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ABSTRACT 

THE ROLE OF FUNGAL ADHESINS IN MEDIATING MORPHOGENESIS AND 
VIRULENCE IN CANDIDA ALBICANS 

 

Sierra Rosiana                                                                                              Advisor:  
University of Guelph, 2020                                                                          Dr. Rebecca Shapiro 

 

This thesis is an investigation of Candida albicans; a fungal pathogen and polymorphic 

yeast that switches between yeast and filamentous morphologies. Preliminary research suggests 

cell surface adhesin proteins likely play a role in morphogenesis, but a complete analysis of the 

role and relationship between these adhesins has not been explored. A CRISPR platform was 

applied to construct a 144 mutant library, comprising 12 unique adhesin genes deleted singly, or 

in every possible combination of double deletions. I performed a comprehensive screen of this 

library which identified mutants critical for virulence and significant genetic interactions. This 

was followed up with in vitro biofilm and morphogenesis assays, which uncovered that some 

strains that were critical for virulence were also attenuated in these functions, but overall showed 

that the regulating of these three processes is complex and requires further investigation. 

Identifying these virulence regulators may ultimately lead to new targets for anti-virulence 

strategies.
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1. Introduction 

1.1 Fungal Pathogens and Significance 

 Fungal pathogens pose a significant threat to human health worldwide, yet they are 

widely understudied in comparison to bacteria and viruses (Microbiology, 2017; Sudbery, 2011). 

It is suggested this neglect is largely because invasive fungal infections are a relatively new 

phenomenon, and their prevalence has only increased substantially in the past few decades 

(Denning, 2017). Fungal pathogens also may be neglected because they are typically 

opportunistic pathogens and primarily affect a subset of the population: those with compromised 

immune systems (Denning, 2017). Additionally, there is a general lack of knowledge 

surrounding the biology of different species of fungi (Denning, 2017). While familiar types of 

fungi include harmless mushrooms, and commonly known fungal infections such as athlete’s 

foot, fungal pathogens are also a leading cause of mortality in immunocompromised individuals 

(Microbiology, 2017). It is estimated that fungal infections kill ~1.6 million people annually 

worldwide, nearly 1 billion people globally have skin, nail and/or hair fungal infections, and 

1.8% of Canadians are affected by a serious fungal infection (Bongomin et al., 2017; Dufresne et 

al., 2017). Cases of fungal infections are on the rise due to a geographic expansion of fungal 

pathogens from global warming, and the consistently growing immunocompromised population 

(Microbiology, 2017). 

Treating fungal infections in human patients poses a challenge due to the similarities 

between fungal and human cells (Shapiro et al., 2011). As both types of cells are eukaryotic, and 

have similar cellular structures and processes, many factors or pathways that could act as 

potential targets for antifungals are conserved in human cells, thus causing harm to the human 
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host (Shapiro et al., 2018a). Therefore, novel targets for antifungal therapeutics are needed, and 

understanding the biology and virulence of fungal pathogens is a critical step towards this goal.  

1.2 Candida albicans 

 Candida albicans is a microbial fungus that exists as a commensal member of the normal 

human microflora, as well as an opportunistic pathogen (Rodríguez-Cerdeira et al., 2018; 

Sudbery, 2011). In a majority of healthy adults, it asymptomatically inhabits the gastrointestinal 

and genitourinary tracts, as well as the oral cavity and skin (Rodríguez-Cerdeira et al., 2018). It 

is present in the oral cavity of 75% of individuals, and the gastrointestinal tracts of 60% of 

healthy adults (Mayer et al., 2013). C. albicans often survives in its host asymptomatically, until 

there is a perturbation in the host environment that provides it with an opportunity to proliferate; 

clinical studies have shown that most C. albicans cases are caused by endogenous strains 

(Poulain, 2015; Sudbery, 2011). C. albicans is the most prevalent cause of fungal infections in 

humans and can cause diseases ranging from acute mucosal infections to life-threatening 

systemic infections associated with high morbidity and mortality (34.3%) rates, even with the 

use of antifungal drugs (Pappas et al., 2003; Poulain, 2015; Tsui et al., 2016). C. albicans is the 

most frequent cause of fungal candidiasis which includes a myriad of infections, such as 

vulvovaginal candidiasis (VVC), candidemia, and oral thrush (Rodríguez-Cerdeira et al., 2018). 

C. albicans is the fourth most common cause of nosocomial bloodstream infections and the 

second most common cause of death from nosocomial infections, and is therefore a major 

clinical concern (Sudbery, 2011). Serious infections often occur in immunodeficient individuals 

due to other health complications associated with immunosuppression, such as chemotherapy 

treatment, organ transplantation and treatment with immunosuppressive drugs, or diseases such 

as HIV/AIDS (Sabino et al., 2017; Sudbery, 2011). Other factors such as antibiotic treatment and 
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asthma can also predispose patients to fungal infections (Bongomin et al., 2017; Mayer et al., 

2013).  

1.3 Mechanisms of Candida Virulence 

 Candida species are the leading cause of fungal infections in humans, with the most 

common of these pathogens being C. albicans (Shapiro et al., 2018a). C. albicans’ success in 

causing infection is due to its possession of multiple virulence strategies such as morphological 

plasticity and robust biofilm formation (Sudbery, 2011). These virulence strategies are regulated 

by important virulence factors, such as adhesin proteins that promote C. albicans’ ability to 

colonize and infect its host (Tsui et al., 2016). 

1.3.1 Morphogenesis 

 C. albicans is considered to be a polymorphic yeast, and is able to readily transition to 

more virulent morphologies when opportunity for infection occurs (Sudbery, 2011). C. albicans 

morphogenesis is defined as its ability to transition between two major growth states: a budding 

yeast morphology (Figure 1A), and a filamentous growth morphology, which includes both 

pseudohyphal and hyphal forms (Figure 1B and C). Pseudohyphae are elongated bubbled cells, 

typically characterized as chains of yeast cells with septa formed between them, where true 

hyphae are longer and have parallel sides for the entire length of the cell (Berman and Sudbery, 

2002). The elongation of cells in pseudohyphae can be deceiving due to their length and 

resemble hyphal cells; therefore, it is common to refer to both types of cells as filamentous forms  

(Berman and Sudbery, 2002). It has been proposed that pseudohyphae are an intermediate form 

between yeast and hyphae, but evidence shows pseudohyphae displays many similarities to yeast 

and this theory may not be true (Berman and Sudbery, 2002). Its ability to transition between 
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 A.  

   B.  
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 C.   

Figure 1.  Yeast and hyphal morphologies of C. albicans cells. A. Yeast morphology; cultured 

in YPD broth overnight, shaking, at 30°C. B. Predominantly hyphal morphology; cultured in 

YPD broth + 10% HI-FBS, shaking at 37°C. C. Predominantly pseudohyphal morphology; 

cultured in YPD broth + 10% HI-FBS, shaking at 37°C. Solid arrows point to examples of yeast 

cells. Arrows with short dashes point to examples of hyphal cells. Arrows with long dashes point 

to examples of pseudohyphal cells.  
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multiple morphogenetic states is tightly coupled to its virulence and ability to cause infection (Fu 

et al., 2002; Sudbery, 2011). This cellular morphogenetic process is triggered by numerous 

environmental signals, including, temperature, pH level, serum, amino acid and other nutrient 

availability, and carbon dioxide (Shapiro et al., 2011). Previous evidence indicates that C. 

albicans mutants that are defective in genes regulating filamentation, have highly reduced 

virulence (or are fully avirulent) in murine models of invasive candidiasis infection (Fu et al., 

2002). This indicates that morphogenesis is a critical fungal virulence process (Fu et al., 2002).    

There are signaling pathways in C. albicans that govern morphogenesis, including 

MAPK (mitogen-activated protein kinase) pathways and the cAMP-PKA (cyclic AMP- protein 

kinase A) pathway (Sharma et al., 2019). There are several types of MAPK pathways that are 

critical in morphogenesis, which also play a role in cell wall integrity such as PKC (protein 

kinase C), HOG (high osmolarity glycerol), and Ras1 (Sharma et al., 2019). The cAMP-PKA 

pathway can upregulate or suppress hyphal formation depending on the factors it interacts with 

(Sharma et al., 2019). Hsp90 (heat shock protein) uses the cAMP-PKA pathway to regulate 

temperature-dependent morphogenesis, where farnesol (a quorum sensing molecule) can target 

and inhibit the cAMP-PKA pathway, resulting in decreased cAMP production and therefore an 

inhibition of hyphal morphogenesis (Sharma et al., 2019). The activation of these pathways 

initiates hyphal formation largely via the expression of hyphal specific genes which includes the 

ALS (agglutinin like sequence) adhesin gene family and hyphal wall proteins (HWP1), among 

others (Sharma et al., 2019). Other pathways including pH, TOR, and cell cycle arrest pathways, 

all play a role in hyphal gene expression and filamentous growth (Sharma et al., 2019).  

While it is largely suggested the hyphal form of C. albicans is the most critical for 

virulence, it is important to note both morphological forms are involved in pathogenesis (Mayer 
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et al., 2013). Cells in the yeast form readily spread throughout the body and adhere to host cells, 

highlighting their importance in dissemination of C. albicans during infection (Mayer et al., 

2013; Sudbery, 2011). Hyphal forms, while less capable of disseminating throughout the host, 

are best suited for invading host cells and tissues (Mayer et al., 2013). Hyphal cells can cause 

damage to host cells via the release of secreted hydrolytic enzymes such as secreted aspartyl 

proteases (Sudbery, 2011). Additionally, when a yeast cell is engulfed by a macrophage, it is 

capable of switching to its filamentous form, which is able to destroy the macrophage from 

within and escape (Sudbery, 2011). It remains unknown if the filamentous form of C. albicans is 

simply beneficial or strictly required for virulence (Sudbery, 2011). The morphological plasticity 

of C. albicans is a major point of interest in fungal pathogen research, as control over this 

transition could provide a potential treatment option for C. albicans infections (Kadosh, 2016).  

1.3.2 Biofilms 

 Biofilms are densely populated, complex communities of microbial organisms, adhered 

to a surface, and surrounded by an extracellular matrix (Tsui et al., 2016). A major concern of C. 

albicans in a clinical environment, is its ability to form biofilms; not just in vivo (on patient 

tissue), but also on surfaces of hospital equipment and medical implants such as catheters, 

pacemakers, prosthetics, joint replacements, dentures, voice boxes, and artificial heart valves 

(Rodríguez-Cerdeira et al., 2018; Tsui et al., 2016). With the rising usage of medical implants, 

instances of implant related infections are on the rise, with 80% of these infections associated 

with microbial biofilms (Tsui et al., 2016). As with many other microbial pathogens, C. albicans 

biofilms are typically resilient to many external stressors such as antimicrobials, making C. 

albicans significantly more difficult to treat in a biofilm, when compared to planktonic cells 

(Rodríguez-Cerdeira et al., 2018; Tsui et al., 2016). C. albicans biofilms are typically very 
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structured, and composed of multiple cell types including yeast and hyphal cells, which together 

express numerous virulence factors (Tsui et al., 2016). 

C. albicans biofilms are composed of many layers of microbial cells and a matrix of 

extracellular material consisting mainly of polysaccharides, including  β-1,3-glucan, β-1,6-

glucan, and mannans, and proteins (Baillie and Douglas, 2000). C. albicans in biofilms contain 

cell walls that are 2x thicker and contain more carbohydrates and β-1,3-glucan than planktonic 

cells (Baillie and Douglas, 2000). Biofilms significantly increase fungal pathogenicity due to the 

constant secretion of an extracellular matrix that allows for adherence to host tissue, structure, 

stability, and protection from various stressors including the host immune system (Tsui et al., 

2016). This allows the biofilm associated cells to become more resistant to both antimicrobials 

and host defenses (Tsui et al., 2016).  

 The morphological switching capability of C. albicans and its large number of surface 

adhesins both play key roles in biofilm formation (Nobile et al., 2006). Filamentous cells 

contribute structural integrity and strength to a biofilm (Nobile et al., 2006). These filamentous 

cells also contain a multitude of cell surface-associated adhesin proteins to easily adhere to one 

another, as well as the host tissues or medical implants (Nobile and Johnson, 2015). Some 

adhesins that have been suggested to play a crucial role in biofilm formation include ALS1, 

ALS3, and HWP1, as well as others within the same protein family; all of which are regulated by 

a complex set of signaling pathways in the fungal cell (Nobile et al., 2006).  

1.3.3 Adhesins  

 C. albicans pathogenesis is significantly impacted by its adherence capabilities and 

therefore its adhesin proteins (Mayer et al., 2013). According to clinical studies, the most 

frequently isolated strains of C. albicans are those with higher adhesive capacities, and these 
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tend to be more pathogenic than other strains (Hoyer, 2001). While many details about the 

adherence process of C. albicans to host tissues still remains unclear, it is known that this 

process is largely due to fungal cell wall proteins, including adhesins (Willaert, 2018). A family 

of adhesin proteins of particular interest in C. albicans (the most studied family of fungal 

adhesins) is the ALS (agglutinin-like sequence) family of cell surface glycoproteins (Hoyer, 

2001). This family shares a three domain structure consisting of a 5’ domain (N-terminus), a 3’ 

domain (C-terminus), and a central variable domain (Hoyer, 2001). The 5’ domain is 1299 to 

1308 base pairs, and is fairly conserved with approximately 55-90% of sequence similarity 

across the various genes (Hoyer, 2001). This domain contains a signal peptide used for 

endoplasmic reticulum entry but is also highly complex and mediates various types of protein 

interactions (protein, ligand, and sugar) and is thought to be mainly responsible for interacting 

with host cells (de Groot et al., 2013). Previous research has also shown that longer repeat 

regions in this domain are associated with more adherence, likely because the region would be 

concealed in the cell wall with shorter repeats. The 3’ domain is relatively conserved but with 

some variability in the length and sequences of the domains (Hoyer, 2001). This domain contains 

peptide sequences responsible for GPI (Glycosylphosphatidylinositol) attachment and anchors 

the protein in the fungal cell wall (Hoyer and Cota, 2016). The central variable domain 

determines the subfamilies, has low complexity, and is where most variability between genes 

occurs as they vary greatly in length and sequence (de Groot et al., 2013; Hoyer, 2001).  

There are many ALS genes found in both C. albicans and other fungal species, but eight 

loci are currently known in C. albicans; ALS1-7 and ALS9 (Hoyer and Cota, 2016). These 

proteins have high levels of sequence similarity and all are confirmed adhesins. Other families of 

adhesins have been identified as well, including HWP, IFF and HYR (de Groot et al., 2013). 
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Previous work indicates the involvement of adhesins in C. albicans adherence and pathogenesis 

(Hoyer, 2001). Studies of ALS1 have confirmed its role in adhesion and filamentation in C. 

albicans, as well as its contribution to overall virulence (Fu et al., 2002). Studies have shown that 

the deletion of ALS1 decreases adherence of C. albicans to host cells, that an increase of Als1 

adhesins on the surface positively influences adherence, and that adherence could be blocked via 

a monoclonal antibody (Fu et al., 2002). Since adherence could be blocked, it implied that the 

endothelial binding domain may be located within the N-terminal region of the ALS1 gene (Fu et 

al., 2002). The exact mechanism by which Als1 performs these functions is currently unknown, 

but a clear relationship is present between Als1, filamentation, adherence, and virulence (Fu et 

al., 2002). Similar studies were performed with Als3, indicating that ALS genes potentially play 

similar roles in pathogenesis and need to be explored further (Liu and Filler, 2011).  

1.4 CRISPR 

1.4.1 Background and Advantages 

 CRISPR (clustered, regularly interspaced, short palindromic repeat) is a genetic 

engineering technique that has allowed molecular biologists to edit genomes via the deletion, 

addition, or alteration of DNA sequences (Shapiro et al., 2018a, 2018b). CRISPR exploits RNA-

guided endonucleases such as Cas9 (CRISPR associated protein 9) to accomplish this gene 

editing (Shapiro et al., 2018b). This simple, yet powerful tool has revolutionized genome editing 

technology and is rapidly replacing previous, less efficient methods (Sander and Joung, 2014). It 

allows for the precise targeting and editing of genomes, in a wide variety of cells from different 

organisms, including fungal pathogens such as C. albicans (Doudna and Charpentier, 2014). 

 CRISPR-Cas9 technology relies on prokaryotic adaptive, RNA-mediated defense systems 

called CRISPR/Cas systems in which short, palindromic repeated sequences are interspaced in 
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the genome of a prokaryote to protect itself from invaders such as viruses, bacteriophages or 

plasmids (Doudna and Charpentier, 2014). When a prokaryote encounters foreign nucleic acids it 

will retain portions of the invading DNA in its own genome to act as a memory system to allow 

for more rapid detection upon future encounters with the foreign threat (Doudna and Charpentier, 

2014; Sander and Joung, 2014). These sequences of foreign DNA are incorporated in between 

the CRISPR sequences in the prokaryotic genome (Sander and Joung, 2014). Small RNAs in 

these sequences are critical in silencing foreign nucleic acids upon entry into the host cell (Jinek 

et al., 2012). This system provides the prokaryote with a form of adaptive immunity as it now 

contains ‘memories’ of previous invasion and is capable of silencing subsequent foreign DNA 

(Doudna and Charpentier, 2014). Cas9 is an enzyme that uses a guide RNA to form base pairs 

with and cleave target DNA sequences (Shapiro et al., 2018b). CRISPR-Cas9 technology has 

been co-opted from these prokaryotic species, and functions by manipulating these systems 

(frequently the type II CRISPR system in Streptococcus pyogenes) for the purposes of genome 

editing (Jinek et al., 2012).  

 Previously, targeting DNA sequences precisely was a great challenge many researchers 

faced, as previous genome editing methods were not as efficient or precise (Doudna and 

Charpentier, 2014). Other recently developed methods for genetic manipulation include site-

directed zinc finger nucleases (ZFNs) and TAL effector nucleases (TALENs), however, these 

systems are not as easy, cost-effective, and efficient as CRISPR at genome editing (Doudna and 

Charpentier, 2014; Ul Ain et al., 2015). CRISPR-Cas9 has many advantages over its earlier gene 

editing counterparts due to its precision, simplicity, cost effectiveness, and multiplexed targeting 

abilities (Doudna and Charpentier, 2014). Additionally, there is a large variety of CRISPR-Cas 
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systems in different bacterial species, providing researchers with many possibilities to design 

different types of systems for varying experimental purposes (Doudna and Charpentier, 2014). 

1.4.2 Gene Drive Array 

 CRISPR-Cas9 editing technologies rely on a Cas9 endonuclease that binds with a single 

guide RNA (sgRNA), which allows it to locate a precise location in the target genome and create 

a double strand break (DSB) (Shapiro et al., 2018b). This DSB is then repaired through NHEJ 

(non-homologous end joining) or homology directed repair (if a DNA repair template is 

provided), leading to precise gene editing at the target site (Shapiro et al., 2018b). A specific type 

of CRISPR-Cas9 method called a CRISPR-Cas9-based gene drive array (GDA) is an editing 

platform that allows for efficient generation of gene deletion mutants in yeast such as C. 

albicans, and allows us to generate these deletions, singly or in combinations of two gene 

deletions (Shapiro et al., 2018a). To utilize this method, a plasmid containing a Cas9 protein and 

two sgRNAs, is transformed into the strain of interest where Cas9 causes two DSBs in the open 

reading frame (ORF) of the gene of interest (Shapiro et al., 2018a). Flanking the sgRNAs are 

regions homologous to sequences upstream and downstream of the ORF being targeted for 

deletion (Shapiro et al., 2018a). When Cas9 cuts the ORF, these regions of homology will repair 

the breaks in the ORF, successfully deleting the gene of interest, and replacing said gene with the 

sgRNAs (Figure 2) (Shapiro et al., 2018a). This generates a gene drive allele, meaning when 

haploid yeast cells mate with wild-type yeast, the resultant mated diploid cells will also contain a 

gene drive allele, which allows cells with heterozygous deletions to be modified into 

homozygous deletions (Figure 3) (Shapiro et al., 2018a). In C. albicans, this CRISPR GDA 

system is made  possible by the relatively recent discovery that C. albicans has the ability to 

exist in a haploid form (and mate with other haploids to form diploids), as it was previously  
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A.  

B.   

Figure 2: CRISPR gene drive array (GDA) system used to create homozygous deletion 

mutants in C. albicans. A. Gene deletion in C. albicans using gene drive system. Plasmid 

containing Cas9 transformed into C. albicans, Cas9 causes a double stranded break in the open 

reading frame, regions of homology fix the break and delete the gene of interest, replacing it with 

the gRNA. B. Mutant cell mating with a wild-type cell resulting in a homozygous mutant 

offspring containing the gene drive. Note, yfg is any gene. (Information obtained from Shapiro et 

al. 2018 (Shapiro et al., 2018b)). 
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Figure 3: Generation of single and double mutant C. albicans libraries with the GDA 

system. Mating of C. albicans haploids containing single adhesin gene deletions resulting in 

diploid strains containing homozygous double gene deletions. (Information obtained from 

Shapiro et al. 2018 (Shapiro et al., 2018a)). 
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thought to be an obligate diploid (Hickman et al., 2013). This discovery enables the use of  

molecular lab techniques like this gene drive, which allows for efficient generation of 

homozygous deletion mutants in this diploid pathogen (Hickman et al., 2013; Shapiro et al., 

2018a). It also enables haploids with different gene deletions to be mated to generate diploid 

mutant cells with double gene deletions, or more (Shapiro et al., 2018a).  

This CRISPR GDA platform enables efficient and higher order genetic interaction 

analysis to take place in C. albicans. Many traits are complex, and require combinatorial genetic 

interaction analysis to uncover new information because genes often have overlapping functions 

and work interdependently (Shapiro et al., 2018a). With this gene drive platform, we can rapidly 

produce libraries with double gene deletions which can then be screened for important 

characteristics relevant to this fungal pathogen, including pathogenesis, and genetic interaction 

analysis can be used to dissect the genetic networks between these factors (Shapiro et al., 2018a). 

This knowledge allows for characterization of gene function and pathway analysis in C. 

albicans, making genetic interaction analysis a powerful tool for fungal virulence studies 

(Shapiro et al., 2018a). 

 This CRISPR GDA was used by Dr. Shapiro to construct an adhesin mutant library that 

was used throughout the entirety of this research (Figure 4) (Shapiro et al., 2018a). This library 

contains 12 unique C. albicans adhesin genes deleted singly, or in every possible combination of 

double deletions (total 144 diploid mutant strains: 12 single mutants and 66 double mutants and 

their reciprocal pair i.e. a/b and b/a). All of the adhesins deleted in this library are either 

validated or predicted adhesins based on homology to known adhesins in the model yeast  
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Figure 4: C. albicans adhesin deletion mutant library map. Library contains 144 C. albicans 

mutant strains. Dark blue squares indicate single deletion mutants. Light blue squares indicate 

single deletion mutants.  
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Saccharomyces cerevisiae (Shapiro et al., 2018a). Information on each adhesin and their putative 

functions can be found in Table 1.  

1.5 Caenorhabditis elegans is an Effective Model to Study Candida albicans Infection 

 Caenorhabditis elegans is a free-living nematode worm that is often found in soil and 

compost (Issi et al., 2017). This nematode has been used as a model host to study cell and animal 

biology since the 1960s and is still widely used today (Elkabti et al., 2018). Using C. elegans as a 

model host provides many benefits over mammalian and other invertebrate models for a wide 

range of reasons (Elkabti et al., 2018). Mammalian models, while beneficial, bring about 

concerns regarding animal welfare, cost and efficiency. Other invertebrate models, such as 

larvae, do not have the same animal welfare limitations as mammals, but are not as easily 

infected or propagated. C. elegans is beneficial partly due to its simplicity - they are easily 

maintained, in regards to both propagation and storage, low cost, and have a small and well-

studied genome (Elkabti et al., 2018). Due to their size and large brood numbers, they can be 

used for high-throughput research and provide both efficient and quality results (Elkabti et al., 

2018). C. elegans is also transparent, allowing the observation of the nematode’s organs (or 

pathogens that may be infecting it) with a relatively inexpensive microscope and limited training 

(Ewbank and Zugasti, 2011). 

C. elegans host-pathogen interactions have many conserved features that are shared with 

many species including mammalian species, making it an advantageous model for studying 

human disease and infections (Troemel et al., 2008). Fungal genes that are known to be required 

for murine infection are required for infection in nematodes such as RIM101, NRG1, CAS5, 

ADA2, CPH1 and EFG1 in C. albicans (Elkabti et al., 2018). The intestinal epithelial cells of C. 

elegans have morphological features, such as microvilli, that are similar to mammalian epithelial  
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Table 1: Description of adhesins knocked out in C. albicans mutants in this thesis 

(Information obtained from the Candida Genome Database (CGD) 

https://www.candidagenome.org (Skrzypek et al., 2017)).  

Adhesin Protein Type Gene 
Structure 

Putative Function(s) 
according to CGD 

Function Change 
in Mutants 

ALS1 
GPI-linked 
cell surface 
Glycoproteins 

- 5' domain 
- Central 
domain 
- 3' domain 

- Adherence to cells and 
host surfaces 
- Virulence in mice 
- Hyphal growth and 
drug sensitivity 

- Decreased 
adherence to human 
umbilical vein 
endothelial cells 

- Decreased 
expression in cells in 
biofilms 

ALS3 GPI-linked 
cell surface 
Glycoproteins 

- 5’ domain 

- Central 
domain 

- 3’ domain 

- Adherence to cells and 
host surfaces 

- Decreased 
adherence 

- Decreased biofilm 
formation 

ALS5 
GPI-linked 
cell surface 
Glycoproteins 

- 5’ domain 
- Central 
domain 
- 3’ domain 

- Adherence to cells and 
host surfaces 

- Upregulated in a rat 
model of infection 

- Unknown 

ALS7 
GPI-linked 
cell surface 
Glycoproteins 

- 5’ domain 
- Central 
domain 
- 3’ domain 

- Downregulated in 
biofilms 

- Adherence to cells and 
host surfaces 

- Unknown 
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ALS9 
GPI-linked 
cell surface 
Glycoproteins 

- 5’ domain 
- Central 
domain 
- 3’ domain 

- Laminin adhesion 

- Expressed during 
infection of human 
epithelial cells 

- Unknown 

EAP1 GPI anchored 
glucan cross 
linked cell 
wall adhesin 

- Signal 
Peptide 
-GPI anchor 
site 
- Homology to 
other genes 
encoding cell 
wall proteins 

- Biofilm formation 

- Adhesion to a 
polystyrene surface 

- Adherence to cells and 
host surfaces 

- Pseudohyphal induction 

- Decreased cell 
adhesion 

- Decreased 
filamentation 

HWP1 Hyphal Wall 
Protein 

Glycoprotein 

-GPI anchor 
-Adherence to cells and 
host surfaces 
-Biofilm formation 
-Required for mating 
-Hyphal growth 
-Virulence 
-Formation of adhering 
germ tubes and epithelial 
cells 

-Decreased 
virulence 
-Decreased hyphal 
formation 

HWP2 GPI-anchored, 
glycosylated 
cell wall 
protein 

-GPI anchor 
-Biofilm formation 
-Adherence to cells and 
host surfaces 
-Filamentous growth 
(some media) 

-Decreased 
virulence 

HYR1 GPI-anchored 
hyphal cell 
wall protein 

-N-terminal 
signal 
sequence 
- C-terminal 
GPI-anchoring 
domain 
- 17 potential 
N 
glycosylation 
sites 
- Serine- and 

-Neutrophil evasion 
-Hyphal development 

-Unknown 
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threonine-rich 
domain 

IFF4 
Adhesin-like 
cell surface 
protein; 
putative GPI-
anchor 

-Unknown -Unknown -Decreased 
adhesion to plastic 

RBR1 
GPI - 
anchored cell 
wall protein 

-Unknown -Filamentous growth at 
acidic pH 

-Unknown 

RBT1 GPI-modified 
cell wall 
protein 

-Similarity to 
HWP1 

-Virulence -Slight decrease in 
biofilm formation 

Note, some information is not yet known for certain adhesin genes. 
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cells, and it is estimated that 40-60% of genes in C. elegans have human orthologs (C. elegans 

Sequencing Consortium, 1998; Troemel et al., 2008). The biological mechanisms by which C. 

albicans infects C. elegans is similar in both humans and nematodes, and C. elegans host 

responses to pathogens is remarkably conserved (Pukkila-Worley and Mylonakis, 2010).  C. 

elegans is also very easily infected with C. albicans by consumption, as C. elegans is constantly 

feeding on microbes in its environment (Elkabti et al., 2018). Once ingested, C. albicans can 

cause a persistent lethal infection, making monitoring the infection relatively simple for research 

purposes (Pukkila-Worley et al., 2011).  

 C. elegans has been used as a model host in bacterial host-pathogen research for decades, 

but it has also been used in fungal research to perform studies on the virulence of Cryptococcus 

neoformans and C. albicans (Pukkila-Worley et al., 2009). The C. albicans-C. elegans 

interaction has proven to be a powerful tool to study C. albicans, and was initially used to 

identify antifungal compounds due to its high-throughput screening capabilities (Troemel et al., 

2008). This method has been used for years and is improving over time (Okoli et al., 2009). In 

these experiments, C. elegans was infected with C. albicans then exposed to libraries of potential 

antifungals (Elkabti et al., 2018). These studies resulted in valuable knowledge such as the 

discovery of filastatin, a drug used as a coating that prevents C. albicans adherence to medical 

devices. Another recent study used C. elegans to probe the evolution of drug resistance in C. 

albicans, in which events that alter C. albicans’ drug resistance (such as single nucleotide-

polymorphisms) were identified (Ford et al., 2015).  Other human diseases and disorders (aside 

from infectious disease) have been studied using C. elegans as a model, including cancer, 

strokes, muscle-associated disorders, metabolic diseases and neurodegenerative disorders such as 

Alzheimer’s and Parkinson’s, demonstrating its power and ubiquity as a host model (Markaki 
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and Tavernarakis, 2010). Overall, C. elegans has many advantages as a facile, model host and is 

remarkably effective at studying C. albicans and other factors that affect human health and 

disease.  

1.6 Statement of Rationale, Hypothesis and Research Objectives 

 C. albicans is a common cause of infection with very few antifungals available to treat it. 

Therefore, uncovering information about C. albicans’ virulence mechanisms is of imminent 

importance for developing new treatment options. Progress has been made in recent years, but 

the prevalence of fungal pathogens has increased in recent decades and they are still widely 

understudied. With C. albicans being a eukaryotic organism, the cell structure is similar to that 

of humans, making it difficult to produce antifungals that effectively target the pathogen and not 

the host. Antimicrobial resistance has raised additional concerns as the few antifungals currently 

available are not always effective. New insight regarding the role of important virulence factors, 

such as adhesin proteins, may ultimately lead to new genetic targets for antifungal therapeutics. 

This thesis examines the role of adhesin proteins, singly and in combination, in C. albicans 

virulence. The overall objective of this study was to determine the effects of adhesin gene 

deletions in biofilm formation, morphogenesis, and virulence and if the same adhesins are 

critical for each of these phenomena. I hypothesize that fungal adhesins play a critical role in C. 

albicans biofilm formation, morphogenesis, and virulence. The mutant library used in this 

research consisted of 144 mutants, comprising 12 unique adhesin genes deleted singly, or in 

every possible combination of double deletions (Figure 4). To assess virulence, I performed a 

comprehensive screen of this adhesin mutant library, using the model nematode worm C. elegans 

as a simplified model host system. This screen identified single and double gene mutants that 

were critical for virulence, and further identified genetic interactions where deletion of two 
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adhesins rendered strains significantly more avirulent than deletion of either gene on its own. 

This screen was followed up with in vitro biofilm assays and morphogenic assays to identify the 

effects of these gene deletions on biofilm formation and cellular morphogenesis.  

2. Materials and Methods 

2.1 Microbial Strains 

Fungal strains and growth conditions: C. albicans parental strains used in this study were 

originally obtained from Drs. Yue Wang and Judith Berman (Hickman et al., 2013) and all 

adhesins deleted to make said strains and their putative functions are listed in Table 1. The 

library of 144 mutant strains was made by deleting 12 different adhesin mutants, singly and in 

doubles. The plate map of all strains used in this study can be found in Figure 4. The media used 

for C. albicans culture was YPD (composition found in Table 2) broth and agar plates. In broth, 

C. albicans strains were cultured, shaking at 250 rpm on a tilt at 30°C or 37°C for ~18 hours or 

as needed. On plates, C. albicans strains were cultured at 30°C for ~24 to 48 hours, or as needed. 

Worm Propagation and maintenance: C. elegans glp-4 were obtained from Dr. Natasha 

Kirienko, Department of Biosciences at Rice University. C. elegans were cultured on superfood 

plates (NGM plates topped with Escherichia coli OP-50) at room temperature for 24 hours, then 

at 25°C for 48 hours. C. elegans glp-4 were cultured for 6 days on superfood media; 1 day at 

room temperature, 5 days at 15°C. Agar plates are rinsed with S-Basal, poured into falcon tubes 

and centrifuged for 30 seconds at 1000 rpm. Supernatant was discarded and 4.5 mL of worm 

bleach was added. Tube was vortexed heavily for 1 minute and centrifuged for 30 seconds. 

Supernatant was discarded and 3.5 mL of worm bleach was added. After 7 minutes, or until 

worm bodies were dissolved, the tube was centrifuged for 30 seconds. Worms were washed  
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Table 2. Media compositions  

Media Composition Quantities 

YPD (Yeast Peptone Extract) 
Bacto agar (for agar plates 
only) 

20 g/L 

Bacto peptone 20 g/L 

Yeast Extract 10 g/L 

Glucose 20 g/L 

Water Up to 1000 mL 

NAT (for drug media only) 250 µg/ml NAT 

Serum (for YPD+10% 
Serum) 

10% 

LB Bacto agar 20 g/L 

LB mix 25 g/L 

Water Up to 1000 mL 

Drugs (for drug media only) 
Streptomycin 

100 mg/mL 

NGM (Nematode Growth 
Medium) * 

1M MgSO4  1 mM 

1M CaCl2 1 mM 

Cholesterol (5 mg/mL in 
EtOH) 

5 μg/mL 

NaCl 3 g/L 

Peptone 2.5 g/L 

Agar 17 g/L 
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MilliQ Water 975mL 

KH2PO4 10.83 g/L 

K2HPO4 3.56 g/L 

 
DMEM +glutamine +pen-
strep +FBS 

DMEM (pre-made) 500 mL 

L-glutamine 2mM 

Pen-Strep 2mM 

Dialysed FBS or Heat 
inactivated FBS 

10%  

BHI(+Kan) BHI Broth Powder  2.25 g/ 150 mL 

Agar 1.5 g/ 150 mL 

MilliQ Water 150 mL 

Kanamycin (50 mg/mL) 45 μg/mL 

SD (Synthetically Defined) 
Yeast Nitrogen Base 26.8 g/L 

Bacto agar 20 g/L 

100X Arginine  1X 

MilliQ Water 1000 mL 

*NGM agar plates are used in the making of multiple different types of media. NGM plates can 
be used on their own or can be used to make OP-50 or superfood plates depending on the 
concentration of E. coli OP-50 that is added to the surface of the plates. See section 2.2 Media 
and Reagent Preparation for media preparation instructions.  
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twice with S-Basal, then 5 to 6 mL of S-Basal was added. Worms were rotated on a rotisserie at 

room temperature overnight, then continued rotating at 15°C for up to 2 weeks. 

2.2 Microbial Freezing Protocols 

C. albicans: Fresh YPD cultures were used to prepare stock cultures containing a final 

concentration of 20% glycerol and stored at -80ºC.  

C. elegans: Freezing solution was prepared (Appendix, Table 6); MgSO4 was added after 

autoclaving. A 6 cm plate full of worms was chunked onto 4 10-cm superfood plates. Plates were 

incubated at room temperature until no more E. coli OP-50 was left on the plates, then the worms 

were left to starve for an additional day. Plates were washed with S-Basal, collected in a 15 mL 

conical tube (total: 14 mL). Tube was centrifuged and aspirated to ±1mL. 1 mL of freezing 

solution was added and S-Basal was added to 2-2.5 mL. The mixture was transferred to three 

cryovial tubes and one 1.5 mL tube (±500 µL each). The tubes were placed in a Styrofoam box, 

tied tightly, and put in a -80°C freezer. After at least 24 hours, tubes were moved to a freezer box 

and kept at -80°C for at least a month before testing worms’ survival. For testing worms’ 

survival: 1.5 mL tube of frozen worms was thawed, and contents were poured onto three NGM 

plates. The plates were left to rest for at least two hours before expecting any movement from the 

worms. 

2.3 Yeast Transformation 

 C. albicans strains were grown overnight in 5 mL YPD at 30°C. Cultures were prepped 

for transformation using the GeneJET miniprep kit and nano dropped to check concentration. 

Mini-prepped samples were amplified using PCR. DNA from PCR was purified using GeneJET 

PCR Purification kit. C. albicans strains were grown overnight in 5 mL YPD at 30°C. Plasmids 
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of interest were digested overnight at 37°C using PacI and CutSmart. OD600 of each culture was 

measured and the amount of culture required per transformation was calculated using 

10,000/(OD600 x 10 x 1.5). C. albicans cells were centrifuged for 5 minutes at 2000 rpm and the 

pellet was gently resuspended in approximately 50μL of supernatant by flicking. Salmon sperm 

DNA (ssDNA) was heated for 10 minutes at 100°C and placed on ice for 5 minutes. 

Transformation mix containing PEG, TE, LiAc, ssDNA, and DTT was prepared (Table 3). 

Plasmid, purified PCR product (desired sequence) and transformation mix were added to C. 

albicans cells. The solution was incubated for 1 hour at 30°C. Mix was heat shocked for 45 

minutes at 42°C. Cells were centrifuged at 2000 rpm for 5 minutes. Pellet was washed with YPD 

and subcultured in 10 mL of YPD for 4 hours at 30°C. Cells were centrifuged at 4000 rpm for 5 

minutes. Cells were resuspended in approximately 100μL of supernatant and plated onto 

YPD+NAT agar plates then incubated for 2 days at 30°C. Colonies were patch plated to new 

YPD+NAT agar plates and incubated for 2 days at 30°C. Transformed colonies were validated via 

PCR.  

2.4 PCR Validation of Yeast Transformation 

 Two PCR tests were performed; 1 outside the ORF, 1 inside the ORF. Phusion high 

fidelity DNA polymerase was used. PCR mix was prepared (Table 4). Primers used can be 

found in Appendix, Table 9 . PCRs were then run using the following conditions: Outside ORF: 

Initial Denaturation: 5 minutes 98°C. Denaturation: 30 seconds 98°C. Annealing: 30 secs 64°C. 

Extension: 1 minute 72°C. Cycles: x32. Final extension: 10 minutes 72°C. Within ORF: Initial 

Denaturation – 1 minute 98°C. Denaturation – 30 seconds 98°C. Annealing – 30 secs 64°C. 

Extension – 1 minute 72°C. Cycles: x32. Final extension – 10 minutes 72°C. Reactions were run 

on an agarose gel next to a 2-log ladder. 
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Table 3. Yeast transformation mix values (1X) 
 

Reagent Quantity (1X) 

1M DTT 20µL 

ssDNA (10 mg/mL) 40µL 

10X TE 100µL 

1M LiAc 100µL 

50% PEG (in water) 800µL 

 
Table 4. Phusion PCR values for testing yeast transformations (1X) 
 

Reagent Quantity (1X) 

10mM dNTP 0.4 μL 

DNA 5 μL 

H2O 10.2 μL 

5X HF Phusion Buffer 4 μL 

Oligo 1 (100 μM) 0.1 μL 

Oligo 2 (100 μM) 0.1 μL 

Taq Phusion Polymerase (2 U/μL) 0.2 μL 
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2.5 Yeast Mating 

 Haploids were grown on YPD+NAT plates overnight at 30°C. Haploid colonies from 

YPD+NAT plates were struck onto YPD+ phloxine B (pH 6.0) plates containing 5μg/mL phloxine B 

and incubated 5 to 7 days in a 28°C static incubator in 5% CO2 wrapped in aluminum foil. A 

loopful of single opaque colonies from each MTLa and MTLα were mixed together in a 1 inch 

diameter patch on BWW plates. Plates were incubated 5 to 7 days at room temperature wrapped 

in aluminum foil. A loopful from the 1 inch patch from BWW plates was put into 1 mL of sterile 

PBS in a microcentrifuge tube and vortexed. 100-200μL of PBS mixed with cells were 

transferred to SD (synthetically designed) plates containing arginine (Table 2) and spread out 

using glass beads. Plates were incubated static at 30°C for two days. Colonies were validated by 

PCR. 

2.6 C. elegans Liquid Infection Assay 

 C. elegans glp-4 were cultured for 3 days on superfood media; 1 day at room 

temperature, 2 days at 25°C. C. albicans strains were cultured overnight in 96-well deep well 

plates containing 300μL YPD and incubated at 37°C. OD600 of plate was read and cultures were 

diluted with S-Basal to normalize cultures. 384-well plates were set up containing each culture, 

BHI media, S-Basal, and cholesterol. Using a COPAS FlowPilot (a large-bore fluorescence-

activated worm sorter, analogous to a FACS machine), and LP (large particle) Sampler, 25 C. 

elegans nematode worms were added to each well. Plates were covered with breathe-easy 

membranes and incubated for 72 hours at 25°C. OD600 was read for each plate. Plates were 

washed 5 times with S-Basal then liquid aspirated using an EL 406 washer dispenser. 50μL of 

10% tween was added to each well to avoid worms from sticking to pipette tips; worms were 

then transferred to new 384-well plates. Plates were washed 5 times with S-Basal then liquid 
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aspirated using an EL 406 washer dispenser. 50μL of sytox stain (0.2μL sytox /1mL S-Basal) 

was loaded into each well. Plates were incubated for 12 to 16 hours in a dark place at room 

temperature (a drawer). Plates were washed 5 times with S-Basal. Using a Cytation 5 plate 

reader, plates were imaged with both bright field and RFP. Images were analyzed using pipelines 

previously developed by Dr. Natasha Kirienko on Cell profiler. Cell profiler produced files 

containing the percentage of dead worms for each well.  

2.7 Genetic Interaction Analysis 

Each single mutant tested in this research is assigned a fitness score based on the results of the C. 

elegans infection assay. The fitness score of the wild-type was normalized to 1, and the results 

from all other strains were divided by the wild-type results to achieve these relative fitness 

scores. The fitness scores of each single parent strain are multiplied by one another and the 

product is the predicted fitness score of the double mutants. Genetic interaction analysis is based 

on deviation from predicted fitness score. If the double mutant’s actual score is significantly 

different from its predicted score it is considered a “hit”. Genetic interaction analysis was done 

using R. First, the program binds all the replicate results together, labels each single mutant and 

creates a single dataset with the library’s unique combinations. A two-sided t-test is used to 

compare the predicted and actual fitness scores and the p value is adjusted using the Benjamin 

and Hochberg (1995) method. A positive interaction is an adjusted p value < 0.05 and a deviation 

that is greater than the predicted score. A negative interaction is an adjusted p value < 0.05 and a 

deviation that is lower than the predicted score. The URL for the script used in this research is as 

follows: https://github.com/kieran11/wormdata 
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2.8 Biofilm XTT Assay 

 C. albicans strains were incubated overnight in 5 mL YPD at 37°C and 250 rpm. OD600 

of each culture was taken. Cultures were diluted with RPMI media to normalize to the same 

OD600 value. 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 per well acts as a negative 

control.  96 well plates were wrapped in tinfoil and incubated at 37°C for 72 hours. 120 μL of 

culture from each well was transferred to new 96-well plates, then read using a Tecan infinite M 

nano plate reader at OD490. Plates were washed twice with 200μL PBS and left upside down to 

dry in a fume hood. 1 hour later or once dry, 90 μL of XTT (1 mg/mL PBS) and 10ul of PMS 

(0.32 mg/mL H2O) was added to each well. Plates were wrapped in tinfoil and incubated for 2 

hours at 30°C. Plates were then read at 490nm. 

2.9 Filamentation Assay via Phase Microscopy 

 C. albicans strains were incubated overnight in 5 mL YPD at 37°C and 250 rpm. OD600 

of each culture was taken. Cultures were diluted with fresh YPD media to normalize to the same 

OD600 value. C. albicans was subcultured into 5 mL YPD with 10% HI-FBS. Subcultures were 

incubated at 37°C and 250 rpm for 4 hours. 10μL of each culture was pipetted onto a microscope 

slide and visualized under phase microscopy at 40X magnification using a Leica DM 2000 LED 

microscope. Images of each strain were taken with a Leica ICC50 W camera. Images were 

analyzed using the ImageJ program and MicrobeJ plugin. Analysis involved using ImageJ to 

count the number of yeast cells and filamentous cells in each image as well as measure the length 

of each filamentous cell in each image.  

2.10 Statistical Significance  
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 Statistical analysis was performed on all data to ensure significance. C. elegans liquid 

infection assay data was initially checked using the coefficient of variation (CV) and outliers 

were removed to obtain CV scores of 0.5 or less in as many strains as possible. The remaining 

strains had CV scores of less than 1. The selected mutants (hyr1Δals1Δ, als7Δals5Δ, als1Δiff4Δ, 

als5Δhwp2Δ, als5Δeap1Δ, als1Δ, als5Δ, als7Δ, eap1Δ, hwp2Δ, hyr1Δ, and iff4Δ) in all datasets 

were subjected to one-way ANOVA tests to compare each strain to the wild-type. CV was tested 

in Microsoft excel and one-way ANOVA tests were performed in GraphPad Prism.  

3. Results  

3.1 C. elegans Infection Assay Identifies Avirulent C. albicans Adhesin Mutants 

First, we aimed to assess the virulence profiles of the C. elegans adhesin mutant library, 

comprising 144 adhesin mutants with single or double gene deletions, as well as a wild-type 

strain. C. elegans and C. albicans were combined in 384-well plates and incubated together to 

initiate an infection, for 72 hours before being read on a Cytation 5 plate reader. Cytation 5 took 

images of the plates, and the data was analyzed using pipelines in Cell Profiler previously 

developed by Dr. Natasha Kirienko. Coefficient of variation was determined between each data 

set and outliers were removed. Example images produced by Cytation 5 found in Figure 5 

showing the dead worms in each well. Cell profiler yielded the percentages of worm death in 

each well. A lower worm death percentage indicates that particular mutant strain of C. albicans 

was less able, or less efficient at killing C. elegans than those with higher worm death 

percentages. The wild-type strain with no gene deletions was used as a control and as a baseline 

to determine killing efficiency of worms. Figure 6 shows a heat map of the compiled and 

processed results from this experiment, with blue squares indicating less worm death, and red  
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A.  

B.  

C.  
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Figure 5. Examples of the images taken by Cytation 5. A. Raw image. Each white line is a 

dead worm. B. Red lines drawn to indicate the barriers between each mutant. Each red box 

indicates 8 wells (each mutant had 8 wells and values were averaged). Columns from left to 

right: als1Δ, als3Δ, als5Δ, als7Δ, als9Δ, eap1Δ, hwp1Δ, hwp2Δ, hyr1Δ, iff4Δ, rbr1Δ, rbt1Δ. Rows 

from top to bottom:als1Δ, als3Δ, als5Δ, als7Δ, als9Δ, eap1Δ, hwp1Δ, hwp2Δ, hyr1Δ, iff4Δ, 

rbr1Δ, rbt1Δ. Intersecting boxes are double mutants. C. 8 wells containing the Wild-type.  

 

Figure 6: Heat map of the percentage of worm death. Data from C. elegans liquid infection 

assay with C. albicans adhesin mutant library. Red squares indicate less live worms, blue squares 

indicate more live worms.  
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squares indicating more worm death. Six replicate sets of data were used to produce this heat 

map. It is very clear that mutant strains with als1Δ, and to some extent als5Δ, were less capable 

of killing worms. This suggests the deletion of these adhesin genes significantly and negatively 

impacted C. albicans’ virulence. The five most virulent strains (excluding wild-type) were 

als3Δiff4Δ, iff4Δals9Δ, hwp2Δ, als3Δhwp2Δ and als9Δeap1Δ; all displayed very similar worm 

death percentages to the wild-type strain. The parental strains of these mutants, hwp2Δ, als3Δ, 

iff4Δ, and als9Δ all show relatively high virulence as well indicating the possibility that these 

adhesins are not particularly significant in virulence. The five least virulent strains were 

hyr1Δals1Δ, als7Δals5Δ, als1Δiff4Δ, iff4Δals1Δ and rbr1Δals1Δ, and from these, the three most 

significantly avirulent strains were selected for follow up. Therefore, mutants hyr1Δals1Δ, 

als7Δals5Δ, and als1Δiff4Δ were selected for follow up analysis based on being the three least 

virulent mutants from our library. The single mutant strains, in order from least virulent to most 

virulent is as follows: als1Δ, als5Δ, rbt1Δ, als9Δ, eap1Δ, rbr1Δ, hyr1Δ, als7Δ, hwp1Δ, iff4Δ, 

als3Δ, hwp2Δ. The single mutants als1Δ, als5Δ, als7Δ, hyr1Δ, and iff4Δ were selected as well 

because these deletions are all involved in the least virulent double mutants and it would be 

worthwhile to compare the phenotypes of the single compared with double mutants. 

The double mutant ‘reciprocal pairs’ were all individually checked to ensure they were 

showing the same results, where a reciprocal pair refers to the same mutant genotype but 

generated by mating opposite mating type haploids. For example, als1Δals3Δ and als3Δals1Δ 

should theoretically show the same results because the same two genes were deleted, though the 

strains were generated independently. Overall, the values of the reciprocal mutants were 

typically very similar, with few exceptions. 13 of the mutants (out of 66 total double deletion 

genotypes; hwp1Δhwp2Δ, hwp1Δhyr1, als3Δhwp1Δ, als3Δhwp2Δ, als3Δiff4Δ, als5Δals9Δ, 
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als5Δhwp1Δ, als5Δrbt1Δ, als7Δhwp1Δ, als7Δrbr1Δ, als9Δiff4Δ, als9Δrbr1Δ, eap1Δhyr1Δ) had a 

virulence difference between their reciprocal pairs of 10 percentage points or more (i.e. if aΔbΔ 

resulted in 45% dead worms and bΔaΔ resulted in 55% dead worms). This means that a vast 

majority of the mutants showed very similar data results between the reciprocal pairs.  

GraphPad Prism software was used to perform a one-way ANOVA test to compare each 

strain to the wild-type and test for significance. The levels of significance and adjusted p values 

can be found in Table 5 and a graph of the results can be found in Figure 7. The results from 

most strains were found to be significant with the exceptions: als7Δ, eap1Δ, hwp2Δ, hyr1Δ, and 

iff4Δ. The strains hyr1Δals1Δ, als7Δals5Δ, als1Δiff4Δ, als5Δhwp2Δ, als5Δeap1Δ, and als1Δ were 

all found to be very significant, where als5Δ was found to be less significant. 

3.1.1 Genetic Interaction Analysis Identifies Significant Negative Interactions  

Following the C. elegans infection screening, a smaller number of mutants of interest 

were selected for further experiments. To aid in selection of these mutants, genetic interaction 

analysis was performed, which compares double mutant deletion strains to their single mutant 

counterparts (i.e. aΔbΔ compared to aΔ and bΔ). We employed a multiplicative model of genetic 

interactions (Baryshnikova et al., 2013; Boone et al., 2007), which predicts that the fitness of a 

double mutant will be the product of the fitness of each single mutant. Double mutant strains 

found to be less fit than predicted are said to have a negative genetic interaction, and those with 

higher fitness have a positive genetic interaction. For our assay, negative genetic interactions are 

particularly interesting, as it suggests deleting two adhesins in combination may lead to highly 

reduced virulence - more than would be expected by deletion of either single adhesin on its own. 
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Table 5. Statistical significance of C. elegans infection assay data with select mutants 

Strain Significant? Summary Adjusted P value Selection Process 

als1Δ Yes **** <0.0001 Single mutant of least 
virulent strain 

hyr1Δals1Δ Yes **** <0.0001 Least virulent strain 

als1Δiff4Δ Yes **** <0.0001 3rd least virulent strain 

als7Δals5Δ Yes **** <0.0001 2nd least virulent strain 

als5Δeap1Δ Yes **** <0.0001 Genetic interactor 

als5Δhwp2Δ Yes **** <0.0001 Genetic interactor 

als5Δ Yes * 0.0277 Single mutant of 2nd least 
virulent strain/of genetic 

interactor 

als7Δ No NS 0.8508 Single mutant of 2nd least 
virulent strain 

eap1Δ No NS 0.6496 Single mutant of genetic 
interactor 

hwp2Δ No NS 0.9999 Single mutant of genetic 
interactor 

hyr1Δ No NS 0.7475 Single mutant of least 
virulent strain 

iff4Δ No NS 0.9995 Single mutant of 3rd least 
virulent strain 

Legend: NS=Not Significant, *=Low significance, ****=High Significance 
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Figure 7. Percentage of dead C. elegans during infection assay with select C. albicans 

mutants. Values collected and calculated via Cytation 5 plate reader and cell profiler pipelines.  
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The script we used assigned each gene deletion a letter from A to L in this order: als1Δ, 

als3Δ, als5Δ, als7Δ, als9Δ, eap1Δ, hwp1Δ, hwp2Δ, hyr1Δ, iff4Δ, rbr1Δ, rbt1Δ. The script used to 

perform this analysis takes the six replicates gathered from the C. elegans liquid infection assay 

and binds them together and creates a dataset. Then it uses t-tests to compare the experimental 

values and the predicted values and determine whether we can reject the null that there is no 

difference between the two. The p value is adjusted using the Benjamini & Hochberg (1995) 

adjustment.  

As seen in Figure 8, two mutants were found to have a significant negative genetic 

interaction: als5Δeap1Δ and als5Δhwp2Δ. These mutants that had p values less than 0.05 and 

were therefore significant. As discussed, such negative genetic interactors are of particular 

interest as part of this study, and thus were chosen for follow up analysis, along with their single 

mutant counterparts: als5∆, eap1∆, and hwp2∆. 

Therefore, given the results of genetic interaction analysis and the results of the C. 

elegans liquid infection assay, a total of 12 mutants were selected for future testing. The mutants 

hyr1Δals1Δ, als7Δals5Δ, and als1Δiff4Δ were selected because they were the least virulent 

strains in the C. elegans infection assay, and als1Δ, als5Δ, als7Δ, hyr1Δ, and iff4Δ were selected 

because they are the single mutants that made up the previous double mutants. The mutants 

als5Δeap1Δ and als5Δhwp2Δ were selected based on the genetic interaction analysis method and, 

lastly, eap1Δ and hwp2Δ were selected because they are also single mutants that made up the 

genetic interactors.   
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Figure 8. Results of genetic interaction analysis of double mutants. Analysis performed with 

data from C. elegans infection assay. Yellow squares indicate a p value > 0.05 and red squares 

indicate >0.01 and <0.05.  
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3.2 Biofilm Analysis Identifies Mutants Deficient in Biofilm Formation 

Following genetic interaction analysis, we aimed to perform biofilm assays to assess the 

biofilm forming capabilities of avirulent strains and genetic interactors. The twelve selected 

mutants of interest, hyr1Δals1Δ, als7Δals5Δ, als1Δiff4Δ, als5Δeap1Δ, als5Δhwp2Δ, als1Δ, als5Δ, 

als7Δ, eap1Δ, hwp2Δ, hyr1Δ, and iff4Δ, as well as a wild-type, were the subjects of these biofilm 

assays.  For these assays, mutant strains were cultured in flat bottomed 96-well polystyrene 

plates for 72 hours. Planktonic cells were removed and the OD490 was read, while the biofilms 

were washed and left to dry. XTT and PMS were added, and the biofilms were incubated before 

measuring the OD490 of each biofilm. This experiment was repeated 3 times. The resulting data 

was normalized to the OD490 of the planktonic cells, coefficient of variation was determined, and 

outliers were removed accordingly. Normalized data can be found in Figure 9. GraphPad Prism 

software was used to perform a one-way ANOVA test to compare each strain to the wild-type 

and test for significance. The results from most strains were found to be significantly different 

from wild-type, with the exception of  hyr1Δals1Δ. P values of the strains als1Δ, hyr1Δals1Δ, 

als1Δiff4Δ, als5Δ, als7Δals5Δ, als5Δhwp2Δ, als5Δeap1Δ, eap1Δ, als7Δ, hwp2Δ, hyr1Δ, and iff4Δ 

are as follows: 0.0005, 0.9087, 0.0204, <0.0001, <0.0001, <0.0001, <0.0001,  0.0051, 0.0001, 

0.0223,  0.0096, 0.0001, <0.0001. All strains but hyr1Δals1Δ were considered significant by 

these values.  

 As seen in Figure 9, most selected mutants (als1Δ, hyr1Δals1Δ, als1Δiff4Δ, als5Δ, 

eap1Δ, als7Δ, hwp2Δ, hyr1Δ, and iff4Δ) showed a decrease in the ability to form biofilms. 

However, als7Δals5Δ, als5Δhwp2Δ, and als5Δeap1Δ all showed enhanced filamentation abilities 

compared to the wild-type strain.  
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Figure 9. Biofilm XTT activity of select C. albicans mutants. Data was collected by measuring 

OD490 of stained biofilms then normalized to planktonic cells. P values of each strain from left to 

right (excluding wild-type) are as follows: 0.0005, 0.9087, 0.0204, <0.0001, <0.0001, <0.0001, 

<0.0001, 0.0051, 0.0001, 0.0223, 0.0096, 0.0001, <0.0001. All strains but hyr1Δals1Δ were 

considered significant by these values.  
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3.3 Filamentation Analysis Identifies Mutants Deficient in Morphogenesis 

Selected mutants used in follow up biofilm assays were also used in filamentation assays 

to assess the filamentation capabilities of avirulent strains and genetic interactors. The twelve 

selected mutants of interest, hyr1Δals1Δ, als7Δals5Δ, als1Δiff4Δ, als5Δeap1Δ, als5Δhwp2Δ, 

als1Δ, als5Δ, als7Δ, eap1Δ, hwp2Δ, hyr1Δ, and iff4Δ, as well as a wild-type, were the subjects of 

these filamentation assays. For these assays, mutant strains were cultured in YPD with and 

without serum as it is known to induce filamentation in C. albicans. They were then observed 

and imaged under phase microscopy and the percentage of filamentous cells (as a fraction of 

total cells) was calculated. Outliers were removed based on the coefficient of variation. The 

resulting data can be found in Figure 10.  

GraphPad Prism software was used to perform a one-way ANOVA test to compare each 

strain to the wild-type and test for significance. P values of the strains als1Δ, hyr1Δals1Δ, 

als1Δiff4Δ, als5Δ, als7Δals5Δ, als5Δhwp2Δ, als5Δeap1Δ, eap1Δ, als7Δ, hwp2Δ, hyr1Δ, and iff4Δ 

are as follows: <0.0001, 0.0210, <0.0001, <0.0001, <0.0001, 0.0134, <0.0001, <0.0001, 

<0.0001, <0.0001, <0.0001, <0.0001. All strains were considered significant by these values. 

Overall, the filamentation results were relatively similar to one another. All strains 

showed a decrease in morphogenetic abilities, with als1Δ being the most significantly defective 

in filamentation. This suggests that adhesin gene deletion negatively impacts the cell’s ability to 

form filaments and agrees with the hypothesis that adhesin proteins play a significant role in 

morphogenesis. The strains that appear to be the least affected include als5Δeap1Δ and  

hyr1Δals1Δ. Interestingly, the single mutants are typically the most affected, implying that the  
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Figure 10. Percentage of filamentous cells of select C. albicans mutants. Cells were cultured 

in YPD +10% HI-FBS. Microscope images were taken and yeast vs. filamentous cells were 

counted. P values of each strain from left to right (excluding wild-type) are as follows: <0.0001, 

0.0210, <0.0001, <0.0001, <0.0001, 0.0134, <0.0001, <0.0001, <0.0001, <0.0001, <0.0001, 

<0.0001. All strains were considered significant by these values.  
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deletion of multiple genes as opposed to a single gene doesn’t necessarily equate to a more 

intense negative reaction from C. albicans in terms of filamentation.   

3.4 Mutant Adhesin Library Construction 

The mutant adhesin library in Figure 4 was previously developed by Dr. Rebecca 

Shapiro using the CRISPR Cas-9 gene drive array, as described. A limitation of this library is  

that it does not have any selectable markers left and cannot support being transformed with any 

additional DNA, meaning we cannot make additional genetic alterations in these strain 

backgrounds. The library therefore needed to be reconstructed with available genetic markers to 

allow for future experimentation, including pooled library experiments that rely on the 

incorporation of DNA barcodes. This library reconstruction was done using a newly identified C. 

albicans strain background that is auxotrophic for arginine (arg-), thus allowing the use of 

arginine as a genetic marker to barcode the library. A unique DNA “barcode” (sequence, using 

an ARG marker) was transformed into each mutant and was followed up with a combinatorial 

fungal mating strategy to create the entire library. This rendered all mutants in the library capable 

of being pooled together and each mutant is still detectable via sequencing later. This new 

version of the library will be used for future experimental analysis of the adhesin mutant library, 

including pooled in vivo competition experiments to monitor colonization dynamics in mouse 

models. 

4. Discussion 

This thesis investigated the role of adhesin proteins, singly and in combination, in C. 

albicans virulence, biofilm formation, and filamentation. This research was performed using an 

adhesin mutant library that was generated by Dr. Shapiro with a CRISPR gene drive array 

(GDA) (Shapiro et al., 2018a). It contains 12 unique fungal adhesins deleted singly, or in every 
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possible combination of double deletions for a total of 144 mutants (Figure 4). All of the 

adhesins deleted in this library are either validated or predicted adhesins based on homology to 

known adhesins in the model yeast Saccharomyces cerevisiae, so while the function of some of 

these genes is unknown, the structures imply they encode adhesins (Table 1). Having double 

mutants in this library allows for the comparison of the results from the single and double 

mutants to identify the potentially redundant or overlapping roles of the adhesins and determine 

if the roles appear to differ when combined with other deletions. Overall, this work did not show 

a direct correlation between a strain’s avirulence and its ability to form proper biofilms, or 

hyphal cells in all strains, but it did provide fascinating insight into the role of these adhesins and 

has led to many future research possibilities. 

 Adherence to host tissues is known to be positively correlated with C. albicans virulence, 

and cell wall fungal proteins such as adhesins are known to be critical in this process (Hoyer, 

2001). Previous research has shown that the deletion and upregulation of ALS1 genes in C. 

albicans leads to decreased and increased adherence respectively (Fu et al., 2002). Further, 

previous research indicates that ALS1 gene deletions also negatively impacted pathogenesis as 

well; The deletion of ALS1 led to decreased virulence in the early stages of infection in vitro and 

a weaker immune response from mice during in vivo studies (Fu et al., 2002). Some limited 

research on ALS3 had similar results (Liu and Filler, 2011). These studies all indicate the role of 

adhesins in pathogenesis and other virulence processes, but to date, no research had looked 

beyond a few ALS adhesins, and had never studied the effects of double adhesin gene deletions. 

To further elucidate the role of adhesins I performed three main experiments involving 12 

different adhesins and their corresponding double mutants. To assess virulence, I performed a 

comprehensive screen of this adhesin mutant library, using the model nematode worm C. elegans 
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as a simplified model host system. Of the 144 mutants, this screen identified single and double 

gene mutants that were critical for virulence, and 12 were selected for further testing. Genetic 

interaction analysis was performed to aid in the selection of these mutants and showed two 

double mutants where deletion of two adhesins rendered strains significantly more avirulent than 

deletion of either gene on its own. With the selected mutants, in vitro XTT biofilm assays and 

morphogenic assays were performed to identify the effects of these gene deletions on biofilm 

formation and morphogenesis abilities.  

 For virulence testing, a C. elegans liquid infection assay was performed. This type of 

assay is very high-throughput and allowed for the screening of a 144 mutant library with a much 

higher efficiency and cost effectiveness than a typical murine model. To perform this assay, C. 

elegans worms and the C. albicans mutant library were cultured separately before being 

combined in 384-well plates and incubated for 72 hours. C. elegans worms were then stained and 

visualized through microscopic imaging. The results very clearly indicated differences in 

virulence between the strains, with some single mutant strains showing a clear dominance over 

others. The mutants with an als1Δ deletion all showed very significant avirulence with all 

twenty-three als1Δ mutants being within the top thirty most avirulent strains according to 

average worm death. The most avirulent strains included hyr1als1Δ, als7Δals5Δ, als1Δiff4Δ, 

iff4Δals1Δ, and als7Δals1Δ; four out of the five containing als1Δ. Theoretically, the most 

avirulent double mutants should contain combinations of the most avirulent parental strains such 

as als1Δ, als5Δ, rbt1Δ, and als9Δ, however this is not entirely the case; als1Δ is highly present 

but als5Δ is only present once and the others are not represented at all. This suggests that the 

virulence of double mutants is not dependent solely on the virulence of the parental strains and 

there are other factors involved in the interactions between gene deletions.  
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Mutants containing als5Δ also showed strong avirulent properties and displayed fewer 

worm deaths; however it is clear that als5Δ is less dominant over other gene deletions, compared 

with als1Δ. A few als5Δ double mutants remained relatively virulent, but mainly just the strains 

that also contained very virulent parental strains. For example, the most virulent strains 

containing als5Δ were iff4Δals5Δ, hwp1Δals5Δ, and als3Δals5Δ. iff4Δ, hwp1Δ, and als3Δ were 

all among the most virulent single mutant strains, insinuating that while the deletion of the ALS5 

gene appears significant for virulence, when paired with gene deletions that led to very virulent 

strains it is no longer very effective at attenuating C. albicans. Previous research on ALS5 

deletions have shown increased adhesion to human epithelial and endothelial cells; vastly 

different results than the research performed on any other alsΔ strains (aside from als6Δ and 

als7Δ) (Zhao et al., 2007). This study suggested that ALS5, ALS6, and ALS7 proteins could have 

a functional redundancy or operates as a multiprotein complex (Zhao et al., 2007).  

The double mutant reciprocals in the C. elegans infection data were checked to ensure 

they were showing the same results, as reciprocals should theoretically behave similarly. Overall, 

the values of the reciprocal mutants were typically very similar with the following exceptions: 

hwp1Δhwp2Δ, hwp1Δhyr1, als3Δhwp1Δ, als3Δhwp2Δ, als3Δiff4Δ, als5Δals9Δ, als5Δhwp1Δ, 

als5Δrbt1Δ, als7Δhwp1Δ, als7Δrbr1Δ, als9Δiff4Δ, als9Δrbr1Δ, eap1Δhyr1Δ and their 

reciprocals. For a library of this size, this is fairly minor as a vast majority of the results were 

consistent. Some inconsistencies may exist simply because of stochasticity in biological assays 

such as this, as well as minor differences between the reciprocal organisms, some of which may 

have gained additional genomic mutations that impact their fitness and virulence. This is a 

library that was made at a relatively large scale, and while it was validated to the best of our 
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abilities, we cannot control secondary mutations that can occur in the genome in the process of 

making the library.  

Following the C. elegans infection assay, mutants of interest were selected for further 

study. Based on the results of the C. elegans infection assay, hyr1Δals1Δ, als1Δiff4Δ, and 

als7Δals5Δ were selected because they were the three least virulent strains. Subsequently, als1Δ, 

als5Δ, als7Δ, hyr1Δ, and iff4Δ were selected because they are the single mutant strains for the 

deletions found in the double mutants. Then, genetic interaction analysis was performed which 

determined the double mutants that had significantly different fitness scores than expected based 

on the fitness scores of the single mutant strains. The mutants determined to be genetic 

interactors were als5Δeap1Δ and als5Δhwp2Δ, and therefore they were selected for further 

research alongside eap1Δ, and hwp2Δ. In total, the twelve mutants selected for further study 

included hyr1Δals1Δ, als1Δiff4Δ, als7Δals5Δ, als5Δeap1Δ, als5Δhwp2Δ, als1Δ, als5Δ, als7Δ, 

eap1Δ, hwp2Δ, hyr1Δ, and iff4Δ. Double mutants are a major benefit in this research because it 

allows for higher-order genetic interaction analysis to take place. The existence of these double 

mutants allows for the comparison of various phenotypes between single and double mutants, 

which is important because many traits are complex with redundant or overlapping functions. 

Genetic interaction analysis of single and double mutants provides a higher level of 

understanding of these traits and their relationships (Baryshnikova et al., 2013). The use of 

double gene deletions in C. albicans is relatively novel as no previous research has been 

performed specifically analyzing the virulence, biofilm formation, or filamentation capabilities 

of double genetic mutants. Previous research has used double mutant libraries to study 

coordinated gene behaviours in many different species and further understand gene-gene 

relationships (Boucher and Jenna, 2013). One study specifically characterized genes responsible 
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for virulence traits in Mycobacterium tuberculosis and revealed a whole family of transport 

systems important in pathogenesis (Joshi et al., 2006). Studies like this demonstrate the value of 

double mutant systems for defining genetic interaction systems and characterizing gene functions 

and cell signaling pathways (Joshi et al., 2006).  

 With selected mutants, biofilm assays were performed in which cultures were grown in 

96 well plates for 72 hours to allow for the proper formation of biofilms. XTT and PMS were 

added to the biofilms, incubated, and OD490 was measured. The one-way ANOVA test showed 

all strains but one was statistically significant. Overall, the results show that the deletion of 

adhesin genes does negatively impact biofilm formation, with als1Δ being very significantly 

hindered, as expected based on previous research (Fu et al., 2002). However, surprisingly, three 

strains showed enhanced biofilm formation abilities by a rather significant amount: als7Δals5Δ, 

als5Δhwp2Δ and als5Δeap1Δ. An interesting consideration is that all three of the strains with 

enhanced biofilms contain als5Δ and two of them were the only genetic interactors as determined 

previously. However, als5Δ alone was not enhanced and had significant negative impacts on its 

biofilm formation. This suggests that while adhesin deletion can partially inhibit biofilm 

formation, there are other factors involved in this process, possibly the upregulation of other 

adhesins. The deletions of certain adhesins could force the cells to compensate by upregulating 

either other adhesins, or other factors that control or contribute to biofilm formation; this is 

called genetic compensation, a widespread phenomenon first reported in yeast (El-Brolosy and 

Stainier, 2017). This is sometimes the result of a negative feedback loop involving the deletion 

and subsequent reactions of related genes (El-Brolosy and Stainier, 2017). An example of 

genetic compensation in yeast is the upregulation of the pentose phosphate pathway in 

Saccharomyces cerevisiae following the deletion of a phosphatase, PHO13 (Kim et al., 2015).  
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 With selected mutants, filamentation assays were performed in which cultures were 

grown in YPD with 10% HI-FBS to induce filamentation and visualized under phase 

microscopy. The one-way ANOVA results showed that the data for all strains was significant. 

The results show that the deletion of adhesin genes will generally hinder filamentation abilities, 

although some strains were far more filamentation deficient than others. As expected based on 

previous research (Fu et al., 2002), als1Δ was significantly filamentation deficient. The mutants 

that were the most hindered in this assay were mainly the single mutants, which is an interesting 

result considering double deletions would be expected to have a greater impact on filamentation 

than single mutants alone. This is possibly because the deletion of too many adhesins results in 

some level of upregulation by other signaling pathways in the cell, thereby allowing for more 

filamentation to occur. The least affected mutants in this assay included hyr1Δals1Δ, als1Δiff4Δ 

and als5Δeap1Δ. Even with the most filamentation-deficient adhesin mutants, all mutants still 

retain the ability to undergo filamentous growth to a certain degree, and none of the strains are 

fully unable to transition from yeast to filamentous growth morphologies. These results suggest 

that while adhesins play some role in filamentation, there are many other factors involved in this 

process and the deletion of adhesin genes is not sufficient to entirely prevent filamentation.  

 One factor that should be considered regarding the filamentation assay is the difficulty in 

obtaining quantitative data. Due to microscopy and time limitations, it is difficult to 

quantitatively measure the number of C. albicans cells as it is impossible to count and determine 

the morphological state of every cell grown in a culture, especially given the propensity for 

filamentous cells to clump together and grow on top of one another. To obtain quantitative data, 

images of cells were taken on a microscope, and later counted in ImageJ. One image can only 

incorporate so many cells at a time and therefore only so many cells can be counted. Cells are 
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also not evenly distributed on a microscope slide, especially filamentous cells. Filamentous cells 

are long and contain many adhesin proteins, often clumping together in large flocculates. As a 

result, counting or measuring clumped cells is a challenge. Due to this uneven distribution, it 

becomes difficult to obtain sample images that appropriately represent the actual number of yeast 

and filamentous cells. Additionally, ImageJ is not capable of counting non-yeast cells so all cells 

in each image must be counted by a person which, due to the presence of pseudohyphae, creates 

another issue because it can be difficult to distinguish pseudohyphae from actual filaments. This 

is problematic because counting the number of filamentous compared with yeast cells in an 

image requires one to make a judgement call on what is hyphae and what is pseudohyphae.  

 The results from these three experiments allows for the selected mutants to be split into 

three groups; a group of mutants that were defective in all phenotypes tested (virulence, biofilm 

formation, and filamentation), a group that was defective in biofilm formation and filamentation 

but still virulent, and lastly a group that was significantly defective in virulence and defective in 

filamentation, but enhanced in biofilm formation. A general trend found in this research was that 

single mutants remained virulent in C. elegans, but were inhibited in biofilm formation and 

filamentation, whereas double mutants were generally more avirulent, but not always inhibited in 

biofilm formation and filamentation.  

The C. albicans mutants als1Δ, als1Δiff4Δ, hyr1Δals1Δ, and als5Δ were found to be 

negatively impacted by the adhesin gene deletion(s) in all three phenotypes: virulence, biofilm 

formation, and filamentation. This general phenotype agrees with the original hypothesis that 

adhesin proteins play a significant role in biofilm formation, filamentation and virulence. 

Adhesins assist in biofilm formation because the adhesin proteins allow for the cells to stick to 

one another as well as the surface on which the biofilm is being formed (McCall et al., 2019). 
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Adhesins are thought to be required for morphogenesis as filamentous cells have significantly 

more adhesins present on their surface, and these cell surface proteins may play a role in the 

cellular morphogenetic restructuring (Calderone and Fonzi, 2001). Filamentation and biofilm 

formation are both processes that greatly impact virulence, as filamentation produces hyphal 

cells that produce key virulence factors and enable biofilm formation in the host (Tsui et al., 

2016). Once formed, biofilms have a much greater resistance to antifungals and host defenses 

(Silva et al., 2017). This leads to host colonization and subsequently, increased pathogenesis and 

virulent infection.  

 The mutants als7Δ, eap1Δ, hwp2Δ, hyr1Δ, and iff4Δ were found to be defective in biofilm 

formation and filamentation but were still approximately as virulent as the wild-type. This 

partially agrees with the original hypothesis because while these adhesin deletions did not lead to 

avirulence, they did significantly impact biofilm formation and filamentation abilities. While 

these adhesin deletions did not lead to a virulence defect, the selected double mutants involving 

these strains were indeed avirulent. This suggests that while these adhesins individually are not 

sufficient to attenuate C. albicans virulence, there are redundancies with other adhesin factors, 

and when multiple are deleted simultaneously, we are able to observe the virulence defect. This 

further points to the importance of studying double gene mutant libraries such as this one, in 

order to identify these higher order genetic mutants that impact virulence phenotypes, where 

single mutants alone do not..  

 The mutants als7Δals5Δ, als5Δhwp2Δ, and als5Δeap1Δ were significantly impacted in 

regards to virulence and slightly impacted in regards to filamentation, but actually showed 

enhanced biofilm formation abilities. It is possible that the deletion of these adhesin genes leads 

to an upregulation of some other factor(s), possibly another adhesin protein(s), or possibly other 
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factors or signaling pathways entirely. The upregulation of the other said factor could result in 

enhanced biofilm formation capabilities. A way to investigate this in the future could be to 

perform qPCR on these selected mutants to determine the expression levels of each adhesin in 

each mutant. This would reveal if a mutant strain shows upregulation of other adhesin proteins 

on its surface when lacking a particular adhesin gene. RNA sequencing (RNAseq) would be 

another more systematic way to reveal global changes in expression in these double mutant 

strains, which may reveal which factors are differentially regulated that may be responsible for 

increased biofilm formation. 

Overall, we found that while adhesins do appear to play a role in biofilm formation, 

filamentation, and virulence, it is a complex system and the deletion of adhesin genes do not 

always directly impact these processes significantly. Future research should be done to further 

our understanding of the roles of adhesin proteins, and one way to uncover this is using triple 

mutant deletions. The existence of double deletion mutants in this library allowed for the 

examination of genetic interactions between adhesin gene deletions and determining which 

adhesin deletions most significantly impact C. albicans’ virulence, biofilm growth, and 

filamentation. Triple mutants would allow us to identify those interactions between even more 

deletions. Particular focus should be put on the mutants, als5Δ, eap1Δ, and hwp2Δ due to the 

results of the double mutants als5Δeap1Δ and als5Δhwp2Δ. The parental strains of these double 

mutants were virulent, yet the double mutants were much less virulent than expected and showed 

a significant negative genetic interaction during genetic interaction analysis. A triple mutant 

strain in which all three of these genes are deleted, als5Δeap1Δhwp2Δ, would provide further 

insight into these genes as well as the type of genetic interaction that occurs between them.  
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 With C. albicans being such a common cause of infection, but with very few antifungals 

available to treat it, a long term goal of this research is to assist in the development of possible 

antifungal drugs for treating C. albicans infections. Developing antifungals presents a unique 

challenge as both humans and fungal pathogens are eukaryotic cells that share a lot of 

similarities in structure and composition, making it difficult to identify drug targets that exist in 

C. albicans, but not humans (Shapiro et al., 2018b). Additionally, antimicrobial resistance is a 

growing concern and the few antifungals currently available are not always an option as a result, 

which only increases our need for new treatment options (Denning, 2017). This research 

uncovered new insight regarding the role of adhesins in mediating virulence of this critical 

fungal pathogen and identifying important virulence regulators that may ultimately lead to new 

targets for anti-virulence drug therapies. In general, the idea of anti-virulence therapeutics aims 

to design drugs to disable a pathogen’s virulence without necessarily inhibiting its growth or 

killing the pathogen (Dickey et al., 2017; Garcia et al., 2018). Part of the benefit of this method 

is that with weaker selection pressure, pathogens may be less likely to evolve resistance to anti-

virulence compounds compared with traditional antimicrobial therapeutics. 

Adhesion of cells to host tissue is crucial in microbial pathogenesis, but can be 

particularly important for microbes that utilize biofilms as a mechanism of virulence, such as C. 

albicans (Poulain, 2015). This makes adhesin proteins, and the processes that construct and 

move these proteins, an important consideration when designing antifungals or other anti-

virulence strategies. Previous research has suggested that adhesin proteins and/or processes that 

regulate adhesins have the potential to be very valuable as anti-virulence therapeutic strategies 

(Mydock-McGrane et al., 2016, 2017; Vinod et al., 2020). In E. coli, the bacterial adhesin 

protein FimH has been targeted with mannosides developed to antagonize this adhesin (Mydock-
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McGrane et al., 2017). Mannosides are anti-adhesive compounds that have been used to prevent 

the binding of E. coli’s FimH to host cells and therefore prevent infection. In vivo experiments 

show that these mannosides demonstrate good drug-like properties as well as oral efficacy in 

mice, and clinical trials are currently underway (Mydock-McGrane et al., 2017). Another study 

involving Mycobacterium tuberculosis has demonstrated similar results (Vinod et al., 2020). It 

was observed that the interaction between cell-surface adhesin proteins and host receptors can be 

blocked to prevent infection with M. tuberculosis. This was suggested to be used alone or in 

conjunction with antibiotic therapeutics (Vinod et al., 2020). These studies, among others, 

provide precedence for using adhesins as targets for therapeutics and anti-virulence strategies, 

and suggest similar strategies could be applied to fungal pathogens such as C. albicans (Mydock-

McGrane et al., 2016, 2017; Vinod et al., 2020).  

The results presented in this thesis are only one part of a much larger picture centered 

around the role of adhesin proteins in C. albicans. More studies examining the effects of 

adhesins on virulence and other in vitro fungal processes that are known to be linked to 

pathogenesis are required to fully understand their role. Macrophage infection assays would 

elucidate more information about C. albicans virulence. This assay is already in progress and 

involves co-culturing C. albicans select mutants with BALB/c mouse macrophage cells and 

monitoring the location of C. albicans cells. Wild-type C. albicans is capable of filamenting 

within macrophages and bursting out of them when engulfed, but may be unable to do this 

without adhesins, which I have demonstrated are at least in part required for filamentation. 

Monitoring the location of C. albicans, allows us to determine whether the cells are still engulfed 

by the macrophage cells or if they were able to burst out after a given amount of time. This can 
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allow us to confirm whether adhesins are required for fungal pathogenesis in a macrophage 

model of infection.  

Another experiment currently in progress is a pooled virulence and host colonization 

assay using mice as the model mammalian host. The strains were sent to our collaborator Dr. 

Jesùs Pla who will perform the physical mouse colonization experiments. Samples will be taken 

before the culture colonizes the mice, as well as incrementally during the course of the mouse 

colonization experiment. After the experiment, all fungal samples will be isolated, and their 

DNA barcoded regions amplified by PCR for sequencing analysis. Samples will be sequenced 

using next generation sequencing by the Genomics Facility in the Advanced Analysis Centre 

(AAC) at University of Guelph. This is done to determine which mutant strains (based on their 

unique barcode) were present before and after the experiment, and in what relative quantities. 

This will tell us which mutants were more capable of colonizing the host, and which were unable 

to adhere to surfaces within the mice and therefore did not colonize.  

5. Conclusion 

The results presented in this thesis have advanced our knowledge of fungal adhesin 

proteins and their role in virulence, biofilm formation, and filamentation in C. albicans. The 

research conducted as part of this thesis project should serve as a prelude to further understand 

fungal adhesin proteins, and future studies must be performed to fully unravel the function of 

these important proteins. These results confirm my hypothesis that adhesins do play a role in 

virulence, biofilm formation, and filamentation. In addition, it has unraveled the complexity of 

these processes and indicates that although both biofilm formation and filamentation are 

important for virulence, the same adhesins are not necessarily significant in each of these 
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processes. Overall, this work demonstrates the important role of adhesin proteins in C. albicans 

pathogenesis and provides insight into possible targets for future therapeutics.  
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6. Appendix 
 
6.1 Media and Reagent Preparation  
 
All values for media preparation can be found in Table 2.  
 
YPD media: Listed ingredients were added to an autoclavable flask (excluding drugs if 

applicable), dissolved and autoclaved. Mixture was left to cool briefly before adding drugs/serum 

if applicable and stored at room temperature. For agar plates: media was poured into empty, 

sterile plates, left to solidify overnight and stored at 4°C.  

DMEM (Dulbeccos Modified Eagle Medium) +glutamine +pen-strep +FBS: Listed ingredients 

were added to a 500 mL bottle of pre-made DMEM (DMEM, high glucose, glutamax 

supplement, pyruvate. Product number:10569-010 from Gibco), then filter sterilized and stored 

at 4°C.  

LB media: Added listed ingredients to an autoclavable flask (excluding drugs if applicable), 

dissolved, autoclaved and stored at room temperature. For agar plates: media was poured into 

empty, sterile plates, left to solidify overnight and stored at 4°C. For drug media: 1 g of 

streptomycin (stored at 4°C) was dissolved in 10 mL of water, filter sterilized and stored at 4°C. 

1 mL was added to 1 L of slightly cooled LB broth and stored at room temperature. 

NGM: 1M MgSO4 (4.8156 g in 40 mL milliQ water), 1M CaCl2 (5.8808 g in 40 mL milliQ 

water), and 5 mg/mL Cholesterol (in EtOH) stock solutions were prepared, filter sterilized, and 

stored at room temperature. Dissolved 3 g of NaCl, 2.5 g Peptone, 17 g agar in 975 mL milliQ 

and autoclaved. A ph 6 K(X)PO4 buffer (10.83g KH2PO4, 3.56 g K2HPO4 and 90 mL milliQ) 

was prepared and autoclaved. Dissolved 3 g of NaCl, 2.5 g Peptone, 17 g Agar in 975 mL milliQ 

and autoclaved. The media solution was left to slightly cool, 25 mL K(X)PO4 buffer, 1 mL of 
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1M MgSO4, 1 mL of 1M CaCl2 and 1 mL of 5 mg/mL Cholesterol was added, then media was 

poured into empty, sterile plates, left to solidify overnight and stored at 4°C.  

Superfood Media:  Inoculated 5 mL of LB+Strep with E. coli OP-50 and incubated at 37°C shaking 

overnight. Subcultured by pouring 5 mL overnight into 2 L of LB+Strep. Incubated shaking at 

37°C for 12 hours or until saturated. Centrifuged 3500 rpm for 35 minutes. Supernatant was 

discarded, the pellet was resuspended in 36 mL S-Basal, then 2mL was spotted 2 mL onto the 

center of each 10 cm NGM plate. 

OP50 Media: Followed the process for making superfood media until the resuspension in S-

Basal. The pellets were resuspended in 96 mL of S-Basal then 2 mL were spotted onto the center 

of each 6cm NGM plate. 

BHI+Kanamycin: 2.25g of BHI (Brain heart infusion) Broth powder and 1.5 g agar was dissolved in 

150 mL of milliQ water and autoclaved for 15 minutes. BHI is made in small batches as it is 

temperature sensitive. The media is left to cool briefly then kanamycin is added to a final 

concentration of 45 μg/mL. 5 mL of media was poured into each 35 mm plate, then plates were 

left to solidify overnight and stored at 4°C.  

SD (Synthetically Defined) Plates: Yeast nitrogen base was dissolved in 100 mL of milliQ water 

and vacuum filtered. Reagents listed in Table 2 were combined, including the remaining 400mL 

of water, autoclaved, poured into plates, and stored at 4°C.  

Worm Freezing Solution: NaCl, KH2PO4, glycerol, 1M NaOH, and up to 1 L of water were 

combined in an autoclavable flask according to Table 3 and autoclaved. MgSO4 was added after 

autoclaving.  
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S-Basal: NaCl, KH2PO4, K2HPO4 and milliQ water were combined according to Table 7 and 

autoclaved.  

Worm Bleach: Sodium hypochlorite (5% available chlorine), 5M NaOH, and milliQ water were 

combined in a glass jar according to Table 8 and stored at room temperature.  
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Table 6. Recipe for Making Worm Freezing Solution 
 

Reagent Quantity to make 1L 

NaCl 5.85 g/L 

KH2PO4 6.80 g/L 

Glycerol 300 g/L 

1 M NaOH 5.6 mM 

H2O Fill to 1 L 

0.1 M MgSO4 0.3 mM 

 

Table 7. Recipe for making S-Basal 
 

Reagent Quantity to make 1L 

NaCl 0.1 M 

K(X)PO4 buffer 0.05 M 

 
 

Table 8. Recipe for making worm bleach 
 

Reagent Quantity 

Hypochlorite (5% available chlorine) 20 mL 

5 M NaOH 0.5 M 

H2O 70 mL 
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Table 9: Primers used in PCR for C. albcians adhesin mutant library 

Gene Outside ORF Within ORF 

Forward Reverse Forward Reverse 

ALS1 TTTGCTGCCTTT
GAATACGA 

TGAATGCAATTAA
CTAAACCGAAA 

TACTTGTGCTG
GCAGTCGTC 

GTTGGATTTG
GCAGTGGAAC 

ALS3 TGCACGTTCATA
CTTCCAAAA 

GCGATTGAGATTG
GTTGGTT 

TGTCAATTTCA
GGCAGGTGA 

AGCGAATCCC
ATTGTACCAG 

ALS5 TTCGAAGGAGT
GATTTTACCA 

TGTCAACGTTTGA
GAATGATGAA 

CCAGTCTGGTT
GAGCAGTCA 

TCGGTGACTG
ACGTATTGGA 

ALS7 CTTTGTTTGGCT
TGAGGTCAG 

CCAAACTGCCACT
GACACAT 

TTGTCTGCAAT
GGCACTAGG 

CTCTCTGGAC
GTCGTGAACA 

ALS9 GCATCATCCATC
GCATAGAA 

TTGCTAAGAGCAA
ATCATATCACTA 

GGTGGAACAG
GTTCGTCAGT 

CGATACCCAG
CAGGAACATT 

EAP1 GGGAAGAGAAG
ATAGAACCCTTT

T 

TGGTACATAAAGG
TGATGGTGA 

TACCCAGGCC
AATACAAAGG 

GCTGGAGTTG
ATGTCAATGG 

HWP
1 

TCACCTGTATCC
GCCTTTTT 

AGAAGAAAAAGAT
AAACAATTTGAAC

A 

TCCAGAAGCT
TCCATTCCAC 

GGAGCAATTG
GTGAGGTTTC 

HWP
2 

TTGAAACCTGTT
TCTTTGAGCA 

TTGTGTTGAAAAC
CGAAAAAG 

TGGGTTCAAC
ATGAGTCCAA 

GCTGGGGGTG
TAACAAAAGA 

HYR1 ACACGAATGTT
GAAGGGTTT 

TGGGTGATAATGA
TAACAGTAAGC 

TCTGCGTGGTC
TCAAAAATG 

GTGGAGGATG
ATTCGGATTG 

IFF4 ATCGGCAGTGA
TTTGAATTG 

TTCACCAAACAAC
AACATGAA 

GGAGCGAATT
ACCGTTTGAA 

GGAATACGAC
GGTTCAGCAT 

RBR1 TTTTTGCAATCA
GCAATTATGC 

TCAACTAAAATAG
CTCTTTGCTCTC 

TTCACTGCCA
ATCGTGACTC 

CTTGGTGGAA
CAGGACCACT 

RBT1 TCAATTCGGATC
TTGAAAGACA 

AAAAGCAGAATAA
GAAGAAAATACGA 

CAGCTACCGA
ATCAGCTCCT 

CAAGAATGCA
GCAAGACCAA 

 
 
 


