these theories have yet to be successfully validated within studies.  

3.4 Pyrimidine analogs 
 

Pyrimidine analogs, such as flucytosine, are structurally similar to naturally occurring 

pyrimidines (Dodgson et al., 2004; Read et al., 2010). They are converted by cytosine 

deaminase, an inducible enzyme expressed by fungal cells (but not found within mammalian 

cells), to 5-fluorouracil, a toxic compound which disrupts DNA and RNA metabolism. They 

were first approved for clinical use in the 1960s but are very rarely used in isolation due to 

reports of rapid drug resistance developing during monotherapy. Instead, they are now typically 

used in combination with polyenes for treatment of cryptococcal meningitis.   

3.5 Other Antifungal Compounds  
 

Terbinafine is usually administered as an oral tablet for skin and nail infections; it is an 

inhibitor of squalene monooxygenase (also known as squalene epoxidase), an enzyme which 

oxidizes squalene during sterol biosynthesis (Ebell, 2020). It is occasionally used to treat 

invasive infections in combination with other antifungals (Perfect, 2017).     

4. The Antifungal Drug Resistance Crisis  
 

With the rapid increase in the global fungal infections and severe candidiasis cases, most 

of which are treated in the clinic solely with an antifungal prescription, selective pressures 
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created by the overuse of antifungals have led to the emergence of MDR and more severely, 

extensively drug resistant (XDR) strains of C. albicans (Ghannoum, 2009). The emergence of 

these new, highly drug resistant strains is problematic, as previous clinical concentrations used to 

treat infections are no longer effective. Similar to the dilemma of highly drug resistant biofilms, 

antifungal concentrations cannot be infinitely increased with the emergence of each new, even 

more resistant strain, as high concentrations of antifungals can be toxic for patients or lead to 

other negative clinical outcomes, such as liver damage.  

There have been several financial incentives to develop new antifungals by the United 

States government, such as legislation passed for the Orphan Drug Act and the GAIN Act 

(Shahid, 2016). In fact, the antifungal drug market was estimated to be valued at approximately 

$9.8 billion USD (Delander). However, despite this large economic investment into antifungal 

discovery and development, there have been very few new drugs which have passed clinical 

trials and achieved FDA-approval (Butts and Krysan, 2012). In fact, the newest classification of 

antifungals, the echinocandins, required nearly 30 years (1972-2002) to achieve FDA approval 

for clinical use from their initial discovery (Butts and Krysan, 2012); furthermore, it has been 

nearly 20 years since the addition of this drug classification and no new antifungal classifications 

have been added since.  

The latest antifungal to achieve clinical approval was the triazole isavuconazonium, 

approved by the FDA in 2015 (Murrell et al., 2017); prior to this, voriconazole, another 

antifungal of the azole classification, achieved approval in May 2002 (Greer, 2003); this large 

gap in clinical approval clearly indicates the lack of novel antifungals which manage to progress 

outside of benchtop studies. In fact, it is estimated that up to 80% of antifungal targets discussed 

in literature are false positives, indicating that they have little potential to be refined further for 
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clinical use (Pouliot and Jeanmart, 2016). There are several factors which make the development 

of new antifungals challenging, especially in relation to antibiotics. Of these, the primary 

challenge which inhibits fungal drug development is due to the eukaryotic nature of fungal cells, 

which share a close evolutionary link to their human host. In particular, C. albicans shares a 

close evolutionary link with its mammalian host, causing a lack of unique drug targets which 

would selectively eliminate the fungal pathogen without causing toxic side-effects on the human 

host as well. A primary example of this is polyenes, a highly toxic antifungal classification due 

to their target, ergosterol, which shares extremely close structural similarities with cholesterol 

(Broughton et al., 2009).  

Another challenge which limits clinical testing, particularly in phase 3 human population 

trials, is similar to the dilemma which has hindered development of fungal vaccines: patients 

with severe fungal infections are fragile; they are usually immunocompromised, may have other 

underlying conditions, and generally exhibit low tolerability to additional drugs which may 

demonstrate organ toxicity, making them a more difficult population to work with for clinical 

screening trials. Additionally, immunocompromised patients are often prescribed multiple 

therapeutic agents, which can make interpretation of the antifungal’s responsiveness and success 

more difficult to analyze, due to the added complexity of screening for the drug-drug interactions 

which may occur in conflict with the patient’s other prescribed drug treatments. Finally, clinical 

studies in fragile populations are more expensive to conduct due to the patients requiring 

additional care, closer monitoring for changes in their condition, and detailed record keeping. 

Furthermore, the study may be interrupted or stopped based on the assessments of the clinical 

team providing care to the patient, if they deem continuing further with the clinical trial may 
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result in negative patient outcomes (Denning and Bromley, 2015; Ostrosky-Zeichner et al., 

2010).  

To summarize, the lack of development of new antifungals passing clinical trials is 

severely outpaced by the rapid rates of ever-increasing antifungal resistance within pathogenic 

fungal populations, emphasizing the importance of the following: 1. Repurposing our current 

antifungal arsenal so they can be used more effectively (discussed further in Section 8), and 2. 

Continue to study genes which confer C. albicans antifungal resistance and identify how these 

genes can be targeted for the development of novel antifungal drugs (Section 9). A breakdown of 

the current classifications of available antifungals is elaborated upon in Section 3.     

5. Nuances in Antifungal Responses: Tolerance, Resistance, and 
Persistence/Heteroresistance    

 
 The terms antifungal resistance and tolerance are sometimes used interchangeably. 

However, distinguishing between the cellular conditions of tolerance, in contrast to resistance, is 

important for achieving a greater appreciation of why treatment of fungal infections are often 

more difficult and can result in recurrent chronic infections, including persistent candidemia. 

Antifungal resistance, as defined by many in vitro studies, refers to resistant strains of C. 

albicans which are less susceptible to an antifungal drug in comparison to a reference or wild-

type control strain, often quantified through an Minimum Inhibitory Concentration (MIC) assay, 

where growth measured at a higher MIC value is indicative of a higher chance treatment failure 

may occur; they are capable of growing and proliferating at drug concentrations which would 

inhibit susceptible populations due to acquiring various mutations (Castanheira et al., 2017). In 

contrast, antifungal tolerance can be defined as the ability of a susceptible (or non-resistant) 

strain to grow in at a higher drug concentration than the expected MIC value (Berman and 



 

30 
 

Krysan, 2020). Tolerant cells are able to grow slowly in the presence of an antifungal above the 

MIC, while the growth of most cells within the population is inhibited by the drug.  

Tolerant cells are thought to have four major characteristics: 1. tolerance of an isolated 

strain is reproducible and within a population exists on spectrum; 2. tolerant cells represent a 

subset of the population (between 5-90% depending upon the isolate); 3. tolerance occurs largely 

independent of the antifungal concentration; 4. fungal isolates with higher tolerance grow more 

quickly to form visible colonies on agar containing an antifungal drug than strains which 

demonstrate lower tolerance (Berman and Krysan, 2020; Rosenberg et al., 2018); this is 

contradictory to bacterial tolerant strains, which demonstrate the opposite characteristic and have 

a longer lag phase length (time required for a visible colony to form) compared to less tolerant 

isolates (Levin-Reisman et al., 2014). Additionally, bacterial tolerance is characterized in 

response to bactericidal drugs and characterized by a longer duration required to kill susceptible 

cells (Brauner et al., 2016), while fungal tolerance is attributed to fungistatic drugs, which inhibit 

growth rather than result in cell death, and is characterized by susceptible isolates which 

continue to grow slowly in the presence of drug (Levin-Reisman et al., 2014). Therefore, 

tolerance is an intrinsic characteristic, distinct from resistance, of any given fungal isolate and a 

manifestation of phenotypic heterogeneity (Rosenberg et al., 2018). Furthermore, tolerance 

between bacterial and fungal isolates does not manifest in an identical manner.   

Antifungal heteroresistance, also known as persistence, are found in a rare subpopulation 

of cells (estimated to be <1% of the population) which are capable of growth at antifungal drug 

concentrations up to ≥8-fold greater than what can be endured by the majority of the population 

(Balaban et al., 2019; Wuyts et al., 2018). Heteroresistance against the drug fluconazole has been 

observed to occur in some fungal strains due to aneuploidy which results in extra chromosome 
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copies which carry ERG11, the target of azole antifungals, as well as ARF1, which encodes a 

major efflux pump (Stone et al., 2019). However, heteroresistance has also been observed in 

some strains which do not demonstrate any obvious aneuploidies, for which the molecular 

mechanism is unknown (Sionov et al., 2013). Antifungal heteroresistance can be differentiated 

from tolerance through population profiling assays, such as disc diffusion assays, which quantify 

the proportion of cells growing at various drug concentrations (Stone et al., 2019). Presistor cells 

have been proposed by some researchers to contribute to the antifungal resistance properties of 

biofilms, particularly towards fungicidal drugs (Li et al., 2015), but this idea remains 

controversial in literature, as there have been conflicting reports regarding if presistor cells are 

truly present within fungal biofilms (Al-Dhaheri and Douglas, 2008; Denega et al., 2019).          

6. Mechanisms of Antifungal Drug Resistance 
 
C. albicans has developed various mechanisms of resistance against all three classes of 

antifungal drugs. Resistance to azoles can occur through mutation or overexpression of the Erg11 

protein (Mount et al., 2018). Over a total of 100 ERG11 allele variations have been found (Xiang 

et al., 2013). Point mutations in Erg11 have been identified to occur within three “hotspot” 

regions which result in decreased affinity of azole binding (Mount et al., 2018). Overexpression 

of the gene ERG11 occurs through mutations which occur in the transcription factor Upc2 

(Xiang et al., 2013). Ironically, exposure to antifungals, such as fluconazole, have been reported 

to act as a selective pressure which encourages unusual mitotic divisions, resulting in tetraploidy, 

aneuploidy and loss-of-heterozygosity (homozygosis) events occurring at a 2-4 times higher 

frequency; homozygosis of the left arm of chromosome 5 results in point mutations in ERG11, 

which confer enhanced azole resistance (Ene et al., 2018; Forche et al., 2011; Harrison et al., 

2014). Loss-of-function mutations in the gene ERG3, which encodes for the toxic sterol 14-α-
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methyl-3,6-diol, have also been reported to increase azole drug resistance (Luna-Tapia et al., 

2018; Pinjon et al., 2003; Vale-Silva et al., 2012), as well as amplification of large segments of 

chromosome 3 and 7 in C. albicans, which typically encode for efflux pumps (Mount et al., 

2018). Other specific mechanisms of resistance include upregulation of multidrug ABC 

transporters, such as CDR1 and CDR2 (Holmes et al., 2006; Shapiro et al., 2011), mutations 

within TAC1, which is a transcriptional activator of CDR genes (Prasad et al., 2016b), 

upregulation of the transporter gene NPR3 located on chromosome 3 (Mount et al., 2018), and 

gain-of-function mutations in the transcription factor encoding genes MRR1, an activator of the 

major superfamily transporter MDR1, (Morio et al., 2013) and UPC2, which is involved in 

ergosterol biosynthesis (Flowers et al., 2012). Various cellular stress response pathways 

mediated by the stress response gene Hsp90 (LaFayette et al., 2010) and the calmodulin-

activated phosphatase protein calcineurin are also upregulated (Cruz et al., 2002). However, a 

loss-of-function mutation in the retrograde transporter protein Pep8 has been reported to repress 

activity of calcineurin and reverse azole resistance (Mount et al., 2018). Deletion of the genes 

RGD1 and PEP8 also significantly cripple azole resistance mechanisms in C. albicans (Mount et 

al., 2018). 

Polyene resistance in C. albicans may occur due to mutations in Erg3, but more 

frequently occurs due to the use of an alternative sterol within the membrane due to a defect 

occurring within the enzyme C-5,6-desaturase, thereby blocking ergosterol biosynthesis (Nett et 

al., 2010). In particular, the use of an alternative sterol within the membrane of C. albicans has 

been observed in AIDS patients undergoing long-term treatment with the azole antifungal 

fluconazole (Broughton et al., 2009).  Some studies have demonstrated that resistance to 

fluconazole also consequently resulted in cross-resistance to the polyene amphotericin B 
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(McCarthy et al., 2017). More rarely, some Candida strains were reported to carry intrinsic 

resistance to amphotericin B (McCarthy et al., 2017). Biofilm resistance to amphotericin B has 

been speculated to occur due to the presence of persister cells within the population (Shapiro et 

al., 2011). The molecular chaperon Hsp90, which modulates various stress response pathways, 

has also been reported to play a critical role in polyene resistance (Shapiro et al., 2011).  

Echinocandin resistance most frequency occurs due to mutations with the gene FKS1, 

which encodes for the catalytic subunit of the target (1,3)-β-D-glucan synthase, resulting in a 

structural alteration which confers poor echinocandin binding; two hotspot regions on the gene 

FKS1 have been linked to echinocandin resistance (Yang et al., 2017). The first frequently 

occurring mutation has been mapped to the mutation of Ser645 to either Tyr645, Pro645, or 

Phe645; the second region corresponds to the amino acids 1345 to 1365 (Wiederhold, 2016). 

Interestingly, the loss of one chromosome 5 has also been found to increase C. albicans tolerance 

to the echinocandin caspofungin (Coste et al., 2006; Yang et al., 2017). Caspofungin-tolerant 

cells were also found to have elevated chitin synthesis within their cell walls, which 

compensated for diminished levels of 1,3-β-D-glucan in the presence of caspofungin, and also 

expressed elevated levels of the genes CNB1 and MID1, which play a role within the calcineurin 

cellular stress response signalling pathway (Lee et al., 2012; Wiederhold, 2016; Yang et al., 

2017). This is of interest as tolerance facilitates the evolution of drug resistance by allowing the 

persisting population to develop a response against the selective pressures imposed by a drug.       

Increasing rates of antifungal resistance emphasize the importance of developing new 

drugs for clinical use. However, the development of new antifungal drugs with novel targets is 

challenging due to the eukaryotic nature of fungal cells, which share a close evolutionary link to 

their human host, causing a lack of unique drug targets which would selectively eliminate the 
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fungal pathogen without causing toxic side-effects on the human host as well. Currently, the lack 

of development of new drugs passing clinical trials is severely outpaced by the rapid rates of 

ever-increasing antifungal resistance within pathogenic fungal populations, emphasizing the 

importance of further studying the various mechanisms which confer C. albicans drug resistance.  

7. Core Antifungal Stress Response Pathway 
 

In addition to the previously described antifungal resistance mechanisms, stress response 

pathways have also been mapped to regulate antifungal resistance through the activation, 

modification, and repression of multiple genes; they are often triggered by environmental 

stimuli, such as high temperature, pH fluctuations or exposure to antifungals, and are regulated 

by complex, interconnected signalling cascades.    

7.1. The Calcineurin Pathway  
 
 The serine/threonine phosphatase calcineurin is a Ca2+ calmodium-activated heterodimer 

consisting of calcineurin A, a catalytic subunit, and calcineurin B, a regulatory subunit, which 

activates transcription factors, such as CRZ1 (Cruz et al., 2002; Karababa et al., 2006). The 

calcineurin pathway is highly conserved among yeasts and other eukaryotes, and is a key 

regulator of the cellular stress response; it has been linked to over 153 genes involved in fungal 

fitness, cell wall biosynthesis, morphogenesis, virulence, cell cycle progression, cation 

homeostasis, vesicle trafficking, lipid synthesis, protein degradation, and antifungal stress 

responses. The pathway is particularly involved in defense against membrane-stressors, such as 

azoles (Blankenship et al., 2003; Fox and Heitman, 2002; Sanglard et al., 2003). This has been 

confirmed by studies which found that inhibition of calcineurin increased azole toxicity and 

allowed azoles to act in a fungicidal manner, rather than fungistatic, against many Candida 
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species, indicating that combining azoles with additional calcineurin-inhibitors, such as 

cyclosporine A or tacrolimus (FK506), may act synergistically and render better clinical 

outcomes than if used individually (Cruz et al., 2002; Onyewu et al., 2003). The concept of 

synergy will be further elaborated upon in Section 8. Calcineurin has been proposed as a target 

for the development of novel antifungals but there have been difficulties finding compounds 

which selectively target fungal calcineurin over its mammalian homolog; anti-calcineurin 

compounds as potential antifungals are currently being tested in animal models (Blankenship et 

al., 2003).  

The components of the calcineurin pathway in C. albicans are still not fully 

characterized, and most data on this pathway uses S. cerevisiae as a yeast model. In S. cerevisiae, 

external environmental stimuli, such as exposure to ions or mating pheromones of the opposite 

mating type, are able to trigger an increase in intracellular calcium, resulting in uptake by the 

Ca2+ plasma membrane channels MID1 and CCH1; cytosolic Ca2+ can bind to calmodulin at the 

EF-hand motif domain, resulting in a conformational change and activation of the calcineurin 

pathway (Cunningham and Fink, 1996; Karababa et al., 2006; Matsumoto et al., 2002). Activated 

calmodulin binds to specific domains of the catalytic A subunit of calcineurin, once again 

triggering a conformational change which will allow activation of phosphatase activity. 

Additionally, some proteins, such as Crz1p and the calcium transporter Vcx1p, are regulated by 

calcineurin dephosphorylation, demonstrating the versatility of this pathway (Boustany and 

Cyert, 2002; Cunningham and Fink, 1996).   

7.2. The Role of Hsp90         
 

Hsp90 (Heat Shock Protein 90) is an essential, highly conserved molecular chaperon 

which is involved in the activation, stabilization, and post-transcriptional modification via 
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phosphorylation, acetylation, and S-nitrosylation of key signal transducers (or “client proteins”) 

of multiple cellular pathways, some of which include the calcineurin pathway, cyclic AMP-

Protein Kinase A (cAMP-PKA) , and Mitogen-activated protein kinase (MAPK) pathway (Gong 

et al., 2017; LaFayette et al., 2010; Shapiro et al., 2012). Hsp90 interacts with approximately 

10% of the S. cerevisiae proteome (Zhao et al., 2005a) and can be activated by both thermal and 

non-thermal stressors, such as oxidative stress and presence of heavy metals, to trigger various 

cellular outcomes, including morphogenesis from hyphae to yeast, cell cycle arrest, or apoptosis 

(Cuéllar-Cruz et al., 2014). Hsp90 has been linked to the emergence of azole resistance through 

loss-of-function of Erg3 and upregulation of Pdr5, a drug transporter (Cowen and Lindquist, 

2005). Additionally, similar to the calcineurin pathway, combining azoles with Hsp90 inhibitors, 

such as tanespimycin (also known as 17-AAG) and geldanamycin, have been found to act 

synergistically and result in more effective clinical outcomes (Cowen et al., 2009). Hsp90 has 

been found to regulate both azole resistance (Cowen and Lindquist, 2005) and echinocandin 

resistance (Singh et al., 2009) through the calcineurin pathway. Furthermore, inhibition of Hsp90 

in S. cerevisiae produces mutants with a similar phenotype to calcineurin inhibition (Cowen and 

Lindquist, 2005), while inhibition of Hsp90 in C. albicans blocks activation of calcineurin-

dependent azole stress responses (Singh et al., 2009), highlighting their interconnected nature. 

Additionally, Hsp90 has been found to interact with domains of the catalytic A subunit of 

calcineurin, and is important for the stability and maintenance of active calcineurin (Imai and 

Yahara, 2000); a reduction in Hsp90 levels subsequently also depletes calcineurin levels, and 

overall results in a decrease of C. albicans tolerance capabilities (Singh et al., 2009). 

Development of Hsp90 inhibitors as antifungals for clinical use have been hindered by the close 
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structural similarities and conversed nature of Hsp90 between fungi and mammals, causing high 

toxicity (Gong et al., 2017).            

7.3. Other Core Stress Response Pathways  
 

It is important to note that Section 7 is not an exhaustive list of all core stress response 

pathways involved in conferring C. albicans drug resistance. There are countless signalling 

pathways which have yet to be studied further, which may play a critical role in fungal drug 

resistance and serve as potential targets for novel drugs. For example, the High-Osmolarity 

Glycerol (HOG) response protects cells against osmotic stress (Vylkova et al., 2007). The Target 

of Rapamycin (TOR) pathway mediates morphogenesis (Böttcher et al., 2016) and adhesion 

expression (Bastidas et al., 2009). The Cell Wall Integrity (CWI) pathway repairs cell wall 

damage and is mediated by several other interconnected stress response pathways, including the 

MAPK cascade, TOR, HOG, cAMP-PKA, and the calcineurin pathway (Fuchs and Mylonakis, 

2009). The cAMP-PKA pathway regulates white-opaque switching, biofilm formation, virulence 

expression, cellular growth, and might be involved in conferring azole resistance (Huang et al., 

2019). The expression of casein kinase 2 (CK2) has multiple cellular roles, some of which 

include virulence expression, cell wall integrity, morphogenesis, and biofilm formation (Jung et 

al., 2017). The Protein Kinase C (PKC) pathway is connected to the CWI pathway, as it controls 

chitin synthesis during cell growth and morphogenesis in collaboration with the HOG and 

calcineurin pathway (Munro et al., 2007), and mediates drug resistance in a signaling circuit 

which involves Mkc1, calcineurin, and Hsp90 (LaFayette et al., 2010).  

Stress response pathways are deeply connected and overlapping in their functional roles, 

as evidenced above. Deciphering how they are connected in their cellular roles and the complex 



 

38 
 

processes which enable drug resistance is challenging, but doing so will help identify new targets 

for novel drugs, as well as highlight how current antifungals can be used more effectively.     

8. Repurposing Old Antifungals: Collateral Drug Sensitivities and Drug Synergy 
 

Despite the limitations of current antifungals due to the many adaptive drug resistance 

strategies employed by C. albicans, our current arsenal of fungal drugs can be repurposed 

through synergistic combinations which take advantage of collateral drug sensitivities (Pál et al., 

2015). Collateral drug sensitivity is a phenomenon in which an organism that has previously 

evolved drug resistance upon exposure to an initial drug may, as a result of a biological fitness 

trade-off and limited cellular adaptability, subsequently become more susceptible to the effects 

of a secondary drug, thus limiting the emergence of multidrug resistance (Pál et al., 2015). This 

phenomenon has been well studied in bacteria, such as Escherichia Coli (Lázár et al., 2018) and 

Staphylococcus aureus (Rodriguez de Evgrafov et al., 2015), and has also been observed in 

cancer cells (Acar et al., 2020; Pluchino et al., 2012), but has yet to be studied and observed 

within fungal species. 

Drug combinations can have multiple outcomes; they can be additive, antagonistic, or 

synergistic. Additive combinations are when the individual effect of a chemical or drug can be 

added to another to create a sum of their separate effects. Antagonistic drug-drug interactions 

work in conflict and decrease the effectiveness of one or both drugs. Synergistic combinations 

are when the effects of two drugs or chemicals, in combination, multiplies their effectiveness 

several-fold to a value greater than the sum of their individual effects, making the combined 

drugs far more effective as a clinical treatment option (Lewis et al., 2002).   

Some research on potential synergistic combinations which can be refined for 

combination therapy has already been completed. Examples of this include the combination of 
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fluconazole with various adjuvant drugs targeting either resistance or tolerance mechanisms of 

C. albicans. For instance, radicicol and geldanamycin are adjuvants which act as inhibitors of 

Hsp90, cyclosporin A and FK506 target calcineurin (Chen et al., 2013), and aureobasidin A 

targets sphingolipid biosynthesis (Lu et al., 2018; Rosenberg et al., 2018). When used in 

combination with fluconazole, which is normally fungistatic, they are able to act in a fungicidal 

manner against C. albicans. Additional combinations with azoles which result in similar effects 

include addition of anti-inflammatory agents, such as ibuprofen (Costa-de-Oliveira et al., 2015), 

antidepressants, such as the Selective Serotonin Reuptake Inhibitor (SSRI) fluoxetine (Gu et al., 

2016), some antibiotics (Hooper et al., 2019; Lu et al., 2018), hydrogen peroxide (Zhang et al., 

2011), glycerol (Rhew and Han, 2016), and the linear polysaccharide chitosan (Lo et al., 2020). 

Polyphenol curcumin I works synergistically when combined with either azoles or polyenes by 

producing reactive oxygen species, which leads to apoptosis (Sharma et al., 2010). Ferulic acid, 

in combination with the echinocandin caspofungin, also results in enhanced apoptosis (Canturk, 

2018). Based on the aforementioned combinations, it is clear that combining antifungal drugs 

with a secondary compound which targets core stress response pathways, such as Hsp90 and 

calcineurin (as discussed in section 7), greatly reduces the tolerance capabilities of fungal cells 

and confers enhanced fungicidal activity.    

If collateral drug sensitivities are observed in C. albicans, it is possible to exploit this 

feature and use synergistic drug therapy to produce better clinical outcomes; this will allow 

clinicians to continue using antifungals already readily available, rather than wait for the 

development and approval of new drugs. Determining if C. albicans contains these collateral 

sensitivities will be an objective of this thesis work and heavily aided by advancements in 
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modern genetic techniques, including techniques such as CRISPR Cas9, golden gate cloning, and 

gibson assembly.     

9. The Essential Gene TRA1  
 

As TRA1 has never been studied in C. albicans, all information regarding its known role 

in the fungal cell will be based on data using S. cerevisiae. TRA1 is an essential gene encoding a 

large, highly conserved, 433 kDa protein, which belongs to the Phosphoinositide 3-Kinase 

(PI3K)-related kinase (PIKK) family of cellular regulators; other members of this family include 

DNA-dependent protein kinase (DNA-PKcs), mTOR (involved in the previously mentioned 

TOR stress response pathway), ATM/Tel1, and the Mec1/ATR kinase (Baretić and Williams, 

2014; Hoke et al., 2008). PIKKs have diverse cellular roles and control several signaling 

pathways involved in transcriptional regulation, DNA repair, and cellular growth, mediated by 

serine/threonine phosphorylation (Lempiäinen and Halazonetis, 2009). Within the PIKK family, 

Tra1 and its human homolog TRRAP are the only catalytically inactive members due to loss of 

the DFG (Asp-Phe-Gly) motif in the kinase active site, located in the ATP-binding pocket/cleft 

of the PI3K domain, and loss of the catalytic aspartic acid residue in the HRD (His-Arg-Asp) 

motif (Berg et al., 2018; Sharov et al., 2017).    

     Despite being catalytically inactive, Tra1 is essential for coactivation of multiple 

histone modifying and chromatin-related complexes and is the direct target of many activators 

(DNA-specific transcription factors) and histone acetyltransferases (HATs), such as Hap4, VP16, 

Gcn4, and Gal4 (Brown et al., 2001; Knutson and Hahn, 2011). Previous work by Knutson and 

Hahn found that the introduction of mutations in Tra1 resulted in defective recruitment to 

promoters and reduced stability of coactivator complexes; however, some mutations resulted in 

reduced HAT activity despite normal recruit of the Tra1 subunit, implying that Tra1 may have 
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roles in the cell beyond activator targeting (Knutson and Hahn, 2011).  Deletion of Tra1 causes 

lethality in budding yeast and knockdown of the homolog TRRAP is embryonic lethal (Knutson 

and Hahn, 2011).  

Tra1 is a common subunit of three main coactivator complexes: the SAGA (Spt-Ada-

Gcn5-acetyltransferase) complex, the SLIK (SAGA-like) complex, and the NuA4 (histone H4 

nucleosomal acetyltransferase) complex, whereas its mammalian homolog TRRAP is a common 

component of four complexes: STAGA (Spt3-TafII31-Gcn5L acetylase), TFTC (TATA binding 

protein free), PCAF (p300/CBP-associated factor), and TIP60 (HIV Tat-interacting protein 60). 

STAGA, TFTC, and PCAF are the mammalian equivalents of the SAGA complex, while the 

TIP60 complex is the mammalian equivalent of NuA4 (Knutson and Hahn, 2011).  

9.1. The SAGA Complex 
 

SAGA is a 1.8-MDa multifunctional coactivator complex composed of 19-20 subunits; it 

controls the transcription of at least 10% of yeast genes (Lee et al., 2000), and is induced by 

environmental stress cues, indicating its potential role in regulating cellular stress response 

(Huisinga and Pugh, 2004). SAGA contains five different functional modules with roles in 

nucleosome modification, maintaining complex integrity, TATA binding proteins interaction 

(Sermwittayawong and Tan, 2006), deubiquitylation, and activator interaction. Tra1, due to its 

large size, independently creates a large compartment, or separate module, which associates with 

the SAGA complex, while other proteins, including Gcn5 and Ubp8, are all regulated to SAGA’s 

second module compartment. To elaborate, upon activation, SAGA is rapidly recruited to 

promoters, as directed by Tra1, where Gcn5, a HAT subunit, acetylates several lysines of histone 

H3 (Lee et al., 2000). Additionally, the ubiquitin protease module Ubp8 regulates levels of H2B-

ubiquitin, which acts as a key determinant of histone methylation levels in transcribed regions 
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and transcription elongation (Berg et al., 2018; Sharov et al., 2017). Interestingly, the SAGA 

complex has also been linked by some studies to play a role in antifungal resistance, as HATs 

have been found to be required for the maintenance of azole resistance (Baker and Grant, 2007). 

Additionally, SAGA has also been linked to Hsp90 and cellular heat shock responses (Kremer 

and Gross, 2009).   

9.2. The SLIK Complex 
 

The SLIK complex is similar to the SAGA complex but regulates a distinct set of genes 

and has replaced Spt8, one of the subunits used for TBP binding, with Rtg2, which is an essential 

subunit for maintaining the integrity of the SLIK complex (Pray-Grant et al., 2002). RTG genes 

have been found to be important regulators of cellular metabolic control (Borghouts et al., 2004) 

and linked to the TOR stress response pathway (Komeili et al., 2000).  

9.3. The NuA4 Complex 
 

NuA4 is a 1.3-MDa complex composed of 12-13 subunits; it contains Esa1, an essential 

HAT subunit, and preferentially acetylates lysines within histone H4 and, to a lesser extent, 

histone H2A (Knutson and Hahn, 2011; Sharov et al., 2017). Unlike SAGA and SLIK, NuA4 

does not interact with transcription components or TATA binding proteins. Instead, NuA4 is 

recruited to TATA-less TFIID-regulated genes, ribosomal genes, and some SAGA-dependent 

genes (Durant and Pugh, 2007; Mencía et al., 2002). Additionally, NuA4 is recruited to double-

stranded DNA breaks, where it promotes DNA end joining and repair by acetylating histones, 

demonstrating the complex is important for DNA repair (Bird et al., 2002; Downs et al., 2004). 

Additionally, the NuA4 complex has also been found to acetylate septin proteins, indicating that 

NuA4 may play a role in regulating cytokinesis (Mitchell et al., 2011).  
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9.4. Structure and Functional Role of Tra1  
 
 The cryo-EM atomic structure of the Tra1 subunit and how it integrates into the SAGA 

and NuA4 complexes was recently published in 2017 (Diaz-Santin et al., 2017; Sharov et al., 

2017). Tra1, similar to other proteins in the PIKK family, has a structure consisting of four major 

components: N-terminal helical HEAT repeats (H1-H16), a FAT domain containing 15 TPR 

repeats (T1-T15), a PI3K (phosphoinositide 3-kinase) domain, and C-terminal FATC domains. 

The helical repeats are the region of Tra1 which interacts with activator proteins and comprises 

approximately half of its molecular structure (Diaz-Santin et al., 2017; Sharov et al., 2017). The 

helical FAT domain forms a cap which connects to the N-terminal of the PI3K domain. The N- 

and C- terminals of the PI3K domain are connected by a flexible hinge region which orients the 

N-lobe (comprised of flexible β-strands) and C-lobes (comprised of rigid α-helices), and folds to 

form the ATP-binding pocket; this region is catalytically active in other PIKK proteins, as the 

cleft which forms between the N- and C- lobes are capable of binding ATP to phosphorylate 

downstream targets, but as previously described, Tra1 is catalytically inactive due to mutations 

in the HRD and DFG motifs (Pavletich and Yang, 2013). Currently, the PI3K domain of Tra1 

has no known function, but mutational studies have found that the region is still important for 

Tra1 functionality (Berg et al., 2018). Finally, the FATC domain consistently ends with two 

hydrophobic residues; any alterations to the FATC terminus have been found to result in loss of 

function, indicating it may play a role in stabilization of Tra1 (Hoke et al., 2010).       

Despite current research endeavours, the molecular mechanisms of Tra1, and the reason 

for its common integration into multiple complexes is still poorly understood. Additionally, Tra1 

has historically been challenging to study due to the extremely large size of the protein and its 

essential nature, preventing the gene from being analyzed in knockout studies (Sharov et al., 
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2017). The current presumed functional role of Tra1 within literature is to solely interact with 

transcriptional activators to direct either SAGA or NuA4 complexes to specific promoters 

(Cheung and Díaz-Santín, 2019). However, a recent 2018 study analyzing the potential 

functional role of the the PI3K domain of Tra1 in S. cerevisiae found that the introduction of 

point mutations, changing three arginine residues, proximal to the PI3K-ATP binding cleft, to 

glutamine (R3471Q, R3472Q, and R3538Q) produced a mutant (tra1Q3) strain resulting in 

transcriptional defects and compromised cell growth (Berg et al., 2018). To elaborate, the tra1Q3  

mutant was found to be less efficient at incorporating into the SAGA and NuA4 complexes, less 

efficiently transported into the nucleus, and demonstrated impaired stress response (Berg et al., 

2018), indicating that TRA1 may have potential as a novel antifungal target if it is found to play a 

similar role of impacting stress response within a fungal pathogen, such as C. albicans.  

10. Hypothesis & Thesis Objectives  
 

Based on the above findings which found that the introduction of targeted point 

mutations in TRA1 resulted in impaired stress response in S.cerevisae, I hypothesized that 

introducing the same arginine to glutamine point mutations (R3471Q, R3472Q, and R3538Q) 

within the TRA1 homolog of C. albicans, using modern genetic techniques, would produce a 

mutant that would have impaired stress response to various antifungals drugs. The objectives of 

this research were as follows: 1. to successfully introduce the three point mutations into the 

TRA1 homolog in C. albicans; 2. to study the functional role of TRA1 in C. albicans, and 3. to 

determine if TRA1 is involved in the regulation of stress response pathways or antifungal 

resistance in C. albicans.   
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11. Materials and Methods  

11.1. CRISPR Cas9 Background  
 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) refers to regularly 

spaced short DNA sequences that form palindromic repeats within bacteria and archaea (Jinek et 

al., 2012). The CRISPR sequences are recognized by Cas (CRISPR-associated) genes organized 

within operons, which possess DNA endonuclease activity (Dominguez et al., 2016). The guide 

RNA (gRNA), which is bound to the Cas enzyme, determines which CRISPR sequence the 

enzyme will bind to (Makarova et al., 2015). Cas9 is the most commonly used Cas enzyme for 

gene editing purposes (Makarova et al., 2015) and is also the enzyme which will be used in this 

study.  

In nature, the CRISPR-Cas system serves as a DNA-encoded RNA-mediated defence 

system against viral infections or insertions of plasmids by targeting and degrading unrecognized 

exogenous nucleic sequences (Barrangou, 2015). The gRNA bound to the Cas9 enzyme can be 

separated into two distinct regions, each responsible for a unique functional role: the first, much 

larger sequence of the mature gRNA allows the gRNA to remain bound to the Cas9 enzyme 

(trans-activating crRNA or tracrRNA), while the second segment of the gRNA, known as the 

CRISPR RNA (crRNA), contains a small 20bp spacer sequence that plays the role of directing 

which DNA sequence the Cas9 enzyme will recognise and bind (Mohanraju et al., 2016). 

Specifically, the Cas9 enzyme will bind and cleave the DNA sequence which is complementary 

to any 20bp spacer sequence neighbouring a Protospacer Adjacent Motif (PAM) site (Mohanraju 

et al., 2016); the presence of a PAM site is essential for cleavage by the Cas nuclease (Leenay 

and Beisel, 2017). The PAM site which is recognized by the commonly used Streptococcus 

pyogenes Cas9 is a 5′-NGG-3′ sequence, where N is any nucleotide base, and is located 2-6 
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nucleotides downstream of the gRNA target sequence. It should be noted that different Cas 

enzymes recognize different sequences as a PAM site. For instance, the Cas enzyme NmeCas9 

(isolated from Neisseria meningitidis) recognizes the PAM sequence 5′-NNNNGATT-3′ (Leenay 

and Beisel, 2017). This allows for greater versatility in which sequences can be targeted by a 

gRNA, as any limitations which may be presented by the absence of a PAM site can be 

alleviated by selecting a new Cas enzyme with the appropriate PAM target.   

The nuclease domain of the Cas9 enzyme cleaves the strand complementary to the spacer 

region while the RuvC-like domain of the enzyme cleaves the non-complementary strand, 

resulting in the production of double-stranded breaks (DSBs) located 3-4 nucleotides upstream of 

the 5′-NGG-3′ PAM (Cencic et al., 2014; Jinek et al., 2012). These breaks are then repaired 

either by non-homologous end joining (NHEJ) or homology directed repair (Mohanraju et al., 

2016). NHEJ can result in deletion or insertions of sequences, while homology directed repair 

occurs if a DNA donor template which is homologous to the targeted loci is present, which 

allows for precise alterations or mutations to be made to a target locus. Although the CRISPR-

Cas system is used in bacteria and archaea for the purpose of providing antiviral and plasmid 

immunity (Barrangou, 2015), due to the highly precise nature of the CRISPR-Cas system, it can 

also be manipulated as a tool for generating precise genetic modifications targeting nearly any 

DNA sequence of our choosing by simply manipulating the gRNA which directs the Cas-

endonuclease activity (Jinek et al., 2012). Utilizing the CRISPR-Cas system, after the production 

of DSBs, another sequence of choice can easily be incorporated at a target site through the use of 

homology-directed repair, including the incorporation of a premature stop codon (Makarova et 

al., 2015) to prevent a target gene from being transcribed. This would produce a mutant strain 

which is equivalent to a gene deletion or knockout event.  
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In addition to classical CRISPR Cas9 use, there are also variations known as CRISPR 

activation (CRISPRa) and CRISPR interference (CRISPRi). CRISPRi uses dCas9, a nuclease-

deactivated or “dead” version of Cas9 which has lost its ability to produce double stranded 

breaks. dCas9 is able to bind directly to the promoter region of the target gene specified by the 

gRNA, thus blocking RNA polymerase from binding correctly through steric hindrance; this 

results in transcriptional downregulation of the gene (Liu et al., 2017). In contrast, CRISPRa uses 

dCas9 to bind to the target gene upstream of the promoter region and recruit transcription 

activators using fusion proteins, resulting in upregulated transcription and amplification of the 

target gene (Bester et al., 2018; Dominguez et al., 2016).   

Using CRISPR techniques, many genes in literature have been targeted by researchers, 

including some of the previously mentioned genes involved in drug resistance, such as ERG1 

(azole resistance), ERG3 (polyene resistance) and FKS1 (echinocandin resistance). Previous 

work in C. albicans has developed both canonical CRISPR systems for genetic deletion and 

mutation, as well as CRISPRi and CRISPRa-based regulatory systems, for applications in this 

human fungal pathogen (Shapiro et al., 2018; Halder et al., 2019; Wensing et al., 2019; Vyas et 

al., 2015). Our study chooses to use CRISPR techniques to target the novel gene TRA1 

(elaborated upon in Section 10).  

11.2. Yeast Maintenance, Media, And Strains 
 

This study used C. albicans strain SC5314 (labelled fRS1) as the wild-type model. The 

control strain for tra1Q3 and Δevp1 was fRS302, a version of the fRS1 strain containing an empty 

Cas9 plasmid backbone (pRS252). The TRA1 CRISPRi control was fRS187, a version of fRS1 

containing dCas9 and the empty plasmid backbone pRS159, selected based on NAT 

(Nourseothricin N-acetyl transferase) resistance. All strains used in this study were cultivated at 
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30oC overnight on Yeast Peptone Dextrose (YPD) + NAT plates, and subsequently incubated at 

4oC for maintenance. Strains were restreaked fresh every 2 weeks. Fungal strains were 

aseptically picked up with a metal loop to inoculate media and grown overnight, shaking at 

250rpm at 30oC in 5mL of YPD media, while bacterial strains (containing plasmids) were grown 

overnight shaking at 250 rpm at 30oC in 5mL of Lysogeny broth (LB) + 5μl ampicillin (AMP) 

liquid media. The plasmid DNA was extracted using the plasmid miniprep kit by Thermo 

Scientific. Once extracted into microcentrifuge tubes, plasmid DNA purity was assessed using a 

nanodrop. Plasmid DNA with a high purity, indicated by an appropriate optical density reading, 

was stored at -20oC until use. Sequence information of all gene fragments and primers used in 

this study are summarized in Appendix A.         

11.3. Gibson Assembly Background  
 

Gibson assembly is an isothermal, single-step cloning method which assembles overlapping 

DNA fragments with single-stranded overhangs, which are then annealed and covalently joined 

(Gibson et al., 2009). A reagent-enzyme mix (containing 5′ T5 exonuclease, two DNA 

polymerases, and DNA ligase) is combined with the overlapping DNA fragments at 50oC in a 

thermocycler, resulting in one-step recombination. Additionally, fragments which remain linear 

will be degraded by T5 exonuclease, but closed circular DNA molecules remain unaffected, 

yielding high efficiency (Gibson et al., 2009).   

Gibson assembly is faster than traditional cloning methods, requires fewer steps with 

commercially available inexpensive reagents, and acts in a scarless manner, making it 

advantageous for assembly of DNA fragments and site-directed mutagenesis (Thomas et al., 

2015). However, it is important to note that all cloning techniques have limitations. Gibson 

assembly requires enzyme digestion and an inverse PCR to linearize the fragments. Due to this, 
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it is difficult to work with extremely long sequences, especially those containing high GC 

content or repeat regions. Additionally, amplification of large sequences introduces the risk of 

unintentional mutations occurring, which must later be screened for (Wang et al., 2015).    

11.3.1. Plasmid Contruction via Gibson Assembly  
 

Bacterial cells containing plasmids were growth in LB + 100 µg/mL AMP. Bacterial 

strains were inoculated and grown shaking at 250 rpm overnight at 37oC. Plasmids were 

miniprep using the GeneJET Plasmid Miniprep Kit Protocol. Plasmid quality and purity was 

inspected using a Nanodrop spectrophotometer. The plasmid CRISPR Cas9 backbone plasmid 

(pRS252) was digested using the enzyme NgoMIV through the following mastermix: 22 μl of 

plasmid (pRS252), 2.5 μl of 10x cutsmart buffer, and 0.5 μl of NgoMIV, for a total of 25μl. 

Mastermix was incubated static overnight at 37oC for plasmid digestion. Once digested, the full 

cloning construct was assembled using gibson assembly. The following mastermix was 

assembled and incubated at 50oC for four h: 1μl of digested plasmid (pRS252), 1 μl of DNase-

RNase free water, 1 μl of the genedrive fragment (gRS10 - refer to appendix A for sequence) 

diluted to a concentration of 50 ng/µL, and 3 μl of NEBuilder 2x Hifi DNA Master Mix, for a 

total volume of 6 μl. The construct was then transformed into competent industrial E. coli DH5α 

(C2987H/C2987I) using a modified version of the NEB high efficiency transformation protocol.  

11.4. Golden Gate Cloning Background  
 

Golden Gate cloning is different from traditional cloning techniques due to the incorporation 

of special type IIS restriction enzymes that are able to cleave DNA in a “scarless” manner 

(Engler et al., 2009). This means that DNA cuts are repaired with no amino acid residues or 

overhangs (Engler et al., 2009). Essentially, once a plasmid has been cleaved by the type IIS 
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restriction enzyme (i.e. SapI), the gRNA which will be paired with duplexed oligonucleotides, 

will then be incorporated into the plasmid. The cuts will subsequently be repaired by T4 DNA 

ligase. Unlike traditional cloning, due to the scarless nature of Golden Gate cloning, if the gRNA 

has successfully incorporated into the plasmid, the SapI site will disappear (Shapiro et al., 2018). 

However, plasmids which were cleaved and then reclosed before successfully incorporating the 

gRNA will retain their SapI site. This allows incorporation of an additional SapI cleaving step. 

By treating plasmids with SapI a second time, plasmids which did not successfully incorporate 

the gRNA and retained their SapI site will be targeted and cleaved once more, allowing them a 

second opportunity to uptake the gRNA, while plasmids which successfully transformed and no 

longer retain their SapI site will remain unaffected. This dramatically increases the probability 

that the gRNA will incorporate into the plasmid, allowing cloning to successfully occur in a 

highly efficient manner (Terfrüchte et al., 2014).  

11.4.1. Transformation into E. coli DH5α Competent Cells via Golden Gate Cloning   
 

E. coli DH5α (C2987H/C2987I) competent cells were thawed on ice for 10 min. Following 

this, all 6 μl of Gibson assembled construct was gently pipetted into the E. coli DH5α cells and 

incubated on ice for 30 min. The cells were then heat shocked at 42oC using a hot water bath for 

30 seconds, followed by a 5 minute incubation on ice. The cells were gently suspended in 950 μl 

of Super Optimal broth with Catabolite repression (SOC) media and incubated at 37oC shaking at 

250 rpm for 1 h. Simultaneously, LB + Amp plates were placed at room temperature to warm for 

1 h. Finally, 350 μl of the suspended E. coli DH5α cells were plated via glass beads on the LB + 

AMP plates. Plates were incubated at 30oC overnight to allow for colony growth. Confirmation 

of plasmid integration was done through PCR quantification using the forward primer oRS294 

and reverse primer oRS438 (Appendix A). Once again, 5mL of LB + 100 μg/mL AMP media 
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was inoculated with the newly assembled plasmid pRS290, grown overnight shaking at 250 rpm, 

and miniprepped using the GeneJET Plasmid Miniprep Kit Protocol. 

11.5. Fungal Transformation into Candida albicans 
 

To transform C. albicans cells, 44 μl of miniprepped plasmid DNA was digested with 5 

μl of 10x Cutsmart buffer and 1 μl of the enzyme PacI by combining and incubating static 

overnight at 37oC. Simultaneously, a 5 mL tube of YPD was inoculated with the wild-type C. 

albicans strain fRS1 and incubated overnight shaking at 250 rpm and 30oC. The following day, 

an OD600nm read of the fRS1 overnight was taken. The following formula was used to determine 

the volume of fRS1 overnight to be transferred to an eppendorf tube: 𝑉1	(𝜇𝑙) 	= 	 !","""
$%&""	×	!"	×	!.*

. 

After transferring the calculated volume of fRS1 into a microcentrifuge tube, the tube was 

centrifuged at 2,000 rpm for 5 min. The supernatant was discarded. The pellet was resuspended 

with 35 μl of the CRISPR repair template. The following compounds were also added directly 

into the eppendorf tube: 100 μl of 10x Tris-EDTA (TE), 100μl of 1M LiAc pH 7.4, 20μl of 1M 

Dithiothreitol (DTT), 40 μl salmon sperm (ssDNA - boiled at 100°C for 10 min and iced for 5 

min), and 800 μl of 50% Polyethylene glycol (PEG). Mixture was incubated static at 30oC for 1 

h, followed by heat shock at 42oC in a hot water bath for 45 min. Eppendorf was centrifuged at 

2,000 rpm for 5 min, and the supernatant was removed. Pellet was resuspended in 1 mL of clean 

YPD and transferred to a culture tube containing 9 mL of YPD, for a total volume of 10 mL. 

Culture tube was incubated shaking for 4 h at 250 rpm and 30oC to allow expression of NAT-

resistance. The tube was then centrifuged at 4,000 rpm for 5 min. The supernatant was discarded, 

and the pellet was resuspended by gently pipetting. 350 μl of the resuspended pellet was plated 

on a YPD + NAT plate and incubated for 2 days at 30oC. Colonies were PCR verified twice 

using the primers oRS114/115 and oRS116/117 to validate integration of the CRISPR plasmid. 
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Finally, the presence of the three targeted point mutations (R3471Q, R3472Q, and R3538Q) 

were confirmed through sanger sequencing using the following sequencing primers: forward 

primer oRS413 and reverse primer oRS414.  

11.6. TRA1 CRISPRi Plasmid Generation and Integration  
 

To generate the TRA1 CRISPRi plasmid, the primer oRS529 encoding the gRNA were 

duplexed and cloned Golden Gate cloning into the CRISPRi backbone plasmid (pRS159), and 

then transformed into competent E. coli cells. Each reaction was set up using10 µL of extracted 

pRS159 plasmid DNA, 2 µL of CutSmart (New England Biolabs), 2 µL of ATP, 1 µL of the type 

IIS restriction enzyme SapI (New England Biolabs), 1 µL of T4 DNA Ligase (New England 

Biolabs), 3 µL of DNase-free water, and 1 µL of gRNA (duplexed oRS259 primers), for a total 

of 20 µL. Reactions were set up in strips of PCR tubes and placed in the thermocycler for 12 h 

with the following setting: 37oC for 2 min and 16oC for 5 min, cycled alternatively 99 times, 

followed by a single cycle of 65oC for 15 min, and 80oC for 15 min. 37oC and 16oC serve as the 

two optimal temperatures for the enzymes SapI and T4 DNA ligase, while 65oC and 80oC serve 

as double heat inactivation steps. CutSmart is a buffer that helps facilitate restriction enzyme 

digests, as well as double digest reactions. Once cycled, 1µL of SapI was added a second time to 

all PCR tubes and incubated static at 37oC for 1 h.  

Samples were transformed into competent industrial E. coli DH5α (C2987H/C2987I) 

using the NEB high efficiency transformation protocol (as described in section 11.2, with the 

exception of using 20 µL of PCR product instead of 6 µL of gibson assembled construct). 

Successful transformation into E.coli was confirmed through PCR testing using the primers 

oRS294 (F)/ oRS529 (R) and oRS 529 (F)/ oRS122 (R). Once confirmed to be positive for 

plasmid integration, the plasmid was mini-preped, digested overnight with 1µL of the enzyme 
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PacI and 5 µL of cutsmart, and transformed into fRS1 through standard yeast transformation 

protocol (as described in section 11.3). Transformation into fRS1 was confirmed through PCR 

testing using the primers oRS294 (F)/ oRS529 (R).  

11.7. Δevp1 Creation (Orf19.6741 knockout strain)  
 
 A successful mutant knockout of the gene Orf19.6741 (proposed EVP1) was created 

using gibson assembly, as described in section 11.2, using 1 μl of the gene fragment gRS76 in 

place of gRS10; further details of gene drive applications and creation have been described by 

other researchers (Shapiro et al., 2018; Halder et al., 2019). Successful transformation into E. 

coli DH5α was confirmed through PCR amplification using primers oRS831 and oRS832 

(expected band size = 785bp). Positive plasmids were mini-prepped and transformed into yeast 

as described in section 11.3. Successful KO of Evp1 in C. albicans was confirmed through 2 

different PCR screens. The first primer set (oRS831/832) confirmed integration of the gene drive 

(785bp band). Failure of the gene drive to integrate would alternatively result in amplification of 

EVP1, resulting in a 1600bp band. The second primer set (oRS833/834) targeted direct 

amplification of EVP1, where successful knockout of the gene resulted in no band, and failure to 

knockout the gene resulted in amplification of a 530bp fragment.   

11.8. CFU Spot Plates 
 

YPD plates with the following drug and chemical compound concentrations were made: 

20 μg/ml fluconazole, 0.5 μg/ml miconazole, 200 mM CaCl2, 25 μg/ml calcofluor white, and 

0.25 μg/ml caspofungin. Plain YPD plates (no drug) were used as the control. WT and TRA1 

mutants were grown in 5mL YPD overnight at 30oC. The OD600nm read for the strains was taken. 

Strains were then diluted to OD600nm = 0.05 using the formula 𝑉1	(𝑚𝐿) 	= 	 "."*	×	+,	-.	/0%
$%&""1+

and 
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grown to OD600nm = 0.2 by shaking at 30oC for 2-3 h. 200μl of each strain was transferred to the 

first well of each row of a 96-well plate. 100 μl of YPD was pipetted into the remaining wells of 

each row. 100 μl of each diluted strain was transferred to the adjacent well, into 100 μl of YPD, 

creating a series of 1:2 serial dilutions. Using a multi-channel pipette, 4 μl of each row was 

plated on the aforementioned drug plates and YPD control plate. Each plate was set up in 

triplicate. Plates were incubated static at 30oC for 2 days.  

11.9. Transcriptomic Analysis 

11.9.1. RNA Preparation and Sequencing  
 

RNA samples were generated in triplicate for each mutant. The following triplicate sets 

were grown overnight in 50mL inoculated YPD tubes, for a total of 12 tubes: WT no drug, WT 

grown with 10 ng/ml caspofungin, tra1Q3 mutant no drug, and tra1Q3 mutant grown with 10 

ng/ml caspofungin. The appropriate samples were inoculated with drug at OD600nm = 0.1 and 

then grown to OD600nm = 0.2 with drug for approximately 2 h at 30oC. RNA samples were then 

extracted using the Geneaid Presto Mini Yeast Kit No. RBYD050 . Sample purity was checked 

using a tapestation bioanalyzer to ensure a RIN value of 8.0 or higher before being vacuum 

dried; dried sample pellets were sent to Genewiz for further analysis.  

Total RNA sequencing was performed by Genewiz (South Plainfield, NJ). Stranded 

Illumina TruSeq cDNA libraries with poly dT enrichment were prepared from high quality total 

RNA (RIN > 8). Libraries were sequenced on an Illumina HiSeq yielding between 26.4 - 37.9 

million 150 bp paired end sequencing reads per sample. The raw reads have been deposited in 

the Sequence Read Archive (SRA). Statistical analysis of RNAseq data was performed using the 

software R.  
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11.9.2. Quality Control: Trimming, Read Alignment and Differential Gene 
Expression Analysis 

 
FASTQ files were analyzed using a customized bioinformatics workflow. Adapter 

sequences and low quality bases were trimmed using the default settings of Trimmomatic 

(Bolger et al., 2014). Sequence quality was analyzed using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequence reads were aligned to the 

Candida albicans SC5314 reference genome (assembly 21; http://www.candidagenome.org) 

using STAR (Dobin et al., 2013). Only reads that uniquely mapped to the reference genome were 

kept. Read counts for each gene were summarized using featureCounts (Liao et al., 2014). 

Differential expression analysis was performed using the DESeq2 R package (Love et al., 2014) 

with a Benjamini-Hochberg adjusted P-value cut-off of <= 0.05.  

11.10. Serum-Induced Filamentation Assay and Microscopy  
 

The WT and tra1Q3 mutant strain were grown overnight in 5mL of YPD media at 30oC. 

OD600nm reads were taken and strain growth was normalized by diluting all samples to OD600nm = 

0.2. Following growth normalization, 10% serum was added to one set of samples of the WT and 

tra1Q3 mutant strain to induce filamentation, while a second sample set had no serum added. 

Volume of 10% serum to add to each sample set was caculated using the equation C1V1 = C2V2 

where “C” represents concentration and “V” represents volume. Following this, WT and tra1Q3 

strains induced with serum were incubated at 37oC, while non-serum WT and tra1Q3 were 

incubated at 30oC, for 2 and 4 h respectively. Filamentation was observed under a light 

microscope at 40x magnification by setting up a wet mount of 5-10μl per sample.  
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11.11. Macrophage Infection Assay  
 

Macrophage cells were passaged according to the following protocol: Phosphate-buffered 

saline (PBS) was placed in the fridge to cool down to 4oC. Simultaneously, confluence (the 

percentage or density of cells covering the surface of a plate) of the cells were examined under a 

microscope to ensure a minimum of 70-80% confluence. After examination of macrophage % 

confluence, the tissue culture dish was washed with 5mL of room temperature PBS via pipetting 

and creating a swirling motion to evenly spread across the surface of the plate; once complete, 

the PBS was carefully discarded. The macrophage cells were dislodged from the plate by adding 

1mL of cold PBS (chilled at 4oC) and scraped off the plate using a VWR 25cm cell scraper. 

Approximately 1mL of dislodged cells were plated onto fresh VWR tissue culture dishes; 

samples were marked with the date and passage number, with cells used for initial seeding being 

marked passage zero. The passaged cells were grown for 2 days at 37oC. After passaged cells 

were successfully grown, 5mL overnights of tra1Q3 and the control strain were grown shaking at 

250rpm and 37oC. In the tissue culture room, Dulbecco's Modified Eagle Medium (DMEM) 

media was placed in a hot water bath for 30 min to warm. 50 uL of the overnight strains were 

subcultured with macrophages to a ratio of 1:100; subculture was incubated shaking at 37oC and 

250 rpm. Post incubation, cells were checked for confluence to ensure a range of 70-80%. Cells 

were washed with 10 mL PBS (as previously described) and dislodged using 1 mL of chilled 

PBS. Cells were scraped using cell scraper and 9 mL of DMEM media. Following this, 0.5 mL 

of cells (~500,000 cells) was transferred to a new 12-well plate, with 0.5mL of cells added per 

well, and incubated at 37oC for 3 h. An OD600nm read was taken, with OD600nm = 1.0 being an 

ideal read. Cells were spun down in centrifuge (12,000 xg for 1 minute or until a solid pellet was 

formed) and washed with 1 mL of PBS media twice. Washed pellet was resuspended in 1 mL of 
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DMEM media and measured by pipetting 10 uL of resuspended cells into a hemocytometer; cells 

were viewed under 40x to calculate the value of cells per mL. Cells were diluted to a 0.1:1 ratio 

of Candida to macrophage cells and incubated for 1 h at 37oC and 5% CO2 levels. Post-

incubation, the supernatant was discarded and 1 mL of DMEM (containing 5ug/mL caspofungin) 

was added. Plates were incubated for 30 min at 37oC and 5% CO2 levels. The supernatant was 

discarded, and plates were washed with PBS to remove any residual traces of caspofungin; 1 mL 

of fresh DMEM was added, following 1 h incubation (37oC and 5% CO2 levels). Samples of the 

incubated cells were plated (on YPD plates) at 1 h post incubation, as well as 3, 6, and 18 h post 

incubation.  

11.12. Biofilm Assay 
 

C. albicans strains were incubated overnight in 5mL of YPD media at 37°C, shaking at 

250 rpm. The next morning, the OD600nm read of each sample was taken. Samples were diluted 

with RPMI media to normalize to OD600nm = 0.2. Strains were subcultured into flat bottomed 96-

well polystyrene plates containing 100 μL of YPD and 100 μL of culture per well. 200 μL of 

YPD was used as a negative control.  The 96-well plates were wrapped in tinfoil and incubated at 

37°C for 72 h. Post incubation, 120 μL of culture from each well was transferred to new 96-well 

plates, and subsequently read in a plate reader at OD490nm. Plates were washed twice with 200 μL 

of PBS and left upside down to dry in a fume hood for approximately 1 h. Once dry, 90 μL of 

XTT (1mg/mL PBS) and 10 ul of PMS (0.32mg/mL H2O) was added to each well. Plates were 

wrapped in tinfoil and incubated for 2 h at 30°C. Plates were read at OD490nm using a Tecan 

infinite M nano plate reader. 
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11.13. Growth Curve Assay  
 

Overnights of 5 mL inoculated YPD media were grown shaking at 30oC and 250 rpm. 

The following morning, growth of the strains were evaluated by measuring the OD600nm (Optical 

Density reads performed at wavelength 600). Based on this, strain growth was normalized by 

diluting to OD600nm = 0.1 and grown to OD600nm = 0.2 by incubating shaking at 30oC and 250 rpm 

for approximately 2 h. In a 96-well plate containing 100 μL of fresh YPD media, 100 μL of each 

sample was added, followed by the addition of 50 μL of mineral oil to prevent evaporation. The 

plate was placed in a spectrometer programmed to read the growth of each strain at OD600nm 

every 15 min for 24 h. The data was graphed using the program Prism Graphpad version 8.      

12. Results 

12.1. Generation and Confirmation of tra1Q3 and CRISPRi Mutant Strains   
 
 As previous work indicated a role for Tra1 in resistance to cell wall stress in S. cerevisiae 

(Berg et al., 2018), we aimed to assess whether a tra1Q3 was similarly involved in sensitivity to 

cell wall stressors in the fungal pathogen C. albicans. As TRA1 mutant strains have not been 

previously generated in C. albicans, we first identified the highly conserved three arginine 

residues proximal to the PI3K ATP-binding cleft, and used CRISPR-Cas9-based genome editing 

to modify these arginine residues to glutamine, in order to generate a C. albicans orthologous 

tra1Q3 mutant strain. Using CRISPR techniques, we were successfully able to generate the three 

arginine to glutamine point mutations (R3471Q, R3472Q, and R3538Q) within the gene TRA1 

and create the tra1Q3 mutant. Across 40 strains submitted for Sanger sequencing, two 

independent isolates were confirmed to carry the desired point mutations. Additionally, all 

11,466bp of the TRA1 genetic sequence was analyzed via Sanger sequencing using full genome 
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alignment against the wild-type control to ensure that additional, unexpected mutations had not 

spontaneously occurred during the process of Gibson assembly or transformation into yeast. We 

successfully verified that tra1Q3 did not contain any mutations in addition to the desired point 

mutations.    

 To further assess the role of TRA1 in C. albicans, we generated a genetic depletion strain 

of TRA1 in C. albicans using a CRISPR interference (CRISPRi)-based repression system 

optimized for C. albicans (Wensing et al., 2019). A gRNA targeting dCas9 to the TRA1 promoter 

was designed and cloned into a C. albicans-optimized dCas9 plasmid backbone, and the 

CRISPRi TRA1 plasmid was then sequence-verified and transformed into a wild-type C. albicans 

strain. 

12.2. tra1Q3 Has Increased Susceptibility to Cell Wall Stressors and Hyper-Azole 
Resistance; CRISPRi Strains Act as An Intermediate Phenotype  

 
 Next, we aimed to assess whether the tra1Q3 mutant in C. albicans had changes in 

sensitivity to different environment stressors, similar to what had been previously observed in S. 

cerevisiae (Berg et al., 2018). We began quantification of the antifungal stress response 

pathways of the tra1Q3 mutant through spot plate analysis. Multiple stressors were tested in the 

form of agar drug plates: calcofluor white (25 μg/ml), caspofungin (0.25 μg/ml), fluconazole (20 

μg/ml), miconazole (0.5 μg/ml), and CaCl2 (200 mM). YPD agar plates were used as a no-drug 

control. The spot plate assays were repeated extensively, across more than 6-8 replicates 

repeated on separate experimental days; the results were extremely consistent across all 

replicates.  

   On a no-drug control YPD plate, both the tra1Q3 mutant and WT control demonstrate 

healthy, roughly equivalent levels of growth (Figure 2). However, in antifungal conditions, the 
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mutant and control act strikingly differently. tra1Q3 exhibits high azole resistance to both 

fluconazole and miconazole (Figure 2). Visually, tra1Q3 growth in the presence of azoles is 

similar to the no-drug control, and occasionally grows to a higher colony dilution factor in 

azoles. Additionally, despite demonstrating resistance to both fluconazole and miconazole, 

tra1Q3 appears to be more resistant to fluconazole than miconazole.  

 

Figure 2: Spot plate assays comparing the control and tra1Q3 in YPD, miconazole, and 
fluconazole. Spot plates were inoculated with 4 μl of overnight culture of each respective 
strain and incubated for 48 h at 30oC. The control strain was fRS302 (a modified version of 
the wildtype containing an empty CRISPR backbone, refer Appendix A Table 1 for further 
strain information).  

 
In comparison to tra1Q3, TRA1 CRISPRi strains demonstrated a much more varied 

response to azoles. In the presence of fluconazole, CRISPRi strains appeared phenotypically 

similar to the wild-type control (Figure 3). However, in exposure to miconazole, CRISPRi strains 

would consistently grow slightly more poorly than the WT, which is quite different from tra1Q3 

observations.       
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Figure 3: Spot plate assays comparing the control, tra1Q3, and the TRA1 CRISPRi strain in 
YPD, fluconazole, and miconazole. Spot plates were inoculated with 4 μl of overnight 
culture of each respective strain and incubated for 48 h at 30oC. The control strain was 
fRS187 (Refer Addendix A, Table 1 for further strain information).  

 
In terms of cell wall stressors, such as calcofluor white and caspofungin, tra1Q3 

demonstrated the opposite phenotype of azoles and was instead hypersensitive relative to the WT 

(Figure 3). In both cell wall stressor conditions, tra1Q3 colonies are unable to be as large as the 

wild type. Additionally, sensitivity to caspofungin appears to be significantly more pronounced 

than calcofluor (Figure 4).  

 

Figure 4: Spot plate assays comparing the control and tra1Q3 in YPD, calcofluor white, and 
caspofungin. Spot plates were inoculated with 4 μl of overnight culture of each respective 
strain and incubated for 48 h at 30oC. The control strain was fRS302 (Refer Addendix A, 
Table 1).  

 
In comparison, CRISPRi strains acted as an intermediate between the phenotypes 

observed for tra1Q3 and the WT (Figure 5); they were less sensitive to calcofluor white and 
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caspofungin stress than tra1Q3 but still grew more poorly than the control. The intermediate 

phenotype of CRISPRi was more pronounced in caspofungin. Both mutant and the control 

strains grew similarly on CaCl2 (200mM) plates and did not show any significant differences 

(not shown).  

 

Figure 5: Spot plate assays comparing the control, tra1Q3, and the TRA1 CRISPRi strain in 
YPD, calcofluor white, and caspofungin. Spot plates were inoculated with 4 μl of overnight 
culture of each respective strain and incubated for 48 h at 30oC. The control strain was 
fRS187 (Refer Addendix A, Table 1).  

 

Overall, we found that the tra1Q3 mutant demonstrated increased susceptibility to cell 

wall stressors caspofungin and calcofluor white, while simultaneously possessing hyper-azole 

resistance to fluconazole and miconazole. Comparatively, the CRISPRi strains acted as an 

intermediate phenotype, usually being less resistant or susceptible to any given antifungal than 

the tra1Q3 mutant, but more so than the control strain.          

12.3. Heat Shock (39oC) Reverts tra1Q3 Azole Resistance to Wild-Type Levels   
 
 Heat shock at 39oC was tested using both YPD plates and drug-agar plates, placing the 

fungal cells under dual stress conditions. On YPD plates, tra1Q3 and the WT control did not 

demonstrate significantly different growth; both strains appeared to grow quite well under 
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thermal stress (Figure 5). In dual stress conditions (Figure 6), the hyper azole resistance 

phenotype of tra1Q3 disappeared for both fluconazole and miconazole. Instead, growth of the 

mutant was reduced to similar levels of the WT control. Interestingly, under conditions of both 

heat shock and exposure to calcofluor white, tra1Q3 demonstrated similar levels of growth to the 

WT, losing calcofluor white sensitivity. Neither tra1Q3 nor the WT control were able to grow on 

caspofungin drug plates while subjected to thermal shock. Overall, we found that heat shock at 

39oC reverts tra1Q3 azole resistance to fluconazole and miconazole to wild-type levels, but also 

reverts calcofluor white sensitivity.       

 

Figure 6: Spot plate assays comparing the control, tra1Q3, and the TRA1 CRISPRi strain in 
YPD, fluconazole, miconazole, and calcofluor while simultaneously subjected to heat shock 
(39oC). Spot plates were inoculated with 4 μl of overnight culture of each respective strain 
and incubated for 48 h at 39oC. The control strain used for the tra1Q3 mutant was fRS302, 
while the control strain for the CRISPRi strains was fRS187.  

 

12.4. RNA-seq Analysis Reveals Transcriptional Regulation of tra1Q3 Genes in 
Response to Caspofungin and Genes Uniquely Regulated by TRA1     

 
Given the role of Tra1 as an essential component of histone acetyltransferase complexes 

SAGA and NuA4 complexes, and the role were observed in sensitivity to the antifungal 
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caspofungin, we next sought to explore the role of TRA1 in mediating the fungal transcriptional 

response to treatment with caspofungin. Wild-type and tra1Q3 mutant strains of C. albicans were 

grown in the presence or absence of caspofungin, and RNA-seq was performed to evaluate the 

transcriptomic response of these strains to this antifungal agent. A total of four conditions in 

triplet replicates were included for RNA-seq: wild-type control in no drug, wild-type control in 

10ng/ml caspofungin, tra1Q3 in no drug, and tra1Q3 in 10ng/ml caspofungin. A total of 6469 

genes were identified from the RNA-seq analysis. Following this, the differential expression of 

genes was statistically analyzed to ensure a fold-change value greater than 2-fold and a p-value < 

0.05. After screening for statistical significance, it was found that in the condition of no drug, a 

total of 289 genes were differentially expressed between tra1Q3   and the wild-type control, of 

which 188 were downregulated and 101 genes were upregulated. In comparison, in the presence 

of caspofungin, 228 genes were differentially expressed between the two strains, of which 90 

genes were down regulated and 138 genes were upregulated; a total of 68 genes between tra1Q3 

and the wild-type control demonstrated a significantly different response in tra1Q3 compared to 

the control strain when exposed to caspofungin, inferring they are uniquely regulated by TRA1 in 

response to antifungal stressors. Based on the literature, these 68 genes can be broadly divided 

into the following categories: caspofungin induced genes, caspofungin repressed, azole-linked, 

cell wall biosynthesis, adhesions, efflux pumps, morphogenesis, filamentation, and stress 

response. Finally, 45% of the variation of genes observed to be up or downregulated between the 

strains was attributed to the presence of caspofungin, while 20% gene variation was specifically 

attributed to introduction of the three point mutations within TRA1. A summarized table of some 

of the key genes differentially regulated in the tra1Q3 mutant, which may potentially play a role 

in the mutant demonstrtating impaired stress response and various growth and filamentation 
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defects, can be found under Appendix A, Table 2. However, further study would be required to 

confirm the role of these genes within the mutant.   

From the RNA-seq data, the gene orf19.6741 (proposed EVP1 or extracellular vesicle 

protein 1 based on sequencing data (Dawson et al., 2020)) was extrapolated to be significantly 

downregulated in the wild-type control strain (Log2 = -2.74) upon exposure to caspofungin, but 

less so in tra1Q3 (Log2 = -1.25). EVP1 was elected for further study based on the following: 1. 

EVP1 has not previously been studied in literature, while mny of the other differentially 

regulated genes had previously research demonstrating their cellular roles and 2. the regulation 

of EVP1 was significantly different between the mutant and wild-type in presence of drug, even 

compared to many of the other genes extrapolated from the RNA data set. Using a CRISPR-

Cas9-based gene drive deletion system (Halder et al., 2019; Shapiro et al., 2018) , we 

successfully created a novel EVP1 knockout strain (Δevp1), as described in Section 11.7.   

12.5. Δevp1 Demonstrates Azole Sensitivity to Fluconazole and Miconazole    
 

Given the observed role of TRA1 in mediating sensitivity and resistance to various 

antifungal stressors, we next asked whether the Δevp1 mutant would demonstrate a similar drug 

resistance profile. The antifungal resistance profile of the knockout mutant Δevp1 was tested 

through six spot plate replicates using the following YPD agar drug plates: calcofluor white (25 

μg/ml), caspofungin (0.25 μg/ml), fluconazole (20 μg/ml), miconazole (0.5 μg/ml), and YPD as a 

no-drug control (Figure 7). Interestingly, unlike tra1Q3, Δevp1 was found to be azole-sensitive to 

both fluconazole and miconazole. Similar to the TRA1 CRISPRi strains, Δevp1 was particularly 

sensitive to miconazole, consistently demonstrating significantly reduced growth compared to 

both tra1Q3 and the wild-type control.  
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Figure 7: Spot plate assays comparing the control, tra1Q3, and the Δevp1 mutant strain in 
YPD, fluconazole, and miconazole. Spot plates were inoculated with 4 μl of overnight 
culture of each respective strain and incubated for 48 h at 30oC. The control strain was 
fRS302 (Refer Addendix A, Table 1). 

 
Additionally, Δevp1 demonstrated an intermediate level of sensitivity to calcofluor white 

(Figure 8), consistently growing better than tra1Q3 but more poorly than the control. However, 

this trend is not consistent for caspofungin, as Δevp1 often grew to wild-type levels, and 

occasionally even surpassed the control.  

 

Figure 8: Spot plate assays comparing the control, tra1Q3, and the Δevp1 mutant strain in 
YPD, calcofluor white, and caspofungin. Spot plates were inoculated with 4 μl of overnight 
culture of each respective strain and incubated for 48 h at 30oC. The control strain was 
fRS302 (Refer Addendix A, Table 1). 

 
Overall, we found that the Δevp1 mutant is extremely azole sensitive, particularly to 

miconazole, which is quite contradictory to tra1Q3 observations, and demonstrates TRA1 

CRISPRi levels of resistance to the cell wall stressor calcofluor white (Figure 9).     
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Figure 9: Graphed spot plate assays comparing the control strain, two independent isolates 
of the tra1Q3 mutant, and the Δevp1 mutant strain grown on YPD drug plates containing 
fluconazole (P < 0.0150, ANOVA), miconazole (P < 0.0074, ANOVA), calcofluor white (P < 
0.0072, ANOVA), and caspofungin (P < 0.0133, ANOVA) at 30oC for 2 days. Graphs were 
plotted using data from 6 sets of replicate plates and graphed in Prism Graphpad version 
9. All data sets were calculated by Prism to be statistically relevant.  
 

12.6. tra1Q3 and Δevp1 Do Not Demonstrate Poorer Growth in Non-Drug 
Conditions   
 

To ensure the resistance and susceptibility phenotypes of the tra1Q3 and Δevp1 mutants 

were not simply due to slower or defective growth compared to the wild-type strain, we 
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performed growth curve analysis, averaged from replicates of six datasets (Figure 10). Growth 

between the mutant and control strain were measured at OD600nm every 15 min for 24 h and did 

not show any significant differences at any time points. Based on this, we can confer with 

confidence that any resistances or susceptibilities to antifungals observed during other 

experiments are solely due to the presence of the antifungal itself, and not due to the mutants 

demonstrating poorer growth compared to the control strain.          

 

Figure 10: 24 h growth curve of the control, tra1Q3, and Δevp1 mutant strain in YPD, 
normalized over 6 replicates. Strain growth was normalized to OD600nm = 0.2 and combined 
100 mL of normalized overnight culture, 100 mL, and 50 mL of mineral oil to prevent 
evaportion. Reads at OD600nm were taken every 15 min for 24 h.  

 

12.7. tra1Q3 and Δevp1 Have Defective Filamentation, Incomplete Asexual 
Budding, and Blocked Hyphal Formation    

 
Given that the RNA-seq found that many of the differentially regulated genes that were 

unique to the tra1Q3 mutant response to caspofungin also had annotated roles in fungal 

pathogenesis processes, we next explored whether TRA1 and EVP1 are involved in pathogenesis 

phenotypes in C. albicans. One key pathogenesis-associated phenotype for C. albicans is the 
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ability to undergo a reversible morphological transition between yeast and filamentous growth 

(Shapiro et al., 2011), as discussed in Section 2.2. Therefore, we monitored wild-type and tra1Q3 

mutant strains of C. albicans for their ability to undergo cellular morphogenesis and 

filamentation in response to the presence of 10% serum, a condition known to promote fungal 

filamentation. Filamentation production of tra1Q3 and Δevp1 was induced using 10% serum (as 

described in section 11.10) and observed at 40x magnification, using light microscopy at 2 h and 

4 h timepoints; all images are scaled to 50 μm.  

 

Figure 11: Light microscopy comparing the tra1Q3 mutant and control strain without 
serum. (A) The control strain appears as healthy yeast cells, (B) The tra1Q3 mutant remains 
mostly as yeast cells but are larger than expected and daughter cells noticeably remain attached 
to their parent cell, (C) Occasionally, the tra1Q3 mutant is observed with growth defects and 
severe enlargement, as well as failure to bud daughter cells.  

 
Without incubation in serum, the control strain is only found within the C. albicans yeast 

morphology (ratio 39:0 yeast to hyphae after 2 h), as shown in Figure 11. The tra1Q3 mutant 

strain also remained mostly in yeast form at 2 h incubation without serum.  

Additionally, some yeast cells observed were also morphologically abnormal; these cells 

were usually too large, appearing to have defects in budding where the daughter cell fails to 

separate after cytokinesis, resulting in an elongated yeast cell (Figure 12).  



 

70 
 

 

Figure 12: An enhanced view of the growth deformities of the tra1Q3 mutant. (A) Yeast cells 
are abnormally large and elongated; they also remain attached to their parent cell, (B) An 
abnormally large pseudohyphae, (C) Yeast cells continue to bud and asexually replicate while 
failing to separate, creating clusters of cells.   

 
Unlike tra1Q3 and the control, Δevp1 mutants formed small clusters of budding yeast 

cells. The yeast cells were, on average, an expected size. The formation of these clustered may 

be due to the daughter cells, though fully formed, being unable to bud off from the parent cell; 

while remaining attached, they begin to asexually reproduce as well, forming clusters of fully 

formed yeasts attached at a septum (Figure 13).    

 

Figure 13: Light microscopy comparing the control strain and the Δevp1 mutant. (A) The 
control strain continues to form healthy yeast cells, (B) The Δevp1 mutant forms yeasts in 
clusters due to failure to separate after asexual budding, (C) Occasionally, abnormally large 
pseudohyphae are observed, as highlighted in the red box. 

   

At 4 h of incubation without serum, the trends observed at 2 h remained consistent. The 

control strain had zero hyphae or pseudohyphae present without serum, and yeast cells appeared 
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healthy. However, tra1Q3 cells, though mostly normal yeast, would occasionally form 

pseudohyphae and yeast which were abnormally large. Additionally, some yeast cells were 

observed budding daughter cells while remaining attached to their original parent cell, indicating 

a failure to separate (Figure 13.B). Comparatively, the Δevp1 mutants were largely similar to 

observations made at the 2 h time point. The number of yeast cells increased, and most cells 

continued to appear similar to the control, but remained forming small clusters. Occasionally, 

some dramatically enlarged yeasts were observed, demonstrating clear growth defects, but these 

cells were outliers of a relatively normal population (Figure 13.C).          

Upon treatment with serum, at 2 h the control strain formed hyphae with nearly 100% 

efficiency (Figure 14), as expected; overall, zero yeast cells were observed mixed into the hyphal 

populations. In comparison, the tra1Q3 mutant did not form any hyphae after 2 h of incubation 

with serum. Instead, pseudohyphae were observed as the dominant morphology; some budding 

yeast were also observed, but much less frequently. Many of the observed pseudohyphae would 

tightly cluster together and rarely be observed in isolation. Additionally, almost all 

pseudohyphae demonstrated growth defects, appearing too large, with oversized yeast buds 

attached to germ tubes which were also often deformed in shape or too thick compared to healthy 

yeast cells (Figure 15.B). These defects were more pronounced in pseudohyphae located at the 

edges of pseudohyphae-clusters. Free floating budding yeast would sometimes be observed in 

the vicinity of the pseudohyphae-clusters (Figure 15).  
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Figure 14: Light microscopy comparing the control strain and the tra1Q3 mutant upon 
induction with 10% serum at 4 h. (A) The control strain forms healthy, long, branching 
hyphae, (B) The tra1Q3 mutant is unable to form hyphae and demonstrates extreme growth 
defects upon serum induction, including abnormally large buds and germ tube formation, (C) 
The tra1Q3 mutant cannot bud after asexual reproduction.  

 
The yeast cells demonstrated severe growth defects which usually fell into one of two 

categories: 1. an inflated bud, abnormally large and visibly containing what appears to be 

multiple nuclei or vacuoles, or 2. an elongated parent cell, with a miniscule daughter cell 

attached, forming a bud significantly smaller than what would be observed for healthy C. 

albicans yeast.  

 

Figure 15: Abnormal growth defects of the tra1Q3 mutant upon induction with 10% Serum. 
(A) Cells are unable to form hyphae, which are typically long and thin filaments. Overall, cells 
fail to correctly develop hyphae; (B) Closer inspection highlights that cells oddly contain 
multiple vacuoles or nuclei, which healthy yeast cells do not contain; (C) Growth near the edges 
of cellular clusters appears to exaggerate growth defects compared to cells tightly contained 
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closer to the center of the cell cluster; (D) Yeast buds are extremely enlarged and appear to 
contain the cellular contents of multiple cells within one cell. These yeast cells are clearly much 
larger than the expected size of healthy yeasts, inferring growth defects are present.   

 
In contrast, Δevp1 cells overall demonstrated less severe growth defects. Although they 

were unable to form hyphae, they formed pseudohyphae which were much closer to a normal 

morphology (Figure 16). The germ tube of the pseudohyphae usually formed as expected, with 

clear indentations marking where cell division had occurred, but buds attached to the 

pseudohyphae were enlarged.    

 

Figure 16: Induction of the Δevp1 mutant with 10% serum. (A) The Δevp1 pseudohyphae 
appear more phenotypically normal than what was observed for the tra1Q3 mutant, but oddly 
have enlarged buds attached to germ tubs, (B) In cases where the growth defects are extreme, the 
germ tub also becomes thick and enlarged, but this is rarer for the Δevp1 mutant.  

 
At 4 h of incubation with serum, there is a shift in the population of cells and yeast cells 

become more prominent. The wild-type strain demonstrated excellent hyphal formation; the 

hyphae were much longer and more branched in appearance than the earlier 2 h time point, often 

forming elaborate structures of interwoven hyphal communities. However, unlike the 2 h time 

point, many yeast cells were observed surrounding the mature hyphae. In areas where hyphae 

clustered, yeast cells were more numerous. In comparison, the tra1Q3 mutant did not form any 
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hyphae even after 4 h of serum incubation. Additionally, budding yeasts were significantly more 

prominent and outnumbered the amount of pseudohyphae. Both yeast and pseudohyphae 

continued to maintain the morphological growth defects observed at 2 h of incubation, but the 

ratio of yeast to pseudohyphae shifted, such that yeast cells became much more predominant. A 

somewhat similar trend was also observed for Δevp1 mutants. At 4 h of incubation with serum, 

the number of yeast cells far outnumbered the amount of pseudohyphae which were observed, 

compared to the 2 h time point. Some pseudohyphae were present, of which all had clear 

indentations marking cell division. However, as found in the 2 h observations, buds attached to 

the pseudohyphae were enlarged to varying degrees, ranging from mild to clear, morphological 

defects. In cases of severe bud enlargement, the attached germ tube would also become much 

thicker (Figure 16.B), but most retained clear indentation, and unlike the tra1Q3 pseudohyphae, 

Δevp1 mutants usually did not contain additional nuclei or vacuoles.    

Overall, we observed filamentation defects due to incomplete sexual budding and 

blocked hyphal formation for both the tra1Q3 and Δevp1 mutants. While neither tra1Q3 or Δevp1 

were able to form hyphae, sexual budding was more dysregulated in the tra1Q3 mutant, resulting 

in daughter cells which often lacked proper septum formation and a poorly formed cleavage 

furrow, while Δevp1 cells consistently formed fully developed daughter cells and septum 

pinching, but did not detach or bud from the parent cell. Additionally, tra1Q3 formed more 

severely mutated pseudohyphae lacking cell-surface indentations, with overly thick germ tubes 

and enlarged buds, both of which contained multiple vacuoles or nuclei, while Δevp1 produced 

more phenotypically normal pseudohyphae, with clear indentations marking cell division, no 

additional vacuoles or nuclei, and relatively normal germ tubes, but still demonstrated enlarged 

yeast buds. Finally, although filamentation and morphological defects were more severe in the 
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tra1Q3 mutant, cellular deformities were often not present until hyphal-inducing environmental 

cues were present, while Δevp1 appears to demonstrate some morphological and budding defects 

at a base-level, even without hyphal-induction.      

12.8. tra1Q3 and Δevp1 Demonstrate Impaired Biofilm Formation   
 

Given the interconnected nature of morphological switching and biofilm formation in C. 

albicans (as discussed in section 2.3, (Lohse et al., 2018)), we additionally investigated the role 

of TRA1 in mediating biofilm formation. We allowed C. albicans biofilms to form in multi-well 

plates, removed planktonic cells, and quantified the presence of metabolically active adherent 

fungal cells in order to quantify biofilm growth (as elaborated upon in Section 11.12). Both the 

tra1Q3 and Δevp1 mutants demonstrated impaired biofilm formation capabilities compared to the 

wild-type strain (p < 0.0001, ANOVA), with tra1Q3 demonstrating a more severe reduction than 

Δevp1, as demonstrated in Figure 17. This suggests that in addition to morphogenesis, TRA1 and 

EVP1 also play a role in fungal biofilm formation. 

 

Figure 17: Summary of biofilm formation capabilities comparing the tra1Q3 mutant, Δevp1, 
and the control strain fRS302. Findings were calculated to be statistically relevant (P < 
0.0001, ANOVA). Cell growth of each strain was normalized to OD600nm = 0.2 via dilution 
in RPMI media and grown for 72 h in 96 well plates, allowing biofilm formation to occur. 
The biofilm was washed with PBS media. The biofilm density was then quantified using a 
plate reader set to OD490nm. Poorly formed biofilms or those with adhesion defects are more 
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easily dislouged from the 96 well plate when washed with PBS media than healthy biofilms. 
Therefore, higher biofilm density at OD490nm is representative of better biofilm forming 
capabilities.  

12.9. tra1Q3 Has Impaired Macrophage Evasion Capabilities   
 

Given the observed role for TRA1 in mediating filamentation, we next determined 

whether this gene was also involved in interactions with mammalian host cells, as C. albicans 

morphogenesis is linked with host cell interaction and escape (as discussed in Section 2.4.1, 

(Gow et al., 2011)). We performed a macrophage-C. albicans infection assay, where fungal cells 

were co-incubated with BALB/c immortalized murine macrophage cells, and surviving C. 

albicans cells were counted over an 18 h time course, to monitor the pathogen’s ability to 

survive and escape the macrophage cells (further elaborated upon in Section 11.11). We found 

that the tra1Q3 mutant strain is significantly impaired in survival upon incubation with 

macrophage cells, and are more readily killed by macrophages than wild-type cells after 1 h of 

co-incubation, as demonstrated in Figure 18. This suggests a role for TRA1 in mediating 

important interactions with host innate immune cells. 

       

Figure 18: (A) Macrophage infection assay results comparing the control strain and tra1Q3 
mutant, (B) The tra1Q3 mutant demonstrates significantly impaired macrophage evasion 
capabilities, especially within the first hour of co-incubation.  
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13. Discussion  
 

In this work, we demonstrated that Tra1 plays a key role in mediating resistance and 

sensitivity to a diverse range of antifungal drugs and cellular stressors, as well as regulating 

fungal virulence in the human pathogen C. albicans. We used CRISPR editing techniques to 

generate a tra1Q3 mutant in C. albicans, and a CRISPRi-based tra1 repression strain. We 

demonstrated that both these TRA1 mutant strains are significantly more sensitive to caspofungin 

and other cell wall stressors, such as calcofluor white. Transcriptome profiling in C. albicans via 

RNA-seq revealed that Tra1 uniquely regulates the expression of 68 genes in response to 

treatment with caspofungin, and additionally found that many of these genes are also involved in 

C. albicans morphogenesis and pathogenesis. RNA-seq also revealed that EVP1, a previously 

uncharacterized C. albicans gene, had expression that was significantly altered in the tra1Q3 

mutant strain in the presence of caspofungin. We characterize this novel Δevp1 mutant alongside 

the TRA1 mutants in C. albicans, and found they have reduced filamentation capacity, biofilm 

formation, and infection potential in a macrophage infection model. Due to the essential nature 

of TRA1 and its association with the SAGA and NuA4 complexes, which are master regulators of 

a multitude of key cellular functions, it is likely that TRA1 exerts some level of transcriptional 

influence over many genes involved in multiple signalling pathways in C. albicans, as supported 

by findings in our RNA-seq analysis. Due to this, it is likely that the morphological defects, 

attenuated cytokinesis, defective asexual budding, and antifungal sensitivities observed for the 

tra1Q3 mutants are due to a multitude of genes being differentially regulated to additively 

produce a more extreme cellular outcome, as observed under light microscopy. Together, this 

work highlights EVP1 as a novel regulator of morphogenesis and azole resistance, as well as 
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positions TRA1 as a key regulator of C. albicans drug resistance and pathogenesis, thus 

highlighting the potential of this key regulator as a putative target for antifungal therapeutics.   

 TRA1 is a key regulator of resistance to various stressors and antifungal agents in C. 

albicans. From the RNA-seq analysis, we find that several genes involved in various cellular 

stress responses were differentially regulated, many of which were severely downregulated; 

some examples of this include genes involved in thermal stress response pathways (such as 

HSP30 and HPS31), transporters and efflux channels (AQY1 and FTR1), and cell wall 

biosynthesis (PHR1, CHT3, and DSE1). It is interesting to note that some genes which were 

upregulated in the tra1Q3 mutant, such as the ergosterol biosynthesis gene ERG3 and drug 

transporter QDR1, are known to confer azole resistance (Mount et al., 2018; Shah et al., 2014), 

which matches our observations of the tra1Q3 mutants to be significantly more resistant to azole 

drugs compared to the control strain . Upregulation of these two key azole-resistance factors 

points to a likely mechanism by which TRA1 mediates resistance to azole antifungals. Sensitivity 

to cell wall stressors, such as caspofungin and calcofluor white, on the other hand, may be 

attributed to the downregulation of several genes involved in cell wall and chitin biosynthesis. 

Given this information and the RNA-seq results, it is likely that tra1Q3 also has defective 

adhesion, impaired response to osmotic stress, and poorer ability to neutralize ROS post-

engulfment by phagocytes due to downregulation of high affinity iron transporters, such as 

FTH1; however, these assumptions have yet to be experimentally verified and would require 

further testing.     

Additionally, as a key component of the SAGA and NuA4 complexes, TRA1 is an 

important modulator of chromatin remodelling in yeast and numerous other species. Given the 

connection between chromatin modifications and transcriptional regulation, it can be deduced 
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that chromatin-modifying factors would have important functions in mediating key processes in 

fungal pathogens such as C. albicans, including virulence processes (O’Kane et al., 2020). 

Chromatin-modifying factors, including lysine (K) acetyl-transferases (KATs) such as Gcn5, 

Hat1, and Rtt109, and lysine deacetylases (KDACs), such as Set3 and Rpd31, have been 

previously implicated in Candida virulence processes, some of which includes roles in 

filamentous growth and biofilm formation (Hnisz et al., 2010, 2012; Nobile et al., 2014; da Rosa 

et al., 2010; Shivarathri et al., 2019; Tscherner et al., 2015; Wang et al., 2013; Zacchi et al., 

2010), as well as in resistance and susceptibility to antifungal drugs (Nobile et al., 2014; 

Ramírez-Zavala et al., 2014; Robbins et al., 2012; Sellam et al., 2009b; Smith and Edlind, 2002; 

Yu et al., 2018). While the SAGA/NuA4 complex component Tra1 has been implicated in 

resistance to cell wall perturbations in S. cerevisiae (Berg et al., 2018), its role in fungal 

virulence had not previously been explored; this work highlights the important role of this key 

regulator, Tra1, in mediating fungal virulence. 

 In comparison, no research has previously been conducted on the role of Evp1 in C. 

albicans. However, based on proteomic analysis and sequencing data, this protein has been 

proposed to be a membrane-associated extracellular vesicle (Dawson et al., 2020). Its homolog in 

S. cerevisiae, Pun1, is a non-essential transmembrane protein induced in chlamydospore 

formation and a member of the fungal-specific Sur7 protein family (Dawson et al., 2020). Fungal 

extracellular vesicles (EVs) are small secreted particles, approximately 30 to 1,000nm in size 

(Joffe et al., 2016), and are composed of a lipid bilayer containing various “cargo” such as 

enzymes or other cytoplasmic proteins (including adhesions, such as ALS proteins and Mp65, 

and the heat shock proteins HSP70 and HSP90), complex carbohydrates and sterols, 

polysaccharides (including immune response-inducing antigenic ɑ-galactosyl epitopes), nucleic 
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acids (mostly various species of RNA), pigments, toxins (such as Ece1p or candidalysin, which 

is a key component of mucosal infections and invasion of epithelial cells), lipoproteins, 

phospholipases (PLBs), secreted aspartic proteases (Saps; required for C. albicans host tissue 

invasion, degradation, and systemic infection (Felk et al., 2002)), and other virulence factors 

(Joffe et al., 2016; Martínez-López et al., 2020; Rodrigues et al., 2008a; Vargas et al., 2015); 

EVs transport cargo material either to other regions of the cell internally or are secreted into the 

external environment by crossing the fungal cell wall (through unknown mechanisms) for 

various roles, including cell-to-cell communication (Peres da Silva et al., 2015a) and assistance 

in establishing biofilms (Zarnowski et al., 2018). EVs can be secreted by C. albicans yeast, 

hyphae, and biofilms, all of which secrete EVs of varying sizes containing very different cargo 

proteins (Martínez-López et al., 2020), and have been linked to play a role in virulence, 

pathogenesis, host-pathogen immune interactions, and disease progression in various fungal 

species, some of which include Candida (Joffe et al., 2016; Martínez-López et al., 2020; Vargas 

et al., 2015; Wolf et al., 2015), Cryptococcus (Bielska et al., 2018; Oliveira et al., 2010; 

Rodrigues et al., 2008b), and Paracoccidioides (Peres da Silva et al., 2015b; Vallejo et al., 

2011). Based on the above, it can be inferred that Evp1 may also have similar dynamic cellular 

roles in mediating virulence and pathogenesis within C. albicans, but further experimentation 

would be required to confirm this. Additionally, EVs in C. albicans have also been linked to 

biofilm biosynthesis and antifungal drug resistance, particularly against azoles (Zarnowski et al., 

2018), with over 127 proteins linked to azole-resistance, including ERG11, having been found 

within EVs (Martínez-López et al., 2020). This matches our observations that the Δevp1 mutant 

was azole sensitive to both fluconazole and miconazole. However, defects in biofilm formation 

for the Δevp1 mutant would need to be confirmed via future biofilm assays.    
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In addition to stress response, antifungal resistance, virulence, and pathogenesis, TRA1 is 

a key regulator of morphogenesis, biofilm formation, and macrophage evasion, as demonstrated 

by the results of various experiments within this study. Many of the observed macrophage 

evasion and biofilm defects are likely a direct by-product of the tra1Q3 mutant being unable to 

form hyphae, which are essential for macrophage immune evasion (as described in Section 2.4.1, 

(Jiménez-López and Lorenz, 2013; Luo et al., 2013)) and biofilm stability (as described in 

Section 2.3, (Douglas, 2003; Park et al., 2013; Perry et al., 2020)). It is interesting to note that 

many of the genes differentially regulated in the RNA-seq dataset comparing tra1Q3 and the 

control strain in the presence and absence of caspofungin are known genes involved in hyphal 

morphogenesis and filamentation, such as MMS21 (Islam et al., 2019), INN1 (Sanchez-Diaz et 

al., 2008), HSL1 (Wightman et al., 2004), and CCN1 (Bishop et al., 2010), implying that the 

defective hyphal observations of the tra1Q3 mutant may be due to the dysregulation of some of 

these genes.  

To further elaborate on the hyphal induction and microscopy observations, it is likely that 

tra1Q3 cannot form “true pseudohyphae” and instead forms pseudohyphae-like morphologies. 

This is based upon the following microscopic observations: 1. The pseudohyphae formed by the 

tra1Q3 mutant have a germ tube which is largely free of indentations, while true pseudohyphae 

have easily visible indentations (Berman, 2006; Sudbery, 2001); 2. Additionally, the tra1Q3 

pseudohyphae abnormally contained visible structures likely to be either additional nuclei or 

vacuoles, which were observed scattered throughout both the germ tube and bud components of 

the cell; 3. Many of the budding yeast become extremely elongated and obtained more vacuoles 

the more pronounced their morphological deformity became, implying that the observed 

pseudohyphae were by-products of highly defective growth or morphological misregulation. An 
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explanation, or perhaps a contributing factor, for the presence of multiple nuclei is the significant 

downregulation of UBC9 in tra1Q3, as found in the RNA-seq data; UBC9 has an unknown 

function in C. albicans, but depletion of Ubc9 in chicken cells has been associated with multiple 

or fragmented nuclei, defective cytokinesis, and upregulated apoptosis (Hayashi et al., 2002), all 

of which match our observations. Additional genes of interest which may contribute to the 

growth defects of the tra1Q3 mutant, based on the RNA-seq data, include RSRl (also known as 

BUDI). Remarkably, the morphological deformities found in S. cerevisiae with RSR1 deletion 

produced a very similar phenotype to what was observed for tra1Q3  yeasts within our study, 

producing cells with significantly attenuated virulence, significant morphological defects, 

including enlargement of yeast cells and abnormal budding patterns, and reduction in hyphal 

length from 240-280μm to only 60μm for Δrsr1 (Yaar et al., 1997). Backtracking to the RNA-

seq data revealed that RSR1, as well as BUD2 and BUD5, which are involved in the regulation of 

RSR1 (Chant et al., 1991), were all transcriptionally downregulated in the tra1Q3 mutant, 

implying TRA1 may directly or indirectly regulate RSR1 transcription. Additional genes which 

have been cited to be required for morphological switching include CDC24 (Bassilana et al., 

2003), BEM3 (Chant et al., 1991), CST20 (Ushinsky et al., 2002), and RAM2 (Nakayama et al., 

2011), all of which were downregulated in the tra1Q3 mutant. Additionally, all of the 

aforementioned genes are regulators of CDC42; misregulation of CDC42 results in blockage of 

hyphal growth (Ushinsky et al., 2002), which matches our filamentation observations.  

It is also interesting to note the shift in cell population between the 2 h and 4 h serum 

incubations, which demonstrated a transition from the presence of many pseudohyphae (at 2 h) 

to a much greater number of yeast cells and disappearance of pseudohyphae (at 4 h). This 

phenomenon may be due to: 1. the tra1Q3 pseudohyphae-like cells containing too many growth 
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defects to remain viable, resulting in apoptosis, or 2. upregulation of genes, such as UBC9, which 

have unknown functions in C. albicans, but have been linked to commitment to apoptosis in 

other cellular models. Additionally, the growth defects of the tra1Q3 mutant were not pronounced 

at 2 h or 4 hohur incubation periods without serum, indicating the cells likely do not exhibit these 

defects until encountering environmental stimuli which triggers morphological switching to 

hyphae. This is supported by the observation that growth defects were more severe in cells at the 

edges of the pseudohyphae clusters observed in 2 h serum incubation samples; these clusters 

were likely formed due to the initiation of biofilm formation. As previously described in Section 

2.3, biofilm formation induces transcriptional upregulation of a wide array of genes, including 

morphological induction of hyphal growth near the edge of the biofilm for structural support and 

budding of new yeast cells (Douglas, 2003; Perry et al., 2020). As the tra1Q3 mutant is both 

unable to form hyphae, and suffers from attenuated asexual budding, induction of these gene 

may have resulted in exaggerated growth defects.   

Comparatively, the Δevp1 mutants were unable to bud correctly and complete asexual 

reproduction even without serum stimulation, indicating Δevp1 growth defects are pronounced as 

a “baseline” phenotype, while tra1 defects were not pronounced until induced by the appropriate 

environmental stimuli. However, the overall growth defects in Δevp1 appear to be less severe 

than those observed for the tra1Q3 mutant, as germ tubes of Δevp1 were usually less severely 

affected. It is unclear if Δevp1 is able to form true pseudohyphae, but the observations likely 

imply that pseudohyphae formation is not attenuated in Δevp1, as cells were able to form clear 

indentation, were usually void of extra vacuoles or nuclei, and most defects were focussed on the 

bud of the pseudohyphae, likely as a by-product of defective, but less severe, asexual 

reproduction. This is supported by the observation that while tra1Q3 mutants often formed buds 
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which lacked the formation of a clear septum between mother-daughter cells, Δevp1, in both 

serum and non-serum conditions, always had septum formation occur and simply lacked 

separation of the two cells. This implies that in addition to azole resistance, Evp1 possesses 

novel roles in regulating morphogenesis, although the mechanism for this remains unclear. EVs 

have been cited to carry a multitude of proteins involved in diverse cellular functions, including 

peptidoglycan-degrading and cell wall-degrading enzymes (Joffe et al., 2016), ribosomal 

proteins, and multiple proteasome complexes, which degrade damage or misfolded proteins 

(Martínez-López et al., 2020). Interestingly, the proteasome has been linked to apoptosis, cell 

cycle regulation, and morphogenesis regulation in C. albicans, where inhibition of various 

components of the catalytic and regulatory subunits of the proteasome complex triggers hyphal 

switching (Hossain et al., 2020). Perhaps misregulation of the proteasome due to deletion of 

Evp1 confers the opposite result, inhibiting hyphal formation, but this has yet to be proven. 

However, as EVs have been shown to transport the proteasome complex, which is involved in 

morphogenesis, it stands to reason that at the very least, Evp1 may be involved in the transport of 

other proteins also involved in either morphogenesis or regulation of sexual budding, as the 

Δevp1 mutant demonstrates clear growth and budding defects.    

Additionally, it is interesting to note that many of the morphological defects of tra1Q3 

were present to a less extreme degree in the Δevp1 mutant. Based on the RNA-seq data, it is 

known that mutation of TRA1 results in differential regulation of Evp1; however, deletion of 

EVP1 may also result in some level of transcriptional downregulation of either Tra1 or a similar 

set of proteins regulated by TRA1. This is due to: 1. the similar but less severe morphological 

defects observed between the tra1Q3 and the Δevp1 mutant, and 2. spot plate assays which found 

that Δevp1 demonstrates TRA1 CRISPRi levels of resistance to the cell wall stressor calcofluor 
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white. As a transporter, EVP1 may be involved in Tra1 import into the nucleus, required for 

association with the SAGA and NuA4 complexes, with deletion of EVP1 resulting in poorer 

nuclear localization. However, confirmation of this theory would require either RNA sequencing 

of the Δevp1 mutant, to demonstrate if TRA1 has been downregulated, or require fluorescent 

microscopy to confirm if Tra1 localization has been impacted.  

Finally, the antifungal resistance and sensitivity profiles of both tra1Q3 (hyper-azole 

resistant, caspofungin sensitive) and the Δevp1 mutant (azole-sensitive, unaffected by 

caspofungin), confirmed through spot plate analysis, demonstrates an example of collateral drug 

sensitivity within fungi. It is clear that fungal cells, similar to bacteria, have adaptive limitations 

and fitness trade-offs, resulting in resistance to one classification of antifungals, such as azoles 

for tra1Q3, to enhanced sensitivity to a secondary stressor, such as caspofungin. As described in 

Section 8, these adaptive limitations can be exploited through synergistic drug therapy, 

combining one or more compounds with antifungal activity for an enhanced clinical outcome 

(Lewis et al., 2002; Onyewu et al., 2003; Sharma et al., 2010). For instance, combining novel 

drugs which target Tra1 with posaconazole, which has been shown to enhance the effects of cell 

wall targeting echinocandins (Chen et al., 2013), may confer enhanced clinical outcomes, while 

combining drugs which target Evp1 may be enhanced through combination with various 

compounds that have been demonstrated to enhance azole effectiveness to result in fungistatic 

outcomes, such as calcineurin inhibitors (Onyewu et al., 2003).   

14. Future Directions & Conclusion  
 
 As described above, it is clear that the essential gene TRA1 is involved in regulating 

multiple key cellular processes within C. albicans, some of which include morphological 

switching, filamentation, biofilm formation, macrophage and host immune evasion, asexual cell 
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division, antifungal resistance, virulence, and pathogenesis, highlighting its potential as a target 

for novel antifungals. Additionally, EVP1, a novel regulator and newly classified extracellular 

vesicle, has been characterized to possess novel functions in morphogenesis, pathogenicity, 

filamentation production, and azole resistance, demonstrating its potential as another putative 

target for new antifungal development.  

It is possible that Tra1 and Evp1 may be transcriptionally connected or have additional 

cellular roles, but further testing would be required to confirm this. For instance, RNA-seq of the 

Δevp1 mutant would help shed light on nuances in morphological defects, such as why tra1Q3 

sometimes failed to form a septum between mother-daughter cells, while Δevp1 did not have this 

defect; this will give us a better understanding of a specific role of genes involved in 

morphogenesis. To add to this, additional virulence or adhesion studies in animal models, such 

as C. elegans (worms) or mice, would assist assist in quantifying potential virulence defects in 

vivo, as well as assist in confirming if tra1Q3 is defective in adhesion, as implied from the 

differential regulation of several adhesion-linked genes in the RNA sequencing results. 

Additionally, whole well imaging can be performed to confirm the morphological observations 

observed under light microscopy.   

In terms of quantifying antifungal and cellular stress resistances, it may also be valuable 

to repeat heat shock experiments at a higher temperature (42oC) than 39oC to confirm the 

observations within this study, as C. albicans is able to grow comfortably at 37oC. Additional 

experimental studies which may shed further light on the role of Evp1 may include proteomic 

analysis to analyze changes at the protein-protein level and to confirm which proteins are 

potentially transported by Evp1, which may help specify the mechanism for filamentation and 

morphological defects occurring in the Δevp1 mutant. Finally, checkerboard assays, which 
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characterize resistance in simultaneous exposure to multiple antifungals, may assist in further 

characterizing the drug resistance and sensitivity profiles of both the tra1Q3 and Δevp1 mutants.   

Development of antifungals capable of targeting Tra1 may have the potential to be 

particularly effective against drug resistant biofilm, due to its board control and involvement in 

multiple cellular functions, including biofilm formation, hyphal switching, and potential role in 

adhesion; however, such a drug would require enough sensitivity to discriminate between the 

fungal gene TRA1 and its mammalian homolog TRRAP. Development of an antifungal effective 

against C. albicans biofilms would be immensely helpful in the clinical setting to assist in 

reducing the frequency of nosocomial infections and provide relief to sensitive 

immunocompromised patients with contaminated medical devices, eliminating the need for a 

secondary invasive procedure to replace the device.    

Appendix A:  
 
Table 1: Summary of all primer sequences, strains, and plasmids used within this study 
 

Name of 
Primer  

Role  Sequence  

gRS10 TRA1 Geneblock 
Fragment  

GAGATCCAGAAAACTGAATTGTGCTTGAATACCAC
TTGTTTAGCCTAAAAGTCATTGGTCAATAACTATAC
TCGAGTATTGCCTCATCAAAGAAACAATCAAATAT
TATAGATACTCACTCCATCACGTGATAATTTCACTG
GTATGGAAAAGTGGAAAATTTTATAAAAAAAAATT
TGATGCCTTTGGCATAGCTGAAACTTCGGCCCAAT
AGGATTGGAGAATATGTTTTCGCAGCGTTCTTACA
ATTAAATTGTGGTGGAAGTTCGAGACTTGCGTAAA
CTATTTTTAATTTGACCACGAGCTAAATCAATGGGT
TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG
GTGGTGCGTATCGGGTTTGGGTAATCTTGTTTTAGA
GCTATGCTGAAAAGCATAGCAAGTTAAAATAAGGC
AGTGATTTTTAATCCAGTCCGTACACAACTTGAAA
AAGTGCGCACCGATTCGGTGCTTTTTTTTGGCGAAC
GTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGA
GCGGGCGCTAG 
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gRS11 TRA1 Geneglock 
Fragment - Repair 

Template  

CGAAGCTAATATAACCAGATTTGCTGAAACTGTAC
TTCCAAAACAGATTAGAGCTGAATTTGAAAAAGAT
TTGGTAATTTCGAAACCAAACTTGGAAACTTATAT
TTCTAAATTAAGAAATTGGAGAGATAGGTTAGAGG
ACAAATTAGATAGACGGTTTTCGCAAGTCAATTTG
GAGAATTTATGTCCTCATTTGAGTGAATTTCATCAT
CAGAAATTTGAAGAAATTGAAGTTCCAGGGCAATA
TTTGTTGAACAAaGATAGCAACGCCCATTTTGTTAA
AATTGAAAGATTCCTTTCgACCATTGATTTAGCTCG
TGGTTCTAGTGCCTGTTATcAGcaATTGAGAATTCGT
GGTCATGATGGTAGTTTACACACATTTGCGGTCCA
ATTTCCAGCGGCTCGTAATTGTCGTCGTGAGGAAT
CGGTATTTCAACTTTTCAGAATATTTAACGACAGC
ATTTCGAGAAAAGTTGAGACTCGTCGTCGTAATAT
CCAATTTACTTTACCAATTGCCGTTCCATTATCTCC
ACATATTCaaATTGTCAATGATGATACTAGAGATGT
GACATTACAAAGAGTTTATGAAGATTTCTGTAAAA
AGAATGGTAAGAGTCGTGATGAACCATTTATTTAT
ACAGTcGAGAAATTAAGAGCCGCTTTTGAtCAAAGA
TTACCCAAACCCGATATTGCTAGTGTTAAAGTTGA
AATCTTGAGTGCAATTCAATCATTATTGGTTCCCTC
CACGGTGTTGAAAAACCATTTTATCAATTTGTATCC
AAATTTTGAAGATTTCTGGTTATTCCGTAAGCAATT
CACTTCACAATATGCGTCATTTATTTTCACCACATA
CATGATGTGTATTAATGCTAGACAACCACAGAAAA
TTCATGTTAATAGAGGTTCAGGAGCTGTTTGGACTT
CTGATATGTTACCATACAGATTATCAACCAGAAAT
AATGGTGAAATTACCCATAATAAACAATCTCCTAT
ATTTGTT 

gRS76 EVP1 Geneblock 
Fragment 

GAGATCCAGAAAACTGAATTGTGCTTGAATACCAC
TTGTTTAGCCCACATTTTTGATTTACCCTTTCTTCTG
GCTAATTGCAAGATATAAAAAGACTTTTATTTCCTT
TGTATTTTTTAGAAGACCACTTTTTTCGTCTTCTTAT
TCTTTCTTCAATTTTCGTTATTCCTGACTTGGTTTAT
CACCAAACTTGTTAATATATTATAATCCCAACCCTC
AACCTATATCAAGTCATTATTACAATAAACTGATC
AACACTAACTTCCCACATAAAAGTCATTGGTCAAT
AACTATACTCGAGTATTGCCTCATCAAAGAAACAA
TCAAATATTATAGATACTCACTCCATCACGTGATA
ATTTCACTGGTATGGAAAAGTGGAAAATTTTATAA
AAAAAAATTTGATGCCTTTGGCATAGCTGAAACTT
CGGCCCAATAGGATTGGAGAATATGTTTTCGCAGC
GTTCTTACAATTAAATTGTGGTGGAAGTTCGAGAC
TTGCGTAAACTATTTTTAATTTGTTCACTCATGTGC
TGCATCTGTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGC
ACCGAGTCGGTGGTGCGTGTTGTTCAGCATCTGGT
TGGTTTTAGAGCTATGCTGAAAAGCATAGCAAGTT
AAAATAAGGCAGTGATTTTTAATCCAGTCCGTACA
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CAACTTGAAAAAGTGCGCACCGATTCGGTGCTTTT
TTTTTCTAATTGTTTTAAGGCCAAATAGGGTTTTTA
TACTGAATGTTTCTTCGATATTGTTGTTTGTTCAGT
TTTGCTTTTGATTCATGTTGTCATTTTTTTTTTATTT
ATTTTTAATTAGTCTTTCTTTAATTCTTTTATTTCCT
TTATTATTTATATAGATTTATAATTTTTGCATGTTTT
TTTTAAATTTACGTCCTTCTAGGCGAACGTGGCGA
GAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCG
CTAG 

oRS294 Forward Primer - 
Plasmid Verification  

ACCCACTGAATTCTACATCGAAC 

oRS122 Reverse Primer - 
Plasmid Verification  

TATACCATCCAAATCAATTCC 

oRS438 Reverse Primer - 
Plasmid (pRS252) 

Verification  

ACTGGCCGTCGTTTTAC 

oRS114 Forward Primer - Yeast 
Verification 

TGGAATGAATGGGATGAATC 

oRS115 Reverse Primer - Yeast 
Verification  

AGAGTTATTTTGGCTGATGC 

oRS116 Forward Primer - Yeast 
Verification  

TGATCTACATACATGTCACG 

oRS117 Reverse Primer - Yeast 
Verification   

AAACGAAGATATCTTGGAGG 

oRS413 Forward Primer - TRA1 
Sanger Sequencing  

GAGGACAAATTAGATAGACG 

oRS414 Reverse Primer - TRA1 
Sanger Sequencing  

GGTAATCTTTGGTCAAAAGC 

oRS529 (F) CRISPRi Forward 
Primer 

cgaTTTCCTAAGAAAAAGCAACG 

oRS529 (R) CRISPRi Reverse 
Primer 

aacCGTTGCTTTTTCTTAGGAAA 

oRS831 EVP1 Verification of 
Geneblock Insertion - 

Forward Primer 

TGATTTACCCTTTCTTCTGG 

oRS832 EVP1 Verification of 
Geneblock Insertion - 

Reverse Primer 

GACAACATGAATCAAAAGCA 
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oRS833 Verification of EVP1 
Gene Deletion - 
Forward Primer 

GAGATTTTTGCAGTAACTGG 

oRS834 Verification of EVP1 
Gene Deletion - 
Reverse Primer 

ACATAACCACGACAATAACC 

Strain and Plasmid List  

Name of Strain or Plasmid Description 

fRS1 Wild-type Candida albicans strain SC5314  

fRS302 Wild-type Candida albicans strain SC5314 containing 
empty CRISPR Cas9 backbone, selected for based on NAT 
resistance background; the control strain for the mutants 
tra1Q3 and Δevp1 

fRS187 Wild-type Candida albicans strain SC5314 containing 
empty CRISPRi dCas9-Mxi repression plasmid 
targeting ADE2, selected for based on NAT resistance 
background; the control strain for the TRA1 CIRSPRi 
strains  

pRS252 CRISPR Candida plasmid backbone used for gibson 
assembly; contains homology regions for NEUT5L 
integration and empty CRISPR Cas9 integration, selected 
for based on AMP resistance background   

pRS159 CRISPRi repression Candida plasmid backbone used for 
CRISPRi assembly; contains the Mxi (2x) repressor and 
homology for CIRSPR dCas9, selected for based on AMP 
resistance background 

pRS290 CRISPR Cas9 Candida plasmid assembled by combining 
the plasmid pRS252 and the geneblock fragment gRS10; 
targets TRA1 and contains both AMP and NAT resistance  
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Table 2: Summary of some interesting genes differentially regulated in the traQ3 mutant 
from the RNA-seq data set  
 

Major Genes of Interest 

ORF 
Candida 

Gene 
Name  

S. 
cerevisiae 
Ortholog 

Log2 
(Fold-

Change) 

Adjusted 
Pvalue Description 

orf19.3829 

PHR1 NA 0.207670472 0.44023939 

Cell surface glycosidase; may act on cell-wall beta-1,3-glucan 
prior to beta-1,6-glucan linkage; role in systemic, not vaginal 
virulence (neutral, not low pH); high pH or filamentation 
induced.  

orf19.6824 TRY6 NA 0.688666691 0.071775915 

Helix-loop-helix transcription factor; regulator of yeast form 
adherence; required for yeast cell adherence to silicone 
substrate.  

orf19.4802 FTH1 FTH1 
-

0.060984318 0.860791446 

Protein similar to S. cerevisiae Fth1p, a high affinity iron 
transporter for intravacuolar stores of iron; repressed by Sfu1p, 
amphotericin B, caspofungin; induced by alkaline pH, 
ciclopirox olamine; regulated by Sef1p, Sfu1p, and Hap43p 

orf19.5392 NGT1 NA 
-

0.807495814 2.93E-05 

N-acetylglucosamine (GlcNAc)-specific transporter; role in 
GlcNAc (but not serum) induced hyphal growth; localizes to 
plasma membrane; induced by GlcNAc, macrophage 
engulfment; 12 transmembrane, major facilitator superfamily.  

orf19.7413 MMS21 NA 
-

0.394028712 0.063490649 

Involved in regulation of invasive and filamentous growth and 
stress response; Putative SUMO E3 ligase, MMS21-SMC5-
SMC6 complex component.  

orf19.767 ERG3 ERG3 0.610083065 0.002862247 

C-5 sterol desaturase; introduces C-5(6) double bond into 
episterol; some clinical isolates show increased azole resistance 
and defects in hyphal growth and virulence; Efg1p-repressed; 
fluconazole-induced.  

orf19.508 QDR1 QDR1 0.374033023 0.008949682 

Putative antibiotic resistance transporter; regulated by white-
opaque switch, Nrg1, Tup1; Hap43, caspofungin repressed; 
repressed during chlamydospore formation.   

orf19.4287 XYL2 SOR2 
-

0.019932527 0.960296058 

D-xylulose reductase; immunogenic in mice; soluble protein in 
hyphae; induced by caspofungin, fluconazole, Hog1 and during 
cell wall regeneration; Mnl1-induced in weak acid stress; 
stationary phase enriched.  

orf19.6741 EVP1 PUN1 0.504794444 0.040844688 

Putative plasma membrane protein; predicted role in cell wall 
integrity; regulated by Nrg1, Tup1; induced during 
chlamydospore formation in both C. albicans and C. 
dubliniensisdo. 

orf19.7586 
CHT3 CTS1  5.35E-45 

Major chitinase; secreted; functional homolog of S. cerevisiae 
Cts1p; hyphal repressed; farnesol upregulated in biofilm; 
regulated by Efg1p, Cyr1p, Ras1p. 

orf19.3629 DSE1 DSE1  6.26E-24 
Essential cell wall protein involved in cell wall integrity and 
rigidity; periodic mRNA expression peaks at M/G1 phase; 
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Ace2p-induced; required for virulence in a mouse model of 
infection. 

orf19.7362 SKN1 NA 
-

0.486796189 0.044901342 

Protein with a role in beta-1,6-glucan synthesis; probable N-
glycosylated type II membrane protein; transcript and mRNA 
length change induced by yeast-hypha transition; induced by 
Rim101, caspofungin. 

Caspofungin Induced Genes  

orf19.4255 ECM331 NA 4.09969367 5.45E-118 
GPI-anchored protein; mainly at plasma membrane, also at cell 
wall; Hap43, caspofungin-induced; colony morphology-related; 
induced by ketoconazole and hypoxia. 

orf19.24 RTA2 RSB1 2.643885234 7.39E-64 
Flippase; mediates calcineurin-dependent resistance to azoles; 
stress-associate; Plc1, Ca2+, calcineurin-regulated; 
ketoconazole, caspofungin induced.  

orf19.6595 RTA4 NA 3.595948493 1.17E-30 
Protein similar to S. cerevisiae Rsb1p, involved in fatty acid 
transport; transposon mutation affects filamentous growth; 
alkaline downregulated; caspofungin induced. 

orf19.2060 SOD5 NA 4.813320207 1.04E-29 

Cu and Zn-containing superoxide dismutase; protects against 
oxidative stress; induced by neutrophils, hyphal growth, 
caspofungin, osmotic/oxidative stress; oralpharyngeal 
candidiasis induced.  

orf19.6877 PNG2 NA 1.400756029 2.22E-21 

Putative peptide:N-glycanase; gene has variable numbers of 12-
bp repeats; induced by caspofungin, ciclopirox olamine, 
ketoconazole or hypoxia; gene of core caspofungin response; 
Hap43-induced. 

orf19.4377 KRE1 KRE1 1.16186378 4.41E-20 
Cell wall glycoprotein; beta glucan synthesis; increases glucan 
content in S. cerevisiae kre1, complements killer toxin 
sensitivity; caspofungin induced. 

orf19.7504 NA RTS3 
-

0.659428457 0.054131545 

Ortholog of S. cerevisiae Rts3; a component of the protein 
phosphatase type 2A complex; Plc1-regulated; induced in core 
caspofungin response. 

Caspofungin Repressed Genes  

orf19.5267 NA NA 
-

2.374961586 4.04E-46 
Putative cell wall adhesin-like protein; repressed in core 
caspofungin response.  

orf19.3893 SCW11 SCW11 
-

2.581588647 3.69E-28 

Cell wall protein; repressed in ace2 mutant; repressed in core 
caspofungin response; induced in high iron; possibly an 
essential gene. 

orf19.7585 INO1 INO1 2.588698055 3.42E-22 

Inositol-1-phosphate synthase; antigenic in human; repressed by 
farnesol in biofilm or by caspofungin; upstream inositol/choline 
regulatory element.  

orf19.5877 ATF1 NA 1.290132183 7.71E-22 
Putative alcohol acetyltransferase; caspofungin repressed; 
expression depends on Tac1p. 

orf19.2762 AHP1 AHP1 0.497341709 0.092642849 

Alkyl hydroperoxide reductase; immunogenic; fluconazole-
induced; amphotericin B, caspofungin, alkaline repressed; core 
stress response induced; Ssk1/Nrg1/Tup1/Ssn6/Hog1 regulated.  
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orf19.5267 NA NA 
-

2.374961586 4.04E-46 
Putative cell wall adhesin-like protein; repressed in core 
caspofungin response.  

Cell Wall Linked Genes  

orf19.3829 PHR1 NA 3.644286689 3.41E-75 Cell surface glycosidase; may act on cell-wall beta-1,3-glucan 
prior to beta-1,6-glucan linkage. 

orf19.5602 BMT6 NA 1.896175476 1.98E-55 

Beta-mannosyltransferase; beta-1,2-mannosylation of 
phospholipomannan; roles in mannosylation of cell wall 
phosphopeptidomannan.  

orf19.7586 CHT3 CTS1 
-

3.349584502 5.35E-45 

Major chitinase; secreted; functional homolog of S. cerevisiae 
Cts1p; hyphal-repressed; farnesol upregulated in biofilm; 
regulated by Efg1p, Cyr1p, Ras1p. 

orf19.3282 BMT3 NA 1.920453686 6.97E-35 

Beta-mannosyltransferase; adds 2nd beta-mannose to the acid-
stable fraction of cell wall phosphopeptidomannan, elongation 
of beta-mannose chains on the phosphopeptidomannan acid-
labile fraction. 

orf19.4937 CHS3 CHS3 0.977851342 5.23E-25 

Major chitin synthase of yeast and hyphae; synthesizes short-
chitin fibrils; Chs4-activated; transcript induced at yeast-hyphal 
transition.  

orf19.1618 GFA1 NA 0.695065791 1.65E-24 
Glucosamine-6-phosphate synthase, homotetrameric enzyme of 
chitin/hexosamine biosynthesis.  

orf19.6420 PGA13 NA 2.800790596 5.59E-24 
GPI-anchored cell wall protein involved in cell wall synthesis; 
required for normal cell surface properties. 

orf19.3629 DSE1 DSE1 
-

1.990186286 6.26E-24 

Essential cell wall protein involved in cell wall integrity and 
rigidity; periodic mRNA expression peaks at M/G1 phase; 
Ace2p-induced; required for virulence in a mouse model of 
infection. 

orf19.3010.1 ECM33 ECM33 0.367037328 0.045251711 

GPI-anchored cell wall protein; mutants show cell-wall defects 
and reduced adhesion, host cell damage, and endocytosis; 
mutant infection is immunoprotective in murine model; 
fluconazole-induced; caspofungin repressed. 

orf19.5068 IRE1 IRE1 0.277921987 0.103872581 
Putative protein kinase; role in cell wall regulation; mutant is 
hypersensitive to caspofungin. 

Azole Linked Genes  

orf19.1765 NA NA 2.315516013 2.51E-64 Secreted protein; fluconazole-induced. 

orf19.6688 NA NA 
-

4.026677011 9.62E-60 
Protein of unknown function; expression decreases by benomyl 
treatment or in an azole-resistant strain overexpressing MDR1.  

orf19.3902 MRV2 YDL218W 2.696878503 8.34E-29 

Protein of unknown function; repressed by fluphenazine 
treatment or in an azole-resistant strain that overexpresses 
CDR1 and CDR2; Spider biofilm induced. 

orf19.5604 MDR1 FLR1 2.19258238 1.19E-28 

Plasma membrane MDR/MFS multidrug efflux pump; 
overexpression in drug-resistant clinical isolates confers 
fluconazole resistance.  
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orf19.6594 PLB3 PLB1 0.998987547 1.08E-21 

GPI-anchored cell surface phospholipase B; possibly secreted; 
fungal-specific (no mammalian homolog); induced by Tbf1; 
fluconazole-induced; possible essential gene (UAU1 method).  

orf19.4887 ECM21 NA 0.592111896 0.078255825 

Predicted regulator of endcytosis of plasma membrane proteins; 
fluconazole induced, alkaline induced by Rim101; repressed by 
caspofungin and in azole-resistant strain overexpressing 
MDR1.  

orf19.3010.1 ECM33 ECM33 0.367037328 0.045251711 

GPI-anchored cell wall protein; mutants show cell-wall defects 
and reduced adhesion, host cell damage, and endocytosis; 
mutant infection is immunoprotective in murine model; 
fluconazole-induced; caspofungin repressed. 

Transporters or Cellular Channels 

orf19.2445 NA NA 2.843088836 4.68E-41 
Putative dicarboxylic amino acid permease; fungal-specific (no 
human or murine homolog).  

orf19.3298 CCH1 CCH1 1.723635822 2.57E-34 

Voltage-gated Ca2+ channel of the high affinity calcium uptake 
system; roles in thigmotropism, establishment of 
galvanotropism.  

orf19.2849 AQY1 NA 
-

2.044855589 1.26E-33 

Aquaporin water channel; osmotic shock resistance, WT freeze 
tolerance; virulent in mice; flucytosine repressed; required for 
RPMI biofilm formation  

orf19.4279 MNN1 NA 1.925688315 1.46E-28 
Putative alpha-1,3-mannosyltransferase; of the 
mannosyltransferase complex; negatively regulated by Rim101.  

orf19.7219 FTR1 FTR1 
-

3.783262659 3.13E-28 

High-affinity iron permease; required for mouse virulence, low-
iron growth; iron, amphotericin B, caspofungin, ciclopirox, 
Hog1p, Sef1p, Sfu1p, and Hap43p regulated. 

orf19.4328 CCC2 CCC2 
-

0.410579098 0.099069153 

Copper-transporting P-type ATPase of Golgi; required for wild-
type iron assimilation (indirect effect via Fet3p); induced by 
iron starvation, ciclopirox olamine; caspofungin repressed; not 
required for virulence in mouse systemic infection. 

orf19.5870 CTP1 CTP1 
-

0.599812725 0.123647541 

Putative citrate transport protein; flucytosine induced; 
amphotericin B repressed, caspofungin repressed; Hap43p-
induced gene. 

Adhesion Linked Genes  

orf19.675.1 NA NA 2.614881724 1.14E-40 Putative adhesin-like protein. 

orf19.4910 FGR41 NA -
3.413187102 2.64E-31 Putative GPI-anchored adhesin-like protein; transposon 

mutation affects filamentous growth. 

orf19.4651 PGA53 NA -
1.341163053 9.46E-24 GPI-anchored cell surface protein of unknown function. 

orf19.5924 ZCF31 NA 1.714199274 1.04E-23 
Zn(II)2Cys6 transcription factor of unknown function; mutant is 
sensitive to copper and SDS, and resistant to Calcofluor White; 
required for yeast cell adherence to silicone substrate. 

orf19.7104 NA NA -
2.254725959 2.68E-23 Adhesin-like cell wall protein; similar to mucins and to a 

Litomosoides microfilarial sheath protein. 
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orf19.4765 PGA6 NA 2.727800597 6.90E-23 
GPI-anchored cell wall adhesin-like protein; induced by high 
iron; upregulated upon Als2 depletion; mRNA binds She3 and 
is localized to hyphal tips. 

Morphology and Filamentation Linked Genes  

orf19.2832 INN1 INN1 2.230943271 3.88E-55 

An essential protein of the contractile actomyosin ring required 
for ingression of the plasma membrane into the bud neck during 
cytokinesis; contains a C2 membrane targeting domain. 

orf19.3501 NA PXL1 2.02587706 5.22E-46 
S. cerevisiae ortholog Pxl1; is required for selection and/or 
maintenance of polarized growth sites; Hog1p-repressed. 

orf19.4308 HSL1 HSL1 1.465854531 2.72E-34 

Probable protein kinase involved in determination of 
morphology during the cell cycle of both yeast-form and hyphal 
cells via regulation of Swe1p and Cdc28p; required for full 
virulence and kidney colonization in mouse systemic infection. 

orf19.3207 CCN1 NA 1.697443773 9.67E-27 
G1 cyclin; required for hyphal growth maintenance (not 
initiation); cell-cycle regulated transcription (G1/S).  

orf19.6028 HGC1 CLN2 2.170540674 4.10E-25 

Hypha-specific G1 cyclin-related protein involved in regulation 
of morphogenesis, biofilm formation; required for virulence in 
mice.  

orf19.4867 SWE1 SWE1 0.436276462 0.059271418 

Putative protein kinase with a role in control of growth and 
morphogenesis, required for full virulence; mutant cells are 
small, rounded, and sometimes binucleate; not required for 
filamentous growth; mutant is hypersensitive to caspofungin. 

orf19.6595 RTA4 NA 
-

0.757239242 0.038681616 

Protein similar to S. cerevisiae Rsb1p, involved in fatty acid 
transport; transposon mutation affects filamentous growth; 
alkaline downregulated; caspofungin induced; possibly an 
essential gene; Hap43p-repressed. 

orf19.4890 CLA4 CLA4 
-

0.549023699 0.035345048 

Ste20p family Ser/Thr kinase required for wild-type filamentous 
growth, organ colonization and virulence in mouse systemic 
infection; role in chlamydospore formation; functional homolog 
of S. cerevisiae Cla4p; mutant caspofungin sensitive. 

Other (Stress response, Membrane-linked Genes, etc.)  

orf19.5843 SRR1 NA 1.774722777 1.42E-40 
Two-component system response regulator; involved in stress 
response. 

orf19.4526 HSP30 HSP30 -4.26013401 2.53E-23 
Putative heat shock protein; fluconazole repressed; 
amphotericin B induced;  

orf19.1945 AUR1 AUR1 1.52954364 4.29E-23 
Inositolphosphorylceramide (IPC) synthase; catalyzes the key 
step in sphingolipid biosynthesis; antifungal drug target. 

orf19.7359 CRZ1 CRZ1 1.434142679 5.12E-20 
Calcineurin-regulated C2H2 transcription factor; role in 
maintenance of membrane integrity, azole tolerance. 

orf19.908 FEN12 ELO3 
-

0.200844706 0.10079094 
Putative protein with a predicted role in the elongation of fatty 
acids; amphotericin B, caspofungin repressed. 
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