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ABSTRACT 

The fungal-pathogen Candida albicans causes invasive systemic infections and life-

threatening biofilms associated with increasing mortality rates.  Due to rapid emergence of 

resistance to anti-fungal drugs, in combination with a paucity of effective drug targets, 

treatment options for Candida-related infections are alarmingly inadequate.  Heat shock 

protein 90 (Hsp90), a highly conserved regulator of virulence, morphogenesis, biofilm 

development, and drug resistance, holds potential as an indirect therapeutic target to 

enhance antifungal drug efficacy.  Hsp90 is modulated via a network of less conserved 

cochaperones, which could provide potential targets for drug development if implicated in  

C. albicans virulence.  

When measuring expression of Hsp90 and five cochaperones at the transcriptional and post-

transcriptional levels, Hsp90 and Sti1-TAP were differentially expressed between biofilm and 

planktonic filamentous conditions.  Significant SBA1 upregulation was observed in biofilm, 

but not planktonic filamentous conditions which suggested involvement in either 

maintenance of mature biofilms or stress responses.  Microscopy showed filamentation was 

not dependent on expression of Aha1, Sba1, or Sti1.  Comparative analyses revealed TPR-

containing cochaperones CPR6, CNS1, and CPR7 are differentially coregulated under various 

hyphal-inducing conditions.  Furthermore, Hsp90 cochaperones exhibited differential 

regulation with regard to environmental stimuli, even in yeast-locked morphological forms. 

When larval models M. sexta and G. mellonella were challenged with cochaperone deletion 

mutants, no difference in mortality compared to wild-type-challenged larvae was observed.   

Thus, these studies present first evidence that C. albicans Hsp90 cochaperone transcriptional 

regulation is independent of morphogenesis but governed by environmental stimuli.  

Although Hsp90 modulates virulence and morphogenesis in C. albicans, Hsp90 cochaperones 

are not implicated in these processes. These findings reveal the transcriptional and post-

transcriptional landscape of Hsp90 cochaperones under two virulence-associated conditions, 

report filamentation phenotypes of cochaperone deletion mutants, elucidate the impact of 

Hsp90 cochaperones on fungal virulence, and contribute to the promising development of 

Hsp90-inhibiting antifungal drug therapies to treat Candida-related infections. 
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SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SE Standard error of mean 
Spp. Species 
t Time 
TAE  Tris base, acetic acid and EDTA 
Taq Thermus aquaticus 
TGS Tris-Glycine-SDS buffer  
TPR Tetratricopeptide repeats  
TrisHCl Tris hydrochloride 
UTR Untranslated region 
YNB Yeast nitrogen base 
YPD Yeast extract peptone dextrose 
YPDS YPD supplemented with 10% foetal bovine serum  
α Alpha 
Δ/Δ Double-delta; null gene 
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CHAPTER 1 INTRODUCTION 

1.1 General Introduction  

Fungal pathogens have increased in both incidence and prevalence in both Europe and the 

United States since the 1970s (Pappas, 2006; Pfaller & Diekema, 2007, 2010).  The 

predominant agents of systemic fungal infection, Aspergillus, Candida, Cryptococcus, and 

Pneumocystis spp., account for approximately 90% of fungal-related mortality (Brown, 

Denning, Gow, et al., 2012).  Candida spp. are members of healthy commensal microbiota, 

asymptomatically colonising the mucosal-oral cavity, gastrointestinal tract, and skin of most 

humans (Köhler et al., 2015; Odds, 1988; Wrobel et al., 2008).  However, environmental 

pressures, impaired host-immune functions, and alterations of microbiota can lead to 

various Candida clinical manifestations, from mucocutaneous overgrowth (candidiasis) to 

invasive systemic bloodstream infections, or candidaemia (Achkar & Fries, 2010; Eggimann 

et al., 2003; Ganguly & Mitchell, 2011).  More than 17 Candida spp. are known fungal 

pathogens, but only five species are responsible for greater than 95% of invasive infection: 

Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis, and Candida 

krusei (Pfaller & Diekema, 2010).  In particular, C. albicans prevails as the fourth leading 

cause of systemic nosocomial infections, surpassed only by common bacterial pathogens (i.e.  

staphylococci and enterococci), and is the primary cause of systemic candidiasis with a global 

incidence of over 400,000 infections per annum (Brown, Denning, Gow, et al., 2012; Pfaller 

& Diekema, 2010; Wisplinghoff et al., 2004).  Mortality rates for candidaemia often approach 

50% but can reach as high as 78% with a 48-hour delay of effective empirical antifungal 

therapy (Blot et al., 2002; Pfaller & Diekema, 2010).  Effective antifungal therapies face 

numerous compounding challenges.  Factors such as drug target paucity due to close 

human-fungi evolutionary networks, host-mycobiome relationships, emerging drug 

resistances, and increase of biofilm-related infections, are at the forefront of the demand for 

new and/or effective antifungals (Anderson, 2005; Cha et al., 2012; Cowen, 2008; Finkel & 

Mitchell, 2011; Parkins et al., 2007).   Antifungals with highly selective toxicity are extremely 

limited particularly in comparison to antibacterials (Brown, Denning, & Levitz, 2012), as 60% 

of clinically used therapies target specific components of the fungal ergosterol pathways 

(Anderson, 2005; Cowen, 2008; Cowen & Steinbach, 2008). Unfortunately, Candida spp. are 
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developing resistances to the first-line and second-line antifungal standards that utilise 

fungal specific ergosterol pathway targets: amphotericin B, fluconazole, and echinocandins 

(Cleveland et al., 2012; Ellis, 2002; Kanafani & Perfect, 2008; Lockhart et al., 2012).  Although 

multidrug resistance in Candida spp. is thought to be uncommon, reports of multidrug 

resistance to several antifungals have occurred for several species, including C. albicans and 

the emerging pathogen Candida auris (Arendrup & Patterson, 2017; Perlin, 2015a).   

Emerging resistances in addition to persistence of biofilm-related infections present a 

compound challenge for effective antifungal therapy (Ganguly & Mitchell, 2011). 

This chapter provides a review of C. albicans, including its pathogenicity mechanisms, 

morphogenic states, the role of Hsp90 in these, a history of antifungal therapy development, 

antifungal resistance mechanisms, and therapeutic challenges. 

1.2 Candida albicans  

C. albicans is an opportunistic yeast pathogen.  Normally a commensal organism, C. albicans 

can become pathogenic in immunocompromised individuals and in patients undergoing 

steroid or antibiotic therapies (Erdogan & Rao, 2015; Martins et al., 2014).  Candida spp. are 

predominant residents of the host fungal microbiota, also known as the mycobiome 

(Ghannoum et al., 2010), and are considered important pathogens due their capability to 

survive in various anatomical sites within the host (Calderone & Fonzi, 2001).  Studies 

examining the mycobiome have shown that Candida spp. constitute a large proportion of 

the fungal population that colonise healthy human gastrointestinal tracts, skin, 

oropharyngeal tracts, lower respiratory tracts, and genitourinary tracts (Drell et al., 2013; 

Ghannoum et al., 2010; Hoffmann et al., 2013; Nash et al., 2017; Oh et al., 2013; Strati et al., 

2016; van Woerden et al., 2013).  However, abnormal overgrowth within the host can lead 

to Candida-related infections, termed candidiasis or candidosis.   

Candidiasis is the most common opportunistic yeast infection resulting in a wide spectrum of 

clinical syndromes (Brown, Denning, Gow, et al., 2012; Pfaller & Diekema, 2010; 

Wisplinghoff et al., 2004).  Presentation can vary depending on type of infection (i.e. 

systemic or superficial) and on the degree of immune suppression.  Superficial candidiasis is 

typically caused by the overgrowth of Candida spp. on the oropharyngeal or vulvovaginal 
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mucosal surface (Scully et al., 1994; Tang et al., 2016).  Invasive candidiasis comprises both 

candidemia (Candida spp. in the blood stream) and deep-seated candidiasis (invasion into 

the deep tissues and organs) and is the most commonly reported fungal disease among 

hospitalised patients globally (Kullberg & Arendrup, 2015).  The incidence of invasive 

candidiasis has increased in recent decades due to the rising prevalence of invasive clinical 

procedures, with current estimates of approximately 250,000 new cases globally per annum 

and mortality rates as high as 40% to 70% (Kullberg & Arendrup, 2015; Pappas et al., 2018).  

Candida spp. are the fourth leading cause of nosocomial bloodstream infection in the United 

States (ranking jointly with enterococci), accounting for 8% to 10% of all nosocomial 

systemic infections (Wisplinghoff et al., 2004).  Thus Candida-related infections incur a high 

clinical burden in terms of morbidity and mortality and areas of focus research for effective 

management are critical. 

1.2.1 The C. albicans genome is largely uncharacterised but highly plastic 

C. albicans is a budding polymorphic yeast from the order Saccharomycetales in the phylum 

Ascomycota.  Within Ascomycota resides the subphylum Saccharomycotina, which includes 

both C. albicans and the model organism Saccharomyces cerevisiae, two well-studied yeasts 

that diverged between 140-841 million years ago (Berman & Sudbery, 2002; Scannell et al., 

2007).  Shown in Figure 1.1, Saccharomycotina is separated into three clades based on 

genome sequencing:  the Saccharomyces complex, the CTG clade, and Yarrowia lipolytica 

(Scannell et al., 2007).  Most Candida spp. exist within a group of related species that 

translate the CUG codon as serine instead of a leucine residue and are thus classified as 

Candida clade or CTG clade yeasts (Butler et al., 2009; Massey et al., 2003).   

The genome of C. albicans demonstrates great plasticity with many of the clinical isolates 

used for research exhibiting natural heterozygosity and genome translocations (Chibana et 

al., 1998; Poulter, 1987).  C. albicans isolates have been separated into 17 clades using 

multilocus sequence typing, though new allelic variants are frequently generated through 

recombination events (Odds et al., 2007).  Genomic variations, either due to ploidy 

variations or loss-of-heterozygosity events (LOH), have been observed in vivo and in vitro in 

clonal populations upon exposure to environmental stressors, such as high temperatures, 

ultraviolet light, presence of antifungals, and adverse stimuli inducing oxidative stress 
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(Forche et al., 2011; Forche et al., 2008; Selmecki et al., 2010).  It is thought that that these 

events arise quickly, enabling C. albicans survival and adaptation in the presence of 

environmental alterations (Forche, 2014).  Loss-of-heterozygosity is an allelic imbalance, a 

common form of cross-chromosomal event that can result in the loss of both a gene and the 

surrounding sequence or even groups of genes (Schwarzenbach, 2013).  Forche et al. 

reported that various types of LOH events can arise dependent upon the type of 

environmental stressor (i.e. direct deletion, deletion due to unbalanced rearrangements, 

gene conversion, mitotic recombination, or chromosomal loss)  and that these events 

function to generate increased genetic diversity within C. albicans in response to a vast-

range of stressful stimuli (Forche et al., 2011).  Though this plasticity can enhance pathogen 

fitness (Selmecki et al., 2009), in a research laboratory this plasticity is problematic.  In vitro 

genetic manipulations can alter non-target-gene sequences and introduce changes in 

chromosome copy number (Selmecki et al., 2010).  Furthermore, the diploid nature of C. 

albicans requires two separate rounds of transformation to generate genetic null mutants, 

doubly increasing the chances for highly unstable aneuploidies (common in C. albicans 

Figure 6.1 Phylogenetic relationships among the Saccharomytina subphylum. This tree is a maximum‐
likelihood phylogeny reconstructed using the concatenated sequences of >150 genes that are universally 
present in the genomes of the 19 species presented above.  Three major clades are shown, including the 
Saccharomyces complex, the CTG clade (highlighted in bold), and the sole membember of the third clade, 
Yarrowia lipolytica.  C. albicans and S. cerevisiae are indicated by red arrows. Bootstrap percentages are 
shown for all nodes.  Tree modified from Scannell et al., 2007. 
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laboratory strains) and triplication of the target gene (Bouchonville et al., 2009; Selmecki et 

al., 2005).   

Historically, the genome of C. albicans was reported as 8 diploid chromosomes comprising a 

16 megabase (Mb) haploid genome of ~6,400 protein-coding genes, approximately 30% 

greater than S. cerevisiae (Magee & Magee, 1987; Olaiya & Sogin, 1979; Riggsby et al., 1982; 

Whelan et al., 1980).  However, developments in sequencing technologies and 

bioinformatics analyses has led to numerous sequence assemblies based upon C. albicans 

strain SC5314 being released over the years and are continually updated.  According to 

information derived from C. albicans SC5314 Assembly 19, this diploid yeast harboured a ~14 

Mb genome with ~6,100 protein-coding genes (van het Hoog et al., 2007).  The most current 

data curated from the Candida Genome Database (CGD; http://www.candidagenome.org), 

as shown in Figure 1.2A based on C. albicans SC5314 Assembly 22, shows a genome 

inventory of 6,620 protein coding genes and a ~15.5 Mb haploid genome comprised of 7 

numerical chromosomes in addition to an R chromosome (Skrzypek et al., 2017).  An R 

chromosome, or ring chromosome, is an abberant chromosome that arises from a structural 

abnormality wherein deletion of the chromosomal ends enables the broken ends to fuse 

together into a circular shape (Morgan, 1926).  According to the most recent assembly,        

C. albicans SC5314 possesses 6,198 open reading frames (ORFs; including verified, 

uncharacterised, and dubious ORFs) and 422 other feature types, including long terminal 

repeats and various types of RNAs.   As shown in Figure 1.2B, 4,290 ORFs (69%) are 

uncharacterised and 152 ORFs (3%) are listed as dubious, or unlikely to encode an expressed 

protein.  Only 28% (1,756) of the total ORFs have been verified as protein coding.  Excluding 

dubious ORFs, GO Slim characterisation (a high-level subset of Gene Ontology terms that 

allows grouping of genes into broad categories, which are not exclusive) shows 32% protein 

coding ORFs are involved in molecular function, 31% are cellular components, and 37% are 

involved in biological processes (Skrzypek et al., 2017).  The top five gene aspects for each of 

these broad categories along with approximate percentage of genes annotated for that 

aspect are shown in Figure 1.2C.   

 

http://www.candidagenome.org/
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Figure 1.2 C. albicans SC5314 Assembly 22 genomic information curated from the Candida Genome 
Database.  A.  This table reports the total (2n) and haploid (n) number and types of featured annotations for 
C. albicans SC5314 Assembly 22 in the Candida Genome Database.  C. albicans possesses a genome 
inventory of 6,620 genes and a ~15.5 Mb haploid genome.   Excluding unmapped features, C. albicans 
SC5314 possesses 6,198 open reading frames (ORFs), 129 long terminal repeats, 42 repeat regions, 12 
retrotransposons, 8 centromeres, 8, pseudogenes, 8 blocked reading frames, and 214 RNA features 
comprised of transfer RNA (tRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), ribosomal 
RNA (rRNA), and non-coding RNA (ncRNA).  B.  This pie chart depicts the extant knowledge regarding 
protein-coding regions within C. albicans.  Though many ORFs have been sequenced, a relatively small 
number have been verified leaving large gaps in the understanding of C. albicans genomics.  Only 28.24% 
(1,756) of the total ORFs have been verified as protein coding.  Of those still to be delineated, 4,290 ORFs 
(69.31%) are uncharacterised and 152 ORFs (2.44%) are listed as dubious, or unlikely to encode an 
expressed protein.  C.  This figure shows GO Slim ontology characterisation of the C. albicans SC5314 
genome using the Candida genome database.  Genes were grouped into three broad categories: molecular 
function, cellular component, and biological process.  Number of gene annotations for each category are 
shown along with the top five gene aspects and approximate percentage of genes annotated within each 
aspect.  This process is not exclusive, and some gene products are mapped to multiple aspects. 

 



7 
 

In the laboratory setting, two C. albicans strains are commonly used as models for virulence 

and pathogenesis:  WO-1 and SC5314 (Figure 1.3).   

Strain WO-1 is a clinical isolate obtained from blood and lung tissue of a systemic candidiasis 

patient at University Hospitals, Iowa City, Iowa, in 1984. Its genome was sequenced by the 

Broad Institute in 2006 (Butler et al., 2009; Lockhart et al., 2002; Slutsky et al., 1987).  This 

strain has a heterozygous MTLα genotype (Mating Type Locus α), which induces a type of 

high frequency reversible phenotype-switching called “white-opaque transitioning”,  and has 

been employed as an experimental model to understand the molecular basis of the white-

opaque pathogenic phase transition trait (Lockhart et al., 2002; Slutsky et al., 1985; Slutsky 

et al., 1987; Soll, 2009, 2014; Soll et al., 1989; Soll et al., 1987; Srikantha et al., 2006).            

C. albicans strain SC5314, first isolated from a patient with Candida spp. infection by 

Figure 1.3 C. albicans laboratory strain lineages.  Clinical isolates SC5314 and WO-1 are model standards 
in the Candida albicans laboratory and are highlighted in orange boxes.  Strain WO-1 is a wild-type clinical 
isolate that switches between white and opaque phenotypes at high frequency.  Two isogenic derivatives 
of WO-1 are Red3/6, an adenine auxotroph, and WUM5A, a uridine auxotroph.  Strain SC5314 is a wild-
type uridine auxotrophic mutant strain used in the systematic sequencing project, the reference sequence 
stored in Candida Genome Database and the original strain background from which most of the common 
laboratory strains are derived.  SC5314 is virulent in a murine model of systemic infection and is frequently 
used as a wild-type control.  A notable member of the SC5314 lineage is strain RM1000, which is isogenic 
to the SC5314 strain and derived from the CAI4 strain by deletion of the HIS1 gene.   A derivative of 
RM1000 is strain SN76, a histidine, uridine, and arginine auxotroph and is a frequently studied strain well 
suited for genetic manipulation.   The next notable derivative is SN95, a URA3-complemented strain with 
histidine and arginine auxotrophies.  This strain is used in this study and is highlighted by the green box 
area.  Figure modified from Arnaud et al., 2016, strain information curated from Skrzypek et al., 2017. 
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Margarita Silva-Hutner at the Department of Dermatology, Columbia College of Physicians 

and Surgeons (New York, USA), was employed as a yeast model and infection model in the 

1960s (Aszalos et al., 1968; Maestrone & Semar, 1968; Meyers et al., 1968; Odds et al., 

2004).  Its genome was sequenced at Stanford and the Biotechnology Research Institute of 

the National Research Council Canada in 2004 (Jones et al., 2004), and is the pioneer of early 

C. albicans genetics research due to its URA3 selectable marker engineered by Fonzi and 

Irwin (Fonzi & Irwin, 1993; Jones et al., 2004; Odds et al., 2004).  The reference sequence for 

SC5314 is stored in the CGD and is thus the most common C. albicans strain used for 

molecular genetic research and in infection models today (Fonzi & Irwin, 1993; Jones et al., 

2004; Odds et al., 2004; Skrzypek et al., 2017).  According to CGD curated single mutant 

phenotypes, SC5314 is the most frequently reported background strain used in classical 

genetic experiments and large-scale surveys (Skrzypek et al., 2017). This strain is virulent in a 

murine model of systemic infection and often is used as a wild-type experimental control.  

Engineered with the purposed of providing uridine auxotrophy for molecular research, 

SC5314 is the original background strain from which other common laboratory strains are 

derived (Fonzi & Irwin, 1993).  In genetic manipulation studies, genes that encode enzymes 

in the uridine biosynthetic pathway (e.g. such as URA3) are frequently used as positive 

selection markers (Fonzi & Irwin, 1993; Lavoie et al., 2008).  For yeast gene disruption, the 

principle behind this technique involves the construction of a functional URA3 gene flanked 

by either direct repeats of bacterial sequences, which is then inserted into a cloned target 

gene of interest.  This construct is introduced into the genome by integrative transformation 

and results in the disruption of the targeted gene (Alani et al., 1987; Fonzi & Irwin, 1993). 

Complementation of the uridine auxotrophy using exogenous or plasmid-borne URA3 is a 

genetic tool for positive selection of genetic transformants when grown on media lacking 

uridine (Fonzi & Irwin, 1993).  For C. albicans, this approach was the only tool available for 

gene manipulation for more than a decade (Brand et al., 2004; Fonzi & Irwin, 1993).  

However, integration of URA3 into non-native loci can produce phenotypic changes.  Ectopic 

URA3 expression in genetic manipulations can produce unwanted effects on virulence and 

morphogenesis studies.  C. albicans ura3Δ/ura3Δ strains can have prominent virulence 

defects (Cheng et al., 2003; Kirsch & Whitney, 1991; Noble & Johnson, 2005).  Brand et al. 

reported striking alterations of URA3 mRNA expression, changes to the proteome, and 
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attenuation of virulence for C. albicans depending on the chromosomal loci of integration 

(Brand et al., 2004).  Thus, newer derived strains that are not dependent upon URA3 

selectable markers are preferred in studies utilising gene disruption and virulence analysis.  

Isogenic to the SC5314 strain, strain SN95 is a histidine and arginine auxotroph that was 

created for ease of genetic manipulation and large-scale gene deletion studies.  This strain 

was derived from C. albicans RM1000#2 through deletion of the ARG4 gene,  and its HIS1 

and ARG4 auxotrophic markers are useful for gene disruption, epitope-tagging, and virulence 

analysis while minimizing unintended URA3 expression effects (Lavoie et al., 2008; Noble & 

Johnson, 2005).  

1.2.2 Polymorphic nature of C. albicans  

The host environment contains a variety of very specific tissue and organ niches, requiring 

pathogens to demonstrate adaptability for survival.  A striking feature of C. albicans is its 

capacity to exhibit great morphological plasticity in response to exogenous stimuli.  

Characterised as polymorphic, C. albicans can grow in a variety of morphological forms and 

three major transitions have been identified:  yeast-to-hyphae, white-opaque switching, and 

chlamydospore formation (Lohse & Johnson, 2009; Staib & Morschhauser, 2007; Sudbery et 

al., 2004).  Though C. albicans grows primarily as a unicellular budding yeast, hyphal 

morphogenesis can result in two distinctive filamentous forms (Figure 1.4; reviewed by 

Figure 1.4 The three C. albicans classic 
morphologies. A. Unicellular budding 
yeast cells.  B.  Pseudohyphae, 
appearing as chains comprised of 
elongated attached-daughter cells with 
clear constrictions at the septa and non-
parallel walls. Septa constriction is 
highlighted by yellow arrow. C.  True 
hypha with yellow arrow indicating bud 
neck, which shows lack of constriction 
between mother and daughter cell.   
True hyphae have parallel-sided cell 
walls, possess a bud neck between 
between mother and daughter cell, and 
have unconstructed septa.  

Scale bars = 10µm, Figure modified from 
Sudbery et al., 2004.  
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Sudbery, Gow and Berman, 2004).  Pseudohyphae are filaments composed of elongated 

attached-daughter cells with constrictions at the septa and non-parallel walls (Figure 1.4B).  

True hyphae have parallel-sided cell walls, lack a constriction between mother and daughter 

cell, with unconstructed septa (Figure 1.4C).  In this study, the term “filamentous” is used to 

described both true hyphae and pseudohyphae as both can be present within the laboratory 

culture setting. 

Morphogenesis in C. albicans is reversible and largely dependent upon environmental 

stimuli.  Primary factors in vitro and within the host environment are pH, temperature shifts, 

and nutrient availability (Table 1.1).   

Table 1.1 Environmental conditions that influence C. albicans morphology.  Factors such as hydrogen ion 
concentration, temperature, cell density, and nutrient availability that induce morphological transitions 
between yeast cells, pseudohyphae, and true hyphae are shown.  Acidic conditions, lower temperatures and 
large cell densities tend to yield a yeast cell morphology.  Filamentation, whether pseudohyphal or true hyphal, 
is grossly triggered by decreased hydrogen ion concentrations, increased temperature approaching body 
temperature, and various nutrient availabilities.  Table modified from Berman & Sudbery, 2002 

 Yeast form Pseudohyphae Hyphae 
Other filament-inducing 

conditions 

pH 4.0 6.0 >7.0 
Spider media, macrophage 

engulfment, growth in agar 

matrix or mouse kidney, iron 

deprivation, anoxia, n-acetyl 

glucosamine 

Temperature <30°C 35°C 37°C 

Additional 

factors 

Cell density 

>106 cells per 

mL 

Nitrogen-limited 

growth on solid 

medium 

Serum, >34°C 

 

Within the laboratory, yeast forms are favoured at more acidic pH and lower temperatures 

(Odds, 1988).  Cell density can regulate morphogenesis through quorum sensing.  In 

environmental culture conditions that can induce filamentous morphologies, higher cell  

densities (>106-7 cells per mL) promote yeast cells and lower cell densities (<106-7 cells per 

mL) favouring filamentous forms (Mayer et al., 2013).  This inoculum size effect results from 

production of extracellular quorum-sensing molecules farnesol, tyrosol, and dodecanol 

leading to the inhibition of yeast-to-hyphal transition (Albuquerque & Casadevall, 2012; 

Chen et al., 2004; Hall et al., 2011; Hornby et al., 2001).  Hyphal and pseudohyphal forms can 

be induced via increases of pH or temperature, exposure to serum or n-acetyl glucosamine, 

iron deprivation, and embedding in a solid media matrix (Berman & Sudbery, 2002; Sudbery, 
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2011).  The pathways leading to hyphal morphogenesis induced by serum have been 

delineated (Wang & Xu, 2008), but mechanisms for other cues triggering filamentation are 

less well characterised.     

Reversible transitions between yeast and hyphae (i.e. dimorphism) are modulated through a 

variety of host stimuli, and thus are a core component of C. albicans pathogenicity (Jacobsen 

et al., 2012).  It has been proposed that both yeast and hyphae share equally important 

roles, with yeast cells mediating dissemination of infection and filamentous forms 

perpetuating deep-seated infection through tissue invasion (Berman & Sudbery, 2002; 

Brown, Denning, & Levitz, 2012).  Reviewed in detail (Shapiro et al., 2011), regulatory 

circuitry governing the direction of morphogenesis has been delineated; a selected panel of 

host stimuli with associated pathways is shown in Figure 1.5.   

Cues for yeast-to-hyphal induction operate through signalling cascade pathways such as 

cyclic adenosine monophosphate protein kinase A (cAMP-PKA), mitogen-activated protein 

kinase (MAPK), and Rim101 pathways (Biswas & Morschhauser, 2005; Davis et al., 2000; Li et 

al., 2004; Liu H, 1994).  Far less is known of hyphal-to-yeast transition in C. albicans. Yeast 

form induction is mediated through MAPK Hog1, the high-osmolarity glycerol (HOG) 

pathway, and cAMP-PKA signalling (Alonso-Monge et al., 1999; Shapiro et al., 2011).  Thus, 

Figure 1.5 Environmental cues and corresponding pathways that mediate morphogenesis in C. albicans. 
C. albicans transitions between distinct morphologies, including yeast, pseudohyphae, and hyphae, as 
depicted. Numerous environmental signals mediate the transitions between yeast and filamentous 
forms.  Factors triggering hyphal morphology include the presence of serum, elevated carbon dioxide 
concentrations, nutrient limitations, alkaline pH, and elevated environmental temperature.  Pathways 
associated with hyphal induction include cyclic adenosine monophosphate protein kinase A (cAMP-PKA), 
mitogen-activated protein kinase (MAPK), and Rim101.  Proteins such as Mep2 and Hsp90 are also known 
to be associated with hyphal transition.  Factors that trigger a yeast cell morphology are hyperosmotic 
stress and presence of certain molecules through quorum sensing.  Induction of yeast morphology can be 
mediated through cAMP-PKA and high-osmolarity glycerol (HOG) pathways as well as through proteins 
Pes1, Pde2, and Srv2.  Figure modified from Shapiro et al., 2011.  
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the reversible transitions between yeast cell and hyphae are modulated by a variety of 

pathways, protein factors, and environmental stimuli which allows for a dynamic state of 

morphological adaptation to ensure pathogenicity success within a host. 

1.2.3 The delicate interplay between C. albicans and the innate host defence 

Candida spp. comprise approximately 50% of the human mycobiome colonising the oral 

cavity, nasal cavity, lung, gastrointestinal tract, genital mucosa, and skin of healthy 

individuals (Cui et al., 2013; Lagunes & Rello, 2016).  Thus, a delicate interplay between        

C. albicans and the host immune system underlies the tipping point between commensalism 

and infection.  Since C. albicans is a robust member of numerous host niches, infections vary 

from superficial to systemic and there are various steps of pathogenesis including 

colonisation and adherence, fungal overgrowth, tissue invasion, and subsequent infection 

(Höfs et al., 2016; Wang, 2015).  Below is a brief clinical breakdown of the most common 

types of superficial candidiasis, invasive candidiasis and subsequent life-threatening systemic 

candidaemia, including signs, symptoms, and potential causes.  Following the clinical 

information, various mechanisms of pathogenesis and virulence attributes are discussed as 

well as C. albicans-host immune system interactions. 

1.2.3.1 Common forms of candidiasis and candidaemia 

1.2.3.1.1 Candidiasis of the mouth, throat, and oesophagus 

Candidiasis within the mouth and throat is often referred to as “thrush” or oropharyngeal 

candidiasis.  Oropharyngeal candidiasis can be recognised and classified by the clinical 

presentation of lesions that are colonised by Candida spp. on the patient’s oral mucosa 

(Scully et al., 1994; Tang et al., 2016).  Candida spp. have been identified in the mouths of 

approximately 60% of healthy individuals, albeit progression to candidiasis is commonly 

associated with immunosuppression, diabetes, broad-spectrum antibiotics, and 

corticosteroid use (Nucci & Anaissie, 2001; Pankhurst, 2013).  In severely 

immunocompromised patients, such as those with acquired immunodeficiency syndrome 

(AIDS), carriage rates approach 90% (Ribeiro Ribeiro et al., 2015).  The predominant species 

responsible is C. albicans, although other species such as as C. glabrata, C. tropicalis, and     

C. krusei have increasing prevalence (Lynch, 1994; Pankhurst, 2013).  The number of 
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individuals infected per annum is largely unknown as many health agencies do not qualify 

oropharyngeal candidiasis as nationally reportable.  When the infection is localised to the 

oesophagus, this is termed oesophageal candidiasis.  This is one of the common fungal 

infections seen in approximately 48% of patients that are positive for human 

immunodeficiency virus (HIV) or presenting with AIDS (Kirti et al., 2015; Pankhurst, 2013; 

Thompson et al., 2010).   

Individuals with oropharyngeal candidiasis can present with a variety of symptoms including 

white patches within the oral cavity (lesions), redness or soreness of the area infected, a 

cotton-like feeling within the mouth, dysgeusia (loss of taste), pain with eating or 

swallowing, and cracking with redness at the corners of the mouth  (Lynch, 1994; Pankhurst, 

2013). 

Statistics on incidence and prevalence are difficult to find, but the overall prevalence of 

oropharyngeal or oesophageal candidiasis in healthy adult individuals is low (Epstein & 

Polsky, 1998; Lynch, 1994; Pappas et al., 2016).  Individuals that are at a higher risk of 

incidence are babies, especially those younger than one month, and people with certain 

predisposing factors (Epstein & Polsky, 1998; Lalla et al., 2010; Lynch, 1994; Pappas et al., 

2016).  These factors include the wearing of dentures, use of antibiotics or corticosteroids, 

use of medication that causes dryness of the mouth, smoking, and comorbidity with 

diabetes, cancer, or HIV/AIDS (Coronado-Castellote & Jiménez-Soriano, 2013; Epstein & 

Polsky, 1998; Lalla et al., 2010; Lynch, 1994; Pankhurst, 2013; Pappas et al., 2016).  A 

majority of individuals that present with oesophageal candidiasis have compromised 

immunity, including those with HIV/AIDS, leukaemia, or lymphoma comorbidities (Coronado-

Castellote & Jiménez-Soriano, 2013; Lalla et al., 2010; Thompson et al., 2010). 

1.2.3.1.2 Vulvovaginal candidiasis 

Vulvovaginal candidiasis, commonly referred to as a “yeast infection”, is estimated to be the 

second most common cause of vaginitis after bacterial vaginosis (Martin Lopez, 2015).  

Predominately, C. albicans is responsible for 85% to 95% of all fungal cases, though many 

non-albicans species, especially C. glabrata are increasing in prevalence (Goncalves et al., 

2016; Martin Lopez, 2015; Sobel, 2007).  Statistics on the true incidence are largely unknown 
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due to the availability of over-the-counter treatments, although approximately 72% to 75% 

of women (i.e. presumably cisgendered women) have self-reported at least one episode with 

40% to 45% experiencing two or more episodes during their lifetimes (Foxman et al., 1998; 

Goncalves et al., 2016; Martin Lopez, 2015).  The incidence of vulvovaginal candidiasis in the 

transgender community is unknown, as transgender individuals face numerous barriers in 

seeking effective health care and often do not self-report (Safer et al., 2016).  There is only 

one study thus far on vulvovaginial candidiasis in the transgender community.  This clinical 

case series was the first report of symptomatic neovaginal candidiasis (i.e. yeast overgrowth 

within those with penile-inversion vaginioplasty) affecting five transgender women (de 

Haseth et al., 2018).  Men can experience genitourinary candidiasis as well, which can lead 

to a condition called balantitis.  Statistics on incidence are unknown but estimated to be 

between 11% to 18%, and Candida spp. are the most frequently identified agent in 

diagnosed cases (Edwards, 1996; Lisboa et al., 2010) 

The severity of symptoms from vulvovaginal candidiasis varies from moderate to severe, 

including vaginal itching, vaginal soreness, pain during sexual intercourse, painful urination, 

frequent urination, and abnormal vaginal discharge (Goncalves et al., 2016; Martin Lopez, 

2015; Sobel, 2007).  Though most symptoms are classified as “mild”, candidiasis can progress 

in severity presenting with redness, swelling due to inflammation, and cracks in the vaginal 

wall (Martin Lopez, 2015; Sobel, 2007).   

Although vulvovaginal candidiasis is common, a predisposition is linked to several host-

related and behavioural risk factors.  Host-related factors include uncontrolled diabetes, 

hormone replacement, pregnancy, immunosuppression due to HIV infection or 

chemotherapeutic agents, usage of antibiotics (especially broad-spectrum antibiotics), usage 

of glucocorticoids, and genetic predisposition (Goncalves et al., 2016; Martin Lopez, 2015; 

Sobel, 2007).  Risk factors that are behavioural include usage of hormonal contraceptives, 

implantation of an intrauterine device, usage of spermicides and condoms during sexual 

activity as well as certain sexual practices, wearing tight non-cotton undergarments, and 

poor hygiene habits (Goncalves et al., 2016; Martin Lopez, 2015; Sobel, 2007). 
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Though most incidences of vulvovaginal candidiasis are resolved with topical or oral 

antifungal agents, recurrent episodes are increasing in prevalence and affect between 103 to 

172 million individuals globally per annum (Blostein et al., 2017; Denning et al., 2018; Sobel, 

2016).  Recurrent vulvovaginal candidiasis is defined as four or more episodes annually.  Risk 

factors for recurrent episodes are thought to be largely idiopathic, however antibiotic use, 

frequency of sexual intercourse, weather humidity, and use of feminine hygiene products 

have been implicated in episodic infections (Yano et al., 2019).  Estimated prevalence is 

3,871 per 100,000 individuals per annum with 372 million experiencing recurrent episodes 

over their lifetimes (Denning et al., 2018).  The age group of individuals associated with the 

highest prevalence are those 25 to 34 years old (Denning et al., 2018).  Blostein et al. 

reported the probability of recurrent episodes ranges from 14% to 28%, much higher than 

the 5% to 8% previously reported (Blostein et al., 2017; Foxman et al., 1998).  Classification 

of vulvovaginal candidiasis into uncomplicated or complicated is based on frequency of 

episodes in a 12-month period, intensity of symptoms, Candida spp. responsible, and 

predisposing host-related factors.  Uncomplicated vulvovaginal candidiasis occurs 

sporadically, presents with mild-to-moderate symptoms, is most likely caused by C. albicans, 

and occurs in immuncompetent individuals (Blostein et al., 2017; Denning et al., 2018).  

Contrastingly, complicated vulvovaginal candidiasis (or recurrent) is increased in frequency 

with four or more episodes per annum, presents with severe symptoms, is caused by a non-

albicans species of Candida, and occurs in immunocompromised individuals, those with 

diabetes, or those taking immunosuppressive therapies such as corticosteroids (Blostein et 

al., 2017; Denning et al., 2018).  Recent data suggest that the probability of recurrent 

vulvovaginal candidiasis increases with age and estimations of incidence and prevalence are 

increasing in rate (Blostein et al., 2017; Denning et al., 2018).  

1.2.3.1.3 Invasive candidiasis and candidaemia 

Unlike oropharyngeal/oesophageal and vulvovaginal candidiasis, which are localised 

superficial infections, invasive candidiasis can affect multiple organs and often the blood 

stream (Nucci & Anaissie, 2001; Pappas et al., 2018).  Invasive candidiasis comprises both 

candidemia (Candida spp. in the bloodstream) and deep-seated candidiasis (infection of the 

deep tissue or organs) and is the most commonly reported fungal disease among 
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hospitalised patients globally (Kullberg & Arendrup, 2015).  Candida spp. are the fourth 

leading cause of nosocomial bloodstream infection in the United States (ranking jointly with 

enterococci), accounting for 8% to 10% of all systemic nosocomial infections (Wisplinghoff et 

al., 2004).  Worldwide incidence estimates of invasive candidiasis are approximately 250,000 

cases per annum, whilst candidaemia incidence is reported to be between 2 and 14 cases 

per 100,000 individuals in population-based studies (Arendrup & Patterson, 2017; Candel et 

al., 2017; Pappas et al., 2018).  Clinical diagnosis, which is based on detection of yeast cells 

within blood cultures, is challenging due to Candida spp. pathogenicity mechanisms for host 

evasion (e.g. morphological switching and invasion into deep tissues and organs decrease 

yeast presence within the bloodstream) which compounds rapid and effective treatment.  

Traditional blood culture-based diagnostics for invasive candidiasis are inadequate; an 

estimated 50% of cultures are negative (Cheng et al., 2003; Clancy & Nguyen, 2018).  

Additionally, clinical diagnosis of candidemia is compounded by challenges due to the lack of 

exclusive or specific symptoms (Nucci and Anaissie, 2001).  In post-mortem blood cultures, 

approximately 30% of candidemia diagnoses were previously found negative for Candida 

spp. during culture (Perlroth et al., 2007).  This diagnostic challenge combined with the need 

for immediate empirical antifungal therapy results in mortality rates as high as 40% to 70% 

(Kullberg & Arendrup, 2015; Pappas et al., 2018).  The most predominant agent of invasive 

candidiasis and candidaemia is C. albicans (>50%), followed by C. glabrata (~25%).  However, 

other non-albicans species such as C. krusei, C. parapsilosis, C. tropicalis, C. guilliermondii,   

C. sake, and C. auris are gaining in prevalence (Bassetti et al., 2011; Chang et al., 2008; 

Pappas et al., 2018; Yang et al., 2014).      

The spectrum of disease due to invasive candidiasis can range from minimally symptomatic 

to fulminant septicaemia (Pappas et al., 2018).  Invasive candidiasis is typically a comorbid 

infection, thus symptoms can vary depending upon type and progression of pre-existing 

infections or conditions within the patient (Martin-Loeches et al., 2019; McCarty & Pappas, 

2016; Pappas et al., 2018).  However, the most common presentation is fever and chills that 

do not resolve with antibiotic agents (Pappas et al., 2018).  Candidaemia often presents with 

vague or non-specific symptoms such as chills and fever, general weakness, and fatigue, 

which are typically hallmarks for any type of systemic infection (Nucci and Anaissie, 2001).  

Other symptoms of candidiaemia include skin rashes, abdominal pain, muscle aches, vision 
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changes or loss of vision, sustained headaches, and other neurological issues (Nucci and 

Anaissie, 2001).  Since candidaemia can cause fulminant septicaemia leading to septic shock, 

symptoms can also include hypotension, tachycardia, and hyperventilation (Martin-Loeches 

et al., 2019; Nucci and Anaissie, 2001) 

Risk factors for invasive candidiasis include exposure to broad-spectrum antibiotics or 

chemotherapeutic agents, mucosal colonisation by Candida spp., presence of a central 

venous catheter, receiving intravenous parenteral nutrition, neutropenia, a recent surgical 

history (especially multiple abdominal surgeries), and renal failure or dialysis (Pappas et al., 

2018; Pappas et al., 2016; Pfaller & Diekema, 2007).  Individuals that have an extended 

intensive care unit stay, have diabetes, or are intravenous drug users are also at risk, 

especially for candidaemia, heart valve infections, and bone and joint infections (Nucci & 

Anaissie, 2001; Pappas et al., 2018).  Independent risk factors associated with candidaemia 

are advanced age, neutropenia, and a lack of effective empirical antifungal therapy (Chang et 

al., 2008; Ding et al., 2009). 

1.2.3.2 Numerous virulence attributes ensure C. albicans success as a pathogen 

Candida spp. infections are mediated first through adhesion, then invasion of host cells and 

tissues.  Once the infection process has begun, C. albicans can employ various pathogenesis 

mechanisms, fitness attributes, and virulence factors that ensure pathogen success within 

the host.  These factors include polymorphological switching, expression of cellular adhesins 

and invasins, thigmotropism, hydrolytic enzyme secretion, heat shock protein-mediated 

stress responses, and biofilm formation (Fanning & Mitchell, 2012; Jacobsen et al., 2012; 

Kumamoto, 2008; Mayer et al., 2013; Phan et al., 2007; Sasse et al., 2013; Sun et al., 2010; 

Verstrepen & Klis, 2006; Wächtler et al., 2011) and are summarised in Figure 1.5.  Selected 

mechanisms that contribute to C. albicans pathogenicity are discussed in greater detail 

below. 
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1.2.3.2.1 Adhesins, invasins, and secreted hydrolases mediate the infection process 

For many pathogens, adherence and subsequent penetration of host cells and tissues are 

critical processes for infection.  Adherence of C. albicans to other C. albicans cells, host cells, 

and abiotic surfaces is mediated through a specialised set of proteins termed adhesins 

(Garcia et al., 2011; Verstrepen & Klis, 2006).  Synthesis of the various adhesin types is 

tightly controlled by several signalling cascades, including Ras/cAMP/PKA and MAP kinase-

dependent filamentous growth pathways (Verstrepen and Klis, 2006).  These pathways 

trigger adhesion in response to cellular and environmental stress, nutrient limitation, or 

molecules produced by the host, like nicotinamide adenine dinucleotide (Verstrepen and 

Klis, 2006).  The most well studied adhesins in C. albicans are an eight-member family of 

agglutinin-like sequence (ALS) proteins consisting of Als1 - Als7 and Als9.  ALS genes encode 

a family of glycosylphosphatidylinositol (GPI)-linked cell surface glycoproteins that are 

implicated in cell adhesion and adherence to host surfaces (Hoyer, 2001; Hoyer, Payne, & 

Hecht, 1998) . Within the ALS family, Als3 is hyphal-specific and thought to be particularly 

E. Attachment of yeast cells to either abiotic surfaces or host cells can trigger biofilm formation.  
F. Multiple fitness traits have been shown to contribute to pathogenicity.  Heat shock proteins (Hsps), 
such as Hsp70 and Hsp90, mediate robust stress responses.  Uptake of amino acids with excretion of 
ammonia (NH3) and extracellular alkalinisation trigger auto-induction of hyphae formation.  In addition, 
pathogenicity is regulated through metabolic adaptation via the uptake of carbon (C) and nitrogen (N) 
sources, and through differential uptake essential trace metals such as iron (Fe), zinc (Zn), copper (Cu), 
and manganese (Mn).  Figure modified from Mayer et al., 2013. 
 

Figure 1.6 A selected overview 
of C. albicans mechanisms 
contributing to pathogenicity. 
A. Ovoid yeast cells express 
adhesins to mediate host cell 
surface adherence.  B. Host cell 
contacts triggers critical yeast-
to-hyphal morphological 
switching.  C. Hyphal cells 
demonstrate directed growth 
via contact sensing 
thigmotropism.  Cells then 
express invasins to induce host-
cell endocytosis, resulting in 
host damage.  D. White-opaque 
switching allows for C. albicans 
evasion from host immune 
defence mechanisms. 
. 
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critical for C. albicans adhesion (Hoyer, Payne, Bell, et al., 1998).  Phan et al. reported that 

Als3 is required for both endocytosis of C. albicans and its binding to the host cell surface 

protein E-cadherin in two different human oral epithelial cell lines (Phan et al., 2007).  

Additionally, gene expression studies have shown ALS3 to be significantly upregulated during 

in vitro oral epithelial cell infection and in vivo vaginal infection (Naglik et al., 2011; Wachtler 

et al., 2011; Zakikhany et al., 2007).  Hyphal wall protein 1 (Hwp1), so named for its 

expression during filamentation, is a GPI-linked protein adhesin (Staab et al., 1999; 

Sundstrom et al., 2002).  Hwp1 has structural similarity to mammalian small proline-rich 

proteins and can serve as a substrate for mammalian transglutaminases, which are enzymes 

that catalyse the Ca2+-dependent post-translational modification of proteins (Esposito & 

Caputo, 2005; Staab et al., 1999).  Binding of Hwp1 to host transglutaminase is thought to 

covalently link C. albicans hyphae to host cells, mediating adhesion and therefore infection.  

Strains that have HWP1 genetic deletions are unable to form attachments to human buccal 

cells, and are unable to effectively cause systemic candidiasis in a murine model (Staab et al., 

1999; Sundstrom et al., 2002).  Other proteins that are not linked to the hyphal-morphology 

are also mediators of the adhesion process.  These include GPI-linked proteins Eap1, Iff3, and 

Ecm33, cell-surface associated proteases (i.e. Sap9, Sap10), cell wall-associated proteins (i.e. 

Mp65, Phr1), and integrin-like surface protein Int1 (Naglik et al., 2011; Zhu & Filler, 2010). 

Following the adhesion process, C. albicans can invade host cells via two different but 

complementary mechanisms:  induced endocytosis and active penetration.  Induced 

endocytosis is mediated by invasin proteins Als3 and Ssa1 (Cheng et al., 2005; Sun et al., 

2010).  In this process, C. albicans invasion into the host cell begins with the expression of 

Als3 and/or Ssa1 proteins on its cell surface.  Als3, described above, serves as both an 

adhesin and an invasin (Phan et al., 2007).  Ssa1 is cell surface protein expressed in both 

yeast and hyphae that is also a member of the HSP70 family of heat shock proteins (Skrzypek 

et al., 2017; Sun et al., 2010).  In murine models of oropharyngeal candidiasis, C. albicans 

strains with a genetic deletion of either SSA1 or ALS3 demostrate decreased invasion and a 

reduction in virulence (Naglik et al., 2011; Sun et al., 2010).  Invasins mediate binding to host 

E-cadherin, a host ligand expressed on mucosal epithelial cells, or to N-cadherin, a host 

ligand on vascular endothelial cells, which triggers C. albicans engulfment (Phan et al., 2005; 

Phan et al., 2007).  These binding interactions stimulate host cell recruitment of clathrin, 
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dynamin, and cortactin, which induces host actin cytoskeleton reorganisation (Moreno-Ruiz 

et al., 2009).  Once reorganised, the actin cytoskeleton can then engulf the ligand-bound 

yeast (Moreno-Ruiz et al., 2009; Phan et al., 2007). 

In contrast to endocytosis, which is host-driven and can occur with living or dead hyphae, 

active penetration is driven by C. albicans and requires viable hyphal cells (Dalle et al., 2010; 

Naglik et al., 2011).  Although serveral factors are implicated in this process, including 

hyphae elongation and the physical force exerted by this extension, Als3 expression, and 

hydrolase secretion, the molecular mechanism of active penetration has yet to be elucidated 

(Villar et al., 2007; Wachtler et al., 2011).  C. albicans expresses three different classes 

hydrolases:  phospholipases, lipases, and proteases.  Although there is no evidence to 

sugggest lipases and phospholipases are involved in active penetration, secreted aspartic 

proteases are thought to be implicated in this process (Dalle et al., 2010; Naglik et al., 2011; 

Wachtler et al., 2011).  C. albicans encodes 10 members of the secreted aspartic proteases 

(Saps), eight of which are secreted into the surrounding enviroment, Sap1 through Sap8, 

whilst Sap9 and Sap10 are bound to the cell surface (Naglik et al., 2003).  Sap proteins are 

involved in several aspects of C. albicans pathogenesis, including the digestion of molecules 

for nutrient acquisition, alteration of host cell membranes for adhesion and invasion, and 

evasion via digesting components of the host immune system (Borg-von Zepelin et al., 1998; 

Naglik et al., 2003; Wu et al., 2013).  However, many of their molecular functions are as yet 

unknown. 

1.2.3.2.2 Contact sensing and thigmotropism are important for pathogenicity 

For most fungi, growth and development rarely takes place on a perfect planar surface, but 

rather on irregular two-dimensional surfaces or within a three-dimensional matrix (Almeida 

& Brand, 2017).  Contact sensing, or thigmo-based responses, of biotic or abiotic surfaces by 

C. albicans is a critical event that triggers hyphal morphogenesis, biofilm formation, and host 

cell invasion (Almeida & Brand, 2017; Kumamoto, 2008).  When C. albicans switches from 

yeast to hyphae, this process involves cell asymmetry, differentiation, and polarisation of the 

extending hyphal tip.  The coordination of both cellular growth and of surface orientation 

enables growth tropisms in response to environmental stimuli (Brand et al., 2007; Brand et 

al., 2008).  On uneven surfaces or small obstacles in substrate, C. albicans is known to exhibit 
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directional hyphal growth, or thigmotropism (Brand et al., 2007; Brand et al., 2008).  

Depending upon the surface and the environmental cues, hyphal growth can be directed 

towards invasion of a matrix or directed along a particular plane (Brand & Gow, 2009; Brand 

et al., 2008).  It is thought that this contact sensing ability of C. albicans is important for 

infiltration between host cells during tissue invasion, implicating it as a virulence factor 

(Brand et al., 2008).  However, the molecular mechanism that mediates thigmotropism and 

orientation of the growth axes has yet to be elucidated. 

Two proteins in C. albicans have been implicated in hyphal growth directionality:  Rsr1, a 

Ras-like GTPase, and Bud2, a GTPase-activating protein (Brand et al., 2008; Hausauer et al., 

2005; Yaar et al., 1997).  C. albicans RSR1 and BUD2 null mutant strains have disorganised 

budding, altered branching, and hyphal defects (Hausauer et al., 2005; Yaar, Mevarech and 

Koltint, 1997).  The hyphae generated in RSR1 and BUD2 nulls are wider than wild-type and 

have disrupted actin cable polarisation, which causes bending (Hausauer et al., 2005).  Brand 

et al. showed that Rsr1 is implicated in hyphal-epithelial cell interactions in vitro and genetic 

deletion reduces hyphal invasion of kidney tissue in a systemic candidaemia murine model 

(Brand et al., 2007).  Brand et al. also demonstrated that C. albicans thigmotropism is 

dependent upon calcium ions in the external environment (Brand et al., 2007).  Extracellular 

calcium uptake through C. albicans calcium channels Cch1, Mid1, and Fig1 was critical for 

regulating directional growth.  Additionally, thigmotropism was attenuated in media that 

contained low calcium ion concentrations, calcium-channel blockers, and in yeast mutants 

with defects in calcium signalling pathways (Brand et al., 2007).  Collectively, these data 

suggest that thigmotropism is essential for virulence and regulation of orientation is a 

requirement for hyphal tip penetration into matrices. 

1.2.3.2.3 Dimorphism in evasion and invasion 

Many fungal pathogens are dimorphic, a trait often associated with infection (Gow et al., 

2002).  Morphological switching from yeast-to-hyphae initiates several C. albicans 

pathogenesis strategies including evasion of host immunity and invasion of host tissues.  

Interactions with yeast forms and host cell matrices trigger hyphal morphogenesis and direct 

hyphal tip growth via thigmotropism (Kumamoto, 2008).  This form of contact sensing and 

directed growth is a requirement for full damage of epithelial cells during invasion and has 
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been shown to be critical for virulence in a murine model of systemic infection (Brand et al., 

2008).  Following morphogenesis, adhesion to mammalian host cells is enhanced by hyphal-

specific adhesins, which paves the way for tissue invasion and damage (Cutler, 1991; Gow et 

al., 1994; Hoyer, Payne, Bell, et al., 1998; Odds, 1988; Phan et al., 2007).  Hyphal 

morphogenesis also serves as a mechanism to evade host immune defences.  Yeast forms of 

C. albicans, when engulfed by macrophages, will undergo switching, allowing for immune 

cell lysis through application of mechanical force (Cutler, 1991; Lo et al., 1997).  The ability to 

undergo morphological transition in response to host environmental cues allows for 

versatility as a pathogen and ensures its success. 

1.2.3.2.4 Iron acquisition strategies 

The availability of nutrients within host systems is a limiting factor in pathogen success.  

Host-sequestration of micronutrients, such as iron, can impact tissue invasion and 

pathogenesis (Hood & Skaar, 2012).  C. albicans has developed numerous iron acquisition 

strategies to overcome host-immunity countermeasures such as a reductive system, a haem-

iron uptake system, and a siderophore-uptake system (Brunke & Hube, 2013; Mayer et al., 

2013).  Acquisition of iron from the host (i.e. ferritin, transferrin, or environmental free iron) 

is mediated through the reductive system while the siderophore-uptake system scavenges 

iron through xeno-siderophore interactions (Heymann et al., 2002; Mayer et al., 2013).        

C. albicans does not produce siderophores itself, but instead possesses a close homologue of 

S. cerevisiae siderophore transporters, designated Sit1/Arn1, to mediate iron uptake from a 

range of microbial siderophores (Heymann et al., 2002).  Finally, the haem-iron uptake 

system liberates host-bound iron in haemoglobin and haemoproteins through haemolysin 

expression and erythrocyte lysis (Watanabe et al., 1999).  Haemorecepter gene family 

members RBT5, RBT51, CSA1, CSA2, and PGA7 mediate uptake of liberated iron (Almeida et 

al., 2009; Weissman & Kornitzer, 2004; Weissman et al., 2008) 

1.2.3.2.5 Candida biofilms are a complex structure of mixed yeast and filamentous 

morphologies 

Biofilms harness many of the virulence strategies seen in C. albicans, including an inherent 

resistance to antifungal agents (Finkel & Mitchell, 2011; Hawser & Douglas, 1995).  Clinically, 

colonisation and biofilm formation are typical for indwelling abiotic devices such as stents, 
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shunts, catheters, and implants (Kojic & Darouiche, 2004).  Even with current therapy 

strategies, biofilm formation can occur on over 50% of indwelling devices (Nobile & Johnson, 

2015).  Additionally, C. albicans biofilms can form on host biotic surfaces as well, such as  

mucosal membranes and host cells (Finkel & Mitchell, 2011). 

Structurally, Candida biofilms are a highly organized composition of ovoid yeast-form cells, 

pseudohyphae, and hyphae cells, all surrounded by a secreted polysaccharide matrix 

(Chandra, Kuhn, et al., 2001).  Through the use of defined model systems, key step-wise 

phases of C. albicans biofilm development have been delineated including:  detection of an 

appropriate surface, yeast cell adhesion, extracellular matrix production, maturation, and 

dispersal as shown in Figure 1.7 (Al-Fattani & Douglas, 2004; Baillie & Douglas, 1998; 

Blankenship & Mitchell, 2006; Chandra, Kuhn, et al., 2001; Garcia-Sanchez et al., 2004; 

Ramage et al., 2001).  Adherence of yeast to a biotic/abiotic surface is regulated by factors 

such as surrounding host fluids (i.e.  blood, saliva, mucus, urine), temperature, pH, 

osmolarity, microbiota, and host immune factors (Baillie & Douglas, 2000; Chandra, 

Mukherjee, et al., 2001; Hawser et al., 1998; Ramage et al., 2002; Ramage et al., 2008; 

Richard et al., 2005).   

Upon surface contact, MAPK signalling and secretion of hypha-associated adhesins mediates 

attachment and triggers an initiation stage, which is characterised by yeast cell proliferation 

Figure 1.7 Stages of C. albicans biofilm formation.  This figure shows the four cyclic stages of biofilm 
formation of C. albicans. First starting with adherence of yeast form cells to an abiotic surface, such as 
in-dwelling catheters and shunts, or host cells triggers initiation stage characterised by cell 
proliferation and dimorphic switching.  Maturation includes continued proliferation, switching, and 
secretion of extracellular matrix.  Dispersal of yeast cells mediates formation of concurrent biofilms, 
contributing to persistence of infection. 
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to form microcolonies and dimorphic switching to hyphal and pseudohyphal forms 

(Kumamoto, 2008; Ramage et al., 2002; Ramage et al., 2001).  This results in a complex 

structure of mixed yeast and filamentous morphologies.  Mature C. albicans biofilms possess 

an extracellular polysaccharide matrix, conferring protection from host immune factors, 

antifungal agents, and environmental stresses (Baillie & Douglas, 2000; Nett et al., 2010).  

During maturation, hypoxic conditions within the biofilm complex induce hyphal-associated 

glycolytic gene expression for low oxygen concentration adaptation and prevention of 

uncontrolled hyphal formation (Bonhomme et al., 2011).  Following maturation, planktonic 

yeast cells disseminate from the biofilm complex, traverse to new host areas and initiate 

colonisation of new biofilms, which promotes persistent infection (Chandra, Kuhn, et al., 

2001; Uppuluri et al., 2010).  Yeast cell dispersal from C. albicans biofilms has been linked 

with virulence.  Dispersed yeast cells are more virulent compared to planktonic yeast in a 

murine disseminated candidiasis model (Uppuluri et al., 2010).  Additionally, afilamentous    

C. albicans strains are avirulent and cannot form biofilm complexes, and hyper-filamentous 

strains result in biofilms with insufficient yeast cell numbers and defective dissemination (Lo 

et al., 1997; Ramage et al., 2005; Richard et al., 2005; Uppuluri et al., 2010).   

1.2.3.3 C. albicans and host immune system recognition 

As a robust member of the human mycobiome and a pathogen capable of dimorphic 

switching between yeast to hyphae, recognition of C. albicans by human immune system 

components must possess an inherent adaptability to discriminate between commensal 

colonisation and pathogenic invasion (Cheng et al., 2012; Gow et al., 2011).  The human 

immune system, comprised of first, second, and third line defences, contains physical 

barriers (i.e. skin and mucosal epithelium), humoral and cellular components, and various 

chemical defence mechanisms including inflammasome activation, chemokine secretion, and 

complement pathways (Parkin & Cohen, 2001).  When the host immune system is 

challenged by C. albicans penetration through the mucosal epithelium, an arsenal of defence 

mechanisms are activated including nutrient limitation, inflammasome activation, 

phagolysogenesis, antigen presentation, and T-helper cell differentiation (da Silva Dantas et 

al., 2016; Dühring et al., 2015; Gow et al., 2011; Netea et al., 2008; Netea et al., 2015).  

However, C. albicans has numerous pathogenicity mechanisms and metabolic flexibility that  
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Table 3.2 Host defence and pathogen evasion strategies are linked.  Human host immune system strategies 
are often linked to parallel C. albicans evasion strategies to ensure successful pathogenesis.  Below is a list of 
human innate immune responses and subsequent C. albicans mechanisms for immune system evasion and 
tissue invasion.  Table from Dühring et al., 2015. 

Human host C. albicans 

EPITHELIAL RESPONSE 

Physical barrier 

Active penetration by thigmotropism, elongating hyphae and 
production of lytic enzymes; induction of endocytosis; degradation 
of extracellular matrix component by recruiting human 
plasminogen to the yeast surface and secretion of lytic enzymes 

Chemical barrier in form of 
secreted antimicrobial peptides 
and degradative enzymes 

Respond to β-defensin activity via the high-osmolarity glycerol 
(HOG) pathway; secretion of Sap9 and a Msb2 fragment 

The host uses C. albicans' 
pumps to get antimicrobial 
peptides into the pathogen 

Uses multi-drug resistance pumps such as Flu1 to transport 
antimicrobial peptides out of the pathogen 

COMPLEMENT RESPONSE 

Complement systems barrier 

Acquiring human complement regulators to the cell surface; 
secretion of complement inhibitors to block C3 complement 
activation; production of proteases (Saps) to degrade host 
complement proteins 

CELLULAR RESPONSE 

PRRs recognition barrier via 
Dectin-1, Dectin-2, etc. 

Surface mannans shield β-glucan from recognition by Dectin-1 to 
avoiding phagocytosis; release of soluble decoys to evade host 
immune responses 

Barrier in form of pro- and anti-
inflammatory cytokines and 
chemokines production 

Inhibition of proinflammatory IL-17 production by altering the host 
tryptophan metabolism; induction of anti-inflammatory cytokine 
release 

Inhibition of C. albicans yeast-
to-hyphal transition by 
neutrophils 

No known evasion mechanism 

Extracellular trap formation by 
neutrophils and macrophages 

No known evasion mechanism 

Phagocytosis 

Biofilm formation; inhibition of phagolysosome formation; 
neutralization of phagosomal pH inside macrophages; induction of 
hyphal morphogenesis and escape from the immune cell in 
macrophages and natural killer cells; pyroptosis/macrophage cell 
death 

Oxidative and nitrosative stress 
induced by neutrophils and 
macrophages 

Inhibition of ROS generation by macrophages through an unknown 
mechanism; secretion of Sod enzymes, catalases, glutathione 
peroxidases and thioredoxin to detoxify extracellular ROS; 
accumulation of trehalose against oxidative stress; production of 
intracellular flavohemoglobin enzymes against nitrosative stress; 
biofilm formation 
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allows it to thrive in the environmentally distinct niches of the human host (Dühring et al., 

2015; Gow et al., 2011).  This dynamic interplay between host defence and pathogen 

plasticity is an extensive topic with many reviews and a brief overview is highlighted in Table 

1.2 (da Silva Dantas et al., 2016; Dühring et al., 2015; Gow et al., 2011; Netea et al., 2008; 

Netea et al., 2015; Wang, 2015).  Due to the vast depth of information concerning C. 

albicans-host immune system interactions, this section will focus primarily on recognition 

and signalling mechanisms of the host immune response. 

Mucosal epithelial cells provide not only a physical barrier but also have an intricate 

signalling response against C. albicans to discriminate between commensalistic growth and 

pathogenic invasion (Moyes & Naglik, 2011).  Recognition of C. albicans is mediated through 

epithelial cell pathogen recognition receptors (PRRs).  Host PRRs interact with pathogen 

associated molecular patterns (PAMPs) on the yeast cell surface including β-glucan and 

mannan as well as yeast nucleotides (Williams et al., 2013).  The list of known PRRs that are 

capable of recognising C. albicans include Toll-like receptors (TLRs), C-type lectin receptors 

(CLRs), and nucleotide-binding oligomerisation domain (NOD)-like receptors (Hollmig et al., 

2009; Kumagai et al., 2008; Wang, 2015).  TLRs and CLRs are localised to the epithelial cell 

surface, whilst NOD-like receptors are intracellular and are responsible for activation of the 

inflammasome (Brodsky & Monack, 2009; Naglik et al., 2011).  Several TLRs are involved in 

Candida spp. recognition, for example TLR-2 recognises yeast cell wall phospholipomannans, 

TLR-4 recognises O-linked mannans, and TLR-9 recognises yeast DNA (Netea et al., 2008).  

Binding of host TLRs to yeast PAMPs results in signal transduction that stimulates the release 

of proinflammatory cytokines (Moyes and Naglik, 2011).  One particular CLR of interest, 

Dectin-1, is largely responsible for the initial recognition of C. albicans via binding of β-glucan 

and can collaborate with TLRs to stimulate a proinflammatory response; other CLRs are 

known to recognise various mannose-like structures (Jia et al., 2014; Wang, 2015).  Dectin-1-

binding of β-glucan triggers epithelial NF-κB signalling as well as ERK1/ERK2/JNK signalling 

which in turn activates MAPK and induces c-Jun activity to mediate the host inflammatory 

response (Moyes and Naglik, 2011; Wang, 2015).  This initial signalling cascade can be 

observed as early as 5 minutes post-recognition of C. albicans on the epithelial surface.  
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However, it is short-lived, specific to detection of yeast-form morphology, and requires 

additional signalling to persist (Höfs et al., 2016; Moyes & Naglik, 2011). 

When the C. albicans population reaches a threshold number of cells, indicating yeast 

overgrowth has occurred, another epithelial signalling response is induced.  This second 

response is triggered only in the presence of C. albicans hyphae and is prolonged compared 

to the first recognition (Höfs, Mogavero and Hube, 2016; Moyes and Naglik, 2011).  The 

second signalling cascade activates MAPK via the MAPK phosphatase MKP1 using ERK1/ERK2 

and p38 (Dühring et al., 2015; Naglik et al., 2011).  Activation of MAPK induces c-Fos activity 

which resulting in production of proinflammatory cytokines such as interleukins (IL-1α. IL-1β, 

IL-2, IL-6, or IL-8) and tumor necrosis factors TNF-α and TNF-β (Cheng et al., 2012; Moyes & 

Naglik, 2011; Steele & Fidel, 2002).  Induced secretion of proinflammatory cytokines 

mediates recruitment, differentiation, and activation of host immune cells such as T-

lyphocytes, B-cells, dendritic cells, and neutrophils (Cheng et al., 2012; Moyes and Naglik, 

2011).  Host immune responses in the event of invasive candidiasis also exhibit a different 

type of selectivity.  In a murine model that measured local cytokine profiles, regulation of IL-

2, IL-6, TNF-α, and TNF-β were organ-specific (Chin et al., 2014), which suggests the host 

immune response can be localised to target organs (e.g. kidney, spleen, or brain) during       

C. albicans infection. 

This intricate signalling response to C. albicans population density and morphology allows 

the host to differentiate between commensalistic yeast growth and pathogenic hyphal 

infection.  Additionally, it prevents the risk of an immune overreaction and highlights the 

delicate interplay between host immunity and C. albicans as a member of the mycobiome. 

1.2.4 Candidaemia and Candidiasis are costly 

Candida-related infections incur a high burden, not only in terms of morbidity and mortality 

but also financially.  Candidaemia has high morbidity and mortality rates associated with 

increasing treatment costs and length of hospitalisation.  In the United States between 2013-

2017, the incidence of candidaemia was approximately 9 per 100,000 people, with an 

estimated 25,000 new candidaemia cases per annum (Tsay et al., 2018).  Global incidence 

has been reported as over 400,000 cases per annum (Pfaller & Diekema, 2010).  Mortality 
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attributed to candidaemia commonly ranges from 19% to 50%, but ineffective therapy can 

result in rates up to 78% (Blot et al., 2002; Pfaller & Diekema, 2010).  Managing candidaemia 

is costly, healthcare expenditures in the United States are nearly $300 million annually, and 

over £16.2 million in the UK (Brown, Denning, Gow, et al., 2012; Wingard et al., 2007).  

Global candidiasis incidence rates are far larger than those for candidaemia, with over 

750,000 cases per annum and 2.1 to 21 new cases per 100,000 people (Bongomin et al., 

2017).  Mortality for candidiasis is reported to be between 40% to 70%, even when patients 

receive antifungal therapy, and incurs an associated healthcare expenditure of 

approximately $47,000 USD per case (Kullberg & Arendrup, 2015; Strollo et al., 2016).   

Exacerbating the burden, the majority of Candida-related disease is associated with biofilm 

formation and dispersal, which greatly increases the persistence of infection and resulting 

treatment costs (Hasan et al., 2009; Ramage et al., 2005).  Due to the innate resistances and 

presence of extracellular matrix, biofilm therapies require minimum inhibitory 

concentrations of antifungals from 30- to 20,000-fold higher in comparison to candidiasis 

and candidaemia treatments, incurring billions in costs annually throughout the United 

States and Europe (Finkel & Mitchell, 2011; Nobile & Johnson, 2015; Stavridou & Forzi, 

2011).  In the United States, the annual cost of Candida-biofilm related infection results in 

approximately 100,00 deaths and $6.5 billion in excess expenditure (Nobile & Johnson, 

2015).  

1.2.5 History of antifungal development  

Compared to the development of antibacterial agents, development of broad-spectrum 

antifungal agents has been slow and has faced numerous challenges, such as a paucity of 

fungal-specific biochemical targets between pathogen and host, integral host-mycobiome 

relationships, and effective agents that minimise host toxicity (for an in-depth review of 

history and development, see Espinel-Ingroff, 1996).  The field of medical mycology was first 

established around 1837-1841 with the discovery of the first human mycosis, Tinea favosa, 

by Gruby and Remak (Ainsworth, 1951; Ajello, 1994).  However, the first definitive 

relationship between fungi and infectious disease occurred in 1835 by Italian farmer and 

lawyer, Agostino Bassi (Ainsworth, 1951; Espinel-Ingroff, 1996).  Bassi discovered the link 

between fungi and infectious disease of animals during a muscardine epidemic, a disease 
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infecting silkworms caused by entomopathogenic fungi, Beauveria bassiana (Ainsworth, 

1951; Mahr, 1997).  Though it was Bassi’s discovery that established the basis for the 

development of medical mycology, the field was not thrust forward until the turn of the 20th 

century when the majority of techniques for isolation and identification of fungi were 

developed by French dermatologist Dr Raymond Sabouraud, now colloquially referred to as 

the “Father of Mycology” (Ainsworth, 1951; Ainsworth, 2014; Espinel-Ingroff, 1996). 

The first reports of antifungal activity of various chemical compounds did not appear in 

literature until 1944-1947, over 100 years since the work of Bessi, Gruby and Remak.  

Despite the early promise of these published compounds, it was not until the following 

decade that the first major advances in antifungal agents were progressed with the 

discovery of polyene antifungals nystatin and amphotericin B (Figure 1.8).  A detailed history 

of antifungal development, along with spectrum of activity, noted toxicity concerns, and 

notes on usage is shown in Table 1.3. 

In the 1950s, mortality rates for invasive mycoses were between 50-100%, which 

precipitated the push for effective therapeutics (Espinel-Ingroff, 1996).  Host-toxicity of 

earlier compounds (e.g. propamidine) in combination with increasing awareness and 

prevalence of fungal disease led to the discovery of the first antifungal agent, nystatin 

Figure 1.8 Timeline of antifungal agent development.  The graph shows timeline, number, and rate of 
development of selected systemic and topical antifungal agents from the 1950s to 2020 colour-coded by 
class. Beginning with the development and release of nystatin in the early 1950s, azole and polyene 
antimycotics predominated until the early 2000s.  More recent antifungal agent development is focused on 
the echinocandin class and the advent of protein synthesis inhibitors. 
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(Espinel-Ingroff, 1996; Hazen & Brown, 1950).  In the late 1960s through the 1970s, new 

topical imidazole antifungals were developed which were limited in their clinical use due to 

reduced spectrum of activity, solubility, and toxic side effects (Fromtling, 1988).  Imidazoles 

represent one of the two major azole derivatives and are ‘diazoles’, heterocyclic aromatics 

classified by having a five-membered ring consisting of three carbon atoms and two nitrogen 

atoms (De Luca, 2006; Fromtling, 1988).  As the 1980s began, a new viral infection pushed 

the need for effective systemic antifungals to the forefront of the development pipeline.  In 

1981 California, USA, an emerging HIV epidemic was signalled via a cluster of fungal 

pneumonia cases called Pneumocystis pneumonia ("Pneumocystis pneumonia--Los Angeles," 

1981).  Prior to the advent of antiretroviral therapies, fungal and opportunistic infections 

were a major health concern for patients living with HIV and often characteristic of latter 

stages of AIDS (Haddad & Powderly, 2001; Kaplan et al., 2000).  Several fungal infections are 

frequently associated with HIV/AIDS, including candidiasis, cryptococcosis, histoplasmosis, 

and coccidioidomycosis (Haddad & Powderly, 2001; Kaplan et al., 2000).  Other fungal 

infections, like aspergillosis, penicillosis, and blastomycosis are common in later stages of 

AIDS, most often seen in patients with cluster of differentiation 4 (CD4+) cell counts below 

250 (Awotiwon et al., 2018; Haddad & Powderly, 2001).  Worldwide, cryptococcal disease 

(e.g. cryptococcosis and cryptococcal meningitis) is still a major contributor to mortality in 

AIDS patients with low CD4+ (<100) counts (Awotiwon et al., 2018; Rajasingham et al., 2017).  

During the emerging HIV/AIDS epidemic, new azole antifungal agents were deployed.  Novel 

broad-spectrum triazoles (i.e. containing three nitrogen atoms in the azole ring compared to 

diazoles with two nitrogen atoms), were developed to overcome the toxicity issues and 

limitations of previously developed imidazole derivatives (Alapi & Fischer, 2006).   A handful 

of new antifungals were developed in the 1980s and 1990s.  However, many were either 

broad-spectrum but had toxicity concerns or had low toxicity issues but were indicated for 

dermatophytic infections only.  One notable antifungal developed during this period, 

fluconazole, is still a clinical gold standard due to its broad-spectrum of activity and low 

toxicity concerns. 

In the early 2000s, a ‘second-generation’ of triazoles was developed.  Much of the previous 

generation of imidazole agents are formulated for topical use due to limitations of toxicity or 

bioavailability and are largely unsuitable for systemic fungal infections.  The newer azole 
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agents, including voriconazole and posaconazole, have greater potency when compared to 

previous imidazole and triazole derivatives with increased activity against emerging and 

resistant species (Maertens, 2004).  This decade also brought the echinocandin class of 

antifungals to the forefront.  Echinocandins are semisynthetic lipopeptides that function as 

non-competitive inhibitors of β-1,3-D-glucan synthase, an enzyme responsible for glucan 

polymer formation in the fungal cell wall (Denning, 1997).  Agents from this class, such as 

echinocandin B, were first discovered in 1974, though haemolytic activity and narrow-

spectrum of activity (i.e. Candida spp. specificity) prevented their usage as effective 

therapeutics (Nyfeler & Keller-Schierlein, 1974).  Despite the advances of azole-derivative 

and echinocandin development, the antifungal development pipeline has once again slowed.  

Over the last decade, only a handful of agents have been approved for clinical use.   

Due to the pressing need for new antifungal agents for treatment of invasive fungal 

pathogens and the emergence of multi-resistant strains, several promising agents are in the 

development pipeline.  Recently, F901318, the leading representative from a novel class of 

agents, the orotimides, is in clinical development for the treatment of invasive aspergillosis 

(Oliver et al., 2016).  This agent has a novel mechanism of fungal-specific action via inhibition 

of the pyrimidine biosynthesis enzyme dihydroorotate dehydrogenase (Oliver et al., 2016).  

A novel agent in clinical development to combat multi-resistant C. auris strains, APX001A has 

shown significant efficacy in treatment of disseminated candidiasis in an 

immunocompromised murine model (Hager et al., 2018).  The mechanism of action of 

APX001A is mediated through inhibition of the fungal protein Gwt1, an acetyltransferase 

involved in glycolipid biosynthesis (Hager et al., 2018).  Albaconazole, a triazole with broad-

spectrum activity and high oral bioavailability, is under development (Pasqualotto & 

Denning, 2008; Robbins et al., 2016).  Albaconazole demonstrates potent in vitro activity 

against Candida, Aspergillus, and Cryptococcus spp. and had greater therapeutic effects in 

vivo against vaginal candidosis compared to fluconazole (Pasqualotto & Denning, 2008).  A 

new intravenous-only echinocandin, aminocandin (HMR-3270), has shown potent activity 

against multi-resistant Aspergillus and Candida spp., including those with reduced 

caspofungin susceptibility (Brzankalski et al., 2008; Warn et al., 2010).  Nikkomycin Z is one 

of the most promising agents currently in the pipeline.  This agent disrupts the cell well  
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through competitive inhibition of chitin synthase, giving it fungal-specificity (Chiou et al., 

2000; Ostrosky-Zeichner et al., 2010).  Though these tentative new agents are showing initial 

promise, ultimately the physiochemical diversity of fungal pathogens in combination with 

the tendency of agent toxicities and deleterious side effects complicate ultimate approval of 

new systemic agents for clinical usage. 

1.2.6 Molecular targets for antifungal agents 

The antifungal armamentarium has but a handful of biochemical targets.  There are currently 

five clinically available antifungal agent classes:  azoles, polyenes, pyrimidines, allylamines, 

and echinocandins.  Of those five classes, three (azoles, allylamines, and polyenes) target 

inhibition of synthesis of or direct interaction with ergosterol, the predominant component 

of the fungal cell membrane (Anderson, 2005). 

1.2.6.1 Allylamine antifungal agents 

Allylamine antifungal agents, like terbinafine, target early steps in the ergosterol 

biosynthesis pathway (Figure 1.9).  They are reversible, non-competitive inhibitors of 

squalene epoxidase (encoded by ERG1), the enzyme responsible for catalytic conversion of 

squalene to lanosterol (Odds et al., 2003; Ryder, 1989).  Lanosterol is a precursor of the 

eukaryotic sterol biosynthetic pathway resulting in either fungal ergosterol or mammalian 

cholesterol synthesis downstream (Huff & Telford, 2005; Lepesheva & Waterman, 2007; 

Odds et al., 2003).  Inhibition of squalene epoxidase leads to ergosterol deficiency and an 

intracellular accumulation of squalene within the fungal cell.  Literature notes that fungicidal 

activity is due to the deficiency of ergosterol directly contributing to disruption of cell wall 

synthesis and fungal membrane function (Balfour & Faulds, 1992; Campoy & Adrio, 2017; 

Odds et al., 2003). However, it has been suggested that the accumulation of squalene 

increases cell permeability and is responsible for cell death rather than ergosterol deficiency 

(Ryder, 1989). 

1.2.6.2 Azole antifungal agents 

Azole antifungal agents are classified into two groups depending on the number of nitrogen 

atoms in the azole ring.  Imidazoles, or diazoles, possess two nitrogens in the azole ring (e.g. 

clotrimazole, econazole, ketoconazole, and miconazole); triazoles possess three nitrogens 
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(e.g. voriconazole, fluconazole, itraconazole and posaconazole).  All of the azole agents share 

a common mechanism of action:  disruption of ergosterol synthesis via inhibition of 

cytochrome P450-dependent enzyme lanosterol 14α-demethylase, which converts 

lanosterol to C14-dimethyl-lanosterol in the ergosterol biosynthesis pathway as shown in 

Figure 1.9 (Vanden Bossche et al., 1995).   

Lanosterol 14α-demethylase, encoded by the ERG11 gene, contains an iron protoporphyrin 

unit at the active site which binds the nitrogen atom located in the imidazole or triazole ring 

(Campoy & Adrio, 2017; Odds et al., 2003).  For azole agents, efficacy against differing fungal 

species and the degree of host toxicity are driven by the dynamics of enzyme conformation.  

The conformation of the lanosterol 14α-demethylase active site varies between fungal 

species as well as amongst mammalian P450 mono-oxygenases (Marichal et al., 1999; van 

Figure 1.9 Mechanisms of action for polyenes, allylamines, and azoles target the ergosterol pathway.  
Withing the fungal cell, the ergosterol synthesis pathway is a step-wise progression of intermediates 
beginning with the synthesis of hydroxy-methyl-glutaryl-CoA from the condensation of acetyl-CoA and 
acetoacetyl-CoA in the cytosolic space.  Production of intermediates are catalysed via enzymatic synthesis 
reactions, resulting in the final product, ergosterol, which is incorporated into the phospholipid bilayer of 
the fungal membrane.  Antifungal agents of the allylamine class inhibit the conversion of squalene to 
lanosterol through competitive inhibition of squalene epoxidase, encoded by ERG1.  Azole antifungal 
agents work slightly downstream in the ergosterol synthesis pathway by inhibition of enzyme lanosterol 
14α -demethylase (encoded by ERG11), which converts lanosterol to C14-dimethyl-lanosterol.  Polyene 
antifungals do not directly impact ergosterol synthesis, instead impacting fungal membrane integrity.  
Polyene agents bind ergosterol molecules embedded in the fungal membrane lipid bilayer which results in 
the formation of ion channel pore complexes and loss of intracellular monovalent ions.  Figure modified 
from Campoy and Adrio, 2017. 
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den Brink et al., 1998; Vanden Bossche et al., 1995).  Second-generation triazoles agents 

were designed to enhance the degree of interaction between the azole ring and fungal P450, 

both to reduce toxic side-effects and to improve the spectrum of activity as compared to 

older imidazole agents (Maertens, 2004; Odds et al., 2003).  Newer fluconazole derivatives 

contain an α-O-methyl group to improve activity against filamentous fungi whist 

ketoconazole derivatives have modified side chains to enhance binding affinity of the azole 

ring to fungal lanosterol 14α-demethylase (Odds et al., 2003). 

1.2.6.3 Polyene antifungal agents 

Polyene agents, such as amphotericin B and nystatin, are macrocyclic organic molecules 

known as macrolides.  Polyenes are amphiphilic in structure consisting of a hydrophilic 

polyol chain, a polar mycosamine ring, and a hydrophobic polyene chain (Kristanc et al., 

2019).  The amphipathic nature of polyene agents allows for binding of ergosterol molecules 

embedded in the fungal membrane lipid bilayer and the subsequent formation of ion 

channel pore complexes in which the polyol chain is oriented towards the aqueous 

environment and the polyene chain is directed towards the lipid environment (Anderson et 

al., 2014; Cohen, 2010; Kleinberg & Finkelstein, 1984).  These pore complexes result in 

destabilisation of membrane function, with rapid leakage of monovalent ions, such as K+, 

Na+, Cl-, and H+, and oxidative damage leading to fungal cell death as shown in Figure 1.9 

(Anderson et al., 2014; Hossain & Ghannoum, 2000, 2001).  Susceptibility to polyene agents 

has been linked to the presence of sterols within the cell plasma membrane, e.g. ergosterol, 

cholesterol, or stigmasterol (Norman et al., 1972; Norman et al., 1976).  Polyene agents 

preferentially bind ergosterol, although they have a non-negligible affinity for cholesterol, 

the major sterol in mammalian membranes, which causes many of the dose-dependent side-

effects associated with their usage (Anderson et al., 2014; Lemke et al., 2005).  Preferential 

binding for ergosterol over cholesterol is thought to arise from either conformational 

differences between the two molecules or the higher ratio of ergosterol:phospholipids in 

fungal membranes (Kotler-Brajtburg et al., 1974; Odds et al., 2003).   

1.2.6.4 Pyrimidine antifungal agents 

Pyrimidine antifungal agents, such as Flucytosine (5-FC), are pyrimidine analogues that 

inhibit DNA, RNA, and subsequent protein synthesis via the conversion of 5-fluorocytosine to 
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5-fluorouracil (Polak & Scholer, 1975; Vermes et al., 2000).  Though it is not intrinsically 

antifungal, 5-FC can be taken up by susceptible fungal cells via cytosine permease, the 

transport system for adenine and cytosine, and is converted to 5-fluorouracil (5-FU) by 

cytosine deaminase (Polak & Grenson, 1973).  The narrow-spectrum of 5-FC is specified by 

the presence of the cytosine deaminase enzyme only within particular fungi, such as Candida 

and Cryptococcus spp. (Polak, 1977).  As there is little to no presence of cytosine deaminase 

activity in mammalian cells, 5-FC has low levels of host side effects  

associated with 5-FC treatment and its selective fungal toxicity (Zhao et al., 2010).  There are 

two mechanisms for the antifungal activity after uptake of 5-FC and conversion into 5-FU 

(Figure 1.10).  First is the series of transformations of 5-fluorouracil into 5-fluorouridine 

Figure 1.10 Mechanisms of action for echinocandins and pyrimidine analogues.  For pyrimidine analogues, 
such as 5-Flurocytosine (5-FC), cellular uptake is mediated through cytosine permeases.  Once inside the 
cell, 5-FC undergoes conversion into 5-fluorouracil (5-FU), then into 5-fluorouridine monophosphate (5-
FUMP).  Here, two possible outcomes can transpire, 5-FUMP can be converted into 5-fluorouridine 
diphosphate (5-FUDP), then into 5-fluorouridine triphosphate (5-FUTP) though phosphorylation.  5-FUTP 
can be incorporated into fungal RNA resulting in inhibition of protein synthesis.  Alternatively, 5-FUMP can 
be converted into 5-fluorodeoxyuridine monophosphate (5-FdUMP), a potent inhibitor of thymidylate 
synthase, a key enzyme of DNA and crucial source of thymidine.  Inhibition of thymidylate synthase results 
in a lack of DNA synthesis and subsequent prohibits nuclear division.  The mechanism of action for 
echinocandins focuses on prevention of cell wall synthesis through non-competitive inhibition of β-(1,3)-D-
glucan synthase, a key enzyme for creating core wall compenent β-(1,3)-D-glucan.  Shown above in the 
fungal wall, β-(1,3)-D-glucan synthase is comprised of GTP-binding protein Rho and catalytic subunit Fks.  
Echinocandins disrupt the wall structure of actively growing cells by specifically targeting the Fks subunit 
which blocks the conversion of uridine diphosphate glucose (UDP-Glu) into uridine diphosphate (UDP) and 
halts the incorporation of glucose monomers linking β-(1,3) and β-(1,6)-glucans.  Figure modified from 
Cowen and Steinbach, 2008; Scorzoni et al., 2017. 
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monophosphate (5-FUMP) by uracil phosphoribosyl transferase, which is then 

phosphorylated a second time into 5-fluorouridine diphosphate (5-FUDP), and again into 5-

fluorouridine triphosphate (5-FUTP) (Waldorf & Polak, 1983).  5-FUTP is then incorporated 

into fungal RNA, altering tRNA amino-acylation, and resulting in protein synthesis inhibition 

(Waldorf & Polak, 1983).  The second mechanism is the conversion of 5-fluorouracil into 5-

FUMP, then into 5-fluorodeoxyuridine monophosphate (5-FdUMP) by ribonucleotide 

reductase (Diasio et al., 1978; Waldorf & Polak, 1983).  5-FdUMP is an inhibitor of 

thymidylate synthase, a key enzyme of DNA synthesis and crucial source of thymidine (Diasio 

et al., 1978; Polak, 1977).  Inhibition of thymidylate synthase halts DNA synthesis by blocking 

the conversion of deoxyuridine monophosphate (dUMP) into deoxythymidine 

monophosphate (dTMP) and halting subsequent nuclear division (Onishi et al., 2000).   

1.2.6.5 Echinocandin antifungal agents 

Echinocandin antifungal agents, such as caspofungin, micafungin, and anidulafungin, are 

cyclic hexapeptides that inhibit cell wall synthesis.  A major component of the fungal cell wall 

is glucan polysaccharides that are comprised of α-glucose monomers bound by either β-(1,3) 

or β-(1,6)-glucan linkages (Lorand & Kocsis, 2007).  Over 50% of the cell wall composition is 

β-(1,3)-D-glucan, representing a core structural polysaccharide for attachment of other wall 

components, such as chitin and glycoprotein (Campoy & Adrio, 2017).  Echinocandins are 

non-competitive inhibitors of β-(1,3)-D-glucan synthase, an enzyme complex which is 

comprised of GTP-binding protein Rho and catalytic subunit Fks, shown in Figure 1.10 (Onishi 

et al., 2000; Perlin, 2015b).  Within the β-(1,3)-D-glucan synthase complex, Rho is encoded 

by RHO1 and is a positive regulator of synthesis capacity (Cowen & Steinbach, 2008; Perlin, 

2015b).  The catalytic subunit Fks is encoded by a combination of three related genes (FKS1, 

FKS2, and FKS3) dependent upon species; FKS1 and FKS2 in S. cerevisiae and FKS1 in C. 

albicans, C. neoformans, and A. fumigatus (Cowen & Steinbach, 2008; Perlin, 2015b).  

Echinocandins disrupt the wall structure of actively growing cells by specifically targeting the 

Fks subunit which blocks the conversion of uridine diphosphate glucose (UDP-Glu) into 

uridine diphosphate (UDP) and halts the incorporation of glucose monomers linking β-(1,3) 

and β-(1,6)-glucans (Kathiravan et al., 2012; Scorzoni et al., 2017). 
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1.2.7 Mechanisms of antifungal resistance in Candida albicans 
 

Under the selection pressures created by antifungal agents, fungal pathogens frequently 

evolve resistance.  Many of the non-albicans Candida spp. possess either intrinsic resistance 

or decreased susceptibility to several agent classes (Collin et al., 1999; Pfaller et al., 2019).  

Resistance to fluconazole is almost universally observed in C. krusei and also with C. glabrata 

and C. tropicalis (Collin et al., 1999).  In contrast, antifungal resistance reported for C. albicans 

is considerably lower compared to other non-albicans spp.; though it can occur with long-

term antifungal use and with recurrent or chronic infections (Arendrup & Patterson, 2017).  

Although the rate of resistance to fluconazole and echinocandins in C. albicans is less than 

1% (Pfaller et al., 2019), antifungal agents often fail to treat invasive infections caused by 

susceptible isolates which incurs a great clinical burden.   

In C. albicans, resistance occurs through mechanisms such as target gene mutation, up-

regulation of the target, efflux pumps, reduced antifungal agent uptake, or reduced 

intracellular activation (Arendrup & Patterson, 2017).  For polyenes, allylamines, and azoles, 

resistance primarily occurs by way of mutations in the ERG genes encoding the ergosterol 

biosynthesis pathway.  In this pathway, a series of enzymatic steps converts β-hydroxy β-

methylglutaryl-CoA into intermediates such as squalene and lanosterol and finally into 

ergosterol and are sequentially encoded by ERG6, ERG1, ERG11, ERG24, ERG25, ERG26, 

ERG27, ERG2, ERG3, ERG5, and ERG4 (Arendrup & Patterson, 2017; Burg & Espenshade, 

2011).  Mutations in ERG1, which encodes squalene epoxidase, are thought to contribute to 

allylamine resistance (Espinel-Ingroff, 2008; Khodavandi et al., 2014).  Missense mutations in 

ERG3 and single amino acid substitutions in ERG11 have been shown to confer resistance to 

amphotericin B, fluconazole, voriconazole, itraconazole, ketoconazole, and clotrimazole in 

vitro (Martel, Parker, Bader, Weig, Gross, Warrilow, Kelly, et al., 2010; Martel, Parker, Bader, 

Weig, Gross, Warrilow, Rolley, et al., 2010).  In isolates obtained from in vitro studies, pan-

azole resistance was observed following a missense mutation in ERG11 and polyene 

resistance occurred in isolates containing a frameshift mutation in ERG2 (Jensen et al., 

2015).  In particular, azole resistance occurs primarily through alteration of ERG11, which 

encodes lanosterol 14α-demethylase.  Over 140 amino acid substitutions have been 

described in C. albicans’ ERG11, many of which are exclusive to azole-resistant isolates 
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(Morio et al., 2010).  Alterations in ERG11 in combination with either ERG3 or ERG5 

mutations have been found in isolates with azole and polyene resistances (Martel, Parker, 

Bader, Weig, Gross, Warrilow, Kelly, et al., 2010; Martel, Parker, Bader, Weig, Gross, 

Warrilow, Rolley, et al., 2010).   

In addition to gene mutations, upregulation of antifungal drug targets can impact azole 

resistance in C. albicans clinical isolates.  Gain of function mutations in UPC2, which encodes 

a Zn2Cys6 transcription factor involved in ergosterol regulation, cause constitutive 

upregulation of ERG11 and increased resistance to fluconazole (Dunkel, Liu, et al., 2008; 

Flowers et al., 2012).  Additionally, overexpression of multiple drug resistance genes, for 

example Candida Drug Resistance 1 (CDR1) and CDR2, which encode an ATP-binding cassette 

(ABC) superfamily multidrug transporter and regulates ERG11 expression, result in increased 

fluconazole and itraconazole resistance in C. albicans isolates (Chen et al., 2010; White et al., 

1998).  Overexpression of genes, such as CDR1 and CDR2, contribute to azole resistance 

through both increased expression of ERG11 and through the upregulation of efflux pumps, 

which decrease the azole concentration within the fungal cell (Chen et al., 2010; Dunkel, 

Blass, et al., 2008; Dunkel, Liu, et al., 2008).  In C. albicans, upregulation of efflux pumps can 

be acquired through gain of function mutations in genes encoding specific regulators.  

Overexpression of ABC transporters is gained through mutation of Transcriptional Activator 

of CDR genes 1 (TAC1), the regulator for CDR1 and CDR2 (Coste et al., 2004).  Mutation in 

Multidrug Resistance Regulator 1 (MMR1) causes overexpression of MultiDrug Resistance 1 

(MDR1), which encodes a multi-drug efflux pump of the major facilitator superfamily 

(Dunkel, Blass, et al., 2008).  Thus, mutations in transcription factors can play a central role 

in mediating antifungal resistance in C. albicans.   

Acquired or intrinsic point mutations in FKS1, which encodes the catalytic subunit of the β-

(1,3)-D-glucan synthase complex, are the only currently known mechanism for echinocandin 

resistance in C. albicans (Balashov et al., 2006; Desnos-Ollivier et al., 2008; Garcia-Effron et 

al., 2009; Lackner et al., 2014; Park et al., 2005; Perlin, 2015b; Shields et al., 2012).  

Mutations in FKS1 are associated with elevated MICs and result in therapeutic failures that 

correlate with modification of drug-target interactions and altered kinetic inhibition (Garcia-

Effron et al., 2009; Shields et al., 2012).  There are two highly conserved “hot-spot” regions 
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in Fks1 in which amino acid substitutions associated with resistance occur: FLTLSLRDP and 

DWIRRYTL (Arendrup et al., 2012; Garcia-Effron et al., 2009; Shields et al., 2012).  The level 

of resistance varies with the codon impacted and its specific alteration.  The most 

pronounced echinocandin resistance occurs with amino acid substitutions at Ser635 and 

Phe641, which accounts for greater than 75% of resistance in C. albicans (Garcia-Effron et 

al., 2009; Perlin, 2015a, 2015b).  Other alterations, such as those found near the C-terminal 

end of hot-spot FLTLSLRDP, result in less pronounced resistance (Perlin, 2015b). 

Primary resistance to 5-FC, which refers to inherent resistance in the absence of prior drug 

exposure, is found in approximately 3-10% of C. albicans isolates (Barchiesi et al., 2000; 

Pfaller et al., 2002; Vanden Bossche et al., 1994).  Secondary resistance can emerge with 5-

FC monotherapy and has been found in approximately 30% of isolates (Erbs et al., 1997).  

Metabolism of 5-FC begins with active transport into the fungal cell by a purine-cytosine 

permease (encoded by FCY2), with conversion into 5-fluorouracil by cytosine deaminase 

(FCY1) then subsequent conversion into 5-FUMP via uracil phosphoribosyl transferase FUR1 

(Polak & Scholer, 1975; Waldorf & Polak, 1983).  The major cause of primary resistance in    

C. albicans is due to a homozygous FUR1 mutation resulting in a single amino acid 

substitution, cytosine to thymine at position 301, in the uracil phosphoribosyl transferase 

enzyme (Dodgson et al., 2004; Hope et al., 2004).  Secondary resistance has been linked to 

mutations within the FCY2, FCY1, and FUR1 genes (Erbs et al., 1997).  Loss of cytosine 

permease activity occurs with mutation of FCY2, resulting in reduced 5-FC uptake (Hope et 

al., 2004).  Mutations in FCY1 and FUR1 result in reduced intracellular activation through the 

inhibition of 5-FU and 5-FUMP, respectively (Dodgson et al., 2004; Erbs et al., 1997; Hope et 

al., 2004). 

1.2.8 Current antifungal therapies are inadequate  

Though omission of antifungals or inadequate dosages in initial empirical therapy increases 

candidaemia mortality (Blot et al., 2002; Parkins et al., 2007), effective treatment of 

Candida-related infection faces several challenges, including difficulty in early diagnosis, a 

lack of antifungal vaccines, and limited toolbox of empirical therapies available (Brown, 

Denning, & Levitz, 2012; Yapar, 2014).  The evolutionary conservation of networks between 

humans and fungi present selective toxicity issues and paucity of targets for treatment.  Over 
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60% of antifungal therapies selectively target various components of the fungal ergosterol 

pathways (Anderson, 2005; Cowen, 2008; Cowen & Steinbach, 2008).  Though local 

epidemiology underscores treatment approach, three classes of antifungals are used 

empirically in Candida spp. infections:  echinocandins, amphotericin B, and fluconazole.   

Treatment guidelines emphasize echinocandins such as caspofungin, anidulafungin, and 

micafungin as a first-line standard for invasive candidiasis (Cornely et al., 2012; Pappas et al., 

2009).  Liposomal amphotericin B is a recommended echinocandin alternative with a wider 

spectrum of activity offset by more selective toxicity issues (Cornely et al., 2012; Pappas et 

al., 2009; Tagliaferri & Menichetti, 2015).  Though fluconazole was originally classified as a 

first-line therapy, issues with spectrum and fungicidal activity have downgraded it to second-

line (Cornely et al., 2012; Pappas et al., 2009).  However, with Candida-biofilm related 

therapies, amphotericin B is the empirical choice due to its spectrum of activity against 

several Candida species (Choi et al., 2007).  Biofilm susceptibility studies in vitro show a lack 

of significant activity with azoles and variable efficacy with echinocandins (Choi et al., 2007).  

Resistances to these first- and second-line therapies are increasing in Candida spp., with 

reports of multidrug resistances for several species emerging (Arendrup & Patterson, 2017; 

Cleveland et al., 2012; Ellis, 2002; Kanafani & Perfect, 2008; Lockhart et al., 2012; Perlin, 

2015a).  To overcome challenges with drug target paucity and emergence of antifungal drug 

resistances, recent research has focused on the development of new targets, such as the 

conserved molecular chaperone Hsp90. 

1.3 Hsp90 is a molecular chaperone 

Heat shock proteins (Hsps) are a class of ubiquitous molecular chaperones and are highly 

conserved amongst homologues.  Upregulated in response to cellular heat shock, Hsps are 

an abundant portion of the yeast cell proteome and are mediators of protein-client folding 

and stabilisation (Ghaemmaghami et al., 2003; Hendrick & Hartl, 1993; Taipale et al., 2010).  

Heat shock protein 90 (Hsp90) is an essential ATP-dependent molecular chaperone that 

stabilises a variety of protein clients enriched in signal transducers, especially kinases and 

transcription factors (McClellan et al., 2007; Zhao et al., 2005).  Hsp90 is highly conserved 

across a variety of organisms.  In a comparative genomic study of the HSP90 family, protein 

sequence alignments showed about 40% sequence identity across homologues from 32 
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different species and revealed a major gene duplication event that occurred approximately 

500 million years ago (B. Chen et al., 2006).  There are two major isoforms in mammals, 

inducible Hsp90α and constitutively expressed Hsp90β (Csermely et al., 1998; Sreedhar et 

al., 2004).  In humans, Hsp90 protein isoforms include three forms of cytosolic Hsp90α, 

endoplasmic reticulum-bound Hsp90β, and mitochondrial TNF Receptor-Associated Protein1 

(B. Chen et al., 2006).  Additionally, there are 12 human pseudogenes that encode additional 

isoforms, though these are not expressed in the proteome (B. Chen et al., 2006; 

Grammatikakis et al., 2002). 

One unique feature of Hsp90 compared to other Hsps (e.g. Heat shock protein 70; Hsp70) is 

that a large majority of its clientele are mostly in a near-nascent (i.e. partially folded 

polypeptides) state prior to maturation and activation (Röhl et al., 2013; Street et al., 2011).  

These partially folded clientele are not bound by Hsp90 directly, but instead are directed 

into the chaperoning cycle through Hsp90-cochaperone-Hsp70-client complex interactions 

(Röhl et al., 2013).  Though particular to signalling and stress response clientele, Hsp90 

regulates chaperoning of up to 10% of the proteome in yeast (Zhao & Houry, 2007).  To date, 

over 300 protein clients have been identified as Hsp90 interactors (Picard, 2019), though 

important aspects of client processing are still enigmatic. 

Structurally, Hsp90 is a homodimer molecular clamp that contains three major conserved 

domains within its 90kDa monomer: an N-terminal ATP-binding domain, a middle domain, 

and a carboxy-terminal dimerization domain as shown in Figure 1.11A (Ali et al., 2006; Pearl 

& Prodromou, 2006; Prodromou et al., 1997; Röhl et al., 2013).  Hsp90 homodimers undergo 

large ATP-dependent conformational changes along its N-terminal and middle domains to 

mediate client interactions and processing (Ali et al., 2006; Hessling et al., 2009; Mayer, 

2010).  Also, the mechanisms of actions of Hsp90 are largely conserved among different 

homologues and involve a step-wise series of complex conformational changes mediated 

largely through ATP-hydrolysis (Dutta & Inouye, 2000; Hessling et al., 2009; Röhl et al., 2013; 

Sullivan et al., 1997).  In Figure 1.11B, Hsp90 is dimerised through C-terminal binding, 

resulting in an “open configuration” associated with the beginning of the chaperoning cycle 

(B1).  Cycle directionality is promoted via ATP binding at a pronounced N-terminus 

nucleotide binding pocket (B2), which induces lid segment closure (B3; (Ali et al., 2006; 
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Prodromou et al., 1997; Stebbins et al., 1997).  The Hsp90 lid segment is a conserved helix-

loop-helix motif directly adjacent to the nucleotide binding pocket that encloses bound ATP 

to mediate transient dimerization event at the N-terminus (B4) and a “closed configuration” 

(Prodromou et al., 1997; Stebbins et al., 1997).   Binding interactions with client proteins 

occur largely along the middle domains and are mediated by client recruiter Hsp70 (Hessling 

et al., 2009; Johnson et al., 1998).  The closed dimer undergoes a shift to form a compact 

“closed and twisted” structure by association between the middle and C-terminal domains 

(B5), promoting the hydrolysis of ATP (Hessling et al., 2009; Zuehlke & Johnson, 2010).  After 

hydrolysis and client maturation, release of ADP and inorganic phosphate from the N-

terminal binding pocket returns Hsp90 to the open configuration (B1) for another cycle of 

chaperoning (Hessling et al., 2009). 

1.3.1 Post-translational modifications influence Hsp90 activity 

Hsp90 governs the post-translational folding and stabilisation of a subset of client proteins 

and participates in the assembly of multiple protein complexes (Makhnevych & Houry, 

2012).  Regulation of Hsp90 is coupled to large conformational changes associated with the 

hydrolysis of ATP and is greatly influenced by post-translational modifications (PTMs) 

Figure 1.11 Conserved Hsp90 has three domains with a conformational cycle is driven by ATP 
hydrolysis. A.  Yeast Hsp90 (90kDa), shown in dimerised form, contains three functional domains on each 
monomer: N-terminus, middle domain, and C-terminus.  The dimerised form is comprised of two Hsp90 
monomers bound at their C-termini.  B.  Generalised Hsp90 conformational cycle is driven by ATP 
hydrolysis.  1. Dimerised form of Hsp90, unbound by ATP and in an open conformation. 2.  Hsp90 is in 
open conformation with ATP bound to N-termini. 3.  Binding of ATP induces lid closure of N-termini.        
4. Association of N-termini induces closed conformation. 5.  Second closed conformation, where middle 
domains and C-termini contact, and ATP hydrolysis occurs.  Release of ADP and inorganic phosphate 
restores Hsp90 to open conformation.  Figure 1.11A created with Protein Database sequence PDB2IOQ in 
PyMol (Schrödinger), Figure 1.11B modified from Hessling et al., 2009.  
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(Cloutier & Coulombe, 2013; Mollapour & Neckers, 2012).  Hsp90 is post-translationally 

modified via processes such as phosphorylation, acetylation, S-nitrosylation, SUMOylation, 

glycosylation, and methylation (Cloutier & Coulombe, 2013; Mollapour & Neckers, 2012; 

Sager et al., 2018).  These chemical modifications to the chaperone complex serve to fine-

tune function and provide a means for proteome complexity and client specificity (Cloutier & 

Coulombe, 2013; Mayer, 2010; Mollapour & Neckers, 2012; Soroka et al., 2012).  A majority 

of the information regarding PTM of Hsp90 is derived from mammalian studies, in particular 

human oncogenic studies, or from S. cerevisiae.  Almost nothing is known of these processes 

in C. albicans. 

1.3.1.1 Phosphorylation 

The most extensively studied PTM of Hsp90 is phosphorylation, which is the hydrolysis of a 

phosphate group from ATP and subsequent covalent linkage to the hydroxyl group of serine, 

threonine, or tyrosine (Adinolfi et al., 2003; Duval et al., 2007; Fontana et al., 2002; Garnier 

et al., 2001; Legagneux et al., 1991; Miyata & Yahara, 1992; Mollapour, Tsutsumi, & Neckers, 

2010; Muller et al., 2013; Nguyen et al., 2017; Sager et al., 2018; Scroggins & Neckers, 2007; 

Soroka et al., 2012; Wang & Chen, 2003; Woodford et al., 2016; Zhao et al., 2001).  Hsp90 is 

an important phosphoprotein with dynamic steady-state phosphorylation levels that are 

influenced by cellular environment and species specificity (Mimnaugh et al., 1995; 

Mollapour, Tsutsumi, & Neckers, 2010).  In yeast, heat shock conditions (>42°C) can decrease 

turnover of Hsp90 phosphate groups whilst the opposite is seen in HeLa cell Hsp90 

(Legagneux et al., 1991; Mollapour, Tsutsumi, & Neckers, 2010).  Over the years, numerous 

serine, threonine, and tyrosine phosphorylation sites have been identified (Adinolfi et al., 

2003; Duval et al., 2007; Garnier et al., 2001; Kurokawa et al., 2008; Lees-Miller & Anderson, 

1989; Legagneux et al., 1991; Mimnaugh et al., 1995; Miyata & Yahara, 1992; Mollapour, 

Tsutsumi, & Neckers, 2010; Xu et al., 2012; Zhao et al., 2001).  Phosphorylation of specific 

residues affects both client-Hsp90 interactions and regulate the chaperoning of different 

client protein classes (Mollapour & Neckers, 2012).  For example, type II casein kinase (CK2) 

is a ubiquitous and essential serine-threonine kinase with activity dependent upon Hsp90 

function (Dougherty et al., 1987; Miyata, 2009).  CK2 phosphorylates serine residues Ser231 

and Ser263 in the charged-linker region of human Hsp90α and equivalent Ser226 and Ser255 
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in Hsp90β (Kurokawa et al., 2008; Lees-Miller & Anderson, 1989).  In an in vitro study, three 

serine residues of both HuHsp90α (Ser231, Ser252, Ser263) and HuHsp90β (Ser226, Ser255, 

Ser261) were examined for phosphorylation by CK2 using dephosphorylated Hsp90 isoforms 

(Lees-Miller & Anderson, 1989).  The study revealed preferential phosphorylation at Ser231 

and Ser263 in Hsp90α and at Ser226 and Ser225 in HuHsp90β that was not observed at the 

other serine residues (Lees-Miller & Anderson, 1989).  In a study examining inhibition of 

apoptosome formation in tyrosine kinase-induced leukaemia, HuHsp90β Ser226 and Ser225 

residues were phosphorylated in untransformed cells but not in leukemic cells (Kurokawa et 

al., 2008).  Wee1 studies highlight the functional consequences of phosphorylation as a 

mechanism for differential client chaperoning.  Saccharomyces Wee1 (Swe1Wee1) is a tyrosine 

kinase that regulates G2/M cell cycle transitions via phosphorylation of cell division cycle 

kinase 28 (Cdc28) (Booher et al., 1993; Harvey & Kellogg, 2003; Mollapour, Tsutsumi, & 

Neckers, 2010).  Additionally, Swe1Wee1 phosphorylates a single conserved tyrosine residue 

in the N-domain of open configuration ScHsp90 at residue Tyr24, homologous to HuHsp90α 

phosphorylation at Tyr38 by Wee1 (Booher et al., 1993; Harvey & Kellogg, 2003; Mollapour, 

Tsutsumi, Donnelly, et al., 2010; Mollapour, Tsutsumi, & Neckers, 2010).  In the S phase of 

the yeast cell cycle, Swe1Wee1  directly phosphorylates ScHsp90’s Tyr24 causing translocation 

from nucleus to cytoplasm where Hsp90 is then tagged for degradation via ubiquitination 

(Booher et al., 1993; Harvey & Kellogg, 2003; Mollapour, Tsutsumi, & Neckers, 2010).  As no 

tyrosine phosphatase has been identified as capable of dephosphorylating Tyr24, Swe1Wee1 

mediates a mechanism for “turning off” Hsp90 and subsequently regulates its chaperone 

function (Mollapour, Tsutsumi, & Neckers, 2010).  In a S. cerevisiae strain with a mutated 

Tyr24 residue, binding of ScHsp90 to cochaperone proteins Aha1 and Sba1 was reduced 

compared to wild-type, but binding was increased in a selected pool of endogenous kinases 

(Mollapour, Tsutsumi, Donnelly, et al., 2010).  Deletion of yeast SWE1 resulted in increased 

binding of ScHsp90 to pharmacological Hsp90 inhibitor geldanamycin (Mollapour, Tsutsumi, 

Donnelly, et al., 2010). Silencing of Wee1 in PC3 (prostate carcinoma) and HeLa (cervical 

carcinoma) cell lines in conjunction with geldanamycin treatment resulted in cell 

sensitisation to Hsp90-inhibition and a marked increase in apoptosis (Mollapour, Tsutsumi, 

Donnelly, et al., 2010).  Thus, phosphorylation of serine and threonine residues in Hsp90 
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contributes to a complex regulation of chaperoning function and modulates its ability to 

chaperone selected clientele.  

1.3.1.2 Acetylation 

Acetylation is the addition of acetyl groups to proteins, typically on lysine residues.  

Historically, histones are a prominent target for acetylation, achieved by histone acetylase 

enzymes, and are deacetylated by histone deacetylase (Hdac).  However, evidence for 

acetylation of HuHsp90 emerged in a study where a lung cancer cell line was incubated with 

histone deacetylase inhibitor FK228 (Yu et al., 2002).  In this study, incubation with FK228 

was shown to increase steady state acetylation of HuHsp90 and inhibited binding to client 

oncoproteins such as p53 ErbB2, and Raf-1 (Yu et al., 2002).  Acetylation of Hsp90 was also 

shown to decrease Hsp90 binding to ATP (Yu et al., 2002).  Later, in vivo evidence emerged 

that HuHsp90 could complex with cytoplasmic deacetylase Hdac6, directly impacting 

acetylation of Hsp90 (Kovacs et al., 2005).  HuHsp90 chaperone activity was shown to be 

regulated by reversible acetylation and modulated via deacetylation by Hdac6 (Kovacs et al., 

2005).  The dynamics of Hdac6-Hsp90 interactions and their impact on Hsp90 acetylation has 

been extensively studied in an oncological context (Bali et al., 2005; Kramer et al., 2014; 

Murphy et al., 2005; Ojha et al., 2020; Park et al., 2018; Scroggins et al., 2007; Yang et al., 

2008).  Other studies have emerged to show other histone deacetylases can modify Hsp90 

activity.  For example, Hdac1 deacetylates Hsp90 in the nucleus of human breast cancer cells 

and disrupts Hsp90 chaperoning of DNA methyltransferase 1 protein and promoting its 

ubiquitination (Zhou et al., 2008).  Hdac1 and Hdac10 reduce binding of Hsp90 to vascular 

endothelial growth factor receptors, VEGFR1 and VEGFR2, modulating Hsp90 chaperoning 

capabilities in tumor growth and angiogenesis (Park et al., 2008).  

1.3.1.3 S-nitrosylation 

S-nitrosylation is the reversible modification of cysteine mediated by nitric oxide (NO) 

wherein a nitrogen monoxide group is covalently attached to a thiol side chain to form a 

thionitrite group (Stamler et al., 2001).  The first evidence of S-nitrosylation of HuHsp90 was 

revealed in an in vitro study examining the impact of NO as a signalling mechanism on 

Hsp90α in endothelial cells (Martinez-Ruiz et al., 2005).  This study showed that interaction 

of endothelial nitric oxide synthase (eNOS) occurred in the C-terminal domain of HuHsp90α 
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at cysteine residue 597 resulting in an inhibition of chaperone activity (Martinez-Ruiz et al., 

2005).  S-nitroslyation significantly inhibited ATPase activity and reduced eNOS function 

(Martinez-Ruiz et al., 2005).  As eNOS activity is dependent upon association with HuHsp90, 

these finding were suggested as a mechanism for regulation of Hsp90 function as well as a 

feedback loop to control production of NO (Martinez-Ruiz et al., 2005).  In an in vivo study,  

S-nitrosylation was found to impact dimerization of HuHsp90 through alteration of C-

terminal and N-terminal association properties (Retzlaff et al., 2009).  This study revealed 

that Cys597 in HuHsp90α and the corresponding residue in ScHsp90 are conserved, crucial 

regulators of chaperone function which impact conformational transitions in Hsp90, its 

ability to hydrolyse ATP, and subsequent affinity to client proteins (Retzlaff et al., 2009).  

Thus, S-nitrosylation of Hsp90 can regulate association of the domains within the Hsp90 

dimer and ultimately, client processing. 

1.3.1.4 Glycosylation 

Glycosylation refers to the enzymatic process that covalently attaches glycans, meaning 

monosaccharides or oligosaccharides, to amino acid side chains within proteins and other 

organic molecules (Varki A et al., 2009).  There are several forms of glycosylation, though 

only one has been identified as a modifier of Hsp90 thus far.  O-linked glycosylation is the 

attachment of glycan to the hydroxyl oxygen of serine, threonine, or tyrosine residues.  Post-

translational modification with O-linked β-N-acetylglucosamine (O-GlcNAc) is involved in 

many important cellular processes (e.g. transcription, translation, and nuclear transport) and 

enables cells to adapt to a variety of nutrient and stress conditions (Varki A et al., 2009).  In a 

murine study mapping O-GlcNAc modification sites within proteasome subunits, co-purified 

MuHsp90 separated from liver proteasomes was also shown to be O-GlcNAc-modified 

(Overath et al., 2012).  It was reported that two serine residues in the middle domain of 

MuHsp90β (Ser434, Ser452) and one serine in MuHsp90α (Ser460) were modified with O-

GlcNAc (Overath et al., 2012).  Previously, the Ser452 residue of HuHsp90β has been 

documented as a site for phosphorylation (Dephoure et al., 2008), which could imply 

differential regulation of Hsp90 function through direct competition of serine residue 

modifications. 

Though the possible function of O-GlcNAc addition to Hsp90 serine residues has yet to be 

elucidated, it was reported that inhibition of HuHsp90 in endothelial cells resulted in 
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destabilization of the enzyme that mediates O-GlcNAc modification, O-linked β-N-

acetylglucosamine transferase (F. Zhang et al., 2012).  Hsp90 inhibition was also shown to 

downregulate O-GlcNAc modification, which could suggest that Hsp90 is involved in the 

regulation of O-linked β-N-acetylglucosamine transferase and O-GlcNAc modification (F. 

Zhang et al., 2012). 

1.3.1.5 Methylation 

Methylation is the enzyme-mediated addition of a methyl group to an assortment of amino 

acid residues for the purpose of modifying protein function (Clarke & Tamanoi, 2006).  In 

eukaryotic nuclei, lysine methylation is one of the most ubiquitous post-translational 

modifications and unlike phosphorylation and acetylation, is considered to be a “stable 

mark” upon its target (Clarke & Tamanoi, 2006; Rice & Allis, 2001).  SET (Suppressor of 

variegation, Enhancer of Zeste, Trithorax) and MYND (Myeloid-Nervy-DEAF1) domain-

containing proteins (SMYD) are known to methylate both histone and non-histone proteins 

(Gottlieb et al., 2002; R. Hamamoto et al., 2004; Spellmon et al., 2015).  The SMYD family of 

lysine methytransferases are critical to processes such as regulation of gene expression, DNA 

damage responses, and cell cycle control (Spellmon et al., 2015).  In a study examining the 

protein interaction network for three different human SMYD proteins (Smyd2, Smyd3, and 

Smyd5), Hsp90α was shown to interact specifically with the tetracopeptide repeat domains 

of Smyd2 and Smyd3 (Abu-Farha et al., 2011).  Smyd2 was found to methylate HuHsp90 in 

vitro at Lys209 in the N-terminal domain and Lys615 in the C-terminal domain (Abu-Farha et 

al., 2011).  Interestingly, methylation of these lysine residues was influenced by 

environmental factors such as presence of Hsp90-cochaperone interactions and pH, which 

could suggest the presence of unknown upstream factors that mediate the methylation of 

Hsp90 (Abu-Farha et al., 2011).  Though regulation via methylation is predominant within 

the nucleus, one study examined the cytoplasmic methylation of Hsp90 by Smyd2 in chick 

skeletal and cardiac myocytes (Donlin et al., 2012).  In striated muscle tissue, methylation of 

Hsp90 was found to mediate formation of a Smyd2-Hsp90-titin protein complex (Donlin et 

al., 2012).  Titin is a large protein thought to mediate assembly, elasticity, and function of 

striated muscle tissue units, or sarcomeres (Tskhovrebova & Trinick, 2010).  Silencing of 

Smyd2 by siRNA abrogated Hsp90 methylation and resulted in titin-instability and altered 

muscle function (Donlin et al., 2012).  Thus, Hsp90 demonstrates complex interactivity with 
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SMYD methyltransferases, in particular Smyd2, though the larger function of Hsp90 

methylation still remains elusive. 

1.3.1.6 SUMOylation 

Recently, it was discovered that Hsp90 is a target for SUMOylation, which is covalent linkage 

of a small ubiquitin-like modifier (SUMO) to a lysine residue (Mollapour et al., 2014).  Unlike 

ubiquitination, SUMOylation is not a mechanism for protein degradation.  Addition of SUMO 

to a target protein results in protein activation, cellular localisation, and protein 

conformation (Mollapour et al., 2014; Wilkinson & Henley, 2010).  SUMOylation of Lys191 in 

the N-terminal domain of HuHsp90α (Lys178 in ScHsp90) has been shown to promote 

binding to ATPase-activating cochaperone Aha1, which regulates Hsp90 conformation and 

chaperoning cycle progression (Mollapour et al., 2014).  Additionally, increased SUMOylation 

facilitates the preferential binding of Hsp90 inhibitors, which replace ATP in the Hsp90 N-

domain nucleotide binding pocket (Mollapour et al., 2014). 

Interestingly, SUMOylation has complex interplay with other forms of PTMs, such as 

phosphorylation and acetylation (Shalizi et al., 2006; Stankovic-Valentin et al., 2007).  A 

common motif found in SUMO substrate proteins, referred to as the “SUMO-acetyl switch” 

has been shown to direct acetylation to SUMOylated lysine residues (Stankovic-Valentin et 

al., 2007).  Phosphorylation of a serine adjacent to the SUMOylation consensus motif acts as 

another type of switch, favouring SUMOylation over acetylation (Shalizi et al., 2006).  This 

interplay creates a type of “phosphorylation-dependent SUMO-acetyl switch” that can 

facilitate reversal of acetylation and promotion of SUMOylation (Shalizi et al., 2006).  Though 

this concept has yet to be explored in Hsp90, it is possible that “SUMO-switches” mediate 

post-translational modifications of Hsp90 and are an integral part of fine-tuning chaperone 

regulation. 

1.3.2 Hsp90 in C. albicans  

In C. albicans, Hsp90 functions as an epigenetic regulator of azole and echinocandin 

resistance, yeast-to-hypha morphogenesis, virulence, and biofilm dispersion, among 

numerous other processes (Dai et al., 2012; LaFayette et al., 2010; O'Meara et al., 2017; 

O'Meara et al., 2016; Robbins et al., 2011; Singh et al., 2009).  Studies have shown Hsp90 

governs morphogenesis through cAMP-PKA repression via physical interactions with adenylyl 



54 
 

cyclase Cyr1 and cochaperone Sgt1 (Shapiro et al., 2012).  Recently, Hsp90 interaction 

networks were shown to be dramatically altered by morphogenic transitions (O'Meara et al., 

2017). 

In screens for genetic interactors, Hsp90 was functionally divergent, dependent on 

morphology.  In planktonic cultures, Hsp90 is required to stabilise calcineurin and Mkc1 (a 

putative serine/threonine/tyrosine kinase), but this requirement is lifted in biofilm growth 

(Robbins et al., 2011).  Additionally, transcription factor genes BCR1, MIG1, TEC1, TUP1, and 

UPC2 interact with Hsp90 physically in planktonic conditions (Diezmann et al., 2012), but 

these interactions were not observed in biofilms (Diezmann et al., 2015).  Hsp90 has a 

pronounced role in biofilms, is a key regulator of yeast cell dispersion from mature                

C. albicans biofilms and is required for biofilm antifungal drug resistances (Robbins et al., 

2011).  Recent research focused on C. albicans biofilms has attempted to demystify its 

increased resistances by revealing key factors including decreased ergosterol content, phase 

specific roles of efflux pump (Robbins et al., 2011), and implication of Hsp90 regulation at 

the core of virulence (Blankenship & Mitchell, 2006; Cowen & Lindquist, 2005; Nobile & 

Mitchell, 2006; Perumal et al., 2007).   

1.3.3 Hsp90 as a therapeutic target 

In the quest for more effective antifungal drug targets, the conserved molecular chaperone 

Hsp90 has taken the crown as a new promising drug target.  Much of the research in the 

area of Hsp90 inhibition has focused on oncogenic kinase dynamics applications and 

examined the effects of two chemotherapeutics, geldanamycin (GdA) and radicicol 

(Mimnaugh et al., 1996; Roe et al., 1999; Whitesell et al., 1994; Workman et al., 2007).  In 

proof of concept studies that “drugged” human Hsp90 with GdA analogue 17-AAG, depletion 

of oncogenic proteins resulted in a reduction of cancer growth (Workman et al., 2007).  

Crystal structure determination of HuHsp90 N-terminal domains in complex with GdA and 

radicicol revealed the structural basis of Hsp90 inhibition:  competitive inhibition of the N-

terminal ATP/ADP-binding pocket of Hsp90 by nucleotide mimics (Roe et al., 1999).  Since 

then, several N-terminal binding compounds (with varying stability and cellular toxicity) have 

been discovered to abrogate HuHsp90 function through inhibition (Zuehlke et al., 2018), and 

recent studies are examining C-terminal domain inhibitors (Donnelly et al., 2008; Eskew et 
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al., 2011; Marcu et al., 2000; Soti et al., 2002; Soti et al., 2003; Yu et al., 2005).  As the library 

of Hsp90 inhibitors has grown, the concept of Hsp90 inhibition has moved from oncogenic 

applications into the fungal field as a potential solution for mounting anti-fungal therapy 

challenges.  Pharmacological inhibition of Hsp90 has potential to disrupt a multitude of 

cellular pathways, singling it out as a “fungal Achilles’ heel” and potential therapeutic target 

(Cowen et al., 2009; Heitman, 2005).     

In C. albicans, Hsp90 inhibition has shown profound effects on azole and echinocandin 

resistances.  In vitro, inhibition of CaHsp90 function shows great promise via increasing 

antifungal sensitivity of resistant isolates (Cowen et al., 2009).  In vivo, combination of 

echinocandins with GdA greatly improved therapeutic efficacy in both invertebrate Galleria 

mellonella and murine disseminated candidiasis models (Cowen et al., 2009).  Additionally, 

CaHsp90 inhibition in combination with azoles altered the fungistatic activity of fluconazole, 

converting it to a fungicidal agent that abrogated murine fungal burden (Cowen et al., 2009).  

However, in the murine model, Hsp90 inhibition was detrimental to the host, leading to 

lethal toxicity (Cowen et al., 2009).  Deleterious effects from selective toxicity challenges, 

though, are not surprising as mouse Hsp90-homologue Hsp84 shares 61% identity with 

CaHsp90 (Swoboda et al., 1995; UniProt Consortium, 2019).  Since protein identity of 

HuHsp90 to CaHsp90 is approximately 60%, inhibiting Hsp90 function can only be effective 

as a new antifungal therapy target if capable of distinguishing pathogen from host (Cowen et 

al., 2009; Prodromou et al., 1997; Swoboda et al., 1995; UniProt Consortium, 2019). 

1.4 Hsp90 cochaperones modulate Hsp90 function 

Though CaHsp90 conservation with human Hsp90 is high enough to rule out direct targeting, 

sequence identity between human and C. albicans homologues of Hsp90 cochaperones is 

considerably less at 17-68% conservation, shown in Table 1.4 (Ali et al., 2006; Kitagawa et 

al., 1999; Sahasrabudhe et al., 2017; Swoboda et al., 1995).  Hsp90 does not function 

autonomously within the cell.  Instead, its regulation of a complex network of client proteins 

is mediated through interaction with a multitude of protein cochaperones, approximately 

12-15 of which are known in yeast (Panaretou et al., 2002; Zuehlke & Johnson, 2010).  These 

cochaperones work in concert to mediate Hsp90 function through the ATP-induced 

conformation cycle involving interactions between the client protein with both Hsp90 and 
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Hsp70 (Li et al., 2011; Li et al., 2013; Röhl et al., 2013; Wegele et al., 2006; Zuehlke & 

Johnson, 2010).  A selected panel of cochaperone homologues with their respective 

functions is summarised below in Table 1.4.  Binding patterns of interacting cochaperones 

are largely conserved amongst homologues and thought to be functionally client-specific 

(Zuehlke & Johnson, 2010).  Cochaperones provide controlled progression of the distinct 

Hsp90 conformational intermediates via specific binding patterns along the Hsp90 domains 

(Li et al., 2011; Röhl et al., 2013; Tenge et al., 2015). 

Table 1.4 A selected panel of Hsp90 cochaperones homologues.  Hsp90 cochaperone proteins in yeast and 
their homologues from higher eukaryotes are shown along with generalised cellular function.  Amino acid 
sequence identity percentages show a range of conservation between C. albicans and human Hsp90 
cochaperones.  Table modified from Sahasrabudhe et al., 2017 and amino acid sequence identity sourced from 
Uniprot Consortium, 2019. 

  

In addition to progressing Hsp90 conformational transitions, cochaperones affect Hsp90 

ATPase rate, can recruit specific types of clients, and even demonstrate Hsp90-independent 

chaperoning function (Caplan et al., 2007; Hessling et al., 2009; MacLean & Picard, 2003; 

Röhl et al., 2013; Zhang et al., 2010).  Sequential cochaperone binding along Hsp90 domains 

leads to a conformational state that is a prerequisite for the binding of another 

cochaperone, thus allowing for complex regulation of both Hsp90 cycle progression and 

ATPase activity (Li et al., 2011; Li et al., 2013; Röhl et al., 2013).  Coupled regulation of 

conformation to ATPase activity is supported by the rates in which these steps occur in 

Hsp90. Conformational transitions are orders of magnitude slower than ATPase activity, thus 

providing rate-limited events coordinated by progressive cochaperone binding (Hessling et 

al., 2009). 

Cochaperone 
Cellular Function 

Sequence 

Identity %* Yeast Higher Eukaryotes 

Sti1 Hop1 Connector binds Hsp90 & Hsp70, ATPase inhibitor 68 

Cdc37 Cdc37 Kinase specific, ATPase inhibitor 17 

Aha1 Aha1 ATPase activator 36 

Sba1 p23 Hsp90-client-complex stabilizer, ATPase inhibitor 29 

Cns1 TTC4 Nuclear transport protein (Li et al., 2012) 28 

Cpr6 
Cyp40 Prolylisomerase, chaperone activity 

60 

Cpr7 39 

  *Percent amino acid, C. albicans vs. human  
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1.4.1 Post-translational modifications impact Hsp90-cochaperone interactions  

Currently, there are but a handful of studies that have examined the impact of Hsp90 

cochaperone post-translational modifications upon Hsp90 function.  Much like the literature 

that has examined Hsp90 modifications, studies that detail PTM of the Hsp90 cochaperones 

are primarily focused on phosphorylation, in particular CK2-mediated phosphorylation 

(Bandhakavi et al., 2003; Bansal et al., 2009; Kobayashi et al., 2004; Lassle et al., 1997; 

Longshaw et al., 2000; Miyata & Nishida, 2004).  It is known that human Cdc37 is 

phosphorylated at Ser13, and at homologous Ser14/17 in S. cerevisiae, by CK2 and an 

absence of phosphorylation diminishes Cdc37 function in vivo (Bandhakavi et al., 2003; 

Miyata & Nishida, 2004).  In S. cerevisiae, protein phosphatase Ppt1 has been shown to 

dephosphorylate Ser14/17 of Cdc37 in vivo (Vaughan et al., 2008).  This dephosphorylation 

altered Cdc37-Hsp90 complex interactions and diminished Hsp90 chaperoning of kinase 

clientele (Vaughan et al., 2008).  Other studies have shown that CK2-mediated 

phosphorylation of Cdc37 is required for chaperoning of various kinases and is necessary for 

Cdc37-Hsp90 complex binding (Bandhakavi et al., 2003; Miyata, 2009; Miyata & Nishida, 

2004; Shao et al., 2003).  CK2-mediated phosphorylation has also been examined in 

cochaperone Sgt1.  In budding yeast, both Sgt1 dimerization and Sgt1-Hsp90 binding 

interactions are essential for kinetochore assembly (Kitagawa et al., 1999).  In S. cerevisiae, it 

has been reported that CK2 phosphorylates Sgt1 at Ser361, which inhibits dimerization, 

negatively affects Hsp90-Sgt1 functionality, and subsequently abrogates proper 

chromosome segregation (Bansal et al., 2009).  In a murine study, two CK2-mediated 

phosphorylation sites were identified for cochaperone p23 (Sba1 in C. albicans) (Kobayashi 

et al., 2004).  Whilst investigating cytosolic prostaglandin synthase regulation, it was 

revealed that phosphorylation of p23 at Ser113 and Ser118 by CK2 facilitates the function of 

prostaglandin synthase and that a transient tertiary complex comprised of p23-Hsp90-CK2 

was required for optimal activation of prostaglandin synthase in vivo (Kobayashi et al., 

2004).  CK2-mediated phosphorylation has also been discovered in stress-inducible 

cochaperone Sti1 (Lassle et al., 1997).  In a study investigating cellular stress phenomena in 

murine fibroblasts, both CK2 and stress-inducible S6 kinase pp90rsk  (MAPKAP kinase 1) were 

found to phosphorylate Sti1 at Ser189, which affected Sti1-Hsp90 binding and formation of a 

Hsp90-Sti1-Hsp70 heterocomplex in vitro (Lassle et al., 1997).  Finally, phosphorylation of 
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murine Sti1 at Thr198 by Cdc2, a kinase involved in regulation of mitosis, has also been 

reported in vitro, which suggests that modification of Sti1 could be implicated as a potential 

cell cycle checkpoint (Longshaw et al., 2000).  Collectively, these data suggest that post-

translational modification of the Hsp90 cochaperones affect cochaperone-Hsp90 binding 

dynamics and could provide an additional or parallel level of Hsp90 regulation. 

Hsp90 cochaperone proteomics and proposed mechanisms are covered in 2.1, while 

transcriptional studies are discussed in 3.1.  Known phenotypes for cochaperone gene 

deletions are covered in 4.1.   

1.4.2 Hsp90 cochaperones in virulence  

Hsp90 is essential for antifungal resistance in fungi, but the roles of cochaperones in 

mediating resistance and virulence are largely unknown.  In a study examining the impact of 

cochaperone deletions upon antifungal susceptibility, Sti1, Aha1, and Sba1 were required for 

Neurospora crassa basal resistance to azoles and heat stress (Gu et al., 2016).  Additionally, 

AHA1, STI, and SBA1 were shown to positively regulate ketoconazole stress responses.  In 

addition, genetic deletion of AHA1, STI1, and SBA1 in Fusarium verticillioides increased 

susceptibility to azoles. 

In C. albicans, Hsp90 cochaperones are implicated in virulence-associated developmental 

stages.  Cochaperone Sgt1 in concert with Hsp90 has been shown to regulate the critical 

yeast-hyphal transition necessary for virulence and infection and modulate invasive growth 

(O'Meara & Cowen, 2014; Shapiro et al., 2012).  Additionally, Sgt1 governs azole and 

echinocandin resistance.  In vitro, reduced levels of Sgt1 promotes fluconazole sensitivity in 

minimum inhibitory concentration (MIC) assays while SGT1 depletion modifies echinocandin 

activity from fungistatic to fungicidal (Shapiro et al., 2012).  In a murine study, depletion of 

SGT1 resulted in a reduced kidney fungal burden in a model of disseminated candidaemia 

(Shapiro et al., 2012).  Unfortunately, this Shapiro et al. study (Shapiro et al., 2012) provides 

the sole understanding of Hsp90 cochaperone role in C. albicans virulence as little is known 

about the role in virulence of the remaining cochaperones.  However, data from the Shapiro 

et al. study suggest that Hsp90 cochaperones do provide potential new drug targets for the 

treatment of life-threatening fungal infections.  Thus, targeting of Hsp90 cochaperones could 
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provide a more fungal-specific avenue of diminishing pathogen Hsp90 activity whilst leaving 

host Hsp90 function unaffected. 

1.5 Overview of the study  

This project aims to determine if differential regulation of Hsp90 cochaperone transcription 

and protein expression during development affects virulence of Candida albicans in the 

lesser used but more suitable yeast model strain C. albicans SN95.  Though C. albicans strain 

SC5314 is the historical standard for many virulence, expression, sequencing, and 

proteomics studies, SN95 possesses many favourable attributes. Due to the presence of 

selectable markers HIS1 and ARG4 for ease of genetic manipulation, its complementation of 

URA3  to minimise unwanted effects on virulence and morphogenesis, and the availability of 

primers sets and SN95-derived strains from the internal collection, C. albicans strain SN95 

was selected as a suitable model for this study 

This project aims to study the proteomic landscape and transcriptional expression of HSP90 

and seven of its cochaperones under conditions associated with pathogenesis and 

persistence of infection, planktonic filamentous and biofilm, as well as a morphological yeast 

form to serve as a control.  The goal of this study is to elucidate factors impacting C. albicans’ 

virulence for development of novel antifungal therapeutics to treat systemic infections by 

addressing the following three questions:  

1. What is the expression profile of Hsp90 and cochaperone protein levels under 

different developmental stages and virulence-associated phenotypes?  

2. What is the role of Hsp90 cochaperones in morphogenesis?  

3. Are Hsp90 cochaperones implicated in virulence? 

 

Chapter 2 will determine the proteomic landscape of Hsp90 and seven of its cochaperones 

under three different developmental stages and virulence-associated phenotypes.  Chapter 3 

examines transcriptional expression of HSP90 and its cochaperones in yeast form cells along 

with two hyphal-induced conditions.  Chapter 4 investigates the impact of non-essential 

Hsp90 cochaperones upon filamentation using microscopy of C. albicans cochaperone gene 

deletion strains and works to further elucidate the role of cochaperones in morphogenesis 
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by examining protein and transcriptional expression in C. albicans afilamentous strains under 

hyphal-inducing conditions.  Chapter 5 examines the impact of Hsp90 cochaperone genetic 

deletion upon C. albicans virulence in two invertebrate animal models of infection. 
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CHAPTER 2:  SCREEN FOR HSP90 AND COCHAPERONE PROTEINS 

2.1 Introduction 

Hsp90 does not function autonomously within the cell.  Instead, its regulation of a complex 

network of client proteins is mediated through interaction with a multitude of protein 

cochaperones, approximately 12 of which are known in yeast (Panaretou et al., 2002; 

Zuehlke & Johnson, 2010).  These cochaperones work in concert to mediate Hsp90 function 

through an ATP-induced conformation cycle involving interactions between the client 

protein and both Hsp90 and Hsp70 (Li et al., 2011; Li et al., 2013; Röhl et al., 2013; Wegele et 

al., 2006; Zuehlke & Johnson, 2010).  Binding patterns of interacting cochaperones are 

largely conserved amongst homologues, and thought to be mediated by protein-client 

interactions and client recruitment to Hsp90 (Riggs et al., 2004; Zuehlke & Johnson, 2010).  

Cochaperones provide controlled progression through distinct Hsp90 conformational 

Figure 2.8 Yeast Hsp90 cochaperones interact with distinct Hsp90 domains.  A.  Sti1 binds to the C-
terminal MEEVD motif of Hsp90 through its TPR2A domain, and associates with middle and N-terminal 
domains as well.  B.  Cdc37 interacts through its C-domain with the Hsp90 N-terminal domain. C.  Aha1 
binding occur along the N- and middle domains of Hsp90.  D.  Sba1 associates with the N-domain of Hsp90, 
with minor contact in the middle domain.  E.  Peptidyl-prolyl isomerases (PPIases) Cpr6 & Cpr7 bind to the 
Hsp90 C-terminal MEEVD motif of Hsp90 through their TPR domains.  Similar binding has been theorised 
for Cns1.  F.  Hsp90 and Rar1 form a complex with Sgt1.  The CS domain of Sgt1 binds the N-terminal 
domain of Hsp90.  Figure modified from Li et al., 2012. 
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intermediates via specific binding patterns along the Hsp90 domains (Figure 2.1) (Li et al., 

2011; Röhl et al., 2013; Tenge et al., 2015).   

In addition to progressing Hsp90 conformational transitions, cochaperones affect Hsp90 

ATPase rate, can recruit specific types of clients, and even demonstrate Hsp90-independent 

chaperoning function (Caplan et al., 2007; Hessling et al., 2009; MacLean & Picard, 2003; 

Zhang et al., 2010).  Sequential cochaperone binding along Hsp90 domains leads to a 

conformational state that is a prerequisite for the binding of another cochaperone, thus 

allowing for complex regulation of both Hsp90 cycle progression and ATPase activity (Li et 

al., 2011; Li et al., 2013; Röhl et al., 2013).  Classification of Hsp90 cochaperones can be 

ambiguous, with delineations of factors such as Hsp90 interaction sites, presence of 

tetratricopeptide repeats (TPR), or effect on N- terminal ATP hydrolysis directing placement 

into overlapping categories.  Alternatively, functional classification can divide the 

cochaperones.  Some cochaperones exhibit client-specific roles within the chaperoning cycle 

whilst others serve a general function as a central component of the Hsp90 cycle 

(Sahasrabudhe et al., 2017).  Additionally, there are three categories based on influence on 

Hsp90 and client maturation:  client recruiters, Hsp90-remodelers, and late-acting 

cochaperones (Röhl et al., 2013).  These classifications for yeast Hsp90 cochaperones are 

summarised in Table 2.1, below. 

Client-recruiter cochaperones mediate interactions between protein clients and the Hsp90 

system, often conferring client-specificity such as kinase recruitment by Cdc37 or Sgt1 

activation of nucleotide-binding leucine-rich repeat receptors (Caplan et al., 2007; Taipale et 

al., 2012).  Client-recruiter cochaperones are also involved in maintaining Hsp90 

conformation.  The open conformation of dimerised-Hsp90 is maintained by binding of 

client-recruiter cochaperones Sti1, Cdc37, and Sgt1 (Li et al., 2012; Röhl et al., 2013). Sti1 

associates with the N-terminus, middle domain, and C-terminus while Sgt1 and Cdc37 are N-

terminus specific.  Cochaperone Sti1 (65.9 kDa) modulates both Hsp90 cycle directionality 

through ATPase inhibition and facilitates client transfer via simultaneous binding of Hsp90 

and Hsp70 through three differentially regulated TPR domains (Johnson et al., 1998; 

Prodromou et al., 1999; Richter et al., 2003; Röhl et al., 2015; Schmid et al., 2012).  The TPR 

domains are 34-amino acid consensus sequence tandem repeats organized in two modules 

comprising one or two TPR domains followed by an aspartate/proline rich domain (Schmid 
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et al., 2012).  The tertiary structure of these TPR domains forms a seven antiparallel α-

helices cleft that binds conserved Hsp90 and Hsp70 C-terminal sequences (Smith, 2004).  

Simultaneous linkage of Sti1 to Hsp90/Hsp70 induces conformational changes in Sti1, which 

supports client transfer whilst stabilising Hsp90 conformation (Röhl et al., 2015; Schmid et 

al., 2012).   

Table 2.1 Overview of eight Hsp90 cochaperones in yeast.  Interaction sites, conformational effects, and 
impact on ATPase activity of selected cochaperones on Hsp90 are shown along with gathered information on 
cochaperone functional-specificity, possession of tetracopeptide repeats (TPR) within the cochaperone 
structure, and influence upon both Hsp90 and/or client maturation.  Table modified from Röhl et al., 2013. 

N represents N-terminal domain, M is middle domain, and C represents C-terminal domain 
1 (Li et al., 20 12); 2  (Röhl et al., 20 13); 3 (Saha srabudhe et al., 20 17)4 (Hainzl et al., 2004 ); 5 (Li et al., 20 13) 

(1 Li et al., 2012; 2 Röhl et al., 2013; 3 Sahasrabudhe et al., 2017; 4 Hainzl et al., 2004; 5 Li et al., 2013) 

 

Cdc37 (58.5 kDa) is primarily a kinase-specific cochaperone, though it can engage a diverse 

variety of clients through Hsp90-cochaperoning activity and Hsp90-independent 

chaperoning (Kimura et al., 1997; MacLean & Picard, 2003; Rao et al., 2001; Wang et al., 

2002).  Similar to Sti1, Cdc37 binds and stabilises open conformation Hsp90 and inhibits 

ATPase activity (Kimura et al., 1997; Li et al., 2012).  As a Hsp90 cochaperone, Cdc37 

functions primarily in the folding and stabilisation of de novo proteins and is thought to 

prolong Hsp90-client interaction (Kimura et al., 1997; MacLean & Picard, 2003).  Interaction 

Cochaperone 
Hsp90 

interaction 
site 

Effect on 
Hsp90 

conformation 

Effect on 
Hsp90 
ATPase 
activity 

Contains 
TPR 

domains1 

Influence on 
Hsp90/client 
maturation2 

Client-
specific 

or 
general 

function3  

Sti1 N, M, C 
Stabilises open 

state 
Inhibition Yes 

Client 
recruiter 

Specific 

Cdc37 N 
Stabilises open 

state 
Inhibition No 

Client 
recruiter 

Specific 

Sgt1 N 
No known 

effect 
No known 

effect 
Yes 

Client 
recruiter 

General 

Aha1 N, M Undetermined Acceleration No 
Hsp90-

remodeler 
Specific 

Sba1 N, M 
Stabilises 

closed state 
Inhibition No Late-acting General 

Cns1 C Undetermined 

Accelerates 
Hsp70 

ATPase4  
Yes 

Hsp90-
remodeler 

Specific 

Cpr6 C Undetermined Acceleration5 Yes 
Hsp90-

remodeler 
General 

Cpr7 C Undetermined 
No known 

effect 
Yes 

Hsp90-
remodeler 

Specific 
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with Hsp90 is achieved via insertion of the Cdc37 C-domain side chain Arg167 into the Hsp90 

N-domain nucleotide binding pocket, functioning as a direct competitor with ATP and 

physically preventing Hsp90 lid-segment closing (Ali et al., 2006; Roe et al., 2004).  

Cochaperone Sgt1 (47.3 kDa), like Sti1, contains three TPR domains, however interaction 

with Hsp90 is mediated via a Sgt1 60-amino acid cysteine and histidine-rich domain 

(Azevedo et al., 2002; Heise et al., 2007; Lee et al., 2004).  Unlike Sti1 and Cdc37, Sgt1 has no 

known effect on Hsp90 ATPase activity, and binding along the Hsp90 N-domain does not 

affect lid-segment closing (Röhl et al., 2013).  Sgt1 recruits a diverse class of client proteins 

to Hsp90, although ATP binding to Hsp90 is not required for their interaction, and client 

recruitment is thought to be mediated via its TPR domain (Lee et al., 2004; Röhl et al., 2013). 

Hsp90-remodeling cochaperones function primarily to mediate conformational changes 

within the dimerised form of Hsp90 to progress the chaperoning cycle.  Aha1 (38.7 kDa) 

induces the closed Hsp90 conformation for client-folding by cooperatively binding Hsp90 N- 

and middle domains (Hessling et al., 2009; Lotz et al., 2003; Meyer et al., 2004).  

Conformational changes in Hsp90 are dependent upon the N-terminal domain of Aha1 

interacting with Hsp90 middle domain segment 273-530 (Meyer et al., 2004).  Binding alters 

the Hsp90 middle domain catalytic loop segment (370-390) to release Arg380 enabling its 

interaction with the ATP binding pocket in the Hsp90 N-terminal domain (Ali et al., 2006).  

Multi-domain binding by Aha1 induces the formation of the catalytically active closed Hsp90 

conformation, thus modulating the ATP hydrolysis cycle and regulating Hsp90/client protein 

engagement time (Koulov et al., 2010).  Hsp90 complexes contain a class of remodeling 

cochaperones, referred to as TPR cochaperones, that are characterized by TPR domain 

binding of the conserved EEVD motif of the Hsp90 C-terminus and can associate with either 

open or closed conformation.  In addition to TPR domains, these cochaperones contain an 

amino-terminal peptidyl-prolyl isomerase (PPIase) for catalytic cis-trans isomeration of 

Hsp90 peptides via Xaa-Pro peptide bond interactions (Fischer, 1994; Tesic et al., 2003).  TPR 

cochaperones Cpr6, Cpr7, and Cns1 modulate Hsp90 through acceleration of ATPase activity, 

cycle rate-limiting isomerization steps, and can confer client specificity whilst acting as a 

client-recruiter (Mayr et al., 2000; Röhl et al., 2013; Schmid, 1993; Tesic et al., 2003).  Cpr6 

(40.7 kDa) and Cpr7 (42.6 kDa), yeast homologs of human cyclophilin-40, perform 

overlapping but non-identical functions in the Hsp90 chaperone cycle (Duina et al., 1996; 
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Mayr et al., 2000).  In S. cerevisiae, Cpr6 and Cpr7 share 47% sequence homology and 38% 

sequence identity but have several differences in vivo (Duina et al., 1996; Tesic et al., 2003).  

Both bind Hsp90 with comparable affinity and stoichiometry, however Cpr6 is more 

thermostable compared to Cpr7 and has up to 100-fold greater PPIase cis-trans isomeration 

of Hsp90 peptides, though Cpr6 has much less chaperoning activity (Mayr et al., 2000).  Both 

are constitutively expressed, though only Cpr6 can be induced via heat shock (Warth et al., 

1997).  In C. albicans, Cpr6 and Cpr7 share 51% sequence homology and 35% sequence 

identity, comparable to S. cerevisiae orthologues (Rice et al., 2000; UniProt Consortium, 

2019).  However, it is unknown if CaCpr6 and CaCpr7 differ in their functional properties.  

TPR cochaperone Cns1 (45.2 kDa) is a Hsp70-binding Sti1 homologue found in S. cerevisiae 

protein complexes with Hsp90 and Cpr7, but not Cpr6 (Dolinski et al., 1998).  ScCns1, like 

Cpr6 and Cpr7, is constitutively expressed and shares overlapping but distinct functional 

differences (Dolinski et al., 1998).  In yeast, Hsp90 homologues often have one partner that 

is non-essential and heat inducible, such as CPR6 and STI1, whilst the other is constitutive 

and required for vegetative growth, like CPR7 and CNS1 (Dolinski et al., 1998; Warth et al., 

1997). 

Late-acting cochaperone Sba1 (23.9 kDa) facilitates client maturation by stabilising the 

closed Hsp90 conformation through binding of both Hsp90 N-terminus and middle domain 

(Johnson & Toft, 1995; Röhl et al., 2013).  Sba1 binding decreases ATPase activity 

approximately 50% by trapping Hsp90 in its ATP-bound state, presumably by stabilising the 

N-terminally dimerised conformation, which is thought to mediate client activation (Johnson 

& Toft, 1995; Panaretou et al., 2002; Richter et al., 2004).  A study examining the crystal 

structure of full-length yeast Hsp90 in complex with Sba1 revealed that the rate of the 

chaperoning cycle is determined by Sba1 induction of conformational changes in the Hsp90 

N-terminus and the catalytic middle segment loop, rather than ATP hydrolysis itself (Ali et 

al., 2006).  Sba1 dissociates from Hsp90 following ATP hydrolysis and client release, directing 

the next cycle of chaperoning (Richter et al., 2004).  In S. cerevisiae studies in vitro, Sba1 was 

found to complex with Hsp90 and Cpr6, but not Sti1 (Richter et al., 2004).  Overexpression 

studies have shown Sba1 homologue p23 is the limiting component for stability of 

Hsp90/Hsp70 complexes in vivo (Morishima et al., 2003).  Additionally, Sba1/p23 

demonstrates Hsp90-independent chaperoning activity with a broad range of protein 
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clientele, potentially interacting with client proteins through its C-terminal domains (Bose et 

al., 1996; Echtenkamp et al., 2011; Weikl et al., 1999).   

Thus, Hsp90 cochaperoning of client protein is modulated by a sequential binding of a 

menagerie of protein cochaperones with varying functional properties and specificities.  

Cochaperones modulate large conformational changes in Hsp90 dimerised states, regulating 

the rate of ATP hydrolysis.  Hsp90 is a very well-studied, highly conserved protein and the 

most abundant eukaryotic molecular chaperone.  Though numerous studies have focused on 

elucidation of conformational dynamics and regulation of Hsp90 cochaperone machinery, 

little is known about this system in C. albicans.    

To overcome one challenge of working with a relatively unstudied system in C. albicans:  the 

lack of commercially available antibodies specific to Hsp90 cochaperones, this study utilised 

Tandem Affinity Purification-tagged-cochaperone strains.  Use of yeast strains containing 

fusion-tagged proteins offers numerous benefits for proteome exploration, including easy 

purification and detection of proteins expressed at natural levels under native conditions 

(Rigaut et al., 1999).   The Tandem Affinity Purification (TAP) tag used in this study is the 

classic C-fusion tag (Figure 2.2), originally developed for analysis of protein complexes in 

yeast at near-physiological conditions (Gavin et al., 2002).    

Despite this methodology developed within the yeast system, it is not necessarily excused 

from inherent disadvantages of protein fusion tagging.   Large-size fusion tags, which 

includes 21 kDa TAP, have been shown to decrease protein expression, negatively alter 

Figure 2.2 The Tandem Affinity Purification (TAP) tag.  The TAP tag used in this study is 182 amino acids 
long and is comprised of two proteins separated by a cleavage site fused to the C- of the target protein 
under study.  From the target protein-fused N-terminal, the tag contains a Calmodulin binding peptide (CBP; 
29 AA) with a small spacer sequence leading into the Tobacco Etch Virus cleavage site (TEV; 7 AA).  This 
cleavage site is followed by another spacer sequence then two repeats of a 58 AA Protein A IgG binding 
domain sequence with a final spacer at the end.  Figure modified from Puig et al., 2001; Xu et al., 2010. 



67 
 

functional interactions through restriction of native domains, and hinder protein complex 

formations (Xu et al., 2010; Young et al., 2012).  One of the main challenges facing the classic 

TAP strategy comes from endogenous proteins competing with the tagged-protein in protein 

complex assemblies (Xu et al., 2010).   Since Hsp90 and its cochaperones require physical 

binding through domain interactions, it is possible that addition of a protein fusion tag to 

any of the cochaperones could result in inhibition of interactions with other proteins or 

decreased functionality.  However, due to the limitations of commercially available 

antibodies, the relatively small toolbox of protein fusion tags designed for C. albicans 

manipulation (Lavoie et al., 2008), and the availability of previously generated TAP-tagged-

cochaperone strains from the internal collection, this tag was selected as a proxy for 

cochaperone protein detection. 

This chapter studies seven Hsp90 TAP-tagged cochaperone proteins (Sba1, Cdc37, Sti1, Aha1, 

Cns1, Cpr7, and Cpr6) in C. albicans under three different growth conditions: mid-logarithmic 

yeast, planktonic filamentous, and biofilm.  Gene expression in C. albicans differs greatly 

between yeast and filamentous planktonic cells as compared to biofilm states with 

transcription factors for morphogenesis exhibiting differential regulation (Fanning & 

Mitchell, 2012).  Hsp90 is a known interactor with key transcriptional regulators of biofilm 

formation, including TEC1, TUP1, UPC2, BCR1, and MIG1 (Diezmann et al., 2015).  In terms of 

C. albicans’ virulence, it is broadly accepted that the planktonic filamentous form is 

associated with pathogenicity and the biofilm form associated with increased virulence and 

persistence of infection (Lo et al., 1997; Ramage et al., 2005; Richard et al., 2005; Uppuluri et 

al., 2010).  As evidence has emerged to show Hsp90 as a key regulator of drug resistance and 

morphogenesis in both C. albicans biofilm and planktonic states (Robbins et al., 2011; 

Shapiro et al., 2009; Singh et al., 2009), an investigation of the cochaperone machinery in 

these morphological states is critical to understanding the Hsp90 cochaperone impact upon 

virulence.   

The aim of this chapter is to determine the expression profile of Hsp90 and cochaperone 

protein levels under different developmental stages and virulence-associated phenotypes: 

mid-logarithmic yeast, planktonic filamentous, and 48-hour mature biofilm conditions. 
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2.2 Materials and Methods 

All chemicals and reagents were of Reagent grade or Laboratory Reagent grade with >95% 

purity and were purchased from Sigma-Aldrich Chemical Company Ltd.  (Gillingham, Dorset, 

England) unless stated otherwise. 

2.2.1 Yeast strains  

The model strain Candida albicans SN95 (Noble & Johnson, 2005) used in this study was 

selected due to its virulence in a murine model as well as its ease of genetic manipulation.  

Auxotrophic for histidine, leucine, and arginine, SN95 is derived from deletion of ARG4 and 

LEU3 in RM1000#2 (Negredo et al., 1997) and is isogenic to C. albicans wild-type reference 

strain SC5314, the original strain background for most common laboratory strains (Fonzi & 

Irwin, 1993; Maestrone & Semar, 1968; Odds et al., 2004).  In this study, the advantage of 

SN95 over other background strains is the avoidance of URA3 auxotrophic selectable 

markers.  C. albicans ura3Δ/ura3Δ strains have striking virulence defects and altered 

pathogenicity, and URA3 expression is shown to alter virulence, morphogenesis and 

adhesion (Bain et al., 2001; Cheng et al., 2003; Kirsch & Whitney, 1991; Lay et al., 1998; 

Noble & Johnson, 2005; Sundstrom et al., 2002).  Additionally, seven previously-constructed 

strains containing protein fusion tags in a SN95 background were utilized in this study (Table 

2.2).  These strains have one native Hsp90 cochaperone allele and one allele fused at the     

C-terminus with the TAP-tag (Rigaut et al., 1999).     

Table 2.2 Candida albicans strains used in Chapter 2.  Auxotrophic parent strain SN95 along with seven           
C-protein fusion tags strains are shown below along with their phenotypes and genotypes.  All strains were 
from the internal collection. 

Strain Phenotype Genotype 

SN95 Arg- His- ura3::imm434::URA3/ura3iro1IRO1/iro1his1his1arg4/arg4 

Aha1-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 AHA1/AHA1-TAP-ARG4 

Cdc37-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 CDC37/CDC37-TAP-ARG4 

Cns1-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 CNS1/CNS1-TAP-ARG4 

Cpr6-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 CPR6/CPR6-TAP-ARG4 

Cpr7-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 CPR7/CPR7-TAP-ARG4 

Sba1-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 SBA1/SBA1-TAP-ARG4 

Sti1-TAP His- arg4/arg4 his1/his1 URA3/ura3::imm434 IRO1/iro1::imm434 STI1/STI1-TAP-ARG4 

 



69 
 

2.2.1.1 Growth and storage of Candida albicans strains 

C. albicans strains were streaked from -80°C freezer stocks onto Yeast Peptone Dextrose 

(YPD) agar plates and incubated at 30°C for 24-48 hours.   In preparation for experiments, 

yeast overnight cultures were grown from isolated colonies in either 10mL YPD broth or in 

RPMI 1640 (2% glucose, 2 g/L NaHCO3, 5 mg/L histidine; Gibco, 11544506) in Falcon 50mL 

conical centrifuge tubes with loosely attached caps (Fisher Scientific, 14-432-22) at 30°C 

while shaking at 200 rpm for 16 hours, then switched to the appropriate growth media 

depending on the experimental condition studied.  

For short-term storage, strains were kept on YPD plates at 4°C.   For long-term storage, 

750μL of an exponentially growing liquid culture in YPD was mixed with 750μL of 50% sterile 

glycerol and stored at -80°C. 

2.2.2 Culture conditions and standardisation 

To better understand how differential regulation of Hsp90 and Hsp90 cochaperone protein 

expression during development affects C. albicans’ expression, three different different 

developmental stages and virulence-associated phenotypes were examined (Table 2.3).   

 

Table 2.3 Growth conditions used in this study.  Three growth conditions were utilised in this study.  Each 
condition is shown below with study text abbreviations, morphology, and study rationale. 

Growth Condition Abbreviation Morphology Study Rationale 

Mid-logarithmic yeast (L) Yeast, planktonic Metabolically active, control 

Biofilm, 48-hour mature (BF) Mixed, sessile 
Clinical relevancy, increased virulence, 
associated with persistence of infection 

Filamentous (F) Hyphae, planktonic 
Clinical relevancy, increased 
pathogenesis, associated with invasion 

 

2.2.2.2 Yeast planktonic cultures 

To study metabolically active yeast as a baseline for expression, overnight cultures of 

parental SN95 and TAP-tagged-cochaperone strains were sub-cultured, adjusting to OD600 

0.2 in 50mL fresh YPD.  Mid-logarithmic planktonic cultures were defined by two doublings, 

grown to OD600 of 0.8 at 30°C while shaking at 200 rpm.   

For initial western-blot optimisations, stationary phase cultures of yeast cells were 

generated.  To create stationary phase conditions, overnight cultures of strains as above 
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were sub-cultured into 10mL fresh YPD, adjusted to an OD600 of 0.2.  These cultures were 

incubated at 30°C while shaking at 200 rpm for 16 hours, with stationary phase defined as an 

OD600 of 23-25.   

2.2.2.3 Filamentous planktonic cultures 

To induce yeast-to-hyphae transition, single colonies of SN95 and TAP-tagged-cochaperone 

strains from YPD plates were inoculated in 10mL RPMI and cultured at 37°C while shaking at 

200 rpm for 16 hrs.  Filamentation was defined as cultures exhibiting greater than 95% 

hyphal morphology, verified via wet-mount microscopy. 

2.2.2.4 Culturing of mature two-day biofilms 

For biofilm formation, overnight cultures of SN95 and TAP-tagged strains were inoculated as 

previously described in YPD (day 1).  Also, on day 1, 6-well standard tissue culture plates 

(Sarstedt, 83.3920.005) were primed with 4mL of Gibco foetal bovine serum (FBS; Fisher 

Scientific, 16-170-078) via addition to each well and incubated overnight at 37°C.  On day 2, 

6-well plates were washed once with 1x PBS and filled with 4mL of cultures that were 

adjusted to an OD600 of 0.5 in RPMI.  Following a 90-minute adherence-period at 37°C, non-

adherent cells were removed by vacuum aspiration.  Wells were then refilled with 4mL fresh 

RPMI, and plates incubated for 48 hours at 37°C.  On day 4, mature biofilms were washed 

three times with 1x PBS and prepared for protein extraction. 

2.2.3 Preparation of protein extracts  

2.2.3.1 Protein extraction from yeast morphology cells 

After culturing, cells were harvested by centrifugation at 1811xg at 4°C for 5 minutes, 

washed with 1x PBS and resuspended in 250µL standard protein extraction lysis buffer 

(50mM HEPES pH7.5, 150mM NaCl, 5mM EDTA, 1 % Triton X100) with phenylmethylsulfonyl 

fluoride (PMSF; 100µM in Ethanol) and 0.3% (v/v) 7x Roche cOmplete® protease inhibitor 

cocktail for initial optimisation lysates.  After adding 0.25 cubic centimetres of glass beads 

(diameter: 0.25–0.5 mm, acid washed), cells were homogenised via bead beating (60 

seconds beating, 30 second pause, 60 seconds beating followed by a 60 second ice 

incubation; repeated 3x) using a Precellys tissue homogeniser (Bertin Corporation).  Cell 

debris and glass beads were removed by centrifugation at 19,357xg at 4°C for 10 minutes.   
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For post-optimisation lysates, cells were harvested and washed as above then resuspended 

in 250µL Y-PER™ Yeast Protein Extraction Reagent (Thermo Scientific, 78990) and 0.1% (v/v) 

1x Halt Protease Inhibitor Cocktail (Thermo Scientific, 87785), per 50mg wet cell pellet 

weight.  Cell pellet mixture was vortexed gently to homogenise and gently agitated at room 

temperature for 20 minutes.  After agitation, cell pellet mixture was centrifuged at 14,000xg 

for 10 minutes to pellet the cell debris.  

With both protocols, protein supernatant was transferred to a clean 1.5mL Eppendorf tube 

on ice and used immediately for quantification or frozen at -80°C. 

2.2.3.2 Protein extraction from hyphal morphologies 

After culturing, cells were harvested by centrifugation at 1811xg at 4°C for 10 minutes.  

Supernatant was removed, and cell pellets were washed with 1x PBS and resuspended in 

250µL standard protein extraction lysis buffer with 100µM PMSF and 0.3% 7x Roche 

cOmplete® protease inhibitor cocktail (for initial optimisation lysates).  After adding an equal 

ratio of glass beads, cells were homogenised via an altered bead beating cycle (60 seconds 

beating, 60 second pause on ice, 60 seconds beating followed by a second 60 second ice 

incubation; repeated 4x).  Cell debris along with glass beads were removed by centrifugation 

at 19,357xg at 4°C for 10 minutes.   

For post-optimisation lysates, cells were harvested and washed as above then resuspended 

in 250µL Y-PER™ Yeast Protein Extraction Reagent and 0.1% (v/v) 1x Halt Protease Inhibitor 

Cocktail per 50mg wet cell pellet weight.  Cell pellet mixture was vortexed gently to 

homogenise and gently agitated at room temperature for 20 minutes.  After agitation, cell 

pellet mixture was centrifuged at 14,000xg for 10 minutes to pellet the cell debris.  

With both protocols, protein supernatant was transferred to a clean 1.5mL Eppendorf tube 

on ice and used immediately for quantification or frozen at -80°C. 

2.2.3.3 Protein quantification and sample preparation 

Protein quantification of supernatants was determined via Bradford quantification 

(Bradford, 1976) using protein assay dye reagent concentrate (Bio-rad, 5000006) and Quick 
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Start Bovine Serum Albumin standard (2 mg/mL; Bio-Rad, 5000206) at an absorbance of 595 

nanometres.  All samples and standards were diluted 1:19 in lysis extraction buffer, and 

sample concentrations were calculated automatically via regression analysis.  All samples 

were quantified with a coefficient of determination threshold of >0.95. 

After quantification, samples were prepared for SDS-PAGE gel loading using 4x Laemmli 

sample buffer [277.8mM TrisHCl pH6.8, 44% (w/v) glycerol, 4.4% SDS, 0.02% Bromophenol 

blue, 10% β-mercaptoethanol; Bio-rad, 1610747] and lysis buffer as diluent.  Samples were 

boiled for 5 minutes and either placed on ice for immediate use or at -20°C for long term 

storage. 

2.2.4 Western blotting and protein detection   

For detection of Hsp90 and TAP-tagged cochaperones, global whole-cell protein lysates were 

prepared for all strains tested.     

2.2.4.1 SDS-Polyacrylamide gel electrophoresis and membrane transfer 

Samples were briefly centrifuged then loaded onto a 1.5mm 10% SDS-PAGE gel along with 

Precision Plus Protein All Blue Standard (Bio-rad, 161-0373) in 1x Tris-Glycine-SDS buffer 

[3.25% (w/v) Tris base (Sigma, T6066), 14.25% (w/v) glycine, 10% (w/v) SDS; TGS].  Gels were 

run initially at 90V for 15-20 minutes of stacking, then switched to 120V as samples centred 

along the stacking gel.  Gels were electrophoresed at 120V for approximately 1.5 to 2 hours.    

After SDS-PAGE separation, gels were sandwich-stacked with polyvinyl difluoride 

membranes (0.45µm, PVDF; Bio-Rad, 10617354), filter papers, and fibre pads that were pre-

soaked in 1x transfer buffer [3% (w/v) Tris base, 14.4% glycine, 20% (v/v) methanol].  Air 

bubbles were removed between sandwich layers using a transfer buffer-moistened roller.  

Sandwiches were loaded into a transfer cassette for wet transfer overnight at at 20V with 

transfer chamber packed in ice. 

Membranes were rinsed with water, then stained with Ponceau S to verify transfer.  Once 

membranes were imaged, they were washed with 0.1M sodium hydroxide, rinsed with 

water, and transferred to a clean plastic incubation chamber for blocking. 
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2.2.4.2 Detection of TAP using immunochemistry 

To detect TAP-tagged cochaperones, rabbit polyclonal α-TAP antibody was used (Open 

Biosystems, CAB1001) in conjunction with goat anti-rabbit IgG-HRP (Bio-Rad, 170-5046).  

Membranes were blocked in 5% milk powder in PBS containing 0.1% Tween-20 (PBST) at 

25°C for 1 h, then incubated in primary α-TAP (1:5,000) for 1 hour at 25°C.  Membranes were 

washed twice with PBST and probed with secondary antibody (1:5,000 in 0.5% Milk in PBST) 

for 10 minutes at 25°C.  Signals were detected using a Clarity™ ECL western blotting kit as 

per the manufacturer’s instructions (Bio-Rad, 1705060), with all exposure times set at 1.75 
minutes. 

2.2.4.3 Detection of Hsp90 

Two primary antibodies to probe for Hsp90 were used.  In initial experiments, rabbit 

polyclonal α-CaHsp90 antibody (created and gifted by Leah Cowen lab, University of 

Toronto; 1:10,000) was used to detect Hsp90 (Burt et al., 2003).  In subsequent experiments, 

rabbit polyclonal α-Hsp90 antibody was used (Stratech, 510411-USB; 1:10,000).  For both 

antibodies, goat anti-rabbit IgG-HRP (Bio-Rad, 170-5046) was used as a secondary antibody.  

Membranes were blocked in 5% milk powder in PBS containing 0.1% Tween-20 (PBST) at 

25°C for 1 hour, then incubated in primary α-Hsp90 for 1 hour at 25°C.  Membranes were 

washed twice with PBST and probed with secondary antibody (1:5,000 in 0.5% milk powder 

in PBST) for 10 minutes at 25°C.  Signals were detected using a Clarity™ ECL western blotting 

kit as per the manufacturer’s instructions (Bio-Rad, 1705060), with all exposure times set at 

1.75 minutes. 

2.2.4.4 Probing loading control expression with membrane stripping 

 
To normalize target protein expression across all wells, membranes were stripped with a 

heat and detergent protocol and reprobed with an anti-PSTAIR loading control antibody 

(Hoose et al., 2012).  In a fume hood, membranes were gently agitated in stripping buffer 

[pH 6.7; 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl (Sigma-Aldrich, 1185-53-1)] 

for 30 minutes at 50˚C.  Membranes were rinsed by transferring the membranes to a 

container of 1x PBS and agitating again for 10 minutes at room temperature.  This rinsing 

step was repeated twice to ensure removal of stripping buffer residues.  Stripped 

membranes were blocked in 5% milk powder in PBS containing 0.1% Tween-20 (PBST) at 
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25°C for 1 hour, then incubated in primary mouse Anti-PSTAIR monoclonal antibody 

(1:4,000; abcam, ab10345) for 1 hour at 25°C.  Membranes were washed twice with PBST 

and probed with secondary goat anti-mouse IgG-HRP (1:5,000 in 0.5% milk powder in PBST; 

Bio-Rad, 1706516) for 10 minutes at 25°C.  Signals were detected using an ECL western 

blotting kit as per the manufacturer’s instructions (Bio-Rad, 1705060), with all exposure 

times set at 1.75 minutes. 

2.2.5 Normalization and analysis procedures   

2.2.5.1 Normalization of protein expression 

Blot membranes were scanned for analysis and band intensity levels quantified using Image J 

gel analysis protocol with Image J software, 1.53a  (Abramoff et al., 2004; NIH ImageJ Gel 

Analysis, 2018).  To measure intensity, images were first converted to 8-bit format, then 

each band was individually selected and circumscribed with a rectangular region-of-interest 

selection.  Analysis commands under the Image J Gels function generated measurements of 

mean grey area for each selected region-of-interest, with area calculated using 3-4 

independent measurements.  This process was repeated just below each band for 

background measaurements.  Data were acquired as arbitrary area values.  Mean grey area 

quantification values were generated for Hsp90 and TAP-tagged cochaperone bands of 

interest and as well as matching loading control bands to normalise blot banding intensities 

for variances in loading.   

2.2.5.2 Statistical analysis 

Quantified loading control intensities were used for normalisation of Hsp90, and TAP-tagged 

cochaperone band intensity values.  Differences in normalised values were Log2-transformed 

and assessed using two-way ANOVA, allowing for Tukey’s multiple comparisons.  All analyses 

were done using GraphPad Prism 8 statistical software (GraphPad Prism, San Diego, 

California, USA). 
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2.3 Results and Discussion 

2.3.1 Protein extraction optimisation for yeast and hyphal morphologies 

2.3.1.1 Optimisation of protein extraction in yeast morphologies  

For initial optimisation lysates using standard protein extraction lysis buffer, extractions 

from cell pellets were resuspended in 0.3cc glass beads and 125µL lysis buffer and yielded 

approximately 100µL of 8-14 µg/µL total protein.  However, the volume was determined to 

be insufficient and lysis buffer to bead ratios were adjusted 1:1 to compensate.  Cell pellets 

resuspended in 250µL lysis buffer with 0.25cc beads yielded global protein concentrations 

between 5-13 µg/µL. 

For subsequent protein lysates, the standard Y-PER™ Yeast Protein Extraction protocol was 

used (Thermo Scientific).  This protocol was designed for use with yeast cells and was 

selected due to its ease in extraction at room temperature and lack of harsh mechanical 

treatment requiring specialised equipment (i.e. glass bead beating at 4°C).  Yields from this 

protocol were low (i.e. 2-5 µg/µL), and modification of protocol variables, such as agitation 

speeds and incubation timings, failed to improve lysate yields. 

2.3.1.2 Optimisation of protein extraction in hyphal morphologies 

Initial attempts with protein extraction using standard protein extraction lysis buffer in 

cultures containing hyphal morphologies produced inadequate concentration yields (i.e. <1-2 

µg/µL).  To increase the protein yields from biofilm and filamentous cells, alterations to 

protocol were made to centrifugation and lysis steps.  In the extraction protocol for yeast 

morphologies, cells were harvested by centrifugation at 1811xg at 4°C for 5 minutes.  

However, this protocol insufficiently pelleted the less dense filamentous cells, requiring 

adjustments to extend the time to a 10-minute centrifugation period.  Yeast and hyphal 

morphologies differ in cellular structure.  Hyphae contain approximately 3-5x more chitin in 

comparison to yeast, and cell wall proteins in hyphae contain less phosphodiester acid-labile, 

β-1,2 manno-oligosaccharides (Nather & Munro, 2008; Shibata et al., 2007).  To improve 

lysis of hyphal cell walls, cells were homogenised via an altered bead beating cycle (60 

seconds beating, 60 second pause on ice, 60 seconds beating followed by a second 60 
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second ice incubation; repeated 4x).  Modified extractions for biofilm and filamentous cell 

morphologies yielded global protein concentrations between 3-9 µg/µL. 

For subsequent protein lysates from hyphal morphologies, the standard Y-PER™ Yeast 

Protein Extraction protocol was used (Thermo Scientific).  Similar to the issues seen for 

extraction from yeast morphologies with this protocol, protein yields were low (i.e. <1-2 

µg/µL), and modification of agitation speeds and incubation times failed to increase lysate 

concentration. 

2.3.2 Initial Western blotting optimisation reveals inconsistent Cns1 and Cpr7 

detection 

As little is known about Hsp90 cochaperone protein expression in C. albicans, numerous 

optimisations for protein detection via western blotting in global whole-cell lysates were 

required for Hsp90 and all cochaperones studied.  Initial conditions used for early 

optimisation were mid-logarithmic growth cultures (L) as a potential expression baseline as 

well as stationary cultures (S), for the expected lower threshold of global gene expression, 

thus establishing a suitable lysate protein amount for protein detection.   

To optimize for detection of Hsp90, total whole-cell protein lysates of 1µg, 2.5µg, and 5µg 

from both stationary and mid-log cultures were separated via 10% SDS-PAGE gel and probed 

with rabbit polyclonal α-CaHsp90 antibody.  Detection of two distinct bands (~85-90 and 

~70-75 kDa) were observed in all protein lysates, with bands from 2.5µg and 5µg the most 

Figure 2.3 Optimisation of Hsp90 detection.  Cultures of C. albicans SN95 strain grown under stationary (S) and 
mid-logarithmic (L) growth conditions were probed for detection of Hsp90 in total protein lysates ranging from 
1µg to 5µg using a non-commercial rabbit polyclonal α-CaHsp90 antibody.  Double Hsp90 bands (~85-90 and 
~70-75 kDa) were detected from 1µg (A), 2.5µg (B), and 5µg (C) global protein lysate under (S) and (L) growth 
conditions.  Membranes were stained with Ponceau S prior to washing and blocking, although protein amounts 
were below visible threshold for detection of protein transfer on Ponceau S stained membranes, as shown in 
Supplemental Figure S9. 
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readily detectable in stationary (S) lysates (Figure 2.3).  These initial blots did not show a 

consistent step-wise increase of band intensity in 1µg and 2µg (L) lysates as would be 

expected.  Unfortunately, no loading controls were used to qualify the protein amounts 

loaded.  Ponceau S staining was used to ensure adequate transfer, but these stains were 

uninformative due to the protein amounts being below visible threshold for detection 

(Supplemental Figure S9).  Thus, this discrepancy in band intensity could be due to 

miscalculation of lysate amount or errors in loading of small volumes.  Since, two clear bands 

were readily detected in stationary lysates, which represented the expected lower threshold 

of global gene expression for Hsp90 detection, and literature that employed the α-CaHsp90 

antibody in Western blotting used 2.5µg of protein lysates (Burt et al., 2003; Cowen et al., 

2009; Shapiro et al., 2009; Singh et al., 2009), this amount was used for subsequent Hsp90 

detection. 

The α-CaHsp90 antibody used for these optimisations is Candida-specific and not 

commercially available.  Created and gifted by the Cowen lab (University of Toronto, CA), 

this antibody was raised against a synthetic peptide corresponding to the C-terminal 15 

amino acids of C. albicans Hsp90 coupled to keyhole limpet hemocyanin using the protocol 

described by Burt et al.   The double bands detected during the optimisations from this study 

are comparable to those shown in the Burt et al. study.  Although the monomer weight of   

C. albicans Hsp90 is reported as 80.8 kDa, detection of Hsp90 from Candida-cell lysates using 

the α-CaHsp90 antibody produces two distinct Hsp90 monomer bands at 82 and 72 kDa 

(Burt et al., 2003).   

Global protein lysates for TAP-tagged cochaperone strains (Sba1-TAP, Cdc37-TAP, Aha1-TAP; 

50µg) were separated via SDS-PAGE along with SN95 negative control (50µg) and Ckb1-TAP 

positive control (50µg; previously extracted protein from internal collection), then probed 

using α-TAP antibody (Figure 2.4).  Although banding for positive control Ckb1-TAP was not 

observed at the expected size of ~55kDa, TAP was detected in 50µg global lysate of strains 

Sba1-TAP (~45kDa) and Cdc37-TAP (~80kDa) for both conditions (Figure 2.4A,C).  Detection 

of positive Ckb1-TAP control was problematic again in a companion SDS-PAGE containing 

global lysates of strains Sti1-TAP, Cpr6-TAP, Cpr7-TAP, and Cns1-TAP (50µg; Figure 2.4B).  

Detection of banding for Cpr7-TAP (~64kDa), and Cns1-TAP (~66kDa) was not observed in 
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either mid-logarithmic or stationary culture conditions, and was only faintly visible in the 

mid-logarithmic Cpr6-TAP lane (~62kDa; Figure 2.4B,C).   

Since the initial blots showed only faint banding under one condition for Cdc37-TAP and Sti1-

TAP was not detected, these cochaperones were once again examined in 50µg and 100µg 

global lysates.  Sba1-TAP was also selected to verify consistent detection at 50µg.  Lysates 

(50µg and 100µg) of Sba1-TAP, Cdc37-TAP, and Sti1-TAP were loaded alongside SN95 

negative control (50µg) and Ckb1-TAP positive control (50µg) from mid-logarithmic growth 

cultures.  Detection of single bands of expected molecular weight were visualized at all 

loaded amounts (Figure 2.5A) and protein transfer was verified with ponceau S stain (Figure 

2.5B).   Several bands had a greater molecular weight than expected and were progressively 

shifted upward across the gel.  Optimisation of Sba1-TAP loading revealed a troubling 

Figure 2.4 Preliminary detection of TAP-tagged cochaperones in stationary and mid-logarithmic 
growth conditions.  Western blot membranes for initial optimisations loaded with 50µg total lysate 
extracted from strains grown under stationary (S) and mid-logarithmic (L) growth conditions were 
probed for detection of TAP using enhanced chemiluminescence.  A.  Two negative control lanes of 
global lysate extracted from parental strain SN95, followed by two lanes each of Sba1-TAP, Cdc37-TAP, 
and Aha1-TAP along with one lane containing positive control Ckb1-TAP are shown.  Sba1-TAP (~45kDa) 
and Cdc37-TAP (~80kDa) were detected at under both (S) and (L) growth conditions. Detection of 
positive control Ckb1-TAP was not observed.   B.  Two lanes each of Sti1-TAP, Cpr6-TAP, Cpr7-TAP, and 
Cns1-TAP along with one lane containing positive control Ckb1-TAP are shown. A single faint band for 
Cpr6-TAP (~62kDa) was observed for (L) growth conditions.  Detection of positive control Ckb1-TAP was 
not observed.   C.  Expected weights of cochaperones proteins with TAP-tags are shown along with 
Ckb1-TAP control.  The TAP-tag protein added 21kDa to the expected weight for each of the 
cochaperone proteins. 
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comparable intensity in the bands of the 50µg and 100µg lysates, especially as the Ponceau S 

stained membrane reflected a larger amount of protein loaded in the 100µg lane. 

 

To optimize loading for Cpr6-TAP, Cpr7-TAP, Aha1-TAP, and Cns1-TAP, whole-cell lysate 

preparations of 50µg, 100µg, and/or 150µg from two independent stationary and mid-log 

growth biological replicates were loaded alongside Ckb1-TAP positive control (50µg).  

Detection of single bands of expected molecular weight were visualized for Cpr6-TAP at 50µg 

in two separate blots (Figure 2.6A, C).  Detection of Aha1-TAP was observed at 150µg (Figure 

2.6C) for both growth conditions, but not at 100µg (Figure 2.6A).  Inconsistent detection of 

Cns1-TAP from mid-logarithmic cultures was observed, with presence at 100µg in Figure 

2.6A, but was undetected in higher lysate amounts (150µg; Figure 2.6C).  No banding of 

Cpr7-TAP was observed regardless of global lysate loaded despite verification of protein 

transfer via ponceau S staining (Figure 2.6B, D).  However, comparison of transfer efficiency 

(Figure 2.6B, D) could indicate potential issues with adequate protein band transfer leading 

to inconsistent detection in these optimisation gels.   

 

 

Figure 2.5 Optimisation of Sba1-TAP, Cdc37-TAP, 
and Sti1-TAP detection.  Western blot 
membranes for Sba1-TAP, Cdc37-TAP, and Sti1-
TAP optimisations loaded with 50µg and 100µg 
total lysate extracted from strains grown under 
mid-logarithmic growth conditions were probed 
for detection of TAP using enhanced 
chemiluminescence.  A.  One negative control 
lane of global lysate extracted from parental 
strain SN95 (50µg), followed by lanes containing 
50µg and 100µg of Sba1-TAP, Cdc37-TAP, and 
Aha1-TAP at along with one lane containing 
positive control Ckb1-TAP (~55kDa ;50µg) are 
shown.  Sba1-TAP (~45kDa), Cdc37-TAP (~80kDa), 
and Sti1-TAP (~87kDa) were detected in both 
50µg and 100µg lysates. Detection of positive 
control Ckb1-TAP (~55kDa) was observed.  
Several bands were higher than expected.   

 
B.  Ponceau S staining was used prior to antibody incubation to ensure even transfer of protein.  Uneven total 
protein was observed in lanes loaded with the same amounts of lysate. 
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Repeats of optimisation for Cpr6-TAP, Cpr7-TAP, Aha1-TAP, and Cns1-TAP using samples 

from biological replicates revealed detection of Cpr7-TAP (~64kDa) in 100µg mid-logarithmic 

and stationary growth global lysates (Figure 2.7A, C) but not at 150µg (Figure 2.7E).  

However, Ponceau S staining showed uneven transfer for these lanes in Figure 2.7D, F.  

Cns1-TAP was not observed in any of the repeat blots.  Detection of Cpr6-TAP was observed 

in all blots under both growth conditions but was approximately 10kDa larger than expected 

(~62kDa).     

Figure 2.6 Optimisation of Aha1-TAP and Cpr6-TAP detection reveals inconsistent Cns1-TAP detection.  
Western blot membranes for Cpr6-TAP, Cpr7-TAP, Aha1-TAP and Cns1-TAP optimisations loaded with 50µg, 
100µg, or 150µg total lysate extracted from from two independent stationary (S) and mid-logarithmic (L) 
growth biological replicates were probed for detection of TAP using enhanced chemiluminescence.  A.  Two 
lanes each containing Cpr6-TAP (50µg), Cpr7-TAP (100µg), Aha1-TAP (100µg), and Cns1-TAP (100µg) total 
global protein lysates are shown.  Cpr6-TAP (~62kDa) was detected under both (S) and (L) growth 
conditions.  Cns1-TAP (~66kDa) was detected under (L) growth conditions.  Neither Cpr7-TAP (~64kDa) nor 
Aha1-TAP (~60kDa) were detected.  Black lines represent the expected region of detection for Cpr7-TAP and 
Cns1-TAP.  B.  Ponceau S staining to ensure even protein transfer is shown for Blot A.  Slight differences 
were observed in the lanes with higher amounts of loaded lysate for Cpr7-TAP, Aha1-TAP, and Cns1-TAP and 
for the lower amounts loaded for Cpr6-TAP.  C.  In a biological replicate, two lanes each containing Cpr6-TAP 
(50µg), Cpr7-TAP (150µg), Aha1-TAP (150µg), and Cns1-TAP (150µg) total global protein lysates are shown.  
Cpr6-TAP (~62kDa) and Aha1-TAP (~60kDa) were detected under both (S) and (L) growth conditions, though 
banding was higher than expected.  Detection of Cpr7-TAP (~64kDa) and Cns1-TAP (~66kDa) was not 
observed.  Black lines represent the expected region of detection for Cpr7-TAP and Cns1-TAP.  D.  Ponceau S 
staining to ensure even protein transfer is shown for Blot C.  All lanes were comparable in the higher 
amounts of loaded lysate for Cpr7-TAP, Aha1-TAP, and Cns1-TAP and for the lower amounts loaded for 
Cpr6-TAP. 
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Figure 2.7 Inconsistent detection of Cpr7-TAP and absence of detection of Cns1-TAP in stationary and mid-
logarithmic growth conditions.  Western blot membranes for Cpr6-TAP, Cpr7-TAP, Aha1-TAP and Cns1-TAP 
optimisations loaded with 50µg, 100µg, or 150µg total lysate extracted from from three independent 
stationary (S) and mid-logarithmic (L) growth biological replicates were probed for detection of TAP using 
enhanced chemiluminescence.  A.  Two lanes each containing Cpr6-TAP (50µg), Cpr7-TAP (100µg), Aha1-TAP 
(100µg), and Cns1-TAP (100µg) total global protein lysates are shown.  Cpr6-TAP (~62kDa) and Aha1-TAP 
(~60kDa) were detected under both (S) and (L) growth conditions, though banding was higher than expected 
for Cpr6-TAP.  Cpr7-TAP (~64Da) was detected with a faint band in (L) growth lysate.  Detection of Cns1-TAP 
(~66kDa) was not observed. Black lines represent the expected region of detection for Cpr7-TAP and Cns1-TAP.  
B.  Ponceau S staining to ensure even protein transfer is shown for Blot A.  Differences in total protein were 
observed for lanes containing Cpr7-TAP, Aha1-TAP, and Cns1-TAP.   C.  In a biological replicate, two lanes each 
containing Cpr6-TAP (50µg), Cpr7-TAP (100µg), Aha1-TAP (150µg), and Cns1-TAP (100µg) total global protein 
lysates are shown.  Cpr6-TAP (~62kDa) and Aha1-TAP (~60kDa) were detected under both (S) and (L) growth 
conditions, though banding was sloped, and weights were not in range as compared to expected sizes.  Cpr7-
TAP (~64Da) was detected in both (S) and (L) growth lysates.  Detection of Cns1-TAP (~66kDa) was not 
observed.  Black lines represent the expected region of detection for Cpr7-TAP and Cns1-TAP.  D.  Ponceau S 
staining to ensure even protein transfer is shown for Blot C.  Differences in total protein were observed for 
lanes containing Cpr7-TAP, Aha1-TAP, and Cns1-TAP.  E.  In a biological replicate, two lanes each containing 
Cpr6-TAP (50µg), Cpr7-TAP (150µg), Aha1-TAP (150µg), and Cns1-TAP (150µg) total global protein lysates are 
shown.  Cpr6-TAP (~62kDa) and Aha1-TAP (~60kDa) were detected under both (S) and (L) growth conditions.  
Bands were higher than expected and the Aha1-TAP band was faint in the (L) growth lysate.  Detection of 
Cpr7-TAP (~64kDa) and Cns1-TAP (~66kDa) was not observed.  Black lines represent the expected region of 
detection for Cpr7-TAP and Cns1-TAP.  F.  Ponceau S staining to ensure even protein transfer is shown for Blot 
E.  All lanes loaded with higher amounts of lysate were comparable to the Cpr6-TAP lanes loaded with 50µg 
with exception of Cpr7-TAP-S, which showed decreased total protein. 
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One troubling issue with these initial optimisations was a discernible similarity of band 

intensity shown in Figure 2.5 for Sba1-TAP at 50µg and 100µg.  Since the Ponceau S staining 

of transfer shows a difference in intensity between the two total lysates, thus suggests the 

similarity of banding intensities is not due to loading or transfer.  The similarity of band 

intensity shown for Sba1-TAP could could be due to the presence of the TAP-tag causing 

interference with primary antibody binding or even with protein expression itself.  Potential 

issues with the TAP-tag could also possibly explain issues where protein bands were higher 

in molecular weight than calculated sizes (i.e. Cpr6-TAP) as seen in Figures 2.5-2.7.  Since 

Hsp90 and its cochaperones require physical binding through domain interactions, it is 

possible that addition of a protein fusion tag to any of the cochaperones could result in 

inhibition of interactions with other proteins or decreased functionality.  Large-size fusion 

tags can decrease protein expression, negatively alter functional interactions through 

restriction of native domains, and hinder protein complex formations (Xu et al., 2010; Young 

et al., 2012).  Though the TAP-tag was employed in this study to overcome the challenge of a 

lack of commercially available antibodies for the cochaperone proteins, it presents another 

challenge via endogenous proteins competing with the tagged-protein in protein complex 

assemblies (Xu et al., 2010).  Given that the principles of Western blot quantification are 

based upon band intensity, these issues could call into question the validity of protein 

expression data obtained from TAP-tagged strains.   

One potential way to address the validity of data when the TAP-tag is used as a proxy for 

protein detection in this study is to epitope tag the native cochaperone alleles in the TAP-

tagged strains with a much smaller tag, such as haemagglutinin (HA) or MYC.  The HA- and 

MYC-tags (1.1 and 1.3 kDa, respectively) are well known epitope tags that have been used to 

tag proteins in several cell types for various applications, including Western blotting 

(Brizzard, 2008; Jarvik & Telmer, 1998).  Their smaller size is less likely to interfere with 

protein function, as compared to an affinity tag, such as TAP (Kimple et al., 2013).  

Additionally, transformation cassettes for protein tagging by PCR-mediated homologous 

recombination with HA and MYC tags have been developed for use in C. albicans (Lavoie et 

al., 2008).  If C. albicans strains were genetically manipulated to have one cochaperone-of-

interest allele tagged with TAP and the other allele tagged with HA or MYC, then lysates 

from this strain could be probed for the presence of both tags with Western blotting.  Band 
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intensities from the two would then be quantified and compared, any discrepancies 

observed should reveal any potential cochaperone-protein-complex interference from the 

larger tag. 

The purpose of these optimisations was to determine a suitable Western blot loading of 

global whole-cell protein lysates for each cochaperone-TAP strain permitting detection 

under each of the studied conditions with minimal variation between loading amounts.  

Although consistent detection of two cochaperones was not achieved over a large range of 

global lysates (i.e. Cpr7-TAP or Cns1-TAP), five Hsp90 cochaperone loading amounts were 

optimised as shown in Table 2.4.    

Table 2.4 Western blot loading amounts used in this study.  Optimised global protein lysate loading amounts 
for detection of TAP-tagged cochaperone proteins from C. albicans epitope-tagged strains are shown below in 
micrograms. 

Cochaperone Aha1-TAP Cdc37-TAP Cpr6-TAP Sba1-TAP STI1-TAP 

Optimized loading amount (µg) 150 50 50 50 50 

 

Potential explanations for the inconsistent detection of Cns1-TAP and Cpr7-TAP in stationary 

and mid-logarithmic culture conditions could be either TAP-tag interference, miscalculation 

of global concentrations in loading, or even in vivo protein stability.  Metabolic stability can 

be predicted through protein database tools via analysis of various physiochemical 

parameters for a given primary sequence.  Once such parameter, the instability index, is 

significantly correlated with presence or absence of specific dipeptides in protein primary 

sequence and can be indexed based on instability weight values for each dipeptide 

(Guruprasad et al., 1990).  A predictor of in vitro stability, a protein whose instability index is 

less than 40 is noted as ‘stable’, whilst predicted values above 40 indicate likely instability 

(Guruprasad et al., 1990).  Another parameter for predicting stability, the aliphatic index, is 

based on the sum of aliphatic side chains (i.e. alanine, valine, isoleucine, and leucine) 

occupying a relative protein volume, positively correlated with protein thermostability(Ikai, 

1980).  Aliphatic indices are reported to range from 85-100 for thermophilic enzymes and 

63-95 for essential mesophilic enzymes (Ikai, 1980).  Thus, for Hsp90 and the seven studied 

cochaperones, both instability and aliphatic indices (Table 2.5) were calculated using 

ProtParam through the ExPasy server: SIB bioinformatics resource portal (Gasteiger et al., 
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2003) along with values for C. albicans Cln3, a noted unstable protein activator (Cross & 

Blake, 1993) for comparison.   

Table 2.5 Instability and aliphatic indices of Hsp90 cochaperone proteins.  Selected features of C. albicans 
Hsp90 and seven cochaperone proteins are shown, including sequence length and molecular weight.  Instability 
and aliphatic indices were calculated from amino acid sequences using ProtParam through the ExPasy server: 
SIB bioinformatics resource portal (Gasteiger et al., 2003).  Values for C. albicans unstable protein activator 
Cln3 were calculated for comparison. 

Protein 
Sequence Length 

(amino acids) 
Molecular weight 

(daltons) 
Instability Index Aliphatic Index 

Hsp90 707 80823.42 43.28 (unstable) 78.25 

Sba1 221 23870.98 42.38 (unstable) 66.02 

Cdc37 508 58563.64 53.77 (unstable) 79.22 

Sti1 589 65949.90 32.30 (stable) 61.37 

Aha1 390 45167.73 29.85 (stable) 82.84 

Cpr6 374 42592.29 28.91 (stable) 74.10 

Cpr7 369 40740.08 27.19 (stable) 74.59 

Cns1 346 38710.82 56.65 (unstable) 79.37 

Cln3 465 53177.35 44.02 (unstable) 91.59 

 

The instability index for Cns1, 56.65, indicated potential instability, and was the highest 

index value calculated for the studied protein set.  However, the instability index for Cns1 

was not greatly different than that for Cdc37 (53.77), which was readily detectable in all 

conditions tested.  Aliphatic indices were also similar for Cns1 and Cdc37 (79.37 and 79.22, 

respectively).  Contrastingly, the instability index for Cpr7 (27.19) predicted a stable protein, 

with similar values to Cpr6 (28.91), and had the greatest predicted stability of the proteins 

analysed.  Evaluation of aliphatic index for both Cns1 and Cpr7 indicates values within range 

for mesophilic proteins, with no obvious differences between these and other cochaperone 

values.  Thus, metabolic instabilities of Cns1 and Cpr7 are unlikely to have contributed to the 

issues with consistent detection seen in optimisation experiments but is possible. 

Alternatively, binding-site competition relating to functional differences of cochaperone 

homologues could contribute to the inconsistent detection of Cpr7-TAP and Cns1-TAP.  At 

least six S. cerevisiae Hsp90 cochaperones contain multiple tetratricopeptide repeats (TPR):  

Cpr6, Cpr7, Cns1, Ppt1, Sti1, and Tah1 (Owens-Grillo et al., 1995; Wandinger et al., 2008), a 

series of highly degenerate repeats that competitively bind to the Hsp90 and/or Hsp70 C-

terminal conserved -EEVD sequence to promote cycle functionality and ordering of Hsp90-

Hsp70-cochaperone complexes (D'Andrea & Regan, 2003; Owens-Grillo et al., 1995; 
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Scheufler et al., 2000).  This conserved -EEVD sequence has been shown to exhibit great 

binding affinity for TPR-containing cochaperones, with preferential binding specificity of 

individual TPRs controlled by hydrophobic interactions that occur upstream the -EEVD motif 

(Scheufler et al., 2000).  This concerted regulation of binding affinities in the Hsp90-Hsp70-

cochaperone complex is complicated by the differing functions of each cochaperone upon 

the complex, such as effecting conformational changes or mediating ATP hydrolysis, even 

between the cochaperone homologues (Panaretou et al., 2002; Prodromou et al., 1999; 

Siligardi et al., 2004).  In these experiments, C. albicans TRP-containing cochaperones Cpr6 

and Sti1 were detectable at 50µg global lysate in all conditions, whereas their homologues 

(Cpr7 and Cns1, respectively) were only intermittently detected, even at high lysate amounts 

(Figures 2.6-7 and Supplemental S8).  Thus, it is possible that this inconsistent expression is 

simply representative of the highly complex regulation seen between Hsp90-Hsp70 and TPR-

cochaperones in response to either morphogenesis or cellular stresses. However, since Cpr7 

and Cns1 were not consistently detectable in all studied conditions, experiments proceeded 

with only cochaperones Sba1, Sti1, Cdc37, Aha1, and Cpr6.   

2.3.3 Issues with Hsp90 antibody complicate quantifiable protein detection   

To optimize for detection of Hsp90 using rabbit polyclonal α-Hsp90 antibody (Stratech, 

510411-USB; 1:10000), global whole-cell protein lysates of 2.5µg, 5µg, and 10µg from mid-

log cultures were separated via 10% SDS-PAGE.  After probing for Hsp90, membranes were 

stripped and reprobed with loading control antibodies directed against PSTAIR (Figure 2.8).  

PSTAIR bands show step-wise increase in loading, which was not observed in Hsp90 band 

intensity.  To evaluate fold changes, first Hsp90 band intensities were normalised to 

background and then fold changes in relative protein were calculated using the standard 

formula B/A-A.  When loading amount doubled from 2.5µg to 5µg and 5µg to 10µg, the fold 

changes were 6.919 and 0.452, respectively.  When PSTAIR band intensity was normalised, 

and fold changes were calculated as above, a 2-fold increase as a factor of loading amount 

was revealed. 

The lack of 2-fold increase in intensity for Hsp90 bands is concerning as the loading control 

intensity does reflect the increase of loaded lysate, which could indicate potential issues 
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with the α-Hsp90 antibody.  In initial western blots and those discussed in Chapter 5, a 

different polyclonal antibody directed against Candida Hsp90 was used (i.e. rabbit polyclonal 

α-CaHsp90).  This antibody is not available commercially and could not be obtained for 

subsequent Western blot experiments.  The antibody used in Figure 2.8 was the 

commercially available rabbit polyclonal α-Hsp90 antibody (Stratech), which was raised 

against mammalian Hsp90α, class A member 1 protein and there is no information on which 

Hsp90 epitopes were used in its creation.  This antibody, like many commercially available 

antibodies against Hsp90, are mammalian in origin which can be problematic in yeast 

research.  Mammalian Hsp90α shares approximately 60% amino acid identity with CaHsp90 

(UniProt Consortium, 2019).  Therefore, it is possibility that this primary antibody has a low-

specificity for CaHsp90.  Although the Stratech product information for α-Hsp90 antibody 

does state it has species reactivity to yeast, the term “yeast” in immunological products 

usually refers to S. cerevisiae.  ScHsp90 has a greater amino acid sequence identity with 

CaHsp90 compared to mammalian Hsp90, approximately 83% (UniProt Consortium, 2019).  

However, this 17% difference could impact the antibody-binding interaction needed for 

quantitative band intensity measurements used in Western blotting.  Unfortunately, this 

experiment with a dilution series of lysates was unable to be repeated to examine 

alternative possibilities impacting Hsp90 detection.  Future work would test common 

variables impacting signal intensity such as insufficient-blocking of non-specific binding, 

Figure 2.8 Hsp90 dilution series does 
not show consistent Hsp90 expression 
fold changes. Western blot membranes 
for Hsp90 optimisation  using 
commercially available rabbit 
polyclonal α-Hsp90 antibody (Stratech, 
510411-USB; 1:10000) are shown   
Cultures of C. albicans SN95 strain 
grown under yeast mid-logarithmic 
growth conditions were probed for 
detection of Hsp90 in total protein 
lysates ranging from 2.5µg to 10µg 
using enhanced chemiluminescence.   

Membranes were stripped and reprobed with loading control antibodies directed against PSTAIR.  
Hsp90 was detected in 2.5µg, 5µg, and 10µg total protein lysates.  Hsp90 and PSTAIR band intensities 
were normalised to background and fold changes in relative protein were calculated using the formula 
B/A-A.  Relative expression for Hsp90 does not show consistent fold changes as a factor of loading 
amount, from 6.919 to 0.452.  Signal intensity of PSTAIR bands is reflective of 2-fold increase in loading, 
with 1.105 from 2.5µg to 5µg and 1.075 from 5µg to 10µg. 
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decreasing the primary concentration to slow target binding, incubation overnight at 4°C to 

offset any reduction in signal, or checking for cross-reactivity between the blocking agent 

and primary (Taylor et al., 2013). 

2.3.4 Detection of Hsp90 and TAP-tagged cochaperone proteins    

In initial western blot optimisations, several potential issues with the TAP-tag were observed 

in blots from Figures 2.4-2.7, including similarity of band intensities when lysate amount was 

doubled, and cochaperone protein bands higher in molecular weight than calculated sizes.  

To examine the discrepancy between loading amount and band intensities, a dilution series 

of TAP-tagged protein lysates from strains Cdc37-TAP and Sba1-TAP grown under mid-

logarithmic growth conditions were loaded to evaluate the accuracy of quantification (Figure 

2.9).  Lysates from Cdc37-TAP (3.125µg to 100µg) and from Sba1-TAP (5µg to 48.5µg) were 

probed for the presence of the TAP-tag using α-TAP antibody.  After probing for the TAP-tag, 

membranes were stripped and reprobed with loading control antibodies directed against 

PSTAIR.  Bands for Cdc37-TAP were observed in all lysates with exception of 3.125µg, which 

may be below the detection threshold (Figure 2.9A).  Detection of bands for PSTAIR was 

observed in all lanes though double-banding was observed in the higher lysate amounts, 

potentially due to protein overload.  Bands for Sba1-TAP were observed in all lysates, 

although the 5µg band was very faint (Figure 2.9B).  PSTAIR was detected in 10µg to 48.5µg 

lysates but could not be visualised in 5µg.  Double-banding of PSTAIR was again observed in 

the higher lysates. 

A visual step-wise gradient of band intensity was observed for Cdc37-TAP and Sba1-TAP 

lysates, which was mirrored in their respective loading control blots.  However, when 

cochaperone band intensities were normalised to loading control and transformed into Log2 

values, consistent fold changes when protein loading amounts doubled were not observed 

(Figure 2.9C, D).  Linear regression of Cdc37-TAP showed a poor fit, which was reflected by 

the variation seen in the Log2-fold changes.  Although the data for Sba1-TAP were more 

linear, Log2-fold changes decreased as protein amount increased.  Whilst these data could 

suggest issues with the TAP antibody as discussed previously, issues with both protein-of-

interest and PSTAIR expression were revealed when relative expression of each was 
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individually examined (Table 2.6).  To assess each protein individually, relative expression 

values were calculated from band intensities normalised to blot background.  Fold changes  

Figure 2.9 Loading dilution series with C. albicans Cdc37-TAP and Sba1-TAP lysates do not show 
consistent fold-changes.  Western blot membrane for TAP-tagged protein detection in a dilution series 
using rabbit polyclonal α-TAP antibody is shown.  A.  Cultures of C. albicans strain Cdc37-TAP grown under 
yeast mid-logarithmic growth conditions were probed for detection of the TAP-tag in total protein lysates 
ranging from 3.125µg to 100µg using enhanced chemiluminescence.  Membranes were stripped and 
reprobed with loading control antibodies directed against PSTAIR.  Bands for Cdc37-TAP were detected in 
6.25µg, 12.5µg,25µg, 50µg, and 100µg lysates.  No signal was observed in 3.125µg lysate. Detection of 
PSTAIR was observed in all lysates, though higher lysate amounts resulted in double-banding.  Blot had 
unusual circular artifacts surrounding the bands.  B.  Cultures of C. albicans strain Sba1-TAP grown under 
yeast mid-logarithmic growth conditions were probed for detection of the TAP-tag in total protein lysates 
ranging from 5µg to 48.5µg using enhanced chemiluminescence.  Membranes were stripped and 
reprobed with loading control antibodies directed against PSTAIR.  Bands for Sba1-TAP were detected in 
all lysates with a faint signal observed in 5µg.  Detection of PSTAIR was observed in 10µg to 48.5µg 
lysates.  C.  Simple linear regression plot of Log2 relative protein abundance values for Cdc37-TAP 
normalised to PSTAIR loading control for the bands shown in Blot A.  Slope of the line, R2 value, and 
calculated fold changes (B/A-A) are shown.  Plot shows lack of one-fold increase between loading 
volumes with exception of 12.5µg to 25µg.  Protein fold increases were not consistent as protein loading 
amounts doubled:  0.024, 1.059, 0.649, to 0.522.  D.  Simple linear regression plot of Log2 relative protein 
abundance values for Sba1-TAP normalised to PSTAIR loading control for the bands shown in Blot A.  
Slope of the line, R2 value, and calculated fold changes (B/A-A) for 10µg, 20µg, and 40µg are shown.  
Protein fold changes decreased as protein amount increased: 2.298, 0.711, 0.446, to 0.301.  As protein 
amounts loaded doubled from 10µg to 20µg to 40µg, fold increases were 2.298 and 1.475, respectively. 
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were calculated for each protein lysate doubling.  When protein amounts were doubled, 2-

fold changes were not consistent for Sba1-TAP, Cdc37-TAP, or PSTAIR loading controls.  

Whilst antibody binding issues could be impacting expression of TAP-tagged proteins, issues 

with PSTAIR expression suggest other issues with quantification could be at play.  Fold 

change values for PSTAIR from the Hsp90 dilution series showed 2-fold increases (Figure 

2.8), whereas these data did not.  This suggests presence of double-banding impacted the 

accuracy of band intensity measurements.   

Table 2.6 Dilution series fold changes for Sba1-TAP, Cdc37-TAP, and PSTAIR.  Relative expression values of 
Cdc37-TAP, Sba1-TAP, and PSTAIR were generated from band intensity measurements normalised to 
background.  Fold changes were calculated using the standard formula B/A-A and reported for each doubling in 
loading amount. Cdc37-TAP had greater than 2-fold change in lower lysate volumes, but this decreased in 
higher lysates.  For PSTAIR, fold changes decreased as protein volume increased.  Sba1-TAP showed greater 
than 2-fold change when lysate was doubled, but this was not reflected in the PSTAIR expression. 

Lysate 
Amount 
Loaded 

Cdc37-TAP 
Relative 

Expression 

Calculated Fold 
Change 

PSTAIR Relative 
Expression 

Calculated Fold 
Change 

6.25µg 0.620 -- 6.590 -- 
12.5µg 1.881 2.034 19.516 1.961 
25µg 7.774 3.133 39.166 1.007 
50µg 14.961 0.924 45.699 0.167 

100µg 24.189 0.617 48.532 0.062 
     

Lysate 
Amount 
Loaded 

Sba1-TAP 
Relative 

Expression 

Calculated Fold 
Change 

PSTAIR Relative 
Expression 

Calculated Fold 
Change 

10µg 6.150 -- 8.134 -- 
20µg 14.116 1.295 13.752 0.691 
40µg 40.835 1.893 24.429 0.776 

These data show that the TAP-tag may not be a suitable proxy for cochaperone protein 

quantification and issues with PSTAIR question the question the accuracy of quantified data 

obtained from this loading control.  Unfortunately, this experiment was unable to be 

completed for strains Aha1-TAP, Cpr6-TAP, and Sti1-TAP.  Repetition of loading gradients 

with these strains is critical to validity of protein expression data as each cochaperone 

protein has unique binding interactions with Hsp90 and/or Hsp70 and protein clientele.   

To examine the proteomic landscape of Hsp90 and cochaperone proteins Aha1-TAP, Cdc37-

TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP in two hyphal conditions, lysates from mid-

logarithmic yeast, planktonic filamentous, and biofilm cultures were probed for the presence 

of either Hsp90 or the TAP-tag.  After probing for the proteins-of-interest, membranes were 
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stripped and reprobed with loading control antibodies directed against PSTAIR.  Relative 

protein-of-interest signal intensities were calculated with ImageJ and then normalised to 

signal intensities of their respective PSTAIR loading controls.  These relative expression 

values were then normalised to values obtained from yeast mid-logarithmic growth controls 

and Log2-transformed.  When Log2-transformed Hsp90 relative expression levels were 

examined, differential expression was observed in biofilm and planktonic filamentous 

growth conditions (n = 2, each) compared to yeast control (Figure 2.10C).  Loading control 

band intensity was not consistent across all three samples and double-banding was observed 

in filamentous conditions.  Examination of Hsp90 cochaperone expression revealed 

differential expression of Sti1-TAP in planktonic filamentous and biofilm conditions (n = 2, 

each).  Cochaperones Sba1-TAP (n = 2-3) and Cdc37-TAP (n = 1) had decreased expression 

and Aha1-TAP (n = 2) had increased expression across both conditions compared to yeast 

controls (Figure 2.10C).  Tukey’s multiple comparisons showed no significant differences in 

Hsp90 or cochaperone expression compared to yeast and no difference in protein expression 

between biofilm and filamentous lysates.  However, these data had large variations between 

data points, from 0.5 to 1.5 Log2-fold change, which challenges the validity and 

reproducibility of these data.  Several blots were impacted by issues with transfer bubbles, 

double-banding, smearing, and inconsistency of band intensity in loading controls (Figure 

2.10A, B).  Unfortunately, additional biological replicates and no technical replicates were 

able to be obtained, which could improve the robustness of the data and highlight potential 

issues leading to variability.  No band intensities were able to be obtained for Cpr6-TAP due 

to problems with loading spill over into neighbouring lanes, missing bands for yeast samples 

probed with either α-TAP or α-PSTAIR, or bubbles during transfer that distorted protein 

bands (data not shown). 

Comparative proteomic information on C. albicans in planktonic yeast conditions compared 

to biofilm conditions is scant, and only one study with proteomic information has been 

published for global analysis under planktonic filamentous conditions.  A PubMed 

(pubmed.ncbi.nlm.nih.gov) MeSH search using the terms "Fungal Proteins/analysis" in 

combination with “Candida” revealed a handful of papers that examine global protein 

changes in C. albicans.  Of these papers, few identified Hsp90 in their analysis of the          C. 

albicans proteome in either the main text or supplementary materials, and only one paper  

file:///C:/Users/ap753/Downloads/pubmed.ncbi.nlm.nih.gov


91 
 

 

identified any Hsp90 cochaperones.  Kush et al. examined the C. albicans proteome in 

exponential and stationary growth cultures using two-dimensional gel analysis.  In this study, 

200-500µg of total lysate was separated by two-dimensional gel electrophoresis and spot 

volumes with a relative standard deviation below 35 were examined (Kusch et al., 2008).  

Figure 2.10 Hsp90 and Hsp90 cochaperone expression is not significantly different to yeast 
controls in biofilm and filamentous growth conditions.  Western blot data are shown for Hsp90, 
Sba1-TAP, Cdc37-TAP, Sti1-TAP, and Aha1-TAP loaded with 15.75µg to 21.45µg total lysate extracted 
from strains grown under mid-logarithmic yeast , planktonic filamentous, and biofilm growth 
conditions were probed for detection of either Hsp90 or TAP-tag using enhanced 
chemiluminescence.  Membranes were stripped and reprobed with loading control antibodies 
directed against PSTAIR.   A.  Sample blots for detection of Hsp90 and PSTAIR loading control are 
shown.  Loading control band intensity was not consistent across all three samples and double-
banding was observed in filamentous conditions.  B.  Sample blots for detection of Sba1-TAP, Cdc37-
TAP, Sti1-TAP, and Aha1-TAP along with respective PSTAIR loading controls are shown.  Issues with 
transfer bubbles, double-banding, smearing, and inconsistency of band intensity in loading controls 
are seen in α-TAP and α-PSTAIR blots.  C.  Figure showing Log2 relative protein abundance with SEM 
for Hsp90, Sba1-TAP, Cdc37-TAP, Sti1-TAP, and Aha1-TAP in filamentous and biofilm growth 
conditions normalised to yeast control growth.  In filamentous conditions, Hsp90 (n = 2), Sba1-TAP 
(n = 3), Cdc37-TAP (n = 1), and Sti1-TAP (n = 2) were all decreased in expression compared to yeast 
control whilst Aha1-TAP expression was increased.  In biofilm conditions, Sba1-TAP (n = 2) and 
Cdc37-TAP  (n = 2) expression was decreased whilst Hsp90 (n = 2), Sti1-TAP (n = 2), and Aha1-TAP (n 
= 2) expression was increased compared to yeast control.  Tukey’s multiple comparisons showed no 
significant difference between any protein expression compared to control or between filamentous 
and biofilm conditions. 
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Hsp90 was identified in the list of the 50 most abundant proteins from stationary but not 

exponential yeast cultures, with an average percentage spot volume of 0.472.  Sba1 was the 

only cochaperone identified in the top 50 list, with an average percentage spot volume of 

1.129 in exponential yeast and 0.339 in stationary cultures (Kusch et al., 2008).  This study 

shows downregulation of Sba1 in stationary conditions.  Interesting, Hsp90 expression was 

below the cut-off in exponential but was identified in the stationary conditions and was 

thought to be involved in either alternative carbon source metabolism pathways or cell 

stress responses.  Ebanks et al. also used a two-dimensional gel approach to examine 

proteins isolated from C. albicans yeast and planktonic filamentous cell wall enriched 

fractions.  In this study, 200-400µg of total protein isolated from cell wall fractions was 

separated using two-dimensional gel electrophoresis and spots of interest were analysed 

with liquid chromatography-mass spectrometry (LC-MS) for protein identification.  Hsp90 

was found to be upregulated in hyphal-cell wall fractions and the hyphal-to-yeast cell wall 

ratio was 1.9 (Ebanks et al., 2006).  This study shows a significant increase of Hsp90 found in 

the hyphal wall, but cytoplasmic constituents were excluded from this study.  Hsp90 is 

known to be cell-surface localised and present within the cytoplasm, though the cytoplasmic 

form is induced by heat shock and by 17-β-estradiol (Burt et al., 2003; Urban et al., 2003).  

Thus, the upregulation of Hsp90 under biofilm conditions seen in this thesis could be due to 

total global lysates containing proteins from cell wall digestion.  Diezmann et al. examined 

Hsp90 protein and transcript levels in biofilm and planktonic yeast conditions using 2-20µg 

whole-cell lysates, similar to the methodology of this thesis.  This study found reduced 

Hsp90 protein levels in biofilm cultures compared to yeast expression (Diezmann et al., 

2015).  However, data from this thesis shows no reduction in expression of Hsp90 in biofilm 

lysates compared to yeast control.  This could be due to several factors, including potential 

issues with the specificity of the α-Hsp90 antibody (Figure 2.8), double-banding and 

inconsistency of band intensities in the PSTAIR loading control in blots affecting accurate 

quantification (shown in Figure 2.10A, B and Supplemental Figures S15-16), or too few data 

points to show meaningful expression.   

In this thesis, Western blot experiments were compounded by issues that directly impact the 

robustness of the data, challenging its validity.  Loading concentrations were different than 

optimised (15.75µg to 21.45µg compared to 50µg) and loading amounts were varied 
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between biological replicates.  The decrease in loading amounts between initial optimisation 

and these blots was due to the low yield using the Y-PER™ Yeast Protein Extraction protocol 

limiting the volume of lysate able to be loaded in the gel wells.  Another issue with loading 

observed in these blots was protein spill over into neighbouring lanes, seen in the uncut 

blots in Supplemental Figure S16.  As no ladder was shown on the blots, it was difficult to 

discern band sizes and gel orientation, which complicated analysis.  Double-banding of the 

PSTAIR loading control was observed in several blots (Figures 2.9-10 and Supplemental 

Figures S15-16).  Both the spill over and double-banding issues impacted quantification and 

decreased the accuracy of band intensity measurements using ImageJ.  Other issues that 

impacted data robustness was too few data points were able to be obtained due to issues 

from restrictions.  Extenuating circumstances lead to restrictions on equipment usage and an 

inability to obtain certain items for research, including immunological products such as the 

polyclonal α-TAP antibody.  Due to these limitations, a mouse α-TAP monoclonal antibody 

(Thermo Fisher, MA1-108) was employed as a primary antibody for detection of the TAP-

tagged cochaperones.  Unfortunately, the monoclonal antibody failed to detect TAP in 

numerous blots despite attempts to troubleshoot the detection issues.  Eventually, the 

polyclonal α-TAP antibody was able to be obtained, which left very little time to perform the 

Western blots and troubleshoot issues seen in these experiments.  These limitations also 

resulted in a failure to obtain technical replicates which would highlight independent 

measurements of the noise associated with variations in lysate loading, blot stripping for 

loading control detection, and variability between the data points.  Technical replicates 

would also serve to validate the data obtained during these blots. 

One potential explanation for the double-banding in loading control blots is the detection of 

a conserved motif.  The anti-PSTAIR antibody is specific to a 16 amino acid sequence 

(EGVPSTAIREISLLKE) that is conserved in eukaryotic cyclin dependent kinases, or CDKs 

(Malumbres, 2014).  Thus, it is possible that this antibody is capable of detecting multiple 

CDK proteins within a sample, leading to the detection of more than one band.  The PSTAIR 

loading control was used in a study by Hoose et al. that examined cell-cycle regulators in      

S. cerevisiae (Hoose et al., 2012).  Blot images from Hoose et al. showed multiple bands in 

loading control blots, though the amount of protein loaded was not detailed.  S. cerevisiae 

has at least five CDKs, including Cdc28, Pho85, Kin28, Ssn3, and Ctk1 (Mendenhall & Hodge, 
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1998), which could account for the multiple PSTAIR bands seen in the Hoose et al. blots.  

When the PSTAIR motif amino acid sequence was entered into a protein BLAST search on the 

Candida Genome Database, two proteins were identified: Cdc28 (36.6 kDa) and Pho85 (38.1 

kDa).  Cdc28, also known as Cdk1, is constitutively expressed and is implicated in 

determination of C. albicans morphology (Umeyama et al., 2005).  Less is known about the 

expression of Pho85 (formerly known as ORF 19.3856), which only recently named in the 

most recent C. albicans assembly (Arnaud et al., 2016).  In the blots from this thesis, two 

bands on PSTAIR blots were observed, and only detected in blots where protein amounts 

loaded were approximately 20µg and above (Figures 2.9-10).  Thus, double-banding in higher 

lysate amounts could be due to the detection of both Pho85 and Cdc28, and only Cdc28 in 

the lower lysate amounts.  However, due to the lack of ladder included on many of the blots, 

estimation of PSTAIR weights could not be completed to determine if these align with the 

weights of Pho85 and Cdc28. 

To address experimental issues, extensive reoptimising would need to be performed.  

Technical artifacts due to high antibody concentrations, excessive lysate loaded into the gel, 

and usage of polyclonal antibodies can create issues during Western blotting (Alegria-

Schaffer et al., 2009).  Antibody titration could be used to evaluate potential antibody 

specificity issues, such as those seen for α-Hsp90.  To minimise both double-banding (seen 

for PSTAIR and Cdc37-TAP) and protein spill-over (present in numerous blots), a dilution 

series similar to that for Sba1-TAP and Cdc37 (Figure 2.9) could be used to determine an 

optimal loading amount for detection of both protein-of-interest and loading control.  

However, the variation of band intensities in the PSTAIR loading control blots and the lack of 

2-fold increases in the cochaperone serial dilutions are very concerning.  Selection of a 

different loading control that is both specific to a single protein and constitutively expressed 

without variation across various C. albicans morphologies would be ideal.  One potential 

candidate, the monoclonal anti-Cdk1 antibody (abcam, ab32094), could resolve both double-

banding and variations in intensity seen with anti-PSTAIR.  An alternative approach to 

circumvent these Western blotting issues is to adopt an entirely different methodology to 

detect the cochaperone proteins, such as LC-MS.  Two recent studies have employed a LC-

MS shotgun approach in tandem with CGD and Uniprot databases for reference sequences 

for proteomic analysis of C. albicans (Li et al., 2021; Munusamy et al., 2021). 
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One particular limitation of this study was not addressing the impact of PTM upon either 

Hsp90 or the cochaperone proteins.  In Figures 2.5-2.7, several of the TAP-tagged 

cochaperones were detected with higher molecular weights than predicted.  Rather than 

TAP-tag interference, this discrepancy in molecular weight could be due to PTM of the 

cochaperone proteins (Alegria-Schaffer et al., 2009; Sager et al., 2018).  Proteins often 

require kinase interaction to be bio-active and modification (i.e. phosphorylation) has been 

known to influence molecular weight (Babu et al., 2009; Gavin et al., 2002).  Hsp90 is known 

to undergo many forms of post-translational modification during its functional cycle, 

including phosphorylation, acetylation, S-nitrosylation, SUMOylation, glycosylation, and 

methylation (Cloutier & Coulombe, 2013; Mollapour & Neckers, 2012; Sager et al., 2018).  

Evidence has also shown that Hsp90 cochaperones also undergo post-translational 

modifications to mediate Hsp90-complex interactions and binding of substrates, such as in 

the case of CK2-mediated phosphorylation of Cdc37, Sba1 (p23), Sgt1, and Sti1 (Bandhakavi 

et al., 2003; Kitagawa et al., 1999; Kobayashi et al., 2004; Lassle et al., 1997; Miyata, 2009; 

Miyata & Nishida, 2004; Shao et al., 2003).  Thus, it is possible that the slightly larger 

molecular weights detected in these preliminary screens are reflective of PTMs.  As these 

types of modification are known to account for vast increases in proteome complexity, 

including critical roles in signal transduction, protein stability and turnover, protein-protein 

interactions, and spatial localisation (Marko-Varga & Fehniger, 2004; Seo & Lee, 2004), it 

would be prudent to elucidate these processes for the Hsp90-cochaperone system within                

C. albicans. 

2.4 Conclusion 

This chapter aimed to gain further understanding of protein expression of Hsp90 and seven 

of its cochaperones under two different developmental stages and virulence-associated 

phenotypes and to establish a proteomic profile for them.   

Initial Western blotting optimisations revealed inconsistent detection of cochaperones Cns1 

and Cpr7.  Potential explanations for the inconsistent detection of Cns1-TAP and Cpr7-TAP in 

stationary and mid-logarithmic culture conditions could be either TAP-tag interference, 

miscalculation of global concentrations in loading, or even protein stability.  Protein stability 

was examined through calculation of instability and aliphatic indices using the primary 
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sequences for Hsp90 and the cochaperone proteins.  These analyses revealed no meaningful 

prediction of Cns1 and Cpr7 metabolic instabilities, which suggested that protein instability 

was unlikely to have contributed to the issues with consistent detection.   

Initial western blotting also highlighted potential issues with using the TAP-tag as a proxy for 

cochaperone protein detection.  Several discrepancies were observed in blots with detection 

of TAP-tagged proteins, including similarity of band intensities when lysate amount was 

doubled and cochaperone protein bands higher in molecular weight than calculated sizes.  

These issues could be due to the large size of the C-terminal TAP-tag interfering with 

protein-protein binding.  Higher molecular weights of the cochaperone proteins in these 

blots could also be due to unexplored PTM of the cochaperone proteins that increased their 

weights. 

Preliminary Western blot data for Hsp90 and cochaperone proteins showed expression was 

not significantly different to yeast controls in biofilm and filamentous growth conditions.  

Hsp90 and Sti1-TAP had differential expression between biofilm and planktonic filamentous 

conditions, though no significant differences were observed when compared to control yeast 

expression or between filamentous and biofilm cultures.  However, these experiments were 

plagued by issues with antibody specificity, antibody availability, variability of data points, 

double-banding and inconsistency of band intensities in the PSTAIR loading control in blots 

affecting accurate quantification, and too few data points to show meaningful expression.  

Thus, the validity of these data are questionable and require further examination for 

validation.  Despite these issues, these tentative findings are suggestive of trends that 

contribute to understanding regulatory expression of Hsp90 cochaperones during hyphal 

morphogenesis. 
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CHAPTER 3:  TRANSCRIPTION OF HSP90 COCHAPERONES UNDER HYPHAL-

INDUCING CONDITIONS 

3.1 Introduction 

Over the years, C. albicans gene expression studies have revealed intricate temporal-spatial 

gene expression patterns that are regulated by factors such as temperature, morphology, 

nutrient environment, and cell-cycle growth phase (Fox et al., 2015; Garcia-Sanchez et al., 

2004; Murillo et al., 2005; Nett et al., 2009; Yeater et al., 2007).  Several in vitro studies have 

examined the global transcriptional response during Candida biofilm development by 

comparing transcript expression of planktonic yeast form cells to those of biofilm samples at 

various time points, primarily using C. albicans strain SC5314 as a model.  García-Sánchez et 

al. compared gene expression of biofilms and yeast-form cultures under different conditions, 

analysis showed 317 genes expressed only in planktonic yeast cultures and 86 hyphal-

specific genes (Garcia-Sanchez et al., 2004).  Murillo et al. showed transcriptome changes 

occur within 30 minutes of cellular adhesion to a biofilm-substrate with upregulation of 41 

genes in a 6-hour biofilm compared to their expression in planktonic cultures (Murillo et al., 

2005).   

In a study that utilized two clinical isolates (GDH2346, denture stomatitis; M61, catheter-

associated candidiasis) alongside SC5314, Yeater et al. examined phase-dependent gene 

expression changes in three biofilm developmental phases:  early (6-hour), intermediate (12-

hour), and mature (48-hour).  Analysis showed that 191 genes differentially expressed during 

biofilm development phases. Genes upregulated in early biofilms were associated with 

cellular multiplication such as those involved in glycolysis, chromatin assembly, DNA 

synthesis, and stress response, whilst those upregulated in intermediate biofilms were 

associated with extracellular matrix formation and biomass increases.  Mature biofilm gene 

expression showed upregulation of only a few genes, which included GIT1 

(glycerophosphoinositol permease), UGT51C1 (sterol glucoside biosynthesis enzyme), TEC1 

(hyphal-specific transcription factor), ORF 19.7085 (unknown protein induced in core stress 

response), and HSP104 (Yeater et al., 2007).  In the only in vivo study published, Nett et al. 

measured gene expression in a venous catheter biofilm model using SC5314 at 12- and 24-

hour time points compared with log phase planktonic cultures, using oligo arrays.  This study 
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showed 457 genes upregulated in a 12-hour biofilm, compared to 523 upregulated in a 24-

hour biofilm (Nett et al., 2009) and downregulation of 511 genes in 24-hour biofilms 

compared to 88 in the 12-hour timepoint, indicating temporal differences in biofilm gene 

expression.  Fox et al. also showed evidence for temporal expression with 81 genes 

upregulated in 8-hour, 12-hour, and 48-hour biofilms compared to planktonic yeast growth.  

The Fox et al. data, similar to Yeater et al. data, showed a biofilm phase-dependent 

downregulation of genes involved in cellular multiplication, extracellular matrix formation, 

amino acid/pyruvate metabolism, and cell wall synthesis over time (Fox et al., 2015).  These 

studies all highlight the highly concerted transcriptional regulation needed for biofilm 

growth and maturation with differential regulation of phase-dependent genes. 

Though these studies have shaped understanding of biofilm-specific changes in gene 

expression, few studies have examined the global transcriptional response of planktonic 

filamentous growth in C. albicans, most are limited to one laboratory strain, and none have 

investigated HSP90 or its cochaperones specifically.  It is only through bioinformatic analyses 

of C. albicans’ ORFs in datasets and supplementary materials uploaded online that scant 

expression data can be found despite the well-documented role of Hsp90 in governing 

dispersion and drug resistance in biofilms (Robbins et al., 2011).  When Yeater et al. 

supplementary data was matched by ORF for HSP90 and known cochaperones, HSP90 

expression was 2.5-fold higher in the 6-hour biofilm but no different  at 12- and 24-hours 

compared to yeast-form expression (Yeater et al., 2007), and none of the Hsp90 

cochaperones were observed in the expression datasets.   

The aim of this chapter is to examine the transcriptional profile of HSP90 and five of its 

cochaperones (AHA1, CDC37, CPR6, SBA1, STI1) under different developmental stages and 

virulence-associated phenotypes.  Expression will be evaluated in mid-logarithmic growth 

phase planktonic yeast and two hyphal-induced conditions:  mature 48-hour biofilm and 

planktonic filamentous cultures.   
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3.2 Materials and Methods 

3.2.1 Yeast strain and culture conditions  

C. albicans strain SN95 was streaked from a -80°C freezer stock onto Yeast Peptone Dextrose 

(YPD) agar plates and incubated at 30°C for 24-48 hours.   In preparation for experiments, 

yeast overnight cultures were grown from isolated colonies in 10mL YPD broth in 50mL 

Duran glass round-bottom culture tubes (34mm, push cap; 11507413, Fisher Scientific) at 

30°C while shaking at 200 rpm for 16 hours, then switched to the appropriate growth media 

depending on the experimental condition studied.  

For short-term storage, the yeast strain was kept on YPD plates at 4°C.   For long-term 

storage, 750μL of an exponentially growing liquid culture in YPD was mixed with 750μL of 

50% sterile glycerol and stored at -80°C. 

3.2.1.1 Yeast planktonic cultures 

To study metabolically active yeast as a baseline for expression, 10ml overnight cultures of 

SN95 were sub-cultured, adjusting to OD600 0.2 in 50mL of fresh YPD.  Mid-logarithmic 

planktonic yeast cultures were defined by two doublings, grown to OD600 of 0.8 at 30°C while 

shaking at 200 rpm.   

3.2.1.2 Filamentous planktonic cultures 

To induce yeast-to-hyphae transition, single colonies of SN95 taken from YPD plates were 

inoculated in 10mL RPMI 1640 (2% glucose, 2 g/L NaHCO3, 5 mg/L histidine; Fisher Scientific, 

11544506) and cultured at 37°C while shaking at 200 rpm for 16 hrs.  Filamentation was 

defined as cultures exhibiting greater than 95% hyphal morphology, verified via wet-mount 

microscopy. 

3.2.1.3 Culturing of mature two-day biofilms 

For biofilm formation, overnight cultures of SN95 were inoculated in YPD broth (day 1).  

Also, on day 1, 6-well flat tissue culture plates (Sarstedt, 83.392) were primed with 4mL of 

foetal bovine serum (FBS; Fisher Scientific, 11510526) via addition to each well and 

incubated overnight at 37°C.  On day 2, 6-well plates were washed once with 1x PBS and 

filled with 4mL of cultures that were adjusted to an OD600 of 0.5 in RPMI.  Following a 90-

minute adherence-period at 37°C, non-adherent cells were removed by vacuum aspiration.  
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Wells were then refilled with 4mL fresh RPMI, and plates incubated for 48 hours at 37°C.  On 

day 4, mature biofilms were harvested and washed three times with 1x PBS.  

 All cultures were centrifuged at 1811xg at 4°C for 5 minutes, supernatant was removed, and 

pellets washed with 10mL 1xPBS, and re-centrifuged.  The resulting pellets were then snap 

frozen in liquid nitrogen and stored at -80°C.  Cell pellets, along with all reagents and 

supplies, were thawed on ice directly prior to use. 

3.2.2 Primer design and verification 

Primers used in this study were either taken from the internal collection or designed based 

on the C. albicans SC5314 Assembly 19 genome (Skrzypek et al., 2017).  For designed primer 

sets, the web-based primer design software program from Candida Genome Database (CGD) 

was used to identify potential pairs.  Before final selection, potential primer pairs were 

analysed using Primer3web (http://primer3.ut.ee/) and the specificity of each primer was 

rechecked using the National Institute of Health’s Basic Local Alignment Search Tool (NIH-

BLAST; http://www.nlm.nih.gov/BLAST).  Oligonucleotide sequences were analysed using the 

IDT online OligoAnalyzer (https://www.idtdna.com/calc/analyzer) for melting temperature, 

GC-content percentages, and self-complementarity.  Designed oligonucleotide sequences 

consisting of 22 bases were synthesised (Eurofins; Table 3.1).  Expected product sizes were 

calculated using SnapGene Viewer 5.1.5 software (Insightful Science; 

http://www.snapgene.com) and the      C. albicans SC5314 Assembly 19 genome gene 

sequences from CGD. 

To verify primer annealing, genomic C. albicans DNA (30 ng/µL) was used as a PCR template.   

For each reaction 7.5µL 2x PCR master mix (Quantig, PCRM002RD), 7.3µL sterile water, 0.1µL 

100µM forward primer, and 0.1µL 100µM reverse primer were added to each tube along 

with 5µL of diluted gDNA (20ng).  Reactions were loaded into a thermocycler and ran 

according to the following thermal profile:  initial denaturation at 94°C for 5 minutes; 30 

cycles of 94°C for 30 seconds, 53°C for 45 seconds, and 72°C for 60 seconds; followed by 

72°C for 10 minutes.  After amplification, reactions were loaded onto a 1% agarose gel 

diluted with 1x TAE running buffer, 1kb DNA Ladder (Promega, PR-G5711), and SYBR Safe 

10,000x dye (1:10,000; Invitrogen, S33102) with a constant voltage of 120V.   After 

http://primer3.ut.ee/
http://www.nlm.nih.gov/BLAST
https://www.idtdna.com/calc/analyzer
file:///C:/Users/misse/Desktop/Revisions/snapgene.com
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approximately 30 minutes, gel electrophoresis was halted, and gels were imaged for the 

detection of a single DNA band. 

Table 3.4  C. albicans primers used in Chapter 3.  Primers for real time qPCR were designed based on the        C. 
albicans SC5314 Assembly 22 genome and synthesised (from Eurofins), or taken from the internal collection.  
For each given gene, forward and reverse primers of 22 bases are shown with 5’ to 3’ sequence.  Expected PCR 
product sizes (base pairs; bp) were verified with SnapGene software and are given below. 

GENE PRIMER SEQUENCE (5’ TO 3’) 
EXPECTED PCR 

PRODUCT SIZE 
NOTES 

HSP90 
HSP90_+1051F GCTGAAGAGTTGATTCCAGAAT 

207 bp Designed 
HSP90_+1236R GGAGAAAGCAGTGTAGAATTGG 

CDC37 
CDC37_+443F AGACAAAAACCGATGGCGAC 

150 bp Designed 
CDC37_+592R ACCCCGTATGCAAATCATCACT 

SBA1 
SBA1_+479F TTTAGGTGGCACTGGTGGAAG 

299 bp Internal collection 
SBA1_+778R AACAACCACTAATCAAGAAG 

STI1 
STI1_+1474F AGGCAAGAACTAAAGATGTTG 

403 bp Internal collection 
STI1_+1877R TTTGCCTATGTATATGCTAAC 

AHA1 
AHA1_+333F GCCGAAAATTCAGGTATCACA 

179 bp Internal collection 
AHA1_+491R GTGGCAGCAATAGTGGATGAT 

CPR6 
CPR6_+912F AAAACCAAAGCATTATACAG 

313 bp Internal collection 
CPR6_+1225R TTTTCTTCTTCTTCTGATG 

ALG9 
ALG9_+1076F ACCGCGTATTTCAGCTAGGA 

130 bp Designed 
ALG9_+1205R CCCAAGTCCTCTAGTTGGGC 

TAF10 
TAF10_+137F GCCAAACAGCGGAGACAAAG 

201 bp Designed 
TAF10_+338R ATAATCGGTGCAAAGTCGCC 

UBC6 
UBC6_+165F TGGCTTACTCCGATTTCCTCC 

153 bp Designed 
UBC6_+317R GTCAGAACTGACCATGCTGGA 

GPD1 
GPD1_+570F AGTATGTGGAGCTTTACTGGGA 

197 bp Internal collection 
GPD1_+766R CAGAAACACCAGCAACATCTTC 

 

3.2.3 C. albicans RNA extraction and DNA digestion 

Thawed cell pellets of mid-logarithmic, biofilm, and filamentous cultures were lysed with 

600µL RNeasy Buffer RLT (Qiagen, 74106) and briefly vortexed.  Lysates were added to a 2mL 

RNAase free screwcap tube containing an equal volume of acid-washed beads (diameter: 

0.25–0.5 mm) and homogenised via bead beating (30 seconds beating, 60 second ice 

incubation; repeated 4x) using a Precellys tissue homogeniser (Bertin Corporation).  Lysates 
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were transferred to a clean RNAase free 1.5mL Eppendorf tube (Fisher) before 

centrifugation at 19,357xg in a microcentrifuge for two minutes at 20-25°C.  Resulting 

supernatants were transferred to another clean 1.5mL tube prior to addition of an equal 

volume of 70% ethanol (w/v), mixed by pipetting.  Mixed samples were transferred to a 

RNeasy spin column placed in a 2mL collection tube and centrifuged for 15 seconds at 

maximum speed, with flow through discarded.  To ensure extracted RNA was free from DNA 

contamination, DNase digestion steps were performed on RNeasy columns directly.  First, 

column membranes containing samples were washed with 350µL Buffer RW1 and 

centrifuged for 15 seconds at maximum speed, with flow through discarded.  A digestion 

mixture containing 10µL DNase I and 70 µL Buffer RDD was added to each spin column 

membrane (80µL/column).  Spin columns were incubated at RT for 15 minutes prior to the 

addition of 350µL Buffer RW1.  Columns were centrifuged briefly, as above, and flow 

through discarded.  A 500µL volume of Buffer RPE was added to each column, centrifuged 

briefly, discarding the flow through, and repeated twice.  Spin columns were placed in a new 

2mL collection tube and centrifuged for 1 minute at max speed to remove residual flow 

throughs.  For RNA elution, RNeasy columns were placed in new 1.5mL tubes, with 50µL 

RNase-free water pipetted directly onto the membrane prior to 1-minute centrifugation at 

maximum speed.  A 5µL aliquot of eluted RNA was set aside for quantification and analysis, 

with remaining RNA frozen at -80°C. 

3.2.4 RNA quantification and analysis 

Aliquoted 5µL samples of RNA were measured for absorbance at 260 nm to quantify and 

again at 280 nm to estimate sample purity.  All samples were diluted 1:1 in RNase-free 

water, and RNA concentrations were calculated automatically using an Eppendorf 

BioSpectrometer basic.  For visual analysis of extracted RNA and potential DNA 

contamination, 2µL RNA was added to 3µL of RNase-free water and 1 µL 6x loading dye and 

samples were boiled for 5 minutes, then placed on ice for 2 minutes.  Samples were loaded 

onto a 1% (w/v) agarose gel and separated via electrophoresis for RNA visualization.   

To ensure all samples were free from genomic contamination, aliquots from each RNA 

extraction were diluted 1:5 and 1:200 in RNase-free water for PCR verification.  Duplicate 

master-mixes for each RNA extraction were prepared with 7.5µL 2x PCR mastermix (Quantig, 
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PCRM002RD), 7.3µL water, 0.1µL of Hsp90 forward primer (HSP90_+1617F; 

GAAATCAAAGAATACGAACCAT) plus 0.1µL of Hsp90 reverse primer (HSP90_+2861R; 

TATGGTTGAGAAGCACTACAAG; 100µM stock concentration), and 5µL of either 1:5 or 1:200 

diluted RNA.  Samples were run with the thermal program previously described (genotyping 

PCR, 3.2.2) prior to separation via 1% (w/v) gel electrophoresis.  Observation of PCR product 

during gel analysis was indicative of contamination. 

3.2.5 cDNA synthesis from extracted RNA 
 
First-strand cDNA synthesis reactions were prepared in microcentrifuge tubes according to 

Affinityscript qPCR cDNA synthesis kit protocol (Agilent, 600559) by adding in order:  10µL 

first strand 2x mastermix, 3µL random primers (0.1µg/µL), and 1µL AffinityScript RT/RNase 

Block enzyme mixture.  One microgram of total RNA was added to each reaction, along with 

RNase-free water for a 20µL final reaction volume.  Negative controls lacking RT enzyme 

mixture for each RNA sample were included.  Microcentrifuge tubes were briefly spun and 

incubated at 25°C for 5 minutes to allow primer annealing.  Reactions were then incubated 

at 42°C for 15 minutes for cDNA synthesis.  For termination of the synthesis reaction, 

microcentrifuge tubes were incubated at 95°C for 5 minutes.  Completed first-strand 

synthesis reactions were placed on ice for quantification and later moved to -20°C for long-

term storage.  A 1µL cDNA sample from each synthesis reaction was measured for optical 

absorbance at 260/280 nm to automatically calculate DNA concentration as previously 

described. 

3.2.6 Optimisation of quantitative PCR 
 

Amplification efficiencies for primer sets, including housekeeping reference genes ALG9, 

UBC6, and GPD1 (Table 3.1) were assessed using C. albicans cDNA synthesized from mid-

logarithmic planktonic yeast, biofilm, and planktonic filamentous cultures as a template.  

Serial dilutions, from 50 to 0.05 ng/µL of mid-log cDNA in nuclease-free water was used for 

the standard curve.  For experimental reactions, 1µg of cDNAs were diluted 1:300.  All 

reactions were 15µL total volume and were carried out in MicroAMP Fast 96-well reaction 

plates (0.1mL; Fisher, 10670986), sealed using optical adhesive plate covers (Fisher, 

10567414).  For each reaction, 3.6µL of diluted 1:300 cDNA was added to a mastermix 

containing 7.5µL Fast SYBR Green Master Mix (Thermo Fisher, 4385617), 3.84µL nuclease-
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free water, and 0.03µL of each forward and reverse primer (100µM).  Reactions were carried 

out in triplicate and included no-template and RNA only controls.  Plates were pulse 

centrifuged prior to insertion into Agilent AriaMX real-time PCR system and ran according to 

the following thermal profile:  initial denaturation at 94°C for 20 seconds, 40 cycles of 95°C 

for 3 seconds and 60°C for 30 seconds, followed by 95°C for 15 seconds, and a melt-curve 

stage of 60°C for 60 seconds.  

3.2.7 Assessing gene expression via qPCR 

Triplicate qPCRs were performed to assess gene expression of HSP90 and cochaperones 

CDC37, SBA1, STI1, AHA1, and CPR6.  For experimental reactions, 12ng per well of diluted 

cDNA was used for assessment.  

3.2.8 Statistical analysis 

For qPCR analysis, the levels of expression of the target genes were normalised to the 

housekeeping reference gene GPD1 and threshold cycles (CT) were used to calculate the 

double-delta-CT (2-ΔΔCT).  Relative gene expression for HSP90 and cochaperone genes studied 

under biofilm and filamentous conditions were then normalised to mid-logarithmic gene 

expression (Livak & Schmittgen, 2001).  GraphPad Prism 6.01 (GraphPad Software, Inc.) was 

used for production of graphs and statistical analysis.   

3.2.9 Additonal transcriptional analyses 

For transcriptional analyses, NCBI Gene Expression Omnibus (Edgar et al., 2002)  datasets 

GSE61143 (Fox et al., 2015), GSE99902 (Azadmanesh et al., 2017), and GSE137423 (Kuloyo et 

al., 2020) were used.  HSP90, HSP70, and selected cochaperone genes along with 

housekeeping GPD1 and germ tube plasma membrane-specific OPT4 as a positive control for 

filamentous growth were ORF-matched with C. albicans Assembly 19, and differential gene 

expression was determined with web tool GEO2R (Barrett et al., 2013).  Expression values 

were normalised to mid-logarithmic yeast growth (30°C) and reported as Log2 fold changes.  

Statistical significance of Log2-relative fold was determined by student t-test (p = <0.05) via 

the GEO2R limma topTable function.   
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3.3 Results and Discussion 

3.3.1 Primer optimisation and selection of housekeeping gene GPD1 

Primers used in this study were either designed or taken from the internal collection.  The 

primers from the internal collection were selected due to their use in a previous 

comparative analysis study of HSP90 in C. albicans (Diezmann et al., 2015).  As the purpose 

of this chapter was to examine differential transcription of HSP90 and cochaperone genes, 

primer sets were optimised prior to qPCR to ensure equal efficiency of amplification of all 

genes of interest.  Initial optimisation included PCR reactions containing primer pairs along 

with 20ng of C. albicans gDNA (Figure 3.1).  Gel analysis showed single-PCR product sizes 

were approximately 200 bp for HSP90 (207 bp expected), ~150 bp for AHA1 (179 bp 

expected), ~200 for CDC37 (150 bp expected), ~300 bp for CPR6 (313 bp expected) ~300 for 

SBA1 (299 bp expected), 1.25k for STI1 (403 bp expected), ~400 bp for ALG9 (130 bp 

expected), no detection of TAF10 product (201 bp expected), ~175 bp for UBC6 (153 bp 

expected), and ~200 bp for GPD1 (197 bp expected).  Small variations between caluclated 

and observed product size was thought to be due to truncation of gel electrophoresis which 

resulted in a shortened ladder and skewed approximation of band sizes.  Single-PCR 

products were determined to be of the expected size for all primer pairs except 

Figure 3.1 Testing for primer annealing and amplification of SN95 gDNA.  Primer annealing was verified for 
each primer using 20ng C. albicans strain SN95 genomic DNA (30 ng/µL) was used as a PCR template.  Single-
PCR product sizes ran on a 1% agarose gel were approximately 200 bp for HSP90 (207 bp expected), ~150 bp 
for AHA1 (179 bp expected), ~200 for CDC37 (150 bp expected), ~300 bp for CPR6 (313 bp expected) ~300 for 
SBA1 (299 bp expected), 1.25k for STI1 (403 bp expected), ~400 bp for ALG9 (130 bp expected), no detection of 
TAF10 product (201 bp expected), ~175 bp for UBC6 (153 bp expected), and ~200 bp for GPD1 (197 bp 
expected). 
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STI1_+1474F/STI1_+1877R and ALG9_+1076F/ALG9_+1205R, with large product sizes; and 

TAF10_+137F/TAF10_+338R, which had no visible product.  Due to the lack of TAF10 

product, this primer pair was not used in further experiments.  PCR using STI1 and ALG9 

primers was repeated, with no alteration to protocol, which produced products of the 

expected size (data not shown). 

Amplification efficiencies for all primer sets were derived from the slope of the linear 

regression line from plots where DNA copy number was plotted against threshold cycle 

values.  Efficiencies were calculated using the equation:  E = -1+10(-1/slope) and are shown 

below in Table 3.2. 

Table 3.2 Amplification efficiencies for primer sets used for qPCR.  Amplification efficiencies were calculated 
for HSP90, CDC37, SBA1, AHA1, CPR6, and for housekeeping reference genes ALG9, UBC6, and GPD1.  
Calculations were derived from the slope of the linear regression line fitted to plots of DNA copies against 
threshold cycle values.  Shown below for each primer set are standard curve slope, PCR efficiency percentage, 
and the R-squared value. 

Primer set 
Standard curve 

slope 
PCR efficiency (%) R

2
 

HSP90_+1051F 
HSP90_+1236R -2.974 116.9 0.978 

CDC37_+443F 
CDC37_+592R -3.522 92.296 0.985 

SBA1_+479F 
SBA1_+778R -3.899 80.5 0.976 

STI1_+1474F 
STI1_+1877R -3.769 84.211 0.992 

AHA1_+333F 
AHA1_+491R -3.545 91.464 0.997 

CPR6_+912F 
CPR6_+1225R -3.511 92.661 0.898 

ALG9_+1076F 
ALG9_+1205R -4.262 71.65 0.993 

UBC6_+165F 
UBC6_+317R -4.659 63.9222 0.958 

GPD1_+570F 
GPD1_+766R -3.985 78.206 0.971 

 

For qPCR, desired amplification efficiencies range from 90% to 110% (Ruijter et al., 2009).  Of 

the primers used in this study, only three primer sets are in this ideal range:  

CPR6_+912F/CPR6_+1225R, AHA1_+333F/AHA1_+491R, and CDC37_+443F/CDC37_+592R.  
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Primers for SBA1, STI1, GPD1, ALG9, and UBC6 all had low efficiency.  This could be due to 

factors such as poor primer design, non-optimal reagent concentrations, amplicon length, 

annealing issues, or secondary structures such as dimers and hairpin loops (Raso et al., 2011; 

Ruijter et al., 2009).  During primer design, oligo sequences were analysed using the IDT 

online OligoAnalyzer for self-complementarity.  Primers for ALG9 and UBC6 did have 

putative hairpin loops, however these were predicted to resolve at melting temperatures of 

<30oC.  Primers from the internal collection were not analysed using the IDT OligoAnalzyer.   

Amplicon length can impact PCR efficiency.  Ideally, amplicons for qPCR should be 100-150bp 

and not exceed 500bp (Ruijter et al., 2009).  Predicted product sizes (Table 3.1) for the 

primers with low efficiency were between 130bp to 403bp.  These predicted lengths were 

not ideal for most of the primer sets, but none of predicted lengths exceeded the 

recommended maximum of 500bp.  Thus, issues with low efficiency are most likely to be due 

to other factors such as annealing issues, poor primer design, or non-optimal reagent 

concentrations.  The primer set for HSP90 had an efficiency greater than 116%, above the 

desired maximum threshold of 110%.  This could be due to factors such as primer-dimers 

bound to SYBR Green, miscalculation of serial dilutions, or pipetting errors.  Several 

alterations to the qPCR protocol could be examined to address both these factors that could 

create PCR efficiency higher than 100% and the other potential factors causing low 

efficiency.  For instance, the qPCR annealing step could be lengthened by 3 seconds (up to 

30 seconds), annealing temperature could be decreased in 2°C increments, fresh serial 

dilutions could be prepared, or primers could be re-designed (Raso et al., 2011).   

Historical reference genes for transcriptional analysis like glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and even ACT1 that are often used as a yeast internal control are 

not consistently expressed across all conditions (Chapman & Waldenstrom, 2015; Henry et 

al., 2000; Smith & Edlind, 2002).  To ensure the stability of expression of reference genes 

across all growth conditions, a panel of genes were examined based on validation studies 

quantifying stable gene expression in yeast (Teste et al., 2009):  ALG9, TAF10, UBC6, and 

GPD1.  Housekeeping gene threshold cycle values for ALG9, UBC6, and GPD1 were analysed 

via two-way ANOVA in mid-logarithmic yeast, biofilm, and filamentous conditions (Figure 

3.2).  Comparison of GPD1 expression across three growth conditions revealed significant 

difference in expression between biofilm and filamentous cultures (p = 0.0023).  Expression 
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of ALG9 was significantly different across all conditions, demonstrating great variability.  In 

biofilm conditions, ALG9 was significantly increased over yeast (p = 0.0082) and filamentous 

growth (p = <0.0001), with filamentous growth significantly decreased as compared to yeast 

(p = 0.0002).  Expression of UBC6 in filamentous conditions was significantly decreased when 

compared to yeast (p = <0.0001) and biofilm (p = <0.0001).  Although steps to ensure that an 

appropriate housekeeping gene was selected, such as validation of consistent expression for 

the specific experimental setup and the selection of more than one gene for validation, all 

selected genes had variable expression across the study conditions.  Since GPD1 

demonstrated the least deviation of median threshold cycle values of the housekeeping 

genes examined and thus was selected as the housekeeping gene for reference. 

During optimisation, two critical issues were revealed that impact the accuracy and 

robustness of the qPCR data from this study:  undesirable amplification efficiencies of many 

primers, including the GPD1 primers, and variable expression of the GPD1 housekeeping 

gene.  The principles of qPCR are based on the quantitative relationship between the 

amount of target sequence at the beginning compared to the amount of amplified PCR 

Figure 3.2 Comparison of qPCR housekeeping genes.  Threshold cycles for housekeeping genes, GPD1, ALG9, 
and UBC6 are shown for planktonic yeast, biofilm, and filamentous growth conditions used in this study (n = 3, 
each).  Analysis with two-way ANOVA shows significant changes in threshold cycle values between biofilm and 
filamentous conditions (p = 0.0023) for GPD1.  ALG9 values were varied across all three conditions.  Yeast cell 
control values significantly lower compared to biofilm (p= 0.0082) and higher compared to planktonic 
filamentous cell values (p= 0.0002).  Analysis also showed significant difference between biofilm and 
filamentous threshold cycle values as well (p= <0.0001).  For UBC6, filamentous cell values are significantly 
lower as compared to yeast (p= <0.0001) and biofilm (p= <0.0001) threshold values.   
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product at any given cycle in combination with the immediate detection of the products.  

Any number of factors can impact the sensitivity, reproducibility, and specificity of this tool.  

Low PCR efficiency can negatively impact amplification which skews both data analysis and 

the robustness of the results (Raso et al., 2011).  Variation in expression of housekeeping 

genes, like those observed in Figure 3.2, can lead to inaccurate assessment of target gene 

expression (Bustin & Nolan, 2004).  Future work would investigate optimised primers for 

genes, and although variation in expression of GPD1 was observed, this is likely to be an 

issue with all genes.  GPD1 is a widely used reference gene for comparative gene expression 

analyses in many other Candida spp. and CaHSP90 studies (Diezmann et al., 2015; Kim et al., 

2019; Marotta et al., 2013; Shapiro et al., 2012).  

3.3.2 SBA1 transcript is significantly upregulated in biofilm conditions  

Transcriptional expression of HSP90 and cochaperone genes SBA1, CDC37, STI1, AHA1, and 

CPR6 was examined in mid-logarithmic yeast, 48-hour biofilm, and planktonic filamentous 

cultures.  Threshold cycle values for 3-5 biological replicates of studied genes along with 

housekeeping GPD1 were analysed using the 2-ΔΔCT method (Livak & Schmittgen, 2001).   

Figure 3.3 Relative abundance of mRNA transcript for HSP90, SBA1, CDC37, STI1, AHA1, & CPR6.  
Transcriptional expression of HSP90 and cochaperone genes SBA1, CDC37, STI1, AHA1, and CPR6 was 
examined in mid-logarithmic yeast, 48-hour biofilm, and planktonic filamentous cultures using qPCR.    
Two to the power of double delta threshold cycle data was normalized with a value of 1 for yeast cell 
control growth.  Data is representative of 3-4 biological replicates with SEM plotted by condition.  
Analysis with one-way ANOVA shows a significant increase in expression between normalized yeast 
control and SBA1 in biofilm conditions (p=0.0130).  There was no significant difference in expression 
between any of the genes tested in filamentous conditions when compared to yeast control or biofilm 
cultures.   
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To examine relative gene expression changes in two C. albicans hyphal-morphologies, 2-ΔΔCT 

values for studied genes under biofilm and filamentous conditions were normalised to a mid-

logarithmic yeast expression (Figure 3.3).  One-way ANOVA revealed significant upregulation 

of SBA1 transcription in biofilm conditions when compared to yeast control (p = 0.0130).  No 

significant differences in expression were observed for any of the genes from the 

filamentous cultures.  In the Yeater et al. study, gene upregulation in biofilms was time-

dependent.  Early and intermediate biofilms had increased expression of gene involved in 

replication, growth metabolism, extracellular matrix formations.  In mature biofilms, such as 

those used in this study, genes with involvement with cell membrane/wall maintenance 

(GIT1 and UGT51C1), core stress response (ORF 19.7085), or hyphal specific-transcription 

factor TEC1 were upregulated (Yeater et al., 2007).  Thus, induction of SBA1 transcript could 

be involved in either maintenance of mature biofilms or stress responses, but not necessarily 

involved in yeast-to-hyphal transition or biofilm formation.   

Unfortunately, there are two potential limitations to the data which could cloud its 

reliability.  First, there is an amount of variability in data points for several of the genes in 

both biofilm and filamentous conditions, which was not observed in optimisations of house 

keeping genes that were conducted on a single plate during training (Figure 3.2). In qPCR, 

one of the potential issues with data analysis is that is that independent biological samples 

can contain endogenous variation in gene expression (Ling et al., 2012).  This concept was 

explored in S. cerevisiae by Causton et al. in a study that examined kinase expression 

oscillations.  This study showed that yeast possessed a form of the circadian clock and that 

serine/threonine kinases CK1 and GSK3 were temporally expressed in a rhythmic pattern 

over the course of the experiment (Causton et al., 2015).  This means that small alterations 

in time of culture inoculation and sample collection could result in transcriptome variations 

during quantification.  This concept of endogenous fluctuation in gene expression could 

explain the variation seen in the qPCR biological replicates from this study.  Additionally, 

quantification of expression using qPCR requires several preparatory steps, such as RNA 

extraction, reverse transcription, and the PCR process itself; all of which will inevitably 

introduce technical variances (Ling et al., 2012).  In highly technical experiments, pipetting 

errors cannot be overlooked.  In this study, seven genes were examined in triplicate for 
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yeast, biofilm, and filamentous growth conditions, which is a large number of samples to 

process with identical precision.  A compounding factor to this is that SYBR mix viscosity is 

altered by temperature and pipetting from a tube removed from ice can decrease accuracy 

of volume (Millet & Barthlen, 2007).  With temperature changes and/or small alterations of 

technique, a 3% difference in volume accuracy is possible (Millet & Barthlen, 2007).  

Differences in volume of SYBR, primers, and cDNA templates can produce confounding 

variations in reproducibility of qPCR (Ling et al., 2012).  Although these are all factors that 

could contribute to variability of data points seen in Figure 3.3, the issues seen in qPCR 

optimisation are more likely to be responsible.  These data points were first produced by 

primers that had varying inefficiencies in amplification, then these data were normalised to a 

GPD1 housekeeping gene that varied in expression.  Therefore, the robustness of this data 

must be considered in that context. 

A second limitation of these data is the lack of a control to indicate correct growth 

conditions.  Although the three conditions employed in this study have easily identifiable 

morphological phenotypes that can be observed visually, inclusion of a gene for growth 

condition verification would provide more stringency to these data.  A potential marker that 

could have been used is the gene OPT4 (oligopeptide transporter 4), which encodes a 

protein that is only detectable in the plasma membrane of hyphal germ tubes and has been 

shown to mediate hyphal induction in C. albicans (Alvarez & Konopka, 2007; Nett et al., 

2009; Nobile et al., 2012).  OPT4 is a putative virulence factor that can be triggered by 

environmental conditions, such Spider media, biofilm formation on an in vivo rat catheter, or 

through phagocytosis by macrophages (Lorenz et al., 2004; Nett et al., 2009; Nobile et al., 

2012).  When mRNA levels from a C. albicans in vivo central venous catheter model were 

compared to in vitro planktonic yeast cells, OPT4 expression was 2.2 times higher in the 

biofilm samples (Nett et al., 2009).  Thus, inclusion of OPT4 in this study would more clearly 

delineate the changes of morphology between the growth conditions.  However, OPT4 is 

subject to variation in expression as well.  Whilst it can be a marker for a hyphal morphology, 

it cannot be used as a reference gene or for normalisation. 
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3.3.3 Comparative analysis reveals differential TPR-cochaperone expression  

C. albicans has been transcriptionally profiled in a variety of conditions, with many gene 

expression sets available through NCBI Gene Expression Omnibus (Edgar et al., 2002), a 

public functional genomics repository.  In a recent study, Fox et al. examined biofilm 

development (48 hour) and planktonic yeast-form and filamentous morphologies (30°C and 

37°C) in Spider medium via gene expression microarrays (Fox et al., 2015).  This study 

identified novel regulators of biofilm formation (Flo8, Gal4, and Rfx2) and documented time-

dependent changes in gene expression involved in adhesion and metabolism.  Neither Hsp90 

nor any of its cochaperones were examined in the results or discussion of the Fox et al. 

study.  This dataset was downloaded using NCBI Geo accession number GSE61143.  HSP90, 

selected cochaperone genes, along with GPD1 housekeeping gene, and growth condition 

gene OPT4 were ORF-matched with C. albicans Assembly 19.  Differential gene expression 

was determined with web tool GEO2R (Barrett et al., 2013).   

Figure 3.4 HSP90 and cochaperone 
expression in GEO dataset GSE61143.  
Dendrogram of NCBI Gene Expression 
Omnibus GEO2R generated Log2-
transformed gene expression fold changes 
for ORF-matched HSP90, HSP70, and 
cochaperones SBA1, CDC37, STI1, AHA1, 
CPR6, CPR7, CNS1, GPD1, and OPT4 in yeast 
control cell, biofilm, and planktonic 
filamentous conditions from GEO accession 
GSE61143 (Fox et al., 2015).  Differential 
gene expression was determined with web 
tool GEO2R with expression values 
normalised to mid-logarithmic yeast control 
growth. Statistical significance of Log2-
relative fold changes in biofilm and 
filamentous morphologies was determined 
by student t-test (p = <0.05) via the GEO2R 
limma topTable function.   In biofilm 
conditions, HSP90, STI1, AHA1, and CPR6 
have decreased expression compared to 
yeast control, whilst CNS1, CPR7, and HSP70 
have increased expression.  In the 
filamentous condition, SBA1, STI1, AHA1, 
CPR6, CPR7, and HSP70 are increased 
compared to yeast control expression.   

Growth control marker OPT4 was greatly increased in both biofilm and filamentous conditions whilst 
housekeeping gene GPD1 showed little variation between the conditions.  Genes above the black 
horizontal line were studied in this thesis.  
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Expression values were normalised to mid-logarithmic yeast growth (30°C) and reported as 

Log2 fold changes (Figure 3.4).  Statistical significance of Log2-relative fold changes in biofilm 

and filamentous morphologies was determined by student t-test (p = <0.05) via the GEO2R 

limma topTable function.    

In Figure 3.4, HSP90 and cochaperones SBA1, STI1, AHA1, CPR6, CNS1, CPR7 and HSP70 are 

differentially regulated in Spider-induced biofilm and planktonic filamentous conditions.  

When compared to yeast expression, planktonic filamentous morphologies show an 

upregulation of SBA1, STI1, AHA1, CPR6, CPR7, and HSP70 whilst biofilm expression shows 

downregulation of HSP90, STI1, AHA1, CPR6 with upregulation of CNS1, CPR7, and HSP70. 

Growth control marker OPT4 was greatly increased in both biofilm and filamentous 

conditions whilst housekeeping gene GPD1 showed little variation between the conditions.   

When these data (Figure 3.4) were plotted against Log2 normalised expression data from this 

study (Figure 3.3) for comparison, significant expression differences in biofilm conditions 

were revealed (Figure 3.5).  Although genes of interest were generally downregulated a Log2 

fold change of one or less, HSP90, AHA1, and CPR6 were significantly downregulated (p = 

0.0191, 0.0224, 0.0363, respectively) in the Fox et al. study 48-hour biofilms, however 

significant downregulation of only SBA1 (p = 0.0165) was seen in this study (Figure 3.5).  

Although gene expression in planktonic filamentous cultures (Figure 3.5B) was not 

significantly increased or decreased in either study, differential gene expression was evident.  

Spider media-induction (Fox et al.) of planktonic hyphae resulted in upregulation of all 

selected genes when compared to yeast expression, whilst RPMI media-induction (this 

study) showed downregulation of STI1 and CPR6.  These data suggest differential regulation 

of HSP90 and cochaperones is dependent upon both selection of hyphal-inducing media and 

unknown biofilm-specific factors influencing expression.  Given the issues with qPCR in this 

study resulting in questionable robustness of data, the Fox et al. data alone show novel 

differential regulation of Hsp90 and its cochaperones between biofilm and planktonic 

filamentous morphologies.  This could be due to the complexity of gene regulation required 
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in biofilm development requiring adhesion and alterations in metabolism compared to 

development of hyphae in liquid media alone. 

To further examine the distinct transcriptional responses observed in this study when 

compared with Fox et al., 2015 data, another dataset, GSE99902, (Azadmanesh et al., 2017) 

was selected from NCBI Geo and analysed as described above.  This 2017 study from 

Azadmanesh et al., examined ten different in vitro models for C. albicans filamentation in 

solid and liquid media and found broad transcriptomic differences between models, but did 

not identify Hsp90 or its cochaperones in any of their presented data.  Out of 357 genes that 

Figure 3.5 HSP90 and cochaperone gene expression evaluated across two C. albicans datasets.  
Normalised Log2 fold changes of HSP90, SBA1, CDC37, STI1, AHA1, and CPR6 from this study were 
compared to Geo accession GSE61143 dataset.  Growth control marker OPT4 from GSE61143 was also 
selected and is shown. Fold changes in gene expression for 24-hour biofilm and filamentous cells are 
shown normalised to yeast cell control expression.  A.  Student t-test comparison of gene expression in 
biofilm conditions shows significant downregulation of HSP90, AHA1, and CPR6 (p = 0.0191, 0.0224, 
0.0363, respectively) in Fox et al. data.  Hyphal-specific marker OPT4 was significantly upregulated (p = 
<0.0001). Comparatively, data from this study shows significant downregulation only for SBA1(p = 
0.0165).  B.  Fold changes in planktonic filamentous cultures were not significantly increased or 
decreased compared to yeast-expression in either study when analysed with a student t-test. Though 
the data from GSE61143 dataset showed visual upregulation in all genes, the data from this study 
showed an increase in HSP90, SBA1, CDC37, and AHA1 with a decrease in SIT1 and CPR6.  Marker OPT4 
was significantly upregulated when compared to yeast-control expression (p = <0.0001).   C.  
Dendrogram generated with Log2 fold-change means using data from this study and from dataset 
GSE81143.  Dendrogram shows HSP90 and cochaperone gene Log2 fold changes of biolfim and 
filamentous cultures normalised to yeast cell control.  A general visual trend of downregulation was 
seen in biofilm conditions for both datasets.  In filamentous cultures, however, data from GSE61143 
dataset showed a general trend of upregulation of cochaperone genes compared to yeast-control 
expression that was not observed in the data from this study.    
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were differentially regulated in liquid media compared to solid, 50 of those showed 

expression patterns that were unique to the liquid conditions, thus showing differential gene 

regulation in filamentation is dependent upon physical media state, rather than media 

composition (Azadmanesh et al., 2017).  For this thesis, total RNA profiles of C. albicans cells 

grown in hyphal-inducing solid and liquid media (i.e. YPD with 10% serum, Lee’s, RPMI, 

Spider) at 37°C were examined for HSP90 and studied cochaperones and compared to yeast 

expression at 30°C (Figure 3.6).  Inverse expression of cochaperones is observed between 

solid and liquid media, independent of media composition.  Induction of filamentation in 

liquid medias resulted in increased expression of cochaperones SBA1, CDC37, STI1, AHA1 

and CPR6 but decreased CNS1 and CPR7 expression.  In YPD with 10% serum, gene 

increased but the expression of other cochaperones decreased.  HSP70 and growth control marker OPT4 
was increased at least one Log2 fold change in both biofilm and filamentous conditions whilst 
housekeeping gene GPD1 showed between -0.5 and 1.0 Log2 fold variation between the conditions.  
Genes above the black horizontal line were studied in this thesis. 

 

Figure 3.6 HSP90 and cochaperone gene 

expression evaluated in liquid and solid 

medias.  Dendrogram of NCBI Gene Expression 

Omnibus GEO2R generated Log2-transformed 

gene expression fold changes for ORF-matched 

HSP90, HSP70, and cochaperones SBA1, CDC37, 

STI1, AHA1, CPR6, CPR7, CNS1, GPD1, and OPT4 

from GEO accession GSE99902 (Azadmanesh et 

al., 2017).  Log2 fold changes of genes in 

filamentous conditions are shown in four 

hyphal-inducing media (10% FBS, Lee’s, RPMI, 

and Spider), in both liquid and solid conditions, 

and were normalised to yeast cell control.  

Differential gene expression was determined 

with web tool GEO2R with expression values 

normalised to mid-logarithmic yeast control 

growth. Statistical significance of Log2-relative 

fold changes in biofilm and filamentous 

morphologies was determined by student t-test 

(p = <0.05) via the GEO2R limma topTable 

function.  Induction of filamentation in liquid 

media resulted in increased expression of 

cochaperones SBA1, CDC37, STI1, AHA1 and 

CPR6 but decreased CNS1 and CPR7 expression.  

This pattern reversed during of filamentation on 

solid media, with expression of CNS1 and CPR7  
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expression fold changes of SBA1 (p = 0.0189) and AHA1 (p = 0.0203) were significantly 

increased in liquid media compared to yeast.  Induction of filamentation on solid media 

resulted in decreased expression of cochaperones SBA1, CDC37, STI1, AHA1 and CPR6 but 

slightly increased expression of CNS1 and CPR7.  HSP70 was increased across all medias, 

liquid or solid, but significant upregulation was only observed in YPD with 10% serum (p = 

0.0066), Lee’s (p = 0.0189), and Spider (p = 0.02) liquid medias as compared to yeast.  

Expression of OPT4 hyphal-specific growth marker was also increased across all conditions, 

though significant increases were only observed in YPD with 10% serum (p = 0.0066), Lee’s (p 

= 0.0039), and Spider (p = 0.004) liquid medias as compared to yeast controls.  Akin to the 

results from Azadmanesh et al. study, these data show that presence of a solid substrate, 

rather than media composition are factors that are implicated in Hsp90 cochaperone 

expression.   

These data also show an inverse expression of CPR6 versus CPR7 and CNS1 in liquid or solid 

medias which suggests novel dual coregulation for TPR-containing cochaperones (i.e. two 

cochaperones are regulated together whilst the other cochaperone has opposing regulation).  

Furthermore, inverse expression of these cochaperones could be supported by the negative 

expression data from Chapter 2 wherein Cpr6-TAP was readily detected in protein blots 

whilst Cpr7-TAP and Cns1-TAP were inconsistently detected.  In the Hsp90 functional cycle, 

TPR-cochaperones Cpr6, Cpr7, and Cns1 are known to bind a conserved EEVD motif located 

on the dimerised Hsp90 C-terminal domain (Röhl et al., 2013; Zhao & Houry, 2007).  Hsp90 

C-termini are rich in phosphorylation sites, and phosphorylation of serine and threonine 

residues near the EEVD motif via kinases such as Ck1 and Ck2 can regulate TPR-

cochaperone/Hsp90 binding affinity (Assimon et al., 2015; Muller et al., 2013).  Though the 

exact function of Cpr7 and Cns1 has yet to be elucidated in C. albicans, it is possible that 

there is an inherent balance between the transcriptional expression of TPR-containing 

cochaperones that operate as a mechanism for regulation of cellular protein folding and 

stabilisation, and transcriptional coregulation could serve as an additional mechanism of 

chaperoning regulation outside of post-translational modifications (Muller et al., 2013).     

These data also highlight upregulation of HSP70 regulation in filamentous conditions outside 

of biofilm growth.  The functional role of Hsp70 is not well understood in C. albicans.  
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Literature reports that it is implicated in host cell invasion and is upregulated in response to 

biofilm, heat shock, amphotericin B, and ketoconazole (Cao et al., 2005; Liu et al., 2005; 

Sandini et al., 2002; Sun et al., 2010), but gives little information on putative interactors.  In 

the S. cerevisiae Hsp90-Hsp70-client chaperoning cycle, cochaperone Sti1 is known to 

function as a Hsp70-client recruiter for Hsp90 and studies have shown Hsp70 can form 

complexes with Cpr7 and Cns1, but not Cpr6 (Dolinski et al., 1998).  In all growth conditions, 

regardless of media phase or composition, HSP70 was upregulated at least two Log2 fold 

changes and this level of upregulation was considerably greater than that observed for STI1 

in liquid media and CNS1/CPR7 in solid media (Figure 3.6).  Whilst C. albicans Hsp70 could 

form complexes with Sti1, Cns1, and Cpr7 similar to those observed in S. cerevisiae due to 

the level of conservation in these proteins, the high level of expression compared to the 

cochaperones most likely suggests an alternative function for HSP70 expression outside of 

the Hsp90-Hsp70-client cycle in filamentous conditions.  

3.3.4 Cochaperones STI1 and CNS1 are implicated in fluconazole sensitivity 

A limitation of this study was the lack of expression experiments that examined the role of 

the Hsp90 cochaperones in antifungal resistance and tolerance.  Hsp90 has been shown to 

play a significant role in cellular signalling in response to antifungal-induced stress (Cowen, 

2008; Cowen & Lindquist, 2005; Cowen et al., 2009; Cowen & Steinbach, 2008; Shapiro et al., 

2011; Shapiro et al., 2012).  Hsp90 cochaperone Sgt1 is known to govern azole and 

echinocandin resistance and genetic depletion of SGT1 alters echinocandin activity from 

fungistatic to fungicidal (Shapiro et al., 2012).  Unfortunately, little is known of the potential 

involvement of other Hsp90 cochaperones in antifungal resistance and tolerance. 

A recent transcriptome analysis by Kuloyo et al. examined differential expression on              

C. albicans six-hour immature biofilms grown in the presence of arachidonic acid and 

fluconazole (Kuloyo et al., 2020).  Arachidonic acid (AA; C20H32O2) is a polyunsaturated fatty 

acid with antifungal properties that naturally inserts into the fungal plasma membrane to 

alter membrane fluidity and release of intracellular contents (Das, 2018; Thibane et al., 

2012) .  Though the mechanism is still unknown, AA has been reported to inhibit C. albicans 

biofilms and increase their susceptibility to azole antifungal agents (Ells et al., 2009; Thibane 

et al., 2012; Thibane et al., 2010).  To examine any potential impact of Hsp90 cochaperones 
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on antifungal resistance and tolerance, raw sequences from the Kuloyo et al. study were 

retrieved from the NCBI GEO database under the accession number GSE137423.  In the 

dataset, HSP90, HSP70, selected cochaperone genes (AHA1, CDC37, CNS1, CPR6, CPR7, SBA1, 

STI1), along with biofilm growth condition gene OPT4 and azole resistance gene ERG3 were 

ORF-matched with C. albicans Assembly 19.  Differential gene expression was determined 

with web tool GEO2R (Barrett et al., 2013).  Expression values from cultures treated with 1 

mg/L fluconazole alone or fluconazole in combination with 1 mM AA were normalised to 

untreated biofilm growth and reported as Log2 fold changes (Figure 3.7).  Statistical 

significance of Log2-relative fold changes in treated biofilm compared to untreated biofilm 

control cultures was determined by student t-test (p = <0.05) via the GEO2R limma topTable 

function.   

In Figure 3.7A, fluconazole-treated biofilm gene expression showed down-regulation of 

HSP90, CDC37, STI1, AHA1, and CPR6 whilst SBA1, CNS1, CPR7, and HSP70 were upregulated.  

Interestingly, STI1 showed significantly decreased expression (p = 0.003) whilst HSP70 was 

significantly increased (p = 0.00215) over the untreated biofilm control expression.  When 

fluconazole was used in combination with AA, the expression pattern was greatly altered.  

When compared against the untreated biofilm control, SBA1, AHA1, CPR6, CPR7, and HSP70 

were increased in expression and HSP90 (p = 0.0002) and CNS1 (p = 0.00055) were 

significantly increased.  Cochaperones CDC37 was decreased by comparison to control 

expression and STI1 was significantly decreased as well (p = 0.0008).  When AA was used in 

combination with fluconazole, a vastly different expression profile was observed when 

compared to that of fluconazole treated biofilms for many of the selected genes, visualised 

in Figure 3.7B.  In the Kuloyo et al. study, enriched genes that were identified in AA treated 

biofilms were largely those associated with processes including biofilm formation and 

cellular response to drugs.  Gene ontologies associated with downregulation in the presence 

of fluconazole alone were associated with DNA methylation and demethylation, negative 

helicase regulation, and cell cycle checkpoints and controls.  Epigenetic processes such as 

DNA methylation and demethylation are known to repress transcriptional control (Finnegan 

et al., 2000; Martienssen & Colot, 2001).  In C. albicans, these particular epigenetic processes 

are known to influence processes implicated in virulence such as dimorphic transitions, 

white-opaque cell switching, and iron metabolism (Mishra et al., 2011).  This differential 



119 
 

expression, in particular the increased CNS1 expression in fluconazole with AA and 

decreased expression of STI1 regardless of treatment, could suggest cochaperone 

involvement in fluconazole resistance and with regard to STI1, possibly even virulence.   

Alternatively, the increased expression of CNS1 could be related to its function in promotion 

of ATP hydrolysis in the Hsp90 core stress response (Whitesell et al., 2003).  In C. albicans, 

exposure to fluconazole results in an increase of α-ketoglutarate, glucose-6-phosphate, 

Figure 3.7 Cochaperones STI1 and CNS1 are implicated in fluconazole sensitivity. Raw expression data 
for  ORF-matched HSP90, HSP70, selected cochaperone genes (AHA1, CDC37, CNS1, CPR6, CPR7, SBA1, 
STI1), along with biofilm growth control gene OPT4 and azole resistance gene ERG3 were retrieved from 
the NCBI Geo accession GSE137423 dataset (Kuloyo et al., 2020).  Log2 fold changes in gene expression for 
C. albicans 6-hour biofilms treated with with 1 mg/L fluconazole alone or fluconazole in combination with 
1 mM arachidonic acid (AA) are shown normalised to untreated biofilm control expression.  Differential 
gene expression was determined with web tool GEO2R.  Statistical significance of Log2 fold changes in 
treated biofilm conditions was determined by student t-test (p = <0.05) via the GEO2R limma topTable 
function.  A.  Student t-test comparison of gene expression in fluconazole-treated biofilm gene expression 
showed down-regulation of HSP90, CDC37, STI1, AHA1, and CPR6 whilst SBA1, CNS1, CPR7, and HSP70 
were upregulated.  STI1 showed significantly decreased expression (p = 0.003) whilst HSP70 was 
significantly increased (p = 0.0021) over the untreated biofilm control expression.  Gene expression in 
biofilms treated with fluconazole and AA against the untreated biofilm control were increased for SBA1, 
AHA1, CPR6, CPR7, and HSP70 and HSP90 (p = 0.0002) and CNS1 (p = 0.0005) were significantly increased.  
Expression for cochaperone CDC37 was decreased by comparison to control expression and STI1 was 
significantly decreased as well (p = 0.0008).  Hyphal-specific growth marker OPT4 expression was 
increased in the biofilm treated with fluconazole alone and significantly decreased in the biofilm cultures 
exposed to a combination of fluconazole and AA (p = 0.00005).  When compared across both fluconazole 
alone and fluconazole in combination with AA treatment conditions, ERG3 expression was greatly 
upregulated (p = <0.0001 and p = <0.0001, respectively).  B.  Dendrogram of NCBI Gene Expression 
Omnibus GEO2R generated Log2-transformed gene expression fold changes for ORF-matched HSP90, 
HSP70, and cochaperones SBA1, CDC37, STI1, AHA1, CPR6, CPR7, CNS1, GPD1, and OPT4 from GEO 
accession GSE137423 (Kuloyo et al., 2020).  Log2 fold changes of genes in biofilm conditions are 
normalised to untreated biofilm control (BF CON).  When AA was used in combination with fluconazole, a 
vastly different expression profile was observed when compared to that of fluconazole treated biofilms 
for many of the selected genes.  Genes above the black horizontal line were studied in this thesis.   
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phenylpyruvate and ribose-5-phosphate levels, which are metabolites connected with the 

central carbon metabolic pathway (Katragkou et al., 2016).  Additionally, Kuloyo et al. 

reported increased expression of glyoxylate pathway genes and FOX2 from the β-oxidation 

pathway suggested that biofilms exposed to fluconazole and AA had an increase in energy 

requirements (Kuloyo et al., 2020).  Therefore, it is a possibility that the increased expression 

of HSP90 in conjunction with CNS1 is the result of increased ATP hydrolysis requirements 

needed for the Hsp90 core stress response. 

With regard to HSP90, data from this study and from Fox et al. (Figures 3.3-5) show 

decreased expression when compared to a yeast control, similar to the trend observed here 

in the fluconazole treated biofilm expression.  This downregulation has also been reported in 

analyses of C. albicans SC5314 yeast-form cultures exposed to 19.13 μg/mL ketoconazole 

and in biofilm cultures exposed to 40 μM farnesol, when compared to their respective 

untreated control cells (Cao et al., 2005; Hoehamer et al., 2010).  However, the observed 

enrichment of HSP90 in the biofilms treated with fluconazole and AA in contrast with the 

down-regulation seen in fluconazole alone treated biofilms was unexpected, though this 

enrichment is most-likely part of the Hsp90 core-stress response (Enjalbert et al., 2006). 

Hyphal-specific growth marker OPT4 expression was increased in the biofilm treated with 

fluconazole alone and significantly decreased in the biofilm cultures exposed to a 

combination of fluconazole and AA (p = 0.00005).  This trend is not surprising in the context 

of AA inhibition of C. albicans biofilms and the increase of biofilm susceptibility to azole 

antifungal agents (Ells et al., 2009; Thibane et al., 2012; Thibane et al., 2010).  For these 

analyses, ERG3, a gene implicated in azole resistance, was selected due to its known 

induction in the presence of azoles, such as fluconazole and ketoconazole (Karababa et al., 

2004; Liu et al., 2005).  As reported, this trend of azole-induced expression was observed in 

Kuloyo et al. data as well.  When compared across both fluconazole alone and fluconazole in 

combination with AA treatment conditions, ERG3 expression was greatly upregulated (p = 

0.00005 and p = 0.00005, respectively).             

Thus, these data reveal novel differential expression of Hsp90 cochaperones CNS1 and STI1 

in biofilms treated with fluconazole or fluconazole in combination with AA.  Hsp90 and 
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cochaperone Sgt1 have a documented role in azole resistance and sensitivity (Cowen & 

Lindquist, 2005; Cowen et al., 2009; Robbins et al., 2011; Shapiro et al., 2012), however this 

is the first report of any other Hsp90 cochaperones implicated.  Whilst STI1 was significantly 

downregulated across both treatment conditions when compared to untreated control 

biofilms, CNS1 was only significantly upregulated in fluconazole and AA.  In a study that used 

DNA microarray to identify C. albicans genes which are differentially expressed in association 

with azole resistance, differential regulation was observed in genes involved in small 

molecule transport, cell stress, cell wall maintenance, and metabolism of lipids, sterols, and 

fatty acids (Rogers & Barker, 2002).  Genes CDR1 (associated with azole resistance), RTA3 

(drug resistance), ERG2 (ergosterol biosynthesis), and cell stress genes GPX1, CRD2, and IFD5 

were all upregulated in response to fluconazole.  Genes that were downregulated included 

ALD5 (mitochondrial aldehyde dehydrogenase), GPI1 (involved in GPI synthesis), and iron 

transport genes FET34 and FTR2  (Rogers & Barker, 2002).  Both Sti1 and Cns1 exhibit client-

specific roles within the chaperoning cycle (Sahasrabudhe et al., 2017), and alterations of 

their expression could be reflective of changes in cellular clientele in response to azole 

treatment.  Downregulation of STI1 could be in response to alterations in metabolism or cell 

wall maintenance whilst upregulation of CNS1 could suggest implication in fluconazole 

sensitivity and/or tolerance.  However, AA is a fatty acid known to alter membrane fluidity 

which can lead to loss of intracellular components.  Therefore, it is possible that the 

increased expression of CNS1 observed in biofilms exposed to fluconazole and AA was 

induced by cellular stress responses to membrane instability and not azole sensitivity.  

Further study of CNS1 and STI1 is warranted to evaluate how they may be involved in azole 

resistance. 

3.4 Conclusion 

The aim of this chapter was to investigate the transcriptional expression of HSP90 and five of 

its cochaperones under yeast cell and two different hyphal-inducing conditions in the less 

studied C. albicans strain SN95.  Of the published gene expression studies for C. albicans that 

examine filamentation and/or biofilm formation, almost all use strain SC5314, including the 

ones reviewed in this study.  Thus, these data represent novel transcriptomic information for 

six genes under biofilm and filamentous growth conditions in strain SN95.   
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Under biofilm conditions, only SBA1 was significantly upregulated.  Thus, induction of SBA1 

transcript could be involved in either either maintenance of mature biofilms or stress 

responses, but not necessarily involved in yeast-to-hyphal transition or biofilm formation.  

However, factors compounding the validity of this data were present during primer 

optimisation and housekeeping gene expression assessment which could negate this finding.  

Three NCBI Geo transcriptomic datasets from C. albicans strain SC5314 grown under either 

biofilm or filamentous growth conditions were analysed.  In analyses of dataset GSE61143, a 

distinct pattern of cochaperone gene regulation was observed between biofilm and 

filamentous conditions induced by Spider media.  These data suggested that differential 

regulation of HSP90 and cochaperones is dependent upon both selection of hyphal-inducing 

media and unknown biofilm-specific factors influencing expression.  Analysis of a NCBI GEO 

dataset GSE99902 examining cochaperone gene expression in four different media under 

both solid and liquid conditions showed that HSP90 cochaperone expression is not 

dependent upon media composition, but rather physical media state.  Analyses also revealed 

a curious trend regarding TPR-containing cochaperones CPR6, CPR7, and CNS1.  In liquid 

media, independent of composition, CPR6 was increased whilst CPR7 and CNS1 were 

decreased.  An inverse of this trend was observed in solid media, with CPR7 and CNS1 

showing increased expression compared to yeast controls and CPR6 decreased in expression.  

These novel data suggest that TPR-containing cochaperones CPR6 and CPR7/CNS1 

demonstrate dual coregulation at the transcriptional level.  Furthermore, this transcriptional 

coregulation could provide an additional mechanism of chaperoning control outside of post-

translational modifications or Hsp90/cochaperone binding affinities.  Additional analyses 

with NCBI Geo dataset GSE137423 revealed differential expression of cochaperones STI1 

and CNS1 in biofilms treated with fluconazole and fluconazole in combination with 

arachidonic acid.  Whist STI1 was significantly downregulated across both treatment 

conditions when compared to untreated control biofilms, this could be in response to 

alterations of metabolism or cell wall maintenance.  Significant upregulation of CNS1 in the 

presence of fluconazole and arachidonic acid could suggest implication in fluconazole 

sensitivity and/or resistance, but it also could suggest a role in cellular stress responses to 

membrane instability.  This is the first reported evidence of any Hsp90 cochaperone other 

than Sgt1 with potential involvement in azole sensitivity and/or resistance.  
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CHAPTER 4:  IMPACT OF HSP90 COCHAPERONES ON FILAMENTATION 

4.1 Introduction 

Morphogenic plasticity in C. albicans is thought to be a key factor of virulence and 

pathogenicity during host invasion with distinct functions in tissue invasion and immune 

system evasion during the different stages of infection (Gow et al., 2002; Jacobsen et al., 

2012; Mitchell, 1998).  The hyphal form has a documented role in epithelial and endothelial 

candidiasis and in vitro invasiveness (Dalle et al., 2010; Filler & Sheppard, 2006; Lorenz et al., 

2004; Phan et al., 2007; Scherwitz, 1982; Zhu & Filler, 2010).  C. albicans strains exhibiting 

afilamentous phenotypes have reduced pathogenicity in murine and zebrafish infection 

models (Lo et al., 1997; Riggle et al., 1999; Seman et al., 2018), with remarkable avirulence 

seen during murine tail vein injection of strain efg1 Δ/Δ, cph1 Δ/Δ, even at an inoculum of 

107 cells (Lo et al., 1997).  Negative regulation of hyphal induction through transcriptional 

repressors TUP1 and NRG1 has been implicated in virulence (Braun et al., 2001; Murad et al., 

2001).  Genetic deletion of NRG1 results in a constitutively hyphal phenotype under non‐

inducing conditions that is avirulent in a murine tail‐vein injection model (Braun et al., 2001).  

Furthermore, numerous upstream regulators of morphogenesis, such as CPH1, CPH2, and 

EFG1, also demonstrate convergent regulation of C. albicans virulence factors (Lane, Birse, et 

al., 2001; Murad et al., 2001; Sudbery, 2011).  Virulence in thermally dimorphic fungi is 

commonly coincident with large scale transitions in cell shape and gene expression (Beyhan 

et al., 2013; Nobile & Mitchell, 2006).  The reversible transition between yeast and hyphal 

morphologies functioning as a key virulence factor for C. albicans is supported by studies 

showing increased host tissue invasiveness by hyphal forms and attenuation of yeast-form 

locked strains (Berman & Sudbery, 2002; Jacobsen et al., 2012; Leberer et al., 1997; Lo et al., 

1997; Rocha et al., 2001).  It is known that hyphal-specific adhesions enhance attachment to 

epithelial cells mediating invasion and that formation of the hyphal form is critical for deep 

tissue penetration using thigmotropism for evasion of host immune defences (Brand et al., 

2008; Cutler, 1991; Gow et al., 1994; Hoyer, Payne, Bell, et al., 1998; Odds, 1988; Phan et al., 

2007). 
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A topic of extensive review, dimorphism is regulated by a myriad of complex and interwoven 

signalling cascades, including cAMP-PKA, MAPK, pH pathways, and embedded pathways 

(Shapiro et al., 2011; Sudbery, 2011).  According to the accepted model, shown in Figure 4.1 

as reviewed by Sudbery, numerous environmental cues feed through several numerous 

upstream cascades for induction or repression of hyphal-specific genes (Sudbery, 2011).  

Generally, hyphal induction requires an external cue along with a temperature of 37°C in 

vitro or in vivo.  Due to the inherent diversity of host microenvironments, the presence of a 

variety cues will each potently trigger yeast‐to‐hyphal morphogenesis.  Exposure to host 

serum, 5% carbon dioxide, N-acetyl-d‐glucosamine (GlcNAc), anoxic conditions, and/or 

amino acid starvation are chief triggers of filamentation (Brown et al., 1999; Buffo et al., 

1984; Mardon et al., 1969; Simonetti et al., 1974; Taschdjian et al., 1960).  Additionally, 

several synthetic growth media induce hyphal growth in vitro including Lee’s medium, Spider 

medium, and mammalian tissue culture media RPMI (Lee et al., 1975; Liu et al., 1994).  

Whilst it is known that exposure to particular media compositions can trigger hyphal 

induction in vitro, the genetic basis for this transition is still not fully understood (Kobayashi 

& Cutler, 1998).  Regardless of environmental cue, two major signalling cascades, the cyclic‐

Figure 4.1 A large overlapping 

network mediates regulation of 

hyphae formation.  In C. albicans, 

numerous environmental cues feed 

through multiple upstream 

pathways to activate a panel of 

transcription factors. Two main 

signaling pathways are implicated in 

hyphal formation:  the cyclic AMP-

dependent pathway upstream of 

transcription factor Efg1 and the 

Ras1-dependent mitogen-activated 

protein kinase pathway upstream of 

Cph1.  Figured modified from 

Sudbery, 2011. 

Network factors pertinent to this 

study are highlighted in red: Hsp90, 

Efg1, Cph1. 
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AMP‐dependent protein kinase A pathway (cAMP‐PKA) and MAP kinase  (MAPK) pathway, 

activate downstream terminal transcription factors Cph1 and/or Efg1 to control induction of 

hyphal specific genes (Brown et al., 1999; Liu et al., 1994; Stoldt et al., 1997; Sudbery, 2011).  

These signaling cascades converge on a panel of transcription factors that are negative (e.g. 

Tup1) or positive (e.g. Cph1, Efg1) regulators of hyphal morphogenesis, and thus virulence.  

Studies examining transcriptional regulators of morphogenesis have shown genetic deletion 

of EFG1 reduced the fungal burden in a murine oral mucosa model of C. albicans infection 

(Yano et al., 2016), while a efg1 Δ/Δ, cph1 Δ/Δ double mutant failed to form hyphae under 

most inducing conditions (Lo et al., 1997) and was incapable of normal biofilm formation 

(Garcia-Sanchez et al., 2004; Lewis et al., 2002; Ramage et al., 2002).  However, Efg1‐

independent hyphal induction can result from pharmacological inhibition of Hsp90 

(Bockmuhl & Ernst, 2001; Shapiro et al., 2009).  Genetic deletion of EFG1 in combination 

with Hsp90 inhibition via geldanamycin failed to block serum‐triggered filamentation in a     

C. albicans efg1 Δ/Δ mutant (Shapiro et al., 2009).  Thus, Hsp90 and its cochaperones could 

have involvement in morphogenesis in the absence of EFG1. 

Upstream of Cph1 and Efg1, Hsp90 has been shown to modulate morphogenesis through 

interactions via Ras1-cAMP-PKA signalling and via Rim101 pathways (Brown & Gow, 1999; 

Ernst, 2000; Kullas et al., 2004; O'Meara et al., 2016; Sudbery, 2011).  Reduction of Hsp90 

protein levels has also been shown to trigger hyphal induction in serum at 30°C, implicating 

Hsp90 as a negative regulator of dimorphism (Shapiro et al., 2009).  Though Hsp90 is not a 

requirement for C. albicans biofilm formation in vivo or in vitro, compromising Hsp90 

function triggers yeast-to-hyphae transition by relieving Hsp90-mediated repression of the 

cAMP-PKA pathway (Robbins et al., 2011; Shapiro et al., 2009).  In C. albicans, Hsp90 has 

been shown to modulate both virulence and morphogenesis, but little is known of the 

impact of the Hsp90 cochaperones on dimorphic regulation.  Of the Hsp90 cochaperones, 

only Sgt1 has been directly implicated in virulence and morphogenesis.  Reciprocal co-

immunoprecipitation revealed physical interactions between Hsp90, Sgt1, and Cyr1, a cAMP-

PKA adenylyl cyclase (Shapiro et al., 2012).  Genetic depletion of Sgt1 reproduces the 

phenotype produced by compromising Hsp90 functions, triggering induction of cAMP-PKA 

signalling and hyphal morphogenesis (Shapiro et al., 2012).  Examination of transcriptional 

datasets show that cochaperone CNS1 is downregulated at one hour post hyphal‐induction 
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triggered by serum and by increases in pH (Martin et al., 2013).  At two and twelve hours 

post hyphal induction, cochaperone AHA is downregulated by pH‐inducing conditions, but 

upregulated in serum, similar to HSP90 expression under these conditions.  Thus, media 

choice that triggers filamentation can also impact cochaperone regulation.  Though 

transcriptional studies show potential involvement of Hsp90 cochaperones in 

morphogenesis, limited phenotype data exist for genetic deletion of C. albicans Hsp90 

cochaperones.  A Candida Genome Database (Arnaud et al., 2016) search for Hsp90 

cochaperone null phenotypes shows viability reporting, cell size detail, and invasive growth 

patterns for many of the cochaperones, summarised in Table 4.1.  However, the C. albicans 

background strain used for these studies is largely limited to strain SC5314 or close 

derivatives (diploid BWP17 and haploid YJB‐T900).  Additionally, the reported null 

phenotypes for cochaperone genetic null strains are assumed to be all yeast form, with no 

information listed for filamentous forms or impact on morphogenesis. 

Table 4.1 Known phenotypes for selected C. albicans Hsp90 cochaperone genetic deletions.  Information on 

genetic double deletions of Hsp90 cochaperones in C. albicans are sparse.  Below is a compilation of known 

information on C. albicans Hsp90 cochaperone genetic null strains.  Strain background along with any reported 

phenotypes are listed for the cochaperones studied in this thesis. 

Cochaperone 
genetic null 

Strain Background Reported Phenotype 

AHA1 SC5314 Viable (Xu et al., 2007) 

CDC37 
BWP17 Invasive growth decreased (Oh et al., 2010) 

SC5314 Cell size decreased (Chaillot et al., 2017) 

CPR6 
YJB-T900* Viable (Shtifman Segal et al., 2018) 

SC5314 Viable (Xu et al., 2007) 

SBA1 YJB-T900* Viable (Shtifman Segal et al., 2018) 

STI1 
BWP17 Invasive growth decreased (Oh et al., 2010) 

SC5314 Cell size decreased (Chaillot et al., 2017) 

 

The aim of this chapter is to investigate the impact of non-essential Hsp90 cochaperones 

AHA1, CPR6, SBA1, STI1 and essential cochaperone CDC37 upon filamentation using 

microscopy of C. albicans SN95 cochaperone genetic deletion strains grown under two 

hyphal inducing conditions:  media with serum for Efg1-mediated filamentation or alkaline 

RPMI for Efg1/Cph1-mediated filamentation.  Additionally, this chapter aims to determine if 

C. albicans Hsp90 cochaperones proteins and transcripts are expressed in yeast-form locked 

strains under hyphal-inducing and biofilm conditions. 

* Haploid strain 
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4.2 Materials and Methodology 

4.2.1 Cochaperone deletion strains and filamentation culturing 

First, to examine the impact of Hsp90 cochaperones upon filamentation, C. albicans strains 

(Table 4.2) were grown overnight in 10mL YPD broth at 30°C, a temperature favoured for 

yeast-morphology.  To induce yeast-to-hyphae transition, overnight cultures were diluted to 

OD600 of 0.2 in 10mL Roswell Park Memorial Institute medium 1640 (RPMI, pH 8.2; 2% 

glucose, 2 g/L NaHCO3, 5 mg/L histidine; Fisher, 11544506) or YPD supplemented with 10% 

foetal bovine serum (Fisher, 11510526; YPDS) and incubated at 37°C, shaking at 200 rpm.  

After approximately two-doubling periods, or 180 minutes, cultures were pelleted at 1811g 

for 5 minutes, washed with 1x PBS, and resuspended with 1mL 70% ethanol into a 1.5mL 

tube for fixation.  Following a 30-minute incubation at room-temperature, cultures were 

pelleted as above and decanted.  Pellets were again washed, then resuspended with 500µL 

1x PBS.  Fixed microscopy samples were stored at 4°C.  

Table 4.2 C. albicans strains used in Chapter 4.  Strain background with genotype are given along with notes on 
phenotype and usage within this study.  All strains were taken from internal collection with exception of the 
TEC1 and EFG1/CPH1 double nulls, which were a gift from Al Brown, University of Exeter. 

Strain Background Genotype Notes 

aha1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 
IRO1/iro1::imm434 aha1::FRT/aha1::FRT 

AHA1 null 

CDC37/cdc37 Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 cdc37::FRT/CDC37 
CDC37 

heterozygous 

sba1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 
IRO1/iro1::imm434 sba1::FRT/sba1::FRT 

SBA1 null 

sti1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 sti1::FRT/sti1::FRT 
STI1 null 

tec1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 
IRO1/iro1::imm434 tec1::FRT/tec1::FRT 

TEC1 null; 
afilamentation 

control 

efg1 Δ/Δ, cph1 
Δ/Δ 

SC5314 
ura3::imm434/ura3::imm434 

cph1::hisG/cph1::hisG efg1::hisG/efg1::hisG 

EFG1 & CPH1 null; 
afilamentation 

control  

SN95 SC5314/RM1000-2 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 

Positive control, 
wild-type 

filamentation 

Hsp90-TAP SN95 
his1/his1::TAR-FRT arg4/arg4 

URA3/ura3::imm434 IRO1/iro1::imm434 
hsp90::CdHIS1/HSP90-TAP-FRT 

Positive control for 
transfomration 

screening 
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4.2.2 Slide preparation and microscopy 

Glass slides were washed with 70% ethanol and dried with a Kimwipe prior to wet-mount.  

Fixed cultures were briefly vortexed, then 10µL of sample was pipetted onto slides using a 

cut sterile pipette tip to minimise shear forces.  Coverslips were applied and sealed with 

clear nail varnish.  Morphology was visualized at 200x magnification with a Nikon Eclipse 90i 

digital microscope.  Three representative micrographs were taken for each strain. 

4.2.3 Sonication of hyphal clumps in microscopy samples 

As initial microscopy revealed hyphal clumps, prepared samples were treated and sonicated 

to disrupt clumps.  Fixed and prepared samples (4.2.1) were centrifuged for one minute at 

19,357 x g, decanted, and pellets resuspended in a 1x PBS solution containing 1% heat-

inactivated FBS and 1mM ethylenediaminetetraacetic acid (EDTA).  Using a modified 

protocol, samples were gently sonicated (amplitude = 5; 1 sec pulse-on, 1 sec pulse-off; 20 

second time period) followed by filtration (Flowmi Cell Strainer, 70µm; SigmaAldrich, 

BAH136800070), and resuspended in 500µL 1x PBS/FBS/EDTA solution (Lu et al., 2011; 

Zacchi et al., 2010).  Samples were stored at 4°C.    

4.2.4 C-terminal tagging of Hsp90 cochaperones in a yeast-locked strain 

To further examine the role of C. albicans Hsp90 cochaperones at the transcriptional and 

protein level in morphogenesis, selected cochaperones (Aha1, Cdc37, Cpr6, Sba1, Sti1) were 

epitope-tagged in the yeast-form locked mutant efg1 Δ/Δ, cph1 Δ/Δ (Table 4.2), then 

cultured in hyphal-inducing conditions.  

C. albicans efg1 Δ/Δ, cph1 Δ/Δ is an URA3 auxotrophic strain with an afilamentous 

phenotype that is is avirulent in a murine model and is unable to form hyphae or 

pseudohyphae regardless of hyphal-inducing stimuli (Lo et al., 1997).  The absence of URA3 

in the efg1 Δ/Δ, cph1 Δ/Δ guided the selection of PCR-based epitope tagging vector pFA-TAP-

CaURA3 (Lavoie et al., 2008) from the internal collection toolkit for the creation of TAP-

tagged cochaperone strains.  pFA-TAP-CaURA3 (Figure 4.2) is a 4.6kbp Candida-specific 

selectable marker-gene cassette that uses homologous recombination to tag genes with the 

C-terminal TAP-epitope when used in conjunction with 120-base gene-specific primer pairs 

and complements URA3 for use as a positive selection marker.  Streaked cultures of E.  coli 
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DH5α (carrying vector pFA-TAP-CaURA3) on Luria-Bertani agar plates (LB) supplemented 

with 100µg/mL ampicillin were incubated at 37°C overnight.  Overnight cultures were grown 

in 5mL LB/Amp liquid media.   Plasmid DNA was purified using a QIAprep Spin Miniprep Kit 

according to the protocol of the manufacturer (Qiagen, 27104), then quantified via 

NanoDrop One/OneC Microvolume UV Spectrophotometer prior to storage at -20°C.   

 

4.2.4.1 PCR generation of TAP-tagging constructs 

Genes for Hsp90 cochaperones were TAP-tagged by using a PCR-based epitope tagging 

vector generated through standard Q5 PCR amplification (Biolabs, 2019) of purified plasmid 

pFA-TAP-CaURA3 along with 120-base upstream and downstream cochaperone-specific 

primer sets as previously described (Lavoie et al., 2008).  These primer sets (Table 4.3)  were 

designed by downloading the cochaperone gene sequences plus 1kb up/downstream from 

C. albicans SC5314 Assembly 19 (Arnaud et al., 2016), with forward primers containing 21-

bases complementary to the vector sequence (36-55; Figure 4.2) and 99-bases 

complementary to the cochaperone gene sequence directly prior to stop codon triplet.  

Reverse primers were designed with 100-bases complementary to the downstream region of 

the ORF directly following the stop codon triplet and 20-bases complementary to vector 

sequence (2197-2216; Figure 4.2).  For each reaction 36.1µL Milli-Q water, 10 µL 5x buffer 

(New England BioLabs, B9027S), 0.4µL 25mM dNTP mix (Fisher, 10180740), 0.25µL 100 µM 

forward primer, 0.25 100µM reverse primer, 2µL 0.1 ng/ µL pFA-TAP-CaURA3, and 1µL Q5 

High-Fidelity DNA Polymerase (New England BioLabs, M0491L) were added to each tube.  

Figure 4.2 Epitope-tagging plasmid, pFA-TAP-CaURA3.  Linearised sequence map of pFA-TAP-CaURA3, a 
Candida-specific selectable marker-gene cassette used for C-terminal TAP-tagging of target gene 
sequences. Binding sites for cochaperone gene specific forward (36-55) and reverse (2197-2216) primers 
are shown.  Sequence features shown include an 813bp URA3 gene and TAP-tag components: calmodulin 
binding peptide (CBP), Tobacco Etch Virus cleavage site (TEV), and two repeats of a Protein A IgG binding 
domain sequence.  Also shown are features encoding bacterial ampicillin resistance genes for maintaining 
the plasmid under selection.  Map created from NCBI GenBank sequence: FJ160456.1 using SnapGene 
Viewer 5.2.4. 



130 
 

Reactions were loaded into a thermocycler and ran according to the following thermal 

profile:  initial denaturation at 98°C for 2 minutes; 30 cycles of 98°C for 30 seconds, 55°C for 

30 seconds, and 72°C for 3 minutes 30 seconds; followed by 72°C for 2 minutes.   

Table 4.3 C. albicans primers used for epitope-tagging.  Primers for TAP epitope-tagging of cochaperone target 
genes using vector pFA-TAP-CaURA3.  Primer sets each contain a cochaperone gene sequence specific forward 
and reverse primer.  Sequences in bold are complementary to primer binding sites on vector pFA-TAP-CaURA3.  
Primers from internal collection.  

Cochaperone 
of Interest 

Primer Sets Sequence (5’ – 3’) 

AHA1 AHA1_TAP_F 
AGTGAAAAATAACTTTGAAGAAAGATATATCAGATCTATAAAGATCACTTTTGGATTTGG 

AGCAGTTTTAGGTCGACGGATCCCCGGGTT 

 AHA1_TAP_R 
GGTATCATAAGTGATGGTTAATAGAGTAAAATTCTTCTTTATGGATTGCTTGTACGTACA 

TTCTATTTATTCGATGAATTCGAGCTCGTT 

CDC37 CDC37_TAP_F 
AAAAGAATATGCACATGAAACTGCCAATCAAGAAGAAGACCAGTCTGCTTCAGTTGAAG 

ATACAGTTGATGGTCGACGGATCCCCGGGTT 

 CDC37_TAP_R 
ATATCCCCTGAAAAAAAACCACGAAATCTACAATTCGACTAGGGTACAAGTGCAATTTTTA 

TTACGCTATTCGATGAATTCGAGCTCGTT 

CPR6 CPR6_TAP_F 
ACAAGAAGCTAAACACAACATCAAGTTGCGTCGTGACAAACAAAAGAAGGCAATGGCCAA 
GTTCTTCTCAGGTCGACGGATCCCCGGGTT 

 CPR6_TAP_R 
GTATGTCGCACGACTTTTTGTTGAAAAAAAAAAAAAAGCTTTTATTATCATCTATGAAGGCC 

TATATGATTCGATGAATTCGAGCTCGTT 

SBA1 SBA1_TAP_F 
AGGCGAAGAAGGCGATGAAGAAGCTAAAAAAGCGCAAGAAGAATCAAATGCCACTGCTA 

CTGAAAAAGAAGGTCGACGGATCCCCGGGTT 

 SBA1_TAP_R 
AAATGACTAATAAAATAGACTATTCAACTGTATAATTTTGGTTTTTTTTGTATTACTTTGTTA 

TTTGAGATCGATGAATTCGAGCTCGTT 

STI1 STI1_TAP_F 
TCATATGAAAAATCCTGAAGTTTATAAAAAAATTAATATGTTGATTGCTGCTGGTGTTATTCG 

TACCAGAGGTCGACGGATCCCCGGGTT 

 STI1_TAP_R 
TTTCAACAACTTGTGTAAATAAACCAAATGTGAATTATAAGGGGGTTTTTATTAGTTACTTTT 

TATCTGGTCGATGAATTCGAGCTCGTT 

 

To screen for successful amplification of product, PCR products were diluted 1:10 in sterile 

MilliQ water and run on a 1% agarose gel using in 1x TAE running buffer with SYBR Safe 

10,000x dye (1:10,000; Fisher, 10328162) with a constant voltage of 120V.   After 

approximately 20 minutes, gel electrophoresis was halted, and gels were imaged.  A 1 kb 

DNA ladder (Promega, G5711) was used as molecular weight standard, with all PCR based 

vectors screened under these conditions. 

To concentrate TAP-tagging constructs and clean up the recombinant DNA prior to 

transformation, PCR products (~40-50µL) were transferred to clean 1.5mL Eppendorf tubes.  

An equal volume of 3M sodium acetate (pH 5.2) along with 10x volume of ice cold 100% 

ethanol was added to the products.   Tubes were inverted to mix prior to incubation at -20°C 

for 60 minutes.   Tubes were visually inspected for precipitate prior to centrifugation at 

1811xg rpm in a microcentrifuge tube for 10 minutes at 4°C.   After removal of supernatant, 
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the tube was filled with room temperature 70% ethanol, to wash the pellet, which was then 

removed to allow the pellet to air-dry.   Pellets were dissolved in 50µL sterile Milli-Q water 

and stored at 4˚C for up to two days or frozen at -20˚C. 

4.2.4.2 High-efficiency transformation of C. albicans efg1 Δ/Δ, cph1 Δ/Δ  

To determine expression of Hsp90 cochaperone proteins in an afilamentous phenotype,      

C. albicans efg1 Δ/Δ, cph1 Δ/Δ was transformed with cochaperone gene-specific PCR 

generated TAP-cassettes using Cold Spring Harbor Laboratory high-efficiency yeast 

transformation protocol (Dunham et al., 2015).  In preparation for transformation, yeast 

overnight cultures were grown from isolated colonies in 10mL yeast nitrogen base (YNB; BD 

Difco, 239210) supplemented with 40 mg/L uracil.  Subcultures were diluted to 0.1 OD600 and 

grown for 4-6 hours, then centrifuged for 5 minutes at 615xg in a benchtop centrifuge. 

Pellets were decanted and resuspended in 10mL lithium acetate buffer (0.1M lithium 

acetate, 10mM Tris-HCl pH 8.0, 1mM EDTA) by vortexing.  Cell suspensions were centrifuged 

again as above and decanted.  Residual liquid was removed via pipetting and pellets were 

resuspended in 500µL of lithium acetate buffer.  For each transformation reaction, 100µL of 

resuspended cells were aliquoted into a separate 1.5mL tube.  Tubes were then 

supplemented with 5µg of PCR generated TAP-cassette DNA, 10µL of 10mg/mL single-

stranded carrier DNA (10mg/mL salmon sperm DNA, 10mM Tris-Hcl pH 8.0, 1mM EDTA; 

boiled for 3 min and held on ice), and 280µL of PEG solution (50g PEG 3350, 10mL 10x TE, 

10mL 1M lithium acetate; brought up to 100mL and filter sterilized).  Transformations were 

vortexed to resuspend and incubated for 45 minutes at room temperature.  After 

incubation, 43µL of DMSO was added to each tube, which was then vortexed and incubated 

for 15 minutes at 42°C.  Post heat-shock, tubes were immediately chilled on ice, then 

centrifuged for 2 minutes at 154 x g.  Liquid was aspirated off and cells were washed to 

remove residual transformation buffer by adding 500µL YNB, vortexing briefly, 

centrifugation for 2 minutes at 154 x g, and liquid aspirated again.  Washed transformant 

pellets were resuspended in 200µL YNB and plated onto YNB/Ura- agar plates to ensure 

isolates underwent successful URA3-complementation.  These plates were incubated at 30°C 

for 24-48 hours prior to two-step colony screening. 
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4.2.4.3 Screening for transformants 

Screening of transformants required two separate screens to ensure both URA3-

complementation and correct integration of the TAP epitope.  First, potential transformants 

were selected via positive colony growth on YNB/Ura- agar plates.  Transformant colonies 

were then patched onto fresh YNB/Ura- and incubated for 24-48 hours at 30°C.  Surviving 

transformants were then screened for the presence of TAP as using genotyping PCR with the 

primers sets shown in Table 4.4.   

Table 4.4 Cochaperone-specific primers to detect presence of TAP.  Primers are shown for transformant 
screening for the presence of the TAP-tag in transformed C. albicans efg1 Δ/Δ, cph1 Δ/Δ strain.  For each 
reaction, a primer complementary for a reverse sequence of TAP was paired with a cochaperone-specific 
forward sequence primer for cochaperones CDC37, SBA1, STI1, CPR6, and AHA1, or with positive TAP-tag 
containing control strain C. albicans HSP0-TAP.  Primers were taken from internal collection. 

 

 

 

 

C. albicans Hsp90-TAP strain, which has one TAP-tagged HSP90 allele and one native allele, 

was selected as a positive control during screening.  For each genotyping reaction the 

reverse primer of TAP (TAP-R3) was paired with a cochaperone gene-specific forward primer.  

For each reaction 7.5µL 2x PCR master mix (Quantig, PCRM002RD), 7.3µL Milli-Q water, and 

0.1µL respective primer pair (100 µM stock concentration) were added to each tube and 

inoculated with a P100 yellow pipette tip full of screened transformants.  Reactions were 

loaded into a thermocycler and ran according to the following thermal profile:  initial 

denaturation at 94°C for 5 minutes; 30 cycles of 94°C for 30 seconds, 53°C for 45 seconds, 

and 72°C for 60 seconds; followed by 72°C for 10 minutes.  After amplification, reactions 

were loaded onto a 1% agarose gel and imaged.  Presence of a single band indicated 

presence of TAP.  PCR-validated cochaperone-TAP transformants (n = 2 for each 

cochaperone gene) were prepared for -80°C storage by mixing an exponentially growing 

culture in YNB with 50% sterile glycerol at a 1:1 ratio. 

Gene of Interest Reverse Primer Sequence (5’ – 3’) 

TAP TAP-R3 AGGCGTTTCGTTGTTCTTCG 

   

Gene of Interest Forward Primers Sequence (5’ – 3’) 

CDC37 CDC37_+753F TTGGAAATCTTGCCTGCCAC 

SBA1 SBA1_-209F GAACGCTCCTACCTACACCT 

STI1 STI1_+1058F TGAATTACCCGAAGCAGTGAA 

CPR6 CPR6_+804F GCAGCGTTCAAGTAACACGA 

AHA1 AHA1_+251F TGGGTCAATCACAATTCCGG 

HSP90 HSP90_-402F TGGCAAATCGTTAGGGGAGAG 
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4.2.5 Yeast-locked strain culturing and sample preparation  

PCR-validated TAP strains along with SN95 and afilamentous efg1 Δ/Δ, cph1 Δ/Δ strains were 

cultured under mid-logarithmic yeast planktonic (2.2.2.2), filamentous planktonic (2.2.2.3), 

and mature 48-hour biofilm (2.2.2.4) conditions.  For each experimental condition, resultant 

cultures of C. albicans strains were split into two equal aliquots:  one prepared for mRNA 

analysis and snap frozen in liquid nitrogen for storage at -80°C, and the second aliquot 

proceeding directly into protein extraction and quantification.  For transcriptional analysis, 

RNA extraction and DNA digestion of thawed cell pellets was carried out as previously 

described (3.2.4). 

4.2.5.1 Protein extraction  

After culturing, cells were harvested by centrifugation at 1811xg at 4°C for 5 minutes, 

washed with 1x PBS and resuspended in 250µL standard protein extraction lysis buffer 

(50mM HEPES pH7.5, 150mM NaCl, 5mM EDTA, 1 % Triton X100) with phenylmethylsulfonyl 

fluoride [PMSF; 100µM in Ethanol) and 0.3% (v/v) 7x Roche cOmplete® protease inhibitor 

cocktail (Roche, 11836170001)].  After adding 0.25 cubic centimetres of glass beads 

(diameter: 0.25–0.5 mm, acid washed), cells were homogenised via bead beating (60 

seconds beating, 30 second pause, 60 seconds beating followed by a 60 second ice 

incubation; repeated 3x) using a Precellys tissue homogeniser (Bertin Corporation).  Cell 

debris and glass beads were removed by centrifugation at 19,357xg at 4°C for 10 minutes. 

Supernatant was transferred to a clean 1.5mL Eppendorf tube on ice and used immediately 

for quantification or frozen at -80°C.  

4.2.5.2 Protein quantification and sample preparation 

Protein concentration of supernatants was determined via Bradford quantification 

(Bradford, 1976) using Bio-Rad protein assay dye reagent concentrate and Quick Start Bovine 

Serum Albumin standard (2 mg/ml; Bio-Rad, 5000206) at an absorbance of 595 nm.  All 

samples and standards were diluted 1:19 in lysis extraction buffer, and sample 

concentrations were calculated automatically via regression analysis.  All samples were 

quantified with a coefficient of determination threshold of >0.95. 
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After quantification, samples were prepared for SDS-PAGE gel loading using 4x Laemmli 

sample buffer [277.8mM Tris-HCl pH6.8, 44% (w/v) glycerol, 4.4% SDS, 0.02% Bromophenol 

blue, 10% β-mercaptoethanol] and lysis buffer as diluent.  Samples were boiled for 5 

minutes and either placed on ice for immediate use or at -20°C for long term storage. 

4.2.6 Western blotting and protein detection   

For detection of Hsp90 in wild type SN95 and yeast locked efg1 Δ/Δ, cph1 Δ/Δ and detection 

of TAP-tagged cochaperones in PCR-validated TAP strains, global whole-cell protein lysates 

were prepared for all strains.    

4.2.6.1 SDS-Polyacrylamide gel electrophoresis and membrane transfer 

Samples were briefly centrifuged then loaded onto a 1.5mm 10% SDS-PAGE gel along with 

Precision Plus Protein All Blue Standard (Bio-rad, 1610393) in 1x Tris-Glycine-SDS buffer 

[3.25% (w/v) Tris base, 14.25% (w/v) glycine, 10% (w/v) SDS; TGS].  For detection of Hsp90, 

2.5µg of total global lysate was loaded.  For detection of TAP-tagged cochaperones Sba1-

TAP, Cpr6-TAP, Sti1-TAP, and Cdc37-TAP, 50 µg was loaded.  For detection of Aha1-TAP, 

150µg of total global lysate was loaded.  A separate gel loaded with 5µg of each protein 

lysate was ran in tandem for Simplyblue staining.  Gels were run initially at 90V for 15-20 

minutes of stacking, then switched to 120V as samples centred along the stacking gel.  Gels 

were electrophoresed at 120V for approximately 1.5 to 2 hours.    

After SDS-PAGE separation, gels were sandwich-stacked with polyvinyl difluoride 

membranes (0.45µm, PVDF; Fisher, 10617354), filter papers, and fibre pads that were pre-

soaked in 1x transfer buffer [3% (w/v) Tris base, 14.4% glycine, 20% (v/v) methanol].  Air 

bubbles were removed between sandwich layers using a transfer buffer-moistened roller.  

Sandwiches were loaded into a transfer cassette for wet transfer overnight at at 20V with 

the transfer chamber packed in ice.  Membranes were rinsed with water, then stained with 

Ponceau S to verify transfer.  Once membranes were imaged, they were washed with 0.1M 

sodium hydroxide, rinsed with water, and transferred to a clean plastic incubation chamber 

for blocking. 

Gels ran in tandem that were loaded with 5µg total global lysate were rinsed with deionised 

water and incubated with Simplyblue stain (Fisher, 10432072) for 5 minutes, rinsed twice 

and then imaged. 
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4.2.6.2 Detection of TAP using immunochemistry 

To detect TAP-tagged cochaperones in afilamentous efg1 Δ/Δ, cph1 Δ/Δ strains, rabbit 

polyclonal α-TAP antibody was used (Open Biosystems, CAB1001) in conjunction with goat 

anti-rabbit IgG-HRP (Bio-Rad, 170-5046).  Membranes were blocked in 5% milk powder in 

PBS containing 0.1% Tween-20 (PBST) at 25°C for 1 h, then incubated in primary α-TAP 

(1:5,000) for 1 hour at 25°C.  Membranes were washed twice with PBST and probed with 

secondary antibody (1:5,000 in 0.5% Milk in PBST) for 10 minutes at 25°C using the Millipore 

SNAP i.d.  system (EMD Millipore Corporation, SNAP2MB3).  Signals were detected using an 

ECL western blotting kit as per the manufacturer’s instructions (Bio-Rad, 170-5060), with all 

exposure times set at 15 minutes.  

4.2.6.3 Detection of Hsp90 in SN95 and efg1 Δ/Δ, cph1 Δ/Δ  

Rabbit polyclonal α-CaHsp90 antibody (created and gifted by Leah Cowen lab, University of 

Toronto; 1:10,000) was used to detect Hsp90 (Burt et al., 2003) in conjunction with goat 

anti-rabbit IgG-HRP (Bio-Rad, 170-5046).  Membranes were blocked in 5% milk powder in 

PBS containing 0.1% Tween-20 (PBST) at 25°C for 1 hour, then incubated in primary α-

CaHsp90 for 1 hour at 25°C.  Membranes were washed twice with PBST and probed with 

secondary antibody (1:5,000 in 0.5% milk powder in PBST) for 10 minutes at 25°C using the 

Millipore SNAP i.d.  system.  Signals were detected using an ECL western blotting kit as per 

the manufacturer’s instructions (Bio-Rad, 170-5060), with all exposure times set at 15 

minutes. 

4.2.7 Transcriptional analyses 

For transcriptional analyses, NCBI Gene Expression Omnibus (Edgar et al., 2002)  dataset 

GSE136116 (Romo et al., 2019) and GSE41771 (Pierce et al., 2013) was used.  HSP90, HSP70, 

and selected cochaperone genes along with germ tube plasma membrane-specific OPT4 as a 

positive control for filamentous growth were ORF-matched with C. albicans Assembly 19, 

and differential gene expression was determined with web tool GEO2R (Barrett et al., 2013).  

Expression values were normalised to mid-logarithmic yeast growth (30°C) and reported as 

Log2 fold changes.  Statistical significance of Log2-relative fold was determined by student t-

test (p = <0.05) via the GEO2R limma topTable function.   
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4.3 Results and Discussion 

4.3.1 Deletion of AHA1, SBA1, or STI1 does not inhibit alkaline-induced 

morphology  

Cell morphology was examined after two doublings in Hsp90 cochaperone null strains aha1 

Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, heterozygous CDC37/cdc37Δ, afilamentous control tec1 Δ/Δ, and 

parental wild type SN95 positive control in alkaline RPMI (Figure 4.3).  Micrographs showed 

no visible differences between any of the strains, each containing large masses of hyphal‐

tangles within the field.  Of interest was greatly induced filamentation in afilamentous 

control tec1 Δ/Δ.  In C. albicans, Tec1 mediates hyphal development through signalling with 

upstream transcription factor Cph2, independent of Efg1/Cph1 mediated pathways (Lane, 

Zhou, et al., 2001).  It is unknown without further examination if this mutant was simply 

defective, as literature indicates TEC1 genetic deletion results in absence of hyphal growth 

and it is required for biofilm formation in Spider and RPMI media (Bassilana et al., 2005; 

Daniels et al., 2012; Schweizer et al., 2000).  However, other studies contradict this 

phenotype with results indicating normal filamentation (Nobile & Mitchell, 2005; Staib et al., 

2004), which is more aligned to data shown here.  In an intestinal infection model, CPH2 and  

Figure 4.3 Micrograph of C. albicans cells grown to two doublings at 37°C in RPMI.  Hsp90 cochaperone 

null strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, heterozygous CDC37/cdc37Δ, afilamentous control tec1 Δ/Δ, and 

parental wild type SN95 positive control were grown for two doubling periods at 37°C in alkaline RPMI 

(pH8.2).   All strains exhibited hyphal growth, with clumps of hyphal masses, including afilamentous control 

tec1 Δ/Δ.  Scale bar is equal to 20 microns.  
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TEC1 expression was significantly upregulated during C. albicans colonization of murine 

cecum, but not during invasion (Rosenbach et al., 2010).  Thus, Tec1/Cph2 signalling may 

function as a regulator of hypha-induced genes necessary for pathogenesis but not 

morphogenesis, which could explain why genetic deletion of TEC1 did not abrogate hyphal 

morphogenesis under study conditions. 

Due to phenotype issues with afilamentous control strain, tec1 Δ/Δ, a new double-null 

negative control strain, efg1, cph1 Δ/Δ, was selected:  Prior to further culturing, 

afilamentation was verified via light microscopy of yeast morphology in 37°C cultures grown 

overnight in 10mL RPMI. 

4.3.2. AHA1, SBA1, STI1 deletion does not inhibit serum-induced morphology  

After initial microscopy revealed potential phenotype issues in afilamentous control tec1 

Δ/Δ, the experiment was repeated as a 180‐minute time course with two different induction‐

conditions (YPDS or RPMI) with afilamentous mutant efg1 Δ/Δ, cph1 Δ/Δ.  Initial micrographs 

of samples grown in YPDS (4.2.2) showed yeast morphology at t=0 followed by germ tube 

formation at t=60 minutes for Hsp90 cochaperone null strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, 

and  heterozygous CDC37/cdc37Δ strain, with growth progressing to large hyphal clumps at 

t=180 minutes (Figure 4.4).  Positive control strain, SN95 showed progression of individual 

yeast cells to large hyphal clumps, similar to chaperone mutant strains.  Negative control 

efg1 Δ/Δ, cph1 Δ/Δ failed to produce hyphae and maintained a yeast‐cell phenotype through 

the time course.  No micrographs were taken of samples grown in RPMI, and sonicated 

samples from YPDS and RPMI cultures were not examined.   

Though studies show AHA1 transcriptional upregulation in serum-induced hyphal cultures 

and downregulation in alkaline-induced cultures at two hours post-induction (Martin et al., 

2013), which indicates potential involvement in morphogenesis, these data show no such 

impact of deletion of AHA1, SBA1, or STI1 upon filamentation at the same time point.  
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Figure 4.4 Time course of C. albicans cells grown at 37°C in media containing serum.  Hsp90 cochaperone 
null strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, heterozygous CDC37/cdc37Δ, afilamentous control efg1 Δ/Δ, 
cph1 Δ/Δ, and parental wild type SN95 positive control were grown for 180-minutes at 37°C in yeast 
peptone dextrose supplemented with serum.  Samples were taken at t=0 and every 30 minutes for the 
duration of the time course.  Both positive control and chaperone mutant strains showed yeast 
morphology at t=0 followed by germ tube formation at t=60 minutes, with growth progressing to large 
hyphal clumps at t=180 minutes.  Afilamentous negative control efg1 Δ/Δ, cph1 Δ/Δ failed to show 
filamentation, with a yeast-cell morphology shown at all time points. Time is shown in minutes, with one 
doubling represented at t=90 and two doublings at t=180.  Scale bar is equal to 20 microns. 
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4.3.3 Generation of C. albicans mutants  

To determine if Hsp90 cochaperone proteins are expressed in a yeast-form locked 

phenotype, C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ, cochaperone genes (AHA1, CDC37, CPR6, 

SBA1, and STI1) were C-terminally epitope-tagged using vector pFA-TAP-CaURA3.  Prior to 

transformation, PCR-amplified TAP-tagging constructs were verified via gel electrophoresis 

as shown in the example gel in Figure 4.5.  Insert size was calculated to be 2180 bases, thus 

during screening, detection of a single band of approximately 2.0-2.5kb was used as a 

qualified successful amplification.   

Successful generation of TAP-tagged cochaperone alleles in the C. albicans efg1 Δ/Δ, cph1 

Δ/Δ strain required numerous modifications to the transformation protocol.  Initially, a yeast 

high efficiency lithium acetate protocol was used as previously described (Gietz & Schiestl, 

1991), however, these transformation experiments were unsuccessful.  Two transformations 

using the lithium acetate protocol failed to generate potential transformants on selective 

YNB/Ura- agar plates.  It has been shown that adjustments to heat shock incubation protocol 

during lithium acetate transformation of C. albicans can alter transformation efficiency 

(Walther & Wendland, 2003).  Thus, in a third lithium acetate transformation of C. albicans 

efg1 Δ/Δ, cph1 Δ/Δ was completed with extension of the heat-shock incubation period from 

Figure 4.5 Gel verification of pFA-TAP-CaURA3 PCR constructs.  An example gel showing showing gel 
electrophoresis verification of amplified PCR constructs generated from cochaperone gene-specific primers 
and pFA-TAP-CaURA3 used to TAP-tag selected cochaperones in a C. albicans efg1 Δ/Δ, cph1 Δ/Δ strain.   
TAP-tagging constructs were verified prior to C. albicans transformations with gel analysis of PCR products.  
Calculated size of construct was 2180 bases, with successful amplification indicated by a single band of 
approximately 2.0-2.5kb in size.   Above gel shows predicted single bands of approximately 2.0-2.5kb in size 
for constructs AHA1-TAP, CDC37-TAP, CPR6-TAP, SBA1-TAP, and STI1-TAP 
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20 minutes to 30 minutes.  Unfortunately, no colonies survived selective plating after this 

protocol adjustment.  Due to the possibility that extension of the heat-shock incubation 

period was damaging to the yeast cells leaving them unable to recover post-plating, a fourth 

lithium acetate transformation was completed with a shortened heat-shock incubation of 15 

minutes.  Even with modifications to heat-shock incubation period, no colonies were 

generated post-plating on YNB/Ura- agar plates.  It was unknown if failure to produce 

colonies was due to transformation failure indicating a lack of URA3 complementation or 

protocol failure due to unintentional damage to the yeast cell wall that prevented recovery.  

After four unsuccessful lithium acetate transformations, an alternative CSHL high-efficiency 

yeast transformation protocol was tested.  The first transformation with the alternative 

protocol required a heat shock incubation period of 5 minutes, which resulted in 42 total 

colonies of varying sizes, with no growth on the negative controls.  Ultimately, seven rounds 

of transformations were completed using two different protocols (Table 4.5).   

Table 4.5 Summary of C. albicans efg1 Δ/Δ, cph1 Δ/Δ transformation protocol optimizations.  Transformation 

of C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ was performed to C-terminally TAP-tag selected cochaperone proteins.  
Seven rounds of C. albicans transformations are shown using two different transformation protocols:  yeast 
high efficiency lithium acetate (Gietz & Schiestl, 1991) and CSHL high-efficiency (Dunham et al., 2015).  

Alterations to heat-shock incubation periods are shown along with resulting number of colonies generated.   

 

As growth of transformed colonies on YNB/Ura- agar plates was only indicative of potential 

URA3 complementation, colonies were screened for the presence of TAP-tag using PCR.  

Using cochaperone-specific forward primers and a TAP-specific reverse primer, none of the 

potential transformants demonstrated the presence of the TAP-tag during gel screening of 

PCR products.  Thus, the CSHL high-efficiency transformation protocol was modified to 

increase the heat shocking incubation time to 15 minutes.  This adjustment to protocol 

produced 37 potential transformants.  This modified protocol was repeated, maintaining the 

heat-shock incubation period at 15 minutes, and 66 potential transformants were generated 

Protocol 
Timing of heat-shock 

incubation, 42°C 
Colonies generated post plating 

Yeast high efficiency 
lithium acetate   

  

20 mins No growth 

 20 mins No growth 

30 mins  No growth 

15 mins  No growth   

CSHL high-efficiency 

5 mins  42 

15 mins 37 

15 mins 66 
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post-plating on YNB/Ura- agar plates.  As a result, 103 potentially transformed colonies were 

generated from these two rounds of transformation.  Due to the great variance of colony 

size and negative screening results from a previous transformation attempt, potential 

transformants were patched onto fresh YNB/Ura- agar plates.  Potential transformants 

surviving two rounds of Ura- selection plating were selected for further screening using 

genotyping PCR.  Ultimately, screening for the presence of the TAP-tag revealed 39 putative 

transformants using the high-efficiency yeast transformation protocol (Figure 4.6).  During 

gel analysis, eight AHA1-TAP (A1-A8) transformants produced a single band of approximately 

800-900 kb in size; expected size of PCR product was calculated to be 831 kb.  Six CDC37-TAP 

(D1-D6) transformants produced a single band of approximately 700 kb in size with an 

expected product size of 786 kb.  Eight CPR6-TAP (P1-P8) transformants produced a single 

bank of approximately 500 kb with an expected product size of 483 kb.  Seven SBA1-TAP (B1-

B7) transformants produced a single band of approximately 900-1,000 kb in size with an 

expected product size of 861 kb.  Ten STI1-TAP (T1-T10) transformants produced a single 

band of approximately 300-450 kb in size with an expected product size of 442 kb, though 

these bands were extremely dense.  Discrepancies in band size observed as compared to 

expected was most likely due to the truncated electrophoresis time, which resulted in a 

shortened ladder, and skewed approximation of band sizes.  As a positive control for the 

presence of the TAP-tag, C. albicans strain HSP90-TAP, which has one epitope-tagged allele 

and one native allele was selected due to its availability in the internal strain collection.  PCR 

produced a large single band of approximately 2,500-3,000 kb which was due to the poor 

selection of a forward screening primer approximately 500 kb upstream of the ~2200 kb 

genomic sequence.  Thus, these tentative transformants were tentatively qualified as 

successfully transformed due to apparent URA3 complementation and production of an 

appropriately-sized single band from PCR. 
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Initial promising results of putative transformants demonstrating URA3 complementation 

and detection of an appropriately sized single PCR band during TAP-screening genotyping gel 

analysis resulted in the generation of five C. albicans efg1 Δ/Δ, cph1 Δ/Δ mutant strains 

(Table 4.6).  These putative mutants are EFG1, CPH1 double nulls with one wild-type 

cochaperone allele fused with a C-terminal TAP-tag.   

 

 

Figure 4.6 Screening C. albicans transformants for the presence of the TAP-tag.  Using CSHL high-
efficiency yeast transformation, C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ, cochaperone genes (AHA1, CDC37, 
CPR6, SBA1, and STI1) were C-terminally TAP epitope-tagged using vector pFA-TAP-CaURA3.  Potential 
transformants that survived Ura- selective plating were screened for the presence of TAP epitope-tag 
using genotyping PCR with cochaperone-specific forward primers and TAP reverse primer.   Single bands 
of appropriate size indicated potential successful integration of the pFA-TAP-CaURA3 vector into a wild-
type cochaperone gene allele.  A.  Screening revealed eight AHA1-TAP (A1-A8) transformants with a single 
PCR band of approximately 800-900 kb in size and six CDC37-TAP (D1-D6) transformants with a single 
band approximately 700 kb in size. Expected product size for AHA1-TAP was 831 kb and for CDC37-TAP 
was 786 kb. B.  Eight CPR6-TAP (P1-P8) transformants with a single PCR band of approximately 500 kb in 
size and seven SBA1-TAP (B1-B7) transformants with a single band approximately 900-1,000 kb in size are 
shown. Expected product size for CPR6-TAP was 483 kb and for SBA1-TAP was 861 kb.   C.  Screening 
revealed ten STI1-TAP (T1-T10) transformants with a single PCR band of approximately 300-450 kb in size.  
Expected product size was 442 kb.  A positive control consisting of a HSP90-TAP-tagged strain from the 
internal collection was included, shown in Lane 1. 
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Table 4.6 C. albicans strains generated for this study.  Five C. albicans epitope-tagged strains were created to 
study cochaperone proteins in a yeast-form locked efg1 Δ/Δ, cph1 Δ/Δ mutant.  Putative phenotype and 
genotype denoting URA3 complementation are given for each strain. 

 

4.3.4 Biofilm culturing observations  

Light microscope observations of cells aspirated from mature 48-hour biofilm cultures were 

performed for each strain, as shown in Table 4.7.  Morphological and cell adhesion 

observations were recorded for wild-type filamentous SN95, yeast-form locked efg1 Δ/Δ, 

cph1 Δ/Δ strain, and generated mutants efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, 

cph1 Δ/Δ, CDC37/CDC37-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; efg1 Δ/Δ, cph1 Δ/Δ, 

SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP.  Wild-type SN95 demonstrated 

strong cell-matrix adhesion in contrast to the afilamentous mutants, which were observed to 

be primarily sessile and poorly adhered.  With regard to morphology, greater than 90% of 

cells were identified as hyphal or pseudohyphal in SN95 biofilms.  This was distinctly 

different from the observed morphology in the afilamentous mutants, where greater than 

95% of cultures were visually identified as yeast.  These observations are in line with 

published phenotypes of efg1 Δ/Δ, cph1 Δ/Δ biofilm which are atypical in architecture with 

defective hyphae formation and comprised primarily of yeast-form cells that are easily 

detached from substratum (Garcia-Sanchez et al., 2004; Lewis et al., 2002; Ramage et al., 

2002).   

 

 

 

Strain Phenotype Genotype 
efg1 Δ/Δ, cph1 Δ/Δ, 

AHA1/AHA1-TAP 
Ura+ His+ Arg+ 

ura3::imm434/ura3::imm434 cph1::hisG/cph1::hisG 
efg1::hisG/efg1::hisG AHA1/AHA1-URA3 

efg1 Δ/Δ, cph1 Δ/Δ, 
CDC37/CDC37-TAP 

Ura+ His+ Arg+ 
ura3::imm434/ura3::imm434 cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG  CDC37/CDC37-URA3 

efg1 Δ/Δ, cph1 Δ/Δ, 
CPR6/CPR6-TAP 

Ura+ His+ Arg+ 
ura3::imm434/ura3::imm434 cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG  CPR6/CPR6-URA3 

efg1 Δ/Δ, cph1 Δ/Δ, 
SBA1/SBA1-TAP 

Ura+ His+ Arg+ 
ura3::imm434/ura3::imm434 cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG  SBA1/SBA1-URA3 

efg1 Δ/Δ, cph1 Δ/Δ, 
STI1/STI1-TAP 

Ura+ His+ Arg+ 
ura3::imm434/ura3::imm434 cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG AHA1/ STI1/STI1-URA3 
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Table 4.7 Growth observations of 48-hour mature biofilms.  Growth characteristics were noted for C. albicans 
wild-type filamentous SN95, yeast-form locked efg1 Δ/Δ, cph1 Δ/Δ strain, and generated mutants efg1 Δ/Δ, 
cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; efg1 
Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP strains grown under biofilm conditions 
in RPMI media with 10% serum.  Changes in media colour are indicated, along with adhesion properties, and 
light microscope observations of cell morphology. 

Strain 
Media colour (RPMI 

with 10% serum) 
Cell adhesion Morphology 

SN95 (WT control) 
Pale pink, almost 

milky in appearance 

Some cells floating, 

most adhered to well 

Mixed, >90% 

hyphae/pseudohyphae 

efg1 Δ/Δ, cph1 Δ/Δ 

(afilamentous control) 
Pale tangerine 

Most cells are floating, 

few if any are adhered 

to well 

Mixed; >95% yeast 

efg1 Δ/Δ, cph1 Δ/Δ, 

AHA1/AHA1-TAP 
Pale magenta 

efg1 Δ/Δ, cph1 Δ/Δ, 

CDC37/CDC37-TAP 

Pale coral 

efg1 Δ/Δ, cph1 Δ/Δ, 

CPR6/CPR6-TAP 

efg1 Δ/Δ, cph1 Δ/Δ, 

SBA1/SBA1-TAP 

efg1 Δ/Δ, cph1 Δ/Δ, 

STI1/STI1-TAP 

Preliminary experiments also revealed potential pH differences in mature 48-hour biofilm 

cultures. Visual observations of RPMI media colour changes were noted between different 

strains.  Previous culturing of SN95 biofilms demonstrated a consistent media transition 

from an uninoculated magenta colour to a pale pink, almost milky appearance.  This was 

distinctly different from the media changes seen for yeast-form locked strains, which ranged 

from pale magenta to pale tangerine (Table 4.7).  RPMI contains phenol red, also known as 

phenolsulfonphthalein, a pH indicator dye that exhibits a gradual transition from yellow to 

red over a pH range of 6.2 to 8.2 (PubChem, 2019).  Though the changes in biofilm pH were 

not quantified, efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP biofilms were more alkaline compared 

to those generated by efg1 Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP; efg1 Δ/Δ, cph1 Δ/Δ, 

CPR6/CPR6-TAP; efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP 

strains and to efg1 Δ/Δ, cph1 Δ/Δ, which could suggest alteration of metabolism due to TAP-

tag interference.  Since Hsp90 and its cochaperones require physical binding through domain 
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interactions, it is possible that addition of a protein fusion tag to any of the cochaperones 

could result in inhibition of interactions with other proteins or decreased functionality.  

Interestingly, this RPMI phenotype was only observed in 48-hour biofilm cultures as 

filamentous planktonic cultures in RPMI were all of a similar colour. 

C. albicans possesses the capability to alter its external environment to favour survival 

through metabolic adaptation.  In glucose-free environments, C. albicans catabolism favours 

amino acids or polyamines, which directly leads to alkalinisation of the surrounding 

environment via the cellular excretion of ammonia (Mayer et al., 2013; Vylkova et al., 2011).  

External alkalinity is a trigger for yeast-to-hyphal morphogenesis, a mechanism thought to 

contribute to pathogenicity through host immune evasion.  Auto-induction of filamentation 

by alkalization of phagosomal pH is thought to assist C. albicans escape from host 

macrophages (Vylkova et al., 2011).  Differences in the alkalinity of the surrounding media 

compared to wild-type media could be due to inadvertent mutation of glucose uptake or 

metabolism genes in the generated strains.  In C. albicans, in vitro genetic manipulations are 

known to alter non-target-gene sequences and introduce chromosomal changes (Selmecki, 

Forche and Berman, 2010).  Additionally, the diploid nature of C. albicans requires two 

separate rounds of transformation to generate genetic null mutants, doubly increasing the 

chances for highly unstable aneuploidies (Bouchonville et al., 2009; Selmecki, Bergmann and 

Berman, 2005).  C. albicans efg1 Δ/Δ, cph1 Δ/Δ was constructed from a C. albicans cph1 Δ/Δ, 

ura3 Δ/Δ strain (Lo et al., 1997), which means it has been genetically manipulated at least six 

times prior to use in this study.  Given the plasticity of the C. albicans genome, the tendency 

for genome translocation within laboratory strains, and likelihood of inadvertent mutation 

with multiple rounds of transformation (Bouchonville et al., 2009; Chibana et al., 1998; 

Poulter, 1987; Selmecki et al., 2005; Selmecki et al., 2010; Selmecki et al., 2009), generation 

of TAP-tagged mutants could have affected non-target gene sequences that impact cellular 

ammonia excretion or those involved in glucose metabolism.  Although there is no concrete 

evidence for secondary mutations, the differences in media alkalinity between efg1 Δ/Δ, 

cph1 Δ/Δ; efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP, and the other mutant strains does seem to 

suggest some type of gene alteration or protein interference has occurred. 
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4.3.5 Preliminary screen for cochaperone proteins  

Hsp90 was examined in two morphological phenotypes, filamentous SN95 wild-type and 

yeast-form locked efg1 Δ/Δ, cph1 Δ/Δ under 48-hour biofilm conditions.  To detect Hsp90 

cochaperones in an afilamentous strain, putative mutants (4.3.2) generated with TAP-tagged 

cochaperones in an efg1 Δ/Δ, cph1 Δ/Δ strain were cultured under 48-hour biofilm 

conditions (i.e. strains efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, 

CDC37/CDC37-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-

TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP).   

Preliminary screens for detection of Hsp90 in SN95 and efg1 Δ/Δ, cph1 Δ/Δ showed 

detection of double bands of approximately 75 and 80-90 kDa (Figure 4.7A, B).  When whole-

cell lysates of strains efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-

TAP; efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP were 

probed for the presence of the TAP protein, bands of approximately 70 kDa for Aha1-TAP, 

approximately 70 kDa for Cpr6-TAP, and approximately 100 kDa for Sti1-TAP were detected.  

No banding was detected for Sba1-TAP (Figure 4.7A).  A second screening for presence of 

Sba1-TAP and preliminary detection of Cdc37-TAP using whole-cell lysates of strains efg1 

Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP and efg1 Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP is shown in 

Figure 4.7B.  In this screen, probing for TAP protein failed to reveal any detection of signal of 

Sba1-TAP or Cdc37-TAP.  For each screen, a Ponceau S stain was performed on the blot 

membranes post-transfer (Figure 4.7C, D).  Examination of these stains revealed no staining 

of samples used to detect Hsp90, but strong transfer of proteins in samples used to detect 

TAP protein in strains efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-

TAP; efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP (Figure 

4.7C).  In Figure 4.7D, no staining of samples used to detect Hsp90 was observed and weak 

transfer of protein in lysate samples from strains efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP and 

efg1 Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP was observed, indicated by patchy Ponceau S 

staining of bands.  To evaluate consistency of sample preparation for loading of gels, 

Simplyblue stained gels loaded with 5µg of each sample were imaged and are shown in 

Figure 4.7E, F.  For the first screen shown in Figure 4.67, there is a visible difference in the 

samples prepared with SN95 and efg1 Δ/Δ, cph1 Δ/Δ lysates.  Banding for samples prepared 
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for detection of Aha1-TAP, Cpr6-TAP, Sba1-TAP and Sti1-TAP are consistent.  For the second 

screen shown in Figure 4.6B, there was a visible difference in the samples prepared with 

SN95 and efg1 Δ/Δ, cph1 Δ/Δ lysates, with heavy smearing of the banding shown in the efg1 

Δ/Δ, cph1 Δ/Δ lysate.  Banding for samples prepared for detection of eCdc37-TAP and eSba1-

TAP appeared visually equal and consistent.  No positive controls were run during these 

preliminary screens.    

When probing for Hsp90 and C-terminally tagged cochaperones Aha1-TAP, Cpr6-TAP, and 

Sti1-TAP, the molecular weights of the signal bands were slightly larger than predicted 

(Figure 4.7G).  This could be due to several factors, including post-translational 

modifications, SDS-PAGE limitations, TAP-tag interference, or even PTM of cochaperone 

proteins (discussed in 2.3.2 and 2.3.4).  Alternatively, this discrepancy could be due to the 

inherent limitations of SDS-PAGE.  This technique is incapable of accurately measuring 

molecular weight and is simply an estimate of comparison to molecular weight protein 

standards, which can fluctuate from one vendor batch to the next.  Additionally, with SDS-

PAGE, migration of a protein is dependent upon its denatured hydrodynamic radius (Jeannot 

et al., 1999).  Thus, it is possible that the proteins shown in these screens have denatured in 

such a fashion that they possess a higher than expected “drag” through the gel, which 

increases their expected molecular weight  (Jeannot et al., 1999).  Another distinct possibility 

is that an error in recombination due to chromosomal rearrangement (e.g. an inversion of a 

segment of DNA near the insertion site) or an error in cassette assembly (e.g. truncation of 

one or both ends of the cassette) resulted in integration of the TAP-tagging construct at an 

unintended locus.  Verification of correct integration could be done with sequencing or with 

colony PCR using several primers binding to the middle of the insertion in combination with 

flanking genomic primers, which can confirm the size and orientation of the insert (Gardner 

& Jaspersen, 2014).  However, higher than expected protein weights were observed in 2.3.2 

for several of the cochaperone proteins.  Thus, this discrepancy in observed weight 

compared to expected weight is most likely related to either inherent issues from using a 

fusion protein tag as a proxy to measure protein expression in this system or PTM of the 

cochaperone proteins. 
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Figure 4.6 Preliminary screens for detection of Hsp90 and TAP-tagged cochaperones in C. albicans efg1 Δ/Δ, 
cph1 Δ/Δ.  A.  Initial screen for Hsp90 in C. albicans filamentous WT SN95 and yeast-form locked efg1 Δ/Δ, cph1 
Δ/Δ followed by detection of TAP-tagged cochaperones (Aha1-TAP, Cpr6-TAP, and Sti1-TAP) in an efg1 Δ/Δ, cph1 
Δ/Δ  strain under 48-hour biofilm conditions showed double Hsp90 bands of approximately 75 and 80-90 kDa in 
SN95 and efg1 Δ/Δ, cph1 Δ/Δ total global lysates loaded at 2.5µg.  When probing for TAP protein, bands of 
approximately 70 kDa for Aha1-TAP (150µg loaded), approximately 70 kDa for Cpr6-TAP (50µg loaded), and 
approximately 100 kDa for Sti1-TAP (50µg loaded) was detected.  No banding was detected for Sba1-TAP in 50µg 
lysate. B.  A secondary screen showing Hsp90 detection in SN95 and efg1 Δ/Δ, cph1 Δ/Δ strains with a repeat for 
detection of Sba1-TAP along with Cdc37-TAP.  Probing for Hsp90 showed double bands of approximately 75 and 
80-90 kDa.  Probing for TAP protein failed to reveal any detection of signal of Sba1-TAP or Cdc37-TAP (50µg lysate 
loaded for each). C.  Membrane of blot shown in A stained with Ponceau S stain to evaluate protein transfer 
shows no staining of samples used to detect Hsp90, but good transfer of protein in samples used to detect TAP 
protein.  D.  Protein transfer for all samples shown in B was evaluated by Ponceau S staining of membrane.  No 
staining of samples used to detect Hsp90 was observed.  Weak transfer of protein is indicated by the patchy 
banding of samples used to detect TAP protein.  E.  For the blot shown in A, a second gel ran in tandem loaded 
with 5µg total global lysate for each sample and stained with Simply blue to evaluate consistency of loading 
sample preparation is shown.  There is visible difference in the samples prepared with SN95 and efg1 Δ/Δ, cph1 
Δ/Δ lysates.  Banding for samples prepared for detection of Aha1-TAP, Cpr6-TAP, Sba1-TAP and Sti1-TAP are 
consistent.  F.  For the blot shown in B, a second gel ran in tandem loaded with 5µg total global lysate for each 
sample and stained with Simply blue to evaluate consistency of loading sample preparation in the absence of an 
appropriate loading control is shown.  There is visible difference in the samples prepared with SN95 and efg1 Δ/Δ, 
cph1 Δ/Δ lysates, with heavy smearing of the banding shown in the efg1 Δ/Δ, cph1 Δ/Δ lysate.  Banding for 
samples prepared for detection of Cdc37-TAP and Sba1-TAP appear visually equal and consistent.  G. Table 
showing expected weights (kDa) for Hsp90 and cochaperone proteins Aha1, Cpr6, Sba1, Sti1, and Cdc37 modified 
with a C-terminal TAP-tag.   



149 
 

These preliminary screens revealed the presence of the TAP-tag for strains efg1 Δ/Δ, cph1 

Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, 

STI1/STI1-TAP but not for efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP and efg1 Δ/Δ, cph1 Δ/Δ, 

CDC37/CDC37-TAP.  Thus, these data could indicate successful generation of mutants efg1 

Δ/Δ, cph1 Δ/Δ; AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; and efg1 Δ/Δ, cph1 

Δ/Δ, STI1/STI1-TAP as presence of the TAP protein in Western blotting is an accepted 

methodology for checking correct integration of yeast genome manipulations involving        

C-terminal tagging modules (Gardner & Jaspersen, 2014). 

4.3.6 Cochaperone expression is independent of morphogenesis 

In Chapter 3, SBA1 was significantly upregulated in biofilm but not in planktonic filamentous 

cultures, which suggested involvement in either creation or maintenance of mature biofilms 

but not necessary morphogenesis.  Part of the goal of this chapter was to examine Hsp90 

and cochaperone transcriptional expression in yeast-form locked strains under hyphal-

inducing conditions to further understand their role in C. albicans.  If cochaperone 

expression is examined under conditions where hyphal morphogenesis is inhibited, either 

chemically or genetically, then significant upregulation of cochaperone genes under hyphal-

inhibiting conditions would suggest involvement in other cellular activities not driving 

morphogenesis. 

 Due to constrictions of the experiment, cochaperone gene expression was investigated 

using NCBI GEO dataset GSE41771 examining gastrointestinal colonisation of C. albicans 

strain efg1 Δ/Δ, cph1 Δ/Δ in a murine model (Pierce et al., 2013).  Genes HSP90, HSP70, and 

Hsp90 cochaperones SBA1, CDC37, STI1, AHA1, CPR6, CNS1, and CPR7 along with conditional 

controls, housekeeping gene GPD1 and hyphal-specific OPT4, were ORF-matched with          

C. albicans Assembly 19.  Differential gene expression was determined with web tool GEO2R 

(Barrett et al., 2013).  Expression values were normalised to WT control conditions and 

reported as Log2 fold changes.  Statistical significance of Log2-relative fold was determined 

by student t-test (p = <0.05) via the GEO2R limma topTable function.   

In the Pierce et al. study, mice were inoculated by oral gavage (WT SC5314 and mutant efg1 

Δ/Δ, cph1 Δ/Δ) to compare gene expression during colonisation of different organs of the GI 
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tract.  Pierce et al. found that C. albicans cells colonising both the cecum and ileum have 

gene expression patterns similar to those in hyphal cells even though most colonizing cells 

are morphologically yeast form.  Additionally, this study also reported that C. albicans gene 

expression is niche-specific with differential upregulation of genes involved in adhesion, 

stress responses, and protease secretion. 

When examining Hsp90 and its cochaperones within this dataset, differential expression was 

observed in the gene expression patterns seen in efg1 Δ/Δ, cph1 Δ/Δ cells colonizing the 

cecum and those colonizing the ileum (Figure 4.7A).  Analysis of Log2 fold changes between 

efg1 Δ/Δ, cph1 Δ/Δ and WT strains show differential regulation of Hsp90 cochaperones 

between the cecum and ileum.  In the cecum, cochaperones SBA1, CDC37, STI1, CPR6, and 

CNS1 show upregulation when compared to WT control expression, while HSP90, AHA1, 

CPR7, and HSP70 are downregulated.  In the ileum, both HSP90 and HSP70 along with all 

cochaperones are downregulated when compared to WT control expression.  Analysis with a 

student’s t-test revealed that STI1 is significantly downregulated in the ileum when 

compared to WT control expression (p = 0.0178), though this trend is not present in the 

cecum.  Inclusion of housekeeping GPD1 shows slight downregulation in the cecum, and 

upregulation in the ileum, though neither of these were significantly different compared to 

WT expression.  As a conditional growth control, hyphal-specific OPT4 was examined.  In 

both the cecum and ileum, this gene was significantly downregulated in the yeast-locked 

efg1 Δ/Δ, cph1 Δ/Δ strain as compared to WT expression (p = 0.0006 and p = 0.0084, 

respectively).  These data are similar to the findings of Pierce et al. that show changes 

between both WT and efg1 Δ/Δ, cph1 Δ/Δ expression in relation to organ-niche (Pierce et al., 

2013).  The GI tract environments are considerably different, the ileum environment is more 

alkaline and has increased glucose and oxygen concentrations as compared to the cecum 

(Fallingborg, 1999; He et al., 1999).  Examination of patterns across the different 

environmental stimuli (e.g. alkaline ileum and acidic cecum) shows differential regulation of 

Hsp90 cochaperones -- even in yeast-locked forms.  These data could suggest that in vivo 

cochaperone expression is dependent upon environmental stimuli and is independent of 

morphogenesis.   
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To further delineate the role of  Hsp90 cochaperones,  RNA sequencing data from NCBI GEO 

dataset GSE136116 was retrieved (Romo et al., 2019).  Genes HSP90, HSP70, and Hsp90 

cochaperones SBA1, CDC37, STI1, AHA1, CPR6, CNS1, and CPR7 along with conditional 

controls, housekeeping gene GPD1 and hyphal-specific OPT4, were ORF-matched with          

C. albicans Assembly 19.  Differential gene expression was determined with web tool GEO2R 

(Barrett et al., 2013).  Expression values were normalised to WT biofilm control conditions 

and reported as Log2 fold changes.  Statistical significance of Log2-relative fold changes in 

biofilm and filamentous morphologies was determined by student t-test (p = <0.05) via the 

GEO2R limma topTable function.   

In this study by Romo et al., global transcriptomic changes of C. albicans SC5314 90-minute 

immature biofilms were measured in response to treatment with 5µM compound 9029936.  

Compound 9029936 is N-[3-(allyloxy)-phenyl]-4-methoxybenzamide, which contains a biaryl 

Figure 4.7 Hsp90 cochaperone genes are differentially regulated.  Genes HSP90, HSP70, and Hsp90 
cochaperones SBA1, CDC37, STI1, AHA1, CPR6, CNS1, and CPR7 along with conditional controls, 
housekeeping gene GPD1 and hyphal-specific OPT4, were retrieved from NCBI GEO dataset GSE41771 
(Pierce et al., 2013) and ORF-matched with C. albicans Assembly 19.  Differential gene expression was 
determined with web tool GEO2R (Barrett et al., 2013).  Expression values were normalised to WT control 
conditions and reported as Log2 fold changes.  Statistical significance of Log2-relative fold was determined 
by student t-test (p = <0.05) via the GEO2R limma topTable function.   A.  In the cecum, cochaperones 
SBA1, CDC37, STI1, CPR6, and CNS1 show upregulation when compared to WT control expression, while 
HSP90, AHA1, CPR7, and HSP70 are downregulated.  Housekeeping GPD1 is slightly downregulated whilst 
hyphal-specific OPT4 is significantly downregulated (p = 0.0006).  In the ileum, both HSP90 and HSP70 
along with all cochaperones are downregulated when compared to WT control expression.  Housekeeping 
GPD1 shows upregulation whilst hyphal-specific OPT4 is significantly downregulated compared to control 
(p = 0.0084).  Analysis with a student’s t-test revealed that STI1 is significantly downregulated in the ileum 
when compared to WT control expression (p = 0.0178), though this trend is not present in the cecum.   
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amide core structure, is a potent inhibitor of filamentation and biofilm formation that was 

identified in a screen of 30,000 small-molecule compounds using a commercially available 

chemical library (Romo et al., 2017; Romo et al., 2018).  Although this study examined the 

top 50 upreguated and downregulated genes, neither HSP90 nor any of its cochaperones 

were discussed in the results.  Whilst this could suggest that HSP90 and HSP90 cochaperones 

are not necessarily involved in the cellular response to compound and azole treatment, it 

could also be indicative that they are implicated but not included due to the top 50-cutoff. 

When examining HSP90, HSP70, and the Hsp90 cochaperones within this dataset, a marked 

increase of significant upregulation was observed (Figure 4.8A).  HSP90, SBA1, CDC37, STI1, 

AHA1, CPR6, CNS1, and CPR7 all show increased expression in biofilms treated with 

compound 9029936 when compared to untreated biofilm controls.  Significant upregulation 

was revealed for cochaperones CDC37 (p = 0.0028), STI1 (p = 0.0302), AHA1 (p = 0.0004), and 

CPR7 (p = 0.0402).  The Romo et al. study reported extensive alteration of gene expression 

within the transcriptome of biofilms treated with compound 9029936.  Many of the genes 

identified in the top 50 downregulated genes list were associated with filamentation and C. 

albicans pathogenicity mechanisms, such as white-opaque switching, adhesion, toxin 

production, iron and phosphate acquisition, and proteolytic enzyme synthesis.  In contrast, a 

large number of genes identified in the top 50 genes upregulated were associated with 

vesicular transport ontologies, such as those involved in Golgi vesicle transport and 

membrane localisation, microtubule motor activity, multivesicular body trafficking, and 

secretory vesicle-membrane fusion (Romo et al., 2019).  The significant upregulation of 

cochaperones in biofilms treated with compound 9029936 could be indicative of their 

involvement in vesicle transport, localisation, and membrane fusion as these functions are 

essential for hyphal formation (Sudbery, 2011).  It has been reported that CDC37, SBA1, STI1, 

and AHA1 are all capable of Hsp90-independent activity with unique clientele (Abbas-Terki 

et al., 2002; Bose et al., 1996; Echtenkamp et al., 2011; Forafonov et al., 2008; Kimura et al., 

1997; MacLean & Picard, 2003; Rao et al., 2001; Weikl et al., 1999), which could explain why 

HSP90 was not significantly upregulated in the presence of the hyphal-inhibitor.  Thus, 

cochaperones CDC37, STI1, AHA1, and CPR7 could be involved with Hsp90-independent 
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mechanisms that attempt to overcome the effects of hyphal-inhibition in the presence of 

compound 9029936. 

Alternatively, it is possible that these upregulation of these cochaperones is indicative of an 

involvement in efflux pump removal of compound 9029936 from the cellular environment.  

In yeast, there are over 30 distinct genes that encode ATP Binding Cassette (ABC) 

transporters that function in membrane translocation of numerous structurally unrelated 

Figure 4.8 Hsp90 cochaperones are upregulated in the presence of a filamentation inhibitor.  Genes 
HSP90, HSP70, and Hsp90 cochaperones SBA1, CDC37, STI1, AHA1, CPR6, CNS1, and CPR7 along with 
conditional controls, housekeeping gene GPD1 and hyphal-specific OPT4, were retrieved from NCBI GEO 
dataset GSE136116 (Romo et al., 2019) and ORF-matched with C. albicans Assembly 19.  Differential gene 
expression was determined with web tool GEO2R (Barrett et al., 2013).  Expression values of C. albicans 
SC5314 90-minute immature biofilms in response to treatment with 5µM compound 9029936, a potent 
inhibitor of filamentation, were normalised to WT biofilm control conditions and reported as Log2 fold 
changes.  Statistical significance of Log2-relative fold changes in biofilm and filamentous morphologies was 
determined by student t-test (p = <0.05) via the GEO2R limma topTable function.   A. Student t-test 
comparison of gene expression in compound 9029936-treated biofilms showed increased expression of 
HSP90, SBA1, CDC37, STI1, AHA1, CPR6, CNS1, and CPR7 when compared to untreated biofilm controls.  
Significant upregulation was revealed for cochaperones CDC37 (p = 0.0028), STI1 (p = 0.0302), AHA1 (p = 
0.0004), and CPR7 (p = 0.0402).  Hyphal-specific growth marker OPT4 was significantly downregulated when 
filamentation was inhibited (p = <0.0001) and housekeeping GPD1 showed a significant decrease in 
expression (p = <0.0001).   B.  Dendrogram of NCBI Gene Expression Omnibus GEO2R generated Log2-
transformed gene expression fold changes for ORF-matched HSP90, HSP70, and cochaperones SBA1, CDC37, 
STI1, AHA1, CPR6, CPR7, CNS1, GPD1, and OPT4 from GEO accession GSE136116 (Romo et al., 2019) and 
GSE41771 (Pierce et al., 2013).  Log2 fold changes of genes examined in cecum and ileum gastrointestinal 
colonisation of a C. albicans yeast-locked strain (efg1 Δ/Δ, cph1 Δ/Δ) in a murine model were compared to 
gene expression in biofilms under the influence of a potent inhibitor of filamentation, each normalised to 
expression of respective wild-type controls (WT CON).  In this dendrogram a visible trend was showing 
upregulation of HSP90 and cochaperones AHA1, CDC37, STI1 CPR6, and CNS1 in 9029936-treated biofilms 
and in efg1 Δ/Δ, cph1 Δ/Δ colonisation of the cecum, but not in in efg1 Δ/Δ, cph1 Δ/Δ colonisation of the 
ileum.  Two-way ANOVA revealed no significant differences in expression between these three datasets.   
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xenobiotics, mediation of cellular detoxification, or confer pleiotropic drug resistance 

(Wawrzycka, 2011).  These transporters are colloquially referred to as ABC drug efflux 

pumps.  In S. cerevisiae, C. albicans, and Neurospora crassa, ABC drug efflux pumps are 

known mediators of azole resistance (Balan et al., 1997; Sanglard, 2002; Sanglard et al., 

1998; Vanden Bossche et al., 1998; Wawrzycka, 2011; Y. Zhang et al., 2012).  In N. crassa, 

cochaperones p23 (Sba1), Aha1, Sti1, and Cdc37 have been implicated in ABC drug pump 

regulation (Gu et al., 2016).  As little is understood about the mechanism of compound 

9029936, potential toxicity, or its full effects upon the cellular environment, it is possible 

that an unknown member of the ABC transporter family is capable of binding for expulsion 

from the cell and that Hsp90 cochaperones are mediating this cellular detoxification. 

Unsurprisingly since compound 9029936 is an inhibitor of biofilm formation, hyphal-specific 

OPT4 was significantly downregulated (p = <0.0001).  Housekeeping gene GPD1 showed a 

significant decrease in expression (p = <0.0001).  This downregulation of GPD1 was 

unexpected as this large decrease in expression was not observed in the expression data 

from efg1 Δ/Δ, cph1 Δ/Δ mutants (Figure 4.7) and GPD1 is known to be regulated by EFG1, 

which is a regulator of hyphal morphogenesis (Garcia-Sanchez et al., 2004).   However, GPD1 

is also regulated by TSA1, which is involved in oxidative stress resistance, the correct 

composition of hyphal cell walls, and the yeast-to-hyphae transition (Urban et al., 2005), 

which could also be downregulated here by the unknown mechanism of compound 9029936 

resulting in a marked dampening of the TSA1/GPD1 signalling pathway.  HSP70 was also 

downregulated, though this decrease in expression was not significant.   

When the ORF-matched datasets GSE136116 (Romo et al., 2019) and GSE41771 (Pierce et 

al., 2013) were compared, a trend in expression was observed in the dendrogram shown in 

Figure 4.8B, though two-way ANOVA revealed no significant differences in expression 

between these three datasets.  Pierce et al. examined global gene expression in 

gastrointestinal colonisation of a C. albicans yeast-locked strain (efg1 Δ/Δ, cph1 Δ/Δ) in a 

murine model (Figure 4.7) whereas Romo et al. examined in vitro global gene expression in 

biofilms under the influence of a potent inhibitor of filamentation.  Interestingly, HSP90 and 

cochaperones AHA1, CDC37, STI1 CPR6, and CNS1 were upregulated in 9029936-treated 

biofilms and in efg1 Δ/Δ, cph1 Δ/Δ colonisation of the cecum, but not in in efg1 Δ/Δ, cph1 
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Δ/Δ colonisation of the ileum.  This could be indicative that Hsp90 cochaperones are 

implicated in regulation of common core components of the cellular machinery when 

filamentation is blocked and their expression is dependent upon environmental stimuli (i.e. 

extracellular pH, host factors, and presence of a matrix).   

4.4 Conclusion 

The chapter aimed to investigate the impact of non-essential Hsp90 cochaperones AHA1, 

CPR6, SBA1, STI1 and essential cochaperone CDC37 upon filamentation using microscopy of 

C. albicans SN95 cochaperone genetic deletion strains.  Micrographs of C. albicans mutant 

cells grown for two doublings at 37°C are presented for serum‐induced and alkaline‐induced 

filamentation, which activate downstream transcription factors Efg1 and/or Cph1 to induce 

morphogenesis.  Based on gross visual analysis of initial micrographs, deletion of 

cochaperones AHA1, SBA1, and STI1 does not inhibit yeast‐to‐hyphal transition, in either 

serum‐induced Efg1 pathways or alkaline‐induced Efg1/Cph1 mediated pathways.  Thus, 

upregulation of these cochaperones as seen in gene transcriptions studies discussed in 

Chapter 3 (3.3.3, Figures 3.5‐7) could be for upstream chaperoning of specific clients needed 

for hypha‐induced genes.  Additionally, this study also provides first evidence of phenotypes 

reported for C. albicans Hsp90 cochaperone genetic null mutants under two different hyphal‐

induction models.  It is also the first study to report phenotypes for cochaperone mutants in 

a C. albicans SN95 background, which expands the information available on the CGD 

phenotype database.   

This chapter also aimed to further understand the role of Hsp90 cochaperones by examining 

protein and transcriptional expression in C. albicans yeast-form locked mutant strains grown 

under hyphal-inducing conditions.  Three epitope-tagged strains (efg1 Δ/Δ, cph1 Δ/Δ, 

AHA1/AHA1-TAP; efg1 Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-

TAP) were generated for these experiments in a C. albicans efg1 Δ/Δ, cph1 Δ/Δ mutant, with 

a SC5314 background as evidenced by detection of TAP protein in preliminary Western blot 

screening.  Generation of these strains required numerous protocol optimisations, perhaps 

due to low efficiency of transformation, an inherent genomic instability, or even 

fastidiousness of the efg1 Δ/Δ, cph1 Δ/Δ strain.  When cultured under biofilm-inducing 

conditions, afilamentous strains demonstrated differences in media pH, as indicated by 
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phenol red colour changes.  These differences between the mutant strains could be due to 

the plastic nature of the C. albicans genome.  Generation of the efg1 Δ/Δ, cph1 Δ/Δ strain 

required six separate rounds of transformation to generate a genetic double null, prior to 

the epitope-tagging from this study, which grossly amplified the likelihood of genetic 

alteration within the generated strains.  Thus, the phenotype differences seen in biofilm 

observations may be due to acquired genomic instability (Bouchonville et al., 2009; Selmecki 

et al., 2005), or potential alteration of non-target genes.  Alternatively, the differences in 

media alkalinity between the mutant strains could suggest alteration of metabolism due to 

TAP-tag interference.  Since Hsp90 cochaperones require physical binding through domain 

interactions, it is possible that addition of a protein fusion tag to any of the cochaperones 

could result in inhibition of protein-protein interactions or decreased functionality.   

Initial screens for Hsp90 and cochaperone proteins under 48-hour biofilm conditions served 

as verification of TAP-tag integration in strains efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 

Δ/Δ, cph1 Δ/Δ, CPR6/CPR6-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP, but further 

experiments are needed for TAP-detection in efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP and efg1 

Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP strains to ensure TAP-tag presence and correct 

integration.   

Two NCBI Geo transcriptomic datasets from C. albicans strain SC5314 grown under 

conditions with either genetic or chemical inhibition of filamentation were analysed.  

Examination of cochaperone gene expression in NCBI Geo dataset GSE41771 revealed that 

Hsp90 cochaperones are differentially regulated with regard to environmental stimuli (e.g. 

alkaline ileum, acidic cecum), even in yeast-locked forms incapable of hyphal-transition.  

When filamentation was inhibited chemically in dataset GSE136116, significant cochaperone 

gene upregulation was revealed, and expression patterns were similar to that of a yeast-

locked strain colonising a murine gastrointestinal tract.  These data could suggest that 

cochaperone expression is dependent upon environmental stimuli, such as extracellular pH, 

host factors, or presence of a matrix, and is independent of morphogenesis.   
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CHAPTER 5:  INVERTEBRATE MODELS OF FUNGAL INFECTION 

5.1 Introduction 

Animal models are valuable tools in the study of fungal pathogenesis.  A variety of species 

have been employed to investigate the in vivo interactions between pathogenic Candida 

spp. and host tissues.  These models include the murine gold standard Mus musculus 

domesticus or Mus musculus musculus as well as non-mammalians models Caenorhabditis 

elegans (nemotodes), Drosophilia melanogaster (fruit flies), Dictyostellium discoideum 

(amoeba), Bombyx mori (domestic silkworm larvae), Danio rerio (zebrafish) and greater wax 

moth larvae Galleria mellonella (Ames et al., 2017; Binder et al., 2016; Borman, 2018; 

Brennan et al., 2002; Chamilos et al., 2007; Chao et al., 2010; Cotter et al., 2000; Desalermos 

et al., 2012; Fuchs & Mylonakis, 2006; Fuchs et al., 2010; H. Hamamoto et al., 2004; Hanaoka 

et al., 2008; Maccallum, 2012).  Animal models must face scrutiny in terms of 

appropriateness as an analogue, transferability of information, cost, availability, legislation, 

ease of and adaptability to experimental manipulation, and careful ethical considerations 

(Davidson et al., 1987).  Though the murine model is the standard, caveats are inherent with 

mammalian models. These models can be expensive, require extensive monitoring and 

upkeep, and are often subject to some element of suffering in association with in vivo 

pathogenic research (Cotter et al., 2000; Davidson et al., 1987; Fuchs & Mylonakis, 2006).  

Thus, non-mammalian animal models are readily emerging and offer advantages for the 

study of virulence of human pathogenic fungi and host defence (for in-depth reviews, see 

Fuchs & Mylonakis, 2006; Mylonakis, Casadevall and Ausubel, 2007).   

5.1.1 Galleria mellonella offers numerous advantages as a fungal virulence 

model  

Invertebrate models, in particular G. mellonella, have received particular attention for their 

usage in modelling pathogenesis and offer an advantageous ease for in vivo studies.  

Compared to vertebrate models, breeding and maintenance are relatively inexpensive, and 

larvae can be easily reared in large numbers (Aperis et al., 2007; Mylonakis et al., 2007).      

G. mellonella larvae are easy to handle, possess a short life cycle, and deliver clear viability 

determinations, all of which circumvent the need for specialised expertise in the laboratory 

(Aperis et al., 2007; Mylonakis et al., 2007).  Assays are simple to perform and results are 
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often obtained within a short period of time, which allows for infection of large larval 

cohorts with the associated statistical power of the experimental data (Ames et al., 2017; 

Mylonakis et al., 2007).  This simplicity allows for large-scale studies with numerous fungal 

strains and library scanning to identify unknown virulence factors (Brennan et al., 2002; 

Desalermos et al., 2015).  A distinct advantage of G. mellonella over other invertebrate 

models, such as D. melanogaster or D. discoideum, is that G. mellonella larvae can be 

injected with a range of defined inoculae, which is critical when comparing wild-type and 

mutant strains (Binder et al., 2016; Desalermos et al., 2012; Mylonakis et al., 2007).  Finally, 

G. mellonella larvae can be incubated at human physiological temperature, which is 

desirable for studying fungal pathogens, in particular dimorphic fungi (e.g. Candida spp.) that 

alter morphology and virulence gene expression in response to temperature shifts (Fuchs & 

Mylonakis, 2006; Fuchs et al., 2010; Mylonakis et al., 2007; Sudbery et al., 2004).   

Additionally, aspects of the G. mellonella immune response are analogous to mammalian 

innate responses, and thus can provide insights into host defence processes against fungal 

pathogens.  The components of G. mellonella innate immunity are the fatty body, lymph 

nodes, and haemocytes (Dunphy & Thurston, 1990).  These components provide innate 

immune defences like those of mammals such as structural and passive barriers, cellular 

immunity, and humoral immunity (Dunphy & Thurston, 1990; James & Xu, 2012).  

Comparable to mice, cellular and humoral immunity in G. mellonella are activated by signal 

transduction (Fallon et al., 2012).  G. mellonella larvae have an open circulatory system, or 

haemolymph, with haemocytes arising from the mesoderm tissue that mediate the cellular 

response (Dunphy & Thurston, 1990; James & Xu, 2012).  Haemocytes have phagocytic 

capability and can produce antimicrobial compounds to mediate processes such as 

coagulation, nodulation, encapsulation, and melanisation (Tojo et al., 2000).  The humoral 

response is mediated by components such as antimicrobial peptides, opsonins, lysozymes, 

and chemicals such as phenoloxidase (PO) that catalyse melanin formation (Eleftherianos & 

Revenis, 2011; Trevijano-Contador & Zaragoza, 2018).  Melanin synthesis in invertebrate 

larvae plays a crucial role in host defence and is regulated by the presence of PO in the 

haemolymph following infection or injury (Eleftherianos & Revenis, 2011).  Melanin 

deposition on the surface of the microbial pathogen serves to facilitate recognition and 

clearance (Eleftherianos & Revenis, 2011).  Pathogen recognition and activation of the PO-
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signalling cascade is triggered by microbial cell wall components such as lipopolysaccharides, 

peptidoglycans, and β-1,3-glucans (Cerenius et al., 2008; Cerenius & Söderhäll, 2004).  

Studies on the G. mellonella immune response have shown great specificity and a capacity 

for distinguishing between different fungal pathogens, including Candida spp., Aspergillus 

fumigatus, Fusarium spp., and Cryptococcus neoformans (Coleman et al., 2011; Muñoz-

Gómez et al., 2014; Sheehan et al., 2018; Sheehan & Kavanagh, 2018; Trevijano-Contador et 

al., 2015; Trevijano-Contador & Zaragoza, 2018).  Several studies examining virulence of 

fungal pathogens have shown the G. mellonella model to have a strong correlation with 

mammalian models (Brennan et al., 2002; Halldorsdottir et al., 2003; Slater et al., 2011).  

Thus, due to its ease of use, decreased cost, quickly obtainable viability results, analogy to 

mammalian models, and well-studied fungal immune responses, G. mellonella larvae were 

selected as a suitable model for studying the virulence of C. albicans Hsp90 cochaperones.  

However, there are disadvantages when using a larval model to evaluate virulence that bear 

consideration.  As with any model system, it is difficult to determine if C. albicans virulence 

attributes that are implicated in mammalian infection are entirely analogous within the       

G. mellonella model.  In the Cotter et al. study, the haemolymph of G. mellonella was 

examined after high-dose injections of C. albicans.  Microscopic evaluation determined that 

a majority of the yeast cells were budding and very few hyphal forms were seen (Cotter et 

al., 2000).  In mammalian models that examine C. albicans infection, dimorphism is an 

important aspect of virulence.  C. albicans proteome expression changes greatly as it shifts 

from yeast-to-hyphae and hyphae-specific virulence factors (e.g. candidalysin) are induced 

only after the switch in morphogenesis (Calderone & Fonzi, 2001; Gow et al., 2002; Lo et al., 

1997; Mitchell, 1998; Staniszewska, 2020).  When modelling virulence, even when a fungal 

pathogen is virulent in several hosts, not all virulence traits carry the same importance, 

depending up the model selected.  For example, C. neoformans produces a polysaccharide 

capsule that is critical for pathogenesis in G. mellonella and amoebaen models  

Acanthamoeba castellani and Dictyostelium discoideum, but is not essential for                      

C. neoformans-mediated mortality in C. elegans (Mylonakis et al., 2002; Steenbergen & 

Casadevall, 2003; Steenbergen et al., 2001).  Therefore, it is highly possible that the               

G. mellonella model may not reveal aspects of C. albicans Hsp90 cochaperones virulence 

that would be seen during the progress of mammalian infection.  Thus, the data presented 
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from these virulence studies must be evaluated in the context of this model only and cannot 

be necessarily extrapolated to virulence that would be observed in other models of 

infection, especially in human infection. 

5.1.2 Manduca sexta is an alternative invertebrate model 

Manduca sexta (Lepidoptera, Sphingidae), known as the tobacco hornworm agricultural 

pest, has been used as a model in the study of entomopathogenic bacterial species and is 

gaining traction as an alternative invertebrate virulence model (Bintrim & Ensign, 1998; Forst 

& Tabatabai, 1997; Hussa & Goodrich-Blair, 2012; Nuñez-Valdez et al., 2008; Park et al., 

2007; Péchy-Tarr et al., 2008; Schesser et al., 1977).  M. sexta larvae have potential for the 

study of fungal-host interactions, and akin to G. mellonella, offers many advantages 

compared to commonly used mammalian models.  Breeding and maintenance are relatively 

inexpensive, and larvae can be reared in large numbers (Hussa & Goodrich-Blair, 2012; 

Mylonakis et al., 2007).  M. sexta larvae are larger compared to G. mellonella, reaching 

weights of 10 to 12 grams, which allows for ease in handling.  Larvae can be injected with a 

defined range of inoculae with results obtainable in a short period of time, often 72 hours 

(Hussa & Goodrich-Blair, 2012; Mylonakis et al., 2007).  An unusual advantage to the            

M. sexta model is the presence of a dorsal horn, which can be nicked or clipped to provide 1-

2mL of haemolymph containing 106 haemocytes without harm to the model host, useful for 

downstream analysis (Kanost et al., 2004; van der Hoeven et al., 2008; Zhang et al., 2014).  

Fungal burden can be assessed daily through simple CFU plating using larval haemolymph 

and also through collected faeces throughout the course of infection (DeLoach, 2014; Lyons 

et al., 2020).  Additionally, M. sexta innate immune defences are conserved among insects, 

akin to the G. mellonella immune response, and have been studied against bacterial 

pathogens and invading parasites (Amaya et al., 2005; Eleftherianos et al., 2006; Kanost et 

al., 2004; Ross & Dunn, 1989; Zavala et al., 2008; Zhang et al., 2014). 

Similar to G. mellonella, M. sexta has inherent disadvantages as a model that must be 

considered.  The M. sexta model is a well-established in etymological and bacterial virulence 

studies, (Amaya et al., 2005; Eleftherianos et al., 2006; Hussa & Goodrich-Blair, 2012; Ross & 

Dunn, 1989) yet at this time only one paper has been published exploring the M. sexta 

suitability as a model for fungal pathogens (Lyons et al., 2020).  This simply means there is 
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much we do not understand about the impact of fungal pathogens upon the larval immune 

system response.  Additionally, as a Lepidopteran insect, it shares ancient features of innate 

immunity with G. mellonella (Kanost et al., 2004), and fungal pathogenesis mechanisms may 

not be analogous to those found in mammalian models. 

Recently, at the University of Bath, the suitability of M. sexta larvae as a novel host model 

for studying fungal virulence was established (Balfour, 2014; DeLoach, 2014; Lyons et al., 

2020).   M. sexta are susceptible to Candida spp. such as C. albicans, C. auris, C. glabrata, 

and the yeast pathogen C. neoformans (Balfour, 2014; DeLoach, 2014; Lyons et al., 2020).  

Larvae challenged with C. albicans and C. glabrata wild-type strains showed dose-dependent 

mortality (Balfour, 2014; DeLoach, 2014).  When larvae were challenged with C. albicans 

mutants possessing a known virulence defect, such as a HOG1 double null strain, a reduction 

in virulence was observed within the model (Balfour, 2014; DeLoach, 2014).  When larvae 

were challenged with C. albicans SC5314 wild-type strain using inoculae doses similar to 

those found in mammalian models, a clear correlation between dose and mortality was 

observed (Balfour, 2014; DeLoach, 2014).  These data in combination with the inherent 

advantages of M. sexta larvae as a fungal infection model, including the possession of a 

Manduca tobacco hornworm colony at the University of Bath, make this invertebrate model 

a suitable alternative for elucidating the role in pathogenesis of C. albicans Hsp90 

cochaperones. 

The aim of this chapter was to investigate the role, in vivo, in pathogenesis of non-essential 

Hsp90 cochaperones (Aha1, Sba1, and Sti1) and essential cochaperone Cdc37.  C. albicans 

wild-type and mutant strains were tested in two larval virulence models:  G. mellonella and 

M. sexta.  Larval models were challenged with either 1 x 104 to 1 x 106 cells per larvae of      

C. albicans wild-type SN95 strain along with strains aha1 Δ/Δ, sba1 Δ/Δ, and sti1 Δ/Δ along 

with heterozygous strain CDC37/cdc37 Δ.    
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5.2 Materials and Methods 

5.2.1 Insect Larvae  

Sixth instar TruLarv™ larvae of Galleria mellonella (Lepidoptera, Pyrlidae) were obtained 

from BioSystems Technology Ltd., University of Exeter, UK.  Larvae were prepared from a 

dedicated breeding colony and reared without the addition of antimicrobials or hormones to 

feedstuffs.  Larvae were maintained at 20°C in a sterilised vented plastic shipping container 

and stored in the dark.  Larvae between 0.18 and 0.35 g in weight were employed in all 

assays.  All larvae were used within two weeks of receipt. 

Manduca sexta (Lepidoptera, Sphingidae) tobacco hornworm larvae were reared in the 

Department of Biology and Biochemistry, University of Bath, UK.  Larvae were raised on a 

wheat germ-based artificial diet (Table 5.1) at 25°C with 50% relative humidity with a 12-

hour light/12-hour dark photoperiod.  First instar larvae were individually placed in a 

ventilated 30 mL clear plastic cup on a piece of diet (1 x 2 x 2 cm) and left for 10 days.  

Larvae were then transferred to a 150 mL clear plastic cup to ensure maximum growth and 

weight gain, containing formaldehyde-free block of diet to prevent toxicity of non-

methylotrophic yeast and left for 4 days to reach fifth instar stage for infection.  

All animals were held and maintained in an approved facility as according to the Department 

for Environment, Food and Rural Affairs under licence number 53020/198973. 

Table 5.1 Artificial wheat-germ diet recipes for M. sexta rearing.  M. sexta larvae were reared on a special 
premade diet from the first instar.  After 10 days of development, larvae were placed on a formaldehyde-free 
version of the special diet, which was maintained through the course of the experimental procedures.  All 
foodstuffs were prepared by the facility manager and stored at 4°C until use.  

Premix Diet Formaldehyde-free diet 

2700 g Wheat germ 336 g Premix 336 g Premix 
1260 g Casein 1770 mL Distilled water 1778 mL Distilled water 
1080 g Sucrose 22.5 g Agar 22.5 g Agar 
540 g Dried active yeast 4 mL Corn oil 4 mL Corn oil 
360 g Wesson’s salt 4 mL Linseed oil  4 mL Linseed oil 
36 g Choline chloride 0.25 g Chlorotetracycline 0.25 g Chlorotetracycline 
72 g Cholesterol 0.25 g Vanderssant vitamins 0.25 g Vanderssant vitamins 
36 g Methyl paraben 8 g Ascorbic acid 8 g Ascorbic acid 
54 g Sorbic acid 8 mL 4% Formaldehyde (10% 

Formalin) 
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5.2.2 Yeast strains and culture conditions 

Candida albicans strains SN95 (wild-type control), aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, sti1 

Δ/Δ, and afilamentous strain efg1 Δ/Δ, cph1 Δ/Δ were used in this study (Table 5.2).  Yeast 

cultures were grown in 10 mL of YPD broth in 50mL polypropylene tubes at 30°C in an orbital 

incubator at 200 rpm for 16 hours.   

Table 5.2 C. albicans strains used in Chapter 5.  Strain backgrounds with genotypes are given.  The EFG1 and 
CPH1 double null mutant strain was donated by Al Brown (Exeter, UK).  All other strains are from internal 
collection. 

Strain Background Genotype Notes 

SN95 SC5314/RM1000-2 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 
Wild-type control 

aha1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 
IRO1/iro1::imm434 aha1::FRT/aha1::FRT 

AHA1 null 

CDC37/cdc37 Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 cdc37::FRT/CDC37 
CDC37 

heterozygous 

sba1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 
IRO1/iro1::imm434 sba1::FRT/sba1::FRT 

SBA1 null 

sti1 Δ/Δ SN95 
arg4/arg4 his1/his1 URA3/ura3::imm434 

IRO1/iro1::imm434 sti1::FRT/sti1::FRT 
STI1 null 

efg1 Δ/Δ, cph1 
Δ/Δ 

SC5314 
ura3::imm434/ura3::imm434 

cph1::hisG/cph1::hisG efg1::hisG/efg1::hisG 

EFG1 & CPH1 null; 
afilamentous 

negative control 

 

5.2.3 Inoculation of larvae with C. albicans 

Yeast cells were harvested by centrifugation in a Beckmann Coulter Allegra X-12 centrifuge 

(5 min, 2091×g, 4°C), washed three times and resuspended in 10mL sterile phosphate 

buffered saline (PBS; 0.01 M, pH 7.4; Oxoid Ltd., Basingstoke, England), with the final pellet 

resuspended in 1mL PBS.  Cell concentrations were enumerated by haemocytometer 

counting, and final inoculum size was adjusted as required within the range of 1 x 108 to 1 x 

106 cells/mL in 5mL PBS and stored on ice until injection.  For each assay, inoculae 

concentrations were confirmed by post-infection determination of colony forming units 

(CFU) by plating out 100µL of 1 x 102 and 1 x 103 serial dilutions on YPD agar plates in 

duplicate.  Plates were incubated at 30°C for 48 hours. 

5.2.3.1 Galleria mellonella infection model 

Two controls were employed in all assays:  the first control consisted of larvae which were 

untreated and maintained at the same temperature as test larvae, the second was a PBS 
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control in which larvae were inoculated with 10µL sterile PBS.  Larvae were injected with 

either 1 x 106, 1 x 105, or 1 x 104 cells in 10µL PBS into the haemocoel cavity at the last, left 

proleg (Fuchs et al., 2010) using a BD Micro-Fine 0.5mL insulin syringe with 30G x 8mm 

needle (BD Biosciences, 230-45094).  Post-injection, larvae were transferred to a sterile petri 

dish containing a kimwipe to allow for recovery from small amounts of haemolymph 

leakage.  After a few minutes of recovery, all larvae were placed in new sterile petri dishes, 

which were loosely wrapped with aluminium foil and incubated in the dark at 37°C in a 

stationary incubator.  Larvae were assessed for mortality by poking lightly with forceps.  

Larvae that failed to respond to physical stimuli were considered dead and removed from 

the petri dish.  Mortality rates were recorded every 24 hours for the duration of the 

experiment.  Ten larvae were used for each treatment and each larval survival bioassay was 

repeated but with a greater number of larvae.  

5.2.3.2 Manduca sexta infection model  

Fifth instar larvae were weighed prior to injection with either 1 x 106 or 1 x 105 cells in 100μL 

PBS as prepared above or with 100μL sterile PBS into the last left proleg directly into the 

haemocoel cavity.  Injections were carried out using a BD Micro-Fine 0.5mL insulin syringe 

with 30G x 8mm needle (BD Biosciences, 230-45094).  Injected larvae were maintained in 

individual 150mL clear plastic cups with a piece of formaldehyde-free diet at 37°C in a static 

incubator to determine survival.  Changes in weight and mortality (lack of movement 

response to a touch stimulus), were recorded at 24-hour intervals following the yeast 

challenge.  Ten larvae were used for each treatment.  

5.2.4 Determination of survival curves and other analyses  

After injection of C. albicans into the G. mellonella or M. sexta haemocoel, the number of 

live larvae was counted every 24 hours up to 72 hours or longer depending upon 

experimental duration, with survival percentages shown in Kaplan-Meier plots. Survival 

effects were analysed by the Mantel-Cox Log-rank test with fraction survival error bars 

expressed as 95% CI.  Presence of melanisation was documented for each larval cohort.  CFU 

values, expressed as CFU/mL of post-injection inoculum, were Log-transformed prior to 

statistical analyses.  M. sexta weight data were compared with either univariate or bivariate 

ANOVA with post-hoc Bonferroni multiple comparison testing of significance between the 
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groups.  All data are presented as mean values ± standard error of the mean (SEM); 

differences associated with probabilities <0.05 were considered significant.  Analyses were 

done using GraphPad Prism 8 statistical software (GraphPad Prism, San Diego, California, 

USA). 

5.3 Results and Discussion 

To examine the role in virulence of non-essential Hsp90 cochaperones (Aha1, Sba1, and Sti1) 

and essential cochaperone Cdc37, C. albicans wild-type and mutant strains were tested in 

two larval virulence models:  G. mellonella and M. sexta.  G. mellonella larvae were 

challenged with either 1 x 106, 1 x 105, or 1 x 104 cells per larvae.  M. sexta larvae were 

challenged with either 1 x 106 or 1 x 105 cells per larvae.  C. albicans wild-type SN95 strain 

was compared to strains aha1 Δ/Δ, sba1 Δ/Δ, and sti1 Δ/Δ along with heterozygous strain 

CDC37/cdc37 Δ in terms of larval mortality.  Additionally, an avirulent yeast-locked                

C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ was also examined to investigate if mortality within     

G. mellonella larvae was dependent upon a filamentous morphology. 

5.3.1 C. albicans Hsp90 cochaperone mutants in G. mellonella larvae have wild-

type virulence 

In studies using G. mellonella as a virulence model, the standard lethal dose of wild-type      

C. albicans yeast cells is reported as 1 x 106 cells per larvae.  Thus, this dose was used as a 

starting concentration for larval-challenge along with lower doses of 1 x 105 and 1 x 104 

cells/larvae to expose potential phenotypes not observed at a higher dose.  Larvae injected 

with either PBS or PBS containing 1 x 106  (Figures 5.1 and 5.2), 1 x 105  (Figures 5.3 and 5.4), 

and 1 x 104  (Figure 5.5) cells of wild-type and mutant strains were observed for changes in 

phenotype and mortality over a 168-hour period during the initial experiment (Figure 5.1A, 

C; Figure 5.3A, C; Figure 5.5A, C) and a 72-hour period during the repeat experiment with 

larger group sizes (n = 12-30; Figures 5.1B, D; 5.3B, D).  For all experiments, non-injected 

control larvae (n = 3-4) were incubated alongside injected cohorts and observed for changes 

in phenotype and mortality.   

When survival of wild-type injected larvae was examined, a 50% mortality was observed in 

larvae injected with 1 x 106 cells at 24-hours post-injection (hpi) in both the initial and repeat 
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experiments (Figure 5.1A, C).  Mortality of this cohort increased over the course of the 

experiments and survival was 7-10% by experimental end points.  Lower doses of inoculae 

did not show this trend of rapid mortality.  In the repeat experiment of 1 x 105 cells/larvae, 

mortality did not approach 50% until 72 hpi (Figure 5.3B).  None of the other experiments at 

the lower doses of 1 x 105 or 1 x 104 cells/larvae showed any wild-type mortality during the 

course of the experiments (Figures 5.3A, 5.5A, B).  No mortality was recorded for any of the 

larval cohorts injected with PBS or in non-injected controls.   

Examination of mortality in larvae injected with C. albicans mutant strains sba1 Δ/Δ, sti1 

Δ/Δ, aha1 Δ/Δ, and CDC37/cdc37 Δ revealed a rate of larval killing similar to that seen for 

wild-type cells across all inoculae doses.  In the higher dose of 1 x 106 cells/larvae, rapid 

mortality was observed for all mutant strains in both the initial and repeated experiments 

(Figure 5.1A, C).  Kaplan-Meier survival plots showed no significant differences between 

mutant and wild-type strains (Figure 5.2).  In the lower dose of 1 x 105 cells, sti1 Δ/Δ-injected 

larvae (n = 10) had significantly lower survival compared to wild-type injected larvae in the 

initial experiment (p = 0.0117; Figures 5.3A, C and 5.4G).  However, a significant difference 

was not observed in the repeat experiment, even when larger groups were used (n = 30; 

Figures 5.3B, D and 5.4F).  Opposingly, at this same inoculae dose, CDC37/cdc37 Δ-injected 

larvae (n = 10) demonstrated 100% survival in the initial experiment (Figures 5.3A, C and 

5.4C) but had significantly decreased mortality (p = 0.0352) compared to wild-type injected 

larvae in the repeat experiment (n = 20; Figures 5.3B, D and 5.4D).  For the lowest inoculae 

dose at 1 x 104 cells/larvae, only strain CDC37/cdc37 Δ (n = 10) exhibited any mortality, with 

90% survival at 120 hpi (Figure 5.5A, B).  This difference in mortality was not significantly 

different from wild-type survival when compared with a log-rank test (p = 0.3173; Figure 

5.5C).  Log-rank analyses showed no other significant differences between wild-type and 

mutant strain injected larvae at either of the lower doses (Figures 5.3 and 5.5). 

Alterations in phenotype at 24 hpi were recorded for all larval cohorts during the initial 

experiments.  Melanisation, indicated by a brown colourisation along the larval body, was 

observed in all 1 x 106 higher dose cell-injected cohorts independent of strain type, as seen 

in Figure 5.1E. Melanised larvae that were scored as alive were sluggish to respond to 

physical stimuli.  Unlike larvae challenged with 1 x 106 cells, melanisation was not universally 
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observed in the lower inoculae dose cell-injected cohorts (Figures 5.3E and 5.5D).  When 

larvae were injected with 1 x 105 cells, only sti1 Δ/Δ-injected larvae marked as dead/non-

responsive to stimuli exhibited melanisation (Figure 5.3E).  In larvae injected with 1 x 104 

cells, a singular CDC37/cdc37 Δ-injected larva presented with a melanised phenotype at 24 

hpi (Figure 5.5D).  All PBS control and cell-injected larvae were creamy in colour and active 

without stimulation. 

 

sba1 Δ/Δ, and sti1 Δ/Δ, along with PBS injected control larvae (n = 12-30).  No larval killing was observed in 
non-injected controls (n = 3).  Larvae were assessed for mortality at 24-hour intervals over a 72-hour time 
period.  C.  Table showing percentage survival of G. mellonella larvae in initial experimental challenge.  
Larval survival percentage is shown for 24-hour intervals post-challenge with either PBS or PBS containing 
1 x 106 cells of C. albicans along with non-injected controls.  Number of larvae challenged (n) are shown for 
each condition. D.  Table showing percentage survival of G. mellonella larvae in biological replicate 
challenge.  Larval survival percentage is shown for 24-hour intervals post challenge with either PBS or PBS 
containing 1 x 106 cells of C. albicans along with non-injected controls.  Number of larvae challenged (n) 
are shown for each condition.  E.  Photograph of G. mellonella larvae from initial experiment taken at 24-
hours post-injection with 10µL either PBS or 1 x 106 cells/larvae.  PBS control larvae were creamy in colour 
and active without stimulation. Larvae challenged with yeast showed a melanised phenotype and were 
either dead/non-responsive or alive and slow to respond to stimuli with minimal activity. 

Figure 5.1 Susceptibility of G. mellonella larvae to 1 x 
106 cells C. albicans wild-type SN95 and Hsp90 
cochaperone mutant strains.  A. Kaplan-Meier survival 
plot of G. mellonella infected with 1 x 106 cells/larvae, C. 
albicans wild-type SN95, mutant strains aha1 Δ/Δ, 
CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ, along with PBS 
injected control larvae (n = 10, each).  No larval killing 
was observed in non-injected controls (n = 4).  Larvae 
were assessed for mortality at 24-hour intervals over a 
168-hour time period. B. Biological replicate of larvae 
infected with 1 x 106 cells/larvae C. albicans wild-type 
SN95, mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, 
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Figure 5.2 Comparative analyses of G. mellonella larvae challenged with 1 x 106 cells C. albicans wild-type 
SN95 and Hsp90 cochaperone mutant strains.  Kaplan-Meier survival plots of G. mellonella infected with 1 x 106 

cells/larvae of C. albicans wild-type SN95 were compared individually against mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, 
sba1 Δ/Δ, and sti1 Δ/Δ with a Log-rank (Mantel-Cox) test.  Survival plots were generated for initial and biological 
replicate experiments with fraction survival error bars (dotted lines) expressed as 95% CI.  P-values are shown for each 
plot.  A. Plot showing survival difference in initial experiment between larvae injected with C. albicans wild-type or aha1 
Δ/Δ strains.  Though wild-type mortality occurred at a faster rate compared to aha1 Δ/Δ, no significant difference was 
found between the two strains (p = 0.6812).  B.  Plot showing survival difference in biological replicate between larvae 
injected with C. albicans wild-type or aha1 Δ/Δ strains.  Though wild-type mortality was slightly greater and occurred at 
a faster rate compared to aha1 Δ/Δ, no significant difference was found between the two strains (p = 0.1271).  C. Plot 
showing survival difference in initial experiment between larvae injected with C. albicans wild-type or CDC37/cdc37 Δ 
strains.  Though wild-type mortality occurred at a faster rate compared to CDC37/cdc37 Δ, no significant difference was 
found between the two strains (p = 0.3857).  D.  Plot showing survival difference in biological replicate between larvae 
injected with C. albicans wild-type or CDC37/cdc37 Δ strains.  Though wild-type mortality was slightly greater and 
occurred at a faster rate compared to CDC37/cdc37 Δ, no significant difference was found between the two strains (p = 
0.2507).  E. Plot showing survival difference in initial experiment between larvae injected with C. albicans wild-type or 
sba1 Δ/Δ strains.  Though sba1 Δ/Δ mortality was greater at 48-hours post injection compared to wild-type, no 
significant difference was found between the two strains (p = 0.7876).    F.  Plot showing survival difference in biological 
replicate between larvae injected with C. albicans wild-type or sba1 Δ/Δ strains.  Though sba1 Δ/Δ mortality was greater 
at 24-hours and 48-hours post injection compared to wild-type, no significant difference was found between the two 
strains (p = 0.3202).  G.  Plot showing survival difference in initial experiment between larvae injected with C. albicans 
wild-type or sti1 Δ/Δ strains.  Though wild-type mortality occurred at a faster rate compared to sti1 Δ/Δ, no significant 
difference was found between the two strains (p = 0.0959).  H.  Plot showing survival difference in biological replicate 
between larvae injected with C. albicans wild-type or sba1 Δ/Δ strains.  Though sti1 Δ/Δ mortality was greater at 24-
hours and 48-hours post injection compared to wild-type, no significant difference was found between the two strains 
(p = 0.2845). 
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B. Biological replicate of larvae infected with 1 x 105 cells/larvae C. albicans wild-type SN95, mutant 
strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ, along with PBS injected control larvae (n = 
12-30).  No larval killing was observed in non-injected controls (n = 3).  Larvae were assessed for 
mortality at 24-hour intervals over a 72-hour time period.  C.  Table showing percentage survival of G. 
mellonella larvae in initial experimental challenge.  Larval survival percentage is shown for 24-hour 
intervals post-challenge with either PBS or PBS containing 1 x 105 cells of C. albicans along with non-
injected controls.  Number of larvae challenged (n) are shown for each condition. D.  Table showing 
percentage survival of G. mellonella larvae in biological replicate challenge.  Larval survival 
percentage is shown for 24-hour intervals post challenge with either PBS or PBS containing 1 x 105 
cells of C. albicans along with non-injected controls.  Number of larvae challenged (n) are shown for 
each condition.  E.  Photograph of G. mellonella larvae from initial experiment taken at 24-hours post-
injection with 10µL either PBS or 1 x 105 cells/larvae.  PBS control and cell-injected larvae were 
creamy in colour and active without stimulation. Only larvae marked as dead/non-responsive to 
stimuli exhibited melanisation.   

Figure 5.3 Susceptibility of G. mellonella larvae 
to 1 x 105 cells C. albicans wild-type SN95 and 
Hsp90 cochaperone mutant strains  A. Kaplan-
Meier survival plot of G. mellonella infected 
with 1 x 105 cells/larvae, C. albicans wild-type 
SN95, mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, 
sba1 Δ/Δ, and sti1 Δ/Δ, along with PBS injected 
control larvae (n = 10, each).  No larval killing 
was observed in non-injected controls (n = 4).  
Larvae were assessed for mortality at 24-hour 
intervals over a 120-hour time period.   
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Figure 5.4 Comparative analyses of G. mellonella larvae challenged with 1 x 105 cells C. albicans wild-type 
SN95 and Hsp90 cochaperone mutant strains.  Kaplan-Meier survival plots of G. mellonella infected with 1 x 
105 cells/larvae of C. albicans wild-type SN95 were compared individually against mutant strains aha1 Δ/Δ, 
CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ with a Log-rank (Mantel-Cox) test.  Survival plots were generated for initial 
and biological replicate experiments with fraction survival error bars (dotted lines) expressed as 95% CI.  P-values 
are shown for each plot.  A. Plot of initial experiment showing no difference in survival between larvae injected 
with C. albicans wild-type or aha1 Δ/Δ strains.  Survival for both strains was 100% over the 120-hour time course 
(p = 1.0000).  B.  Plot showing survival difference in biological replicate between larvae injected with C. albicans 
wild-type or aha1 Δ/Δ strains.  Though both strains showed larval killing throughout the 72-hour time course, no 
significant difference was found between the two strains (p = 0.8889).  C. Plot of initial experiment showing no 
difference in survival between larvae injected with C. albicans wild-type or CDC37/cdc37 Δ strains.  Survival for 
both strains was 100% over the 120-hour time course (p = 1.0000).  D.  Plot showing survival difference in 
biological replicate between larvae injected with C. albicans wild-type or CDC37/cdc37 Δ strains.  Wild-type 
mortality was observed, and survival of larvae injected with CDC37/cdc37 Δ was 100%, demonstrating a 
significant difference between the two strains (p = 0.0352).  E. Plot showing survival difference in initial 
experiment between larvae injected with C. albicans wild-type or sba1 Δ/Δ strains.  Although mortality of larvae 
injected with sba1 Δ/Δ was observed at the 120-hour time point but not in the wild-type strain, no significant 
difference was found between the two strains (p = 0.3173).    F.  Plot showing survival difference in biological 
replicate between larvae injected with C. albicans wild-type or sba1 Δ/Δ strains.  Though both strains showed 
larval killing throughout the 72-hour time course, no significant difference was found between the two strains (p = 
0.3202).  G.  Plot showing survival difference in initial experiment between larvae injected with C. albicans wild-
type or sti1 Δ/Δ strains.  Mortality of larvae injected with sti1 Δ/Δ was 50% at the 72-hour time point with no new 
deaths occurring throughout the remaining time course.  Wild-type survival was 100% at the 120-hour time point, 
demonstrating a significant difference between the two strains (p = 0.0117).  H.  Plot showing survival difference 
in biological replicate between larvae injected with C. albicans wild-type or sti1 Δ/Δ strains.  Though both strains 
showed larval killing throughout the 72-hour time course, no significant difference was found between the two 
strains (p = 0.8190). 
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For larval cohorts injected with high doses of C. albicans wild-type and mutant cells, these 

data show high mortalities in larvae with all tested strains with no significant difference in 

survival, indicating 1 x 106 cells/larvae could be too high a dose to expose potential step-wise 

differences in infection dynamics.  At the lower dose of 1 x 105 cells, significant differences in 

mortality between the initial and repeated experiments were observed for larvae injected 

with C. albicans strains sti1 Δ/Δ and CDC37/cdc37 Δ.  Several factors, including slight 

differences in housing temperature, light sources, and maintenance conditions, can 

influence G. mellonella susceptibility to infection (Banville et al., 2012; Mowlds & Kavanagh, 

Figure 5.5  Susceptibility of G. mellonella larvae to 1 x 104 cells C. albicans wild-type SN95 and Hsp90 
cochaperone mutant strains  A. Kaplan-Meier survival plot of G. mellonella infected with 1 x 104 
cells/larvae, C. albicans wild-type SN95, mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 
Δ/Δ, along with PBS injected control larvae (n = 10, each).  No larval killing was observed in non-injected 
controls (n = 4).  Larvae were assessed for mortality at 24-hour intervals over a 120-hour time period.   
B.  Table showing percentage survival of G. mellonella larvae in initial experimental challenge.  Larval 
survival percentage is shown for 24-hour intervals post-challenge with either PBS or PBS containing 1 x 
104 cells of C. albicans along with non-injected controls.  Number of larvae challenged (n) are shown for 
each condition. C.  Plot showing survival difference between larvae injected with C. albicans wild-type or 
CDC37/cdc37 Δ strains.  Significance was assessed with a Log-rank (Mantel-Cox) test and fraction 
survival error bars (dotted lines) expressed as 95% CI.  No wild-type mortality was observed, and survival 
of larvae injected with CDC37/cdc37 Δ was 90% with no significant difference between the two strains (p 
= 0.3173).  D.  Photograph of G. mellonella larvae from initial experiment taken at 24-hours post-
injection with 10µL either PBS or 1 x 104 cells/larvae.  PBS control and cell-injected larvae were creamy 
in colour and active without stimulation. Only a single larva marked as dead/non-responsive to stimuli 
exhibited melanisation.   
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2008; Tsai et al., 2016).  Additionally, there are large variations in susceptibility of larvae 

within and between batches, which might explain conflicting results with mortality of 

reference strains in larvae across different research labs (Loh et al., 2013; Olsen et al., 2011; 

Tsai et al., 2016).   

In Lepidopteran insects, deposition of melanin in larvae is regulated by phenol oxidase (PO), 

which is a hallmark of larval infection or injury, and is associated with pathogen 

encapsulation and innate host-immune response (Cerenius et al., 2008; Eleftherianos & 

Revenis, 2011; Ratcliffe, 1985).  When larvae were injected with 1 x 106 cells, no differences 

in melanisation were observed between the strains.  Melanisation, along with minimal 

activity upon stimulation observed in yeast-injected larvae, is consistent with other 

challenge studies examining pathogenicity of C. albicans in G. mellonella larvae at the same 

inocula concentration (Brennan et al., 2002; Cotter et al., 2000; Vertyporokh & Wojda, 2020) 

Unlike larvae challenged with the higher inoculae dose, cohorts injected with 1 x 105 cells 

largely did not exhibit melanisation.  Only sti1 Δ/Δ-injected larvae marked as dead/non-

responsive to stimuli exhibited melanisation.  These data suggest that yeast cell-challenge 

with 1 x 105 cells did not activate the PO pathway responsible for melanin deposition, 

possibly triggering some other humoral defence mechanism.  In a study that examined the 

immune response of G. mellonella injected with a range of doses of C. albicans, PO enzyme 

activity was diminished at 7 hpi and strongly inhibited at 24 hpi in larvae injected with 1 x 

105 cells (Vertyporokh & Wojda, 2020).  Rather than eliciting melanisation as an immune 

response, yeast cell-challenge has been shown to result in upregulation of immune gene 

encoding antifungal products such as gallerimycin, galiomycin, and cecropin (Vertyporokh & 

Wojda, 2020).  

According to other G. mellonella larval-challenge studies, 1 x 104 C. albicans cells/larvae is 

reported as a non-lethal dose (Cotter et al., 2000; Fuchs et al., 2010; Vertyporokh & Wojda, 

2020).  Lower concentrations of C. albicans yeast cells (e.g. 1 x 102 to 1 x 104 cells/larvae) 

have a mortality rate comparable to non-pathogenic yeasts, such as S. cerevisiae (Cotter et 

al., 2000).  However, larval-challenge with 1 x 104 cells C. albicans has been shown to 

significantly increase PO enzyme activity in G. mellonella when compared to higher doses of 

yeast (Vertyporokh & Wojda, 2020).  Over the course of the experiment, a singular 
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CDC37/cdc37 Δ-injected larva presented with a melanised phenotype at 24 hpi.  It is most 

likely that the death of this larva resulted from injection injury or mishandling during the 

initial stage of the experiment rather than infection.  The lack of melanisation seen during 

this experiment is consistent with the Vertyporokh & Wojda study, wherein a non-lethal 

dose of C. albicans resulted in larvae without melanin deposition despite significant 

upregulation of PO (Vertyporokh & Wojda, 2020).  This paradox is thought to result from     

C. albicans secretion factors that inhibit PO enzyme activity and function as a general 

virulence strategy in the coevolution of pathogenic fungi and their insect hosts (Joop & 

Vilcinskas, 2016; Vertyporokh & Wojda, 2020). 

To determine if potential differences between initial experiments and biological replicates 

were due to variations in inoculae preparation, CFU values, expressed as CFU/mL of post-

injection inoculum, were determined through triplicate plating at 1 x 102 and 1 x 103 

cells/mL.  CFU values were calculated back two magnitudes higher to the original inocula 

concentrations (i.e. 1 x 108 cells/mL for 1 x 106 cell/larvae injections, 1 x 107 cells/mL for 1 x 

105, and 1 x 106 cells/mL for 1 x 104).  These values were Log-transformed prior to statistical 

analyses.   

Figure 5.6 Post-infection determination of colony forming units in Candida inocula used in G. mellonella 

yeast-challenge.  Log-transformed colony forming units (CFU/mL; ±SEM) for challenge assays using C. 

albicans strains, with biological replicates indicated (Bio Rep).  Initial inocula concentrations were two 

orders of magnitude higher than injected into G. mellonella.  Post-infection plating of CFU revealed 

approximately 12 log2 CFU/mL  for the both the initial and biological replicate injections of  1 x 106 

cells/larvae, approximately 8 log2 CFU/mL for both the initial and biological replicate injections of 1 x 105 

cells/larvae, and between 4-5 log2 CFU/mL for the initial injections of 1 x 104 cells/larvae.  Two-way ANOVA 

revealed no significant differences between either the initial or biological replicates or between the 

individual strain inoculum for each 1 x 106 and 1 x 105 replicated experiment.  One-way ANOVA showed no 

significant differences between the strain inoculum for the unrepeated 1 x 104 cells/larvae experiment. 
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As shown in Figure 5.6, two-way ANOVA revealed no significant differences between either 

the initial or biological replicates or between the individual strain inoculum for each 1 x 106 

and 1 x 105 replicated experiment.  One-way ANOVA showed no significant differences 

between the inoculae for the unrepeated 1 x 104 cells/larvae experiment.  Thus, differences 

in mortality observed between initial experiments and biological replicates are most likely 

due to variations in susceptibility of larvae within and between batches (Loh et al., 2013; 

Olsen et al., 2011; Tsai et al., 2016).    

When overall survival of G. mellonella larvae injected with with 1 x 104 to 1 x 106 cells of  

C. albicans wild-type and cochaperone mutant strains (aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, 

and sti1 Δ/Δ) was examined, larval sensitivity was strictly dependent upon the dose of yeast 

cells.  Significant differences in mortality were observed for all strains between 1 x 104 and 1 

x 105 as well as 1 x 104 and 1 x 106 inoculae (Figure 5.7).  When these data are compared to 

that obtained from literature, similar mortalities were observed dependent upon inoculae 

dose.  Data from injections using the highest dose are consistent with studies using larvae 

injected with 1 x 106 cells C. albicans wild-type SC5413 (Fuchs et al., 2010) or an unnamed   

C. albicans clinical isolate (Borman et al., 2016).  In these studies, 50% mortality was 

observed between 20-24 hpi (Borman et al., 2016; Fuchs et al., 2010).  However, in both 

studies, 100% mortality was observed at 48 hpi, much sooner than observed here.  This 

difference in survival could be attributed to either a difference in virulence between the 

strains or the genetic background and rearing of the G. mellonella larvae across these 

studies.  Furthermore, Cotter et al. showed differences in mortality of larvae injected with 2 

x 106 cell of various strains of C. albicans with mortality rates of clinical isolates (i.e. 24135, 

24069, and 24105) between 85-100% at 72 hpi and of laboratory  strains (i.e. MEN, ATCC 

10231, and ATCC44990) between 20-50% at the same time point (Cotter et al., 2000).  

Therefore, rates of C. albicans-mediated mortality in this model are strain-dependent, which 

can complicate comparisons between studies. 
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Figure 5.7 Combined survival plots of G. mellonella larvae challenged with 1 x 104 to 1 x 106 cells                 
C. albicans wild-type SN95 and Hsp90 cochaperone mutant strains show dose-dependent killing.  
Kaplan-Meier survival plots of G. mellonella challenged with 1 x 104, 1 x 105, and 1 x 106 cells/larvae of C. 
albicans wild-type SN95 and mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ.  Data from two 
independent experiments (1 x 105 and 1 x 106 cells/larvae) and one 1 x 104 cells/larvae experiment were 
combined showing mortality at 24-hour intervals over a 72-hour time period.  A.  Survival plots of larvae 
injected with wild-type SN95 strain show a significant difference in mortality between 1 x 104 and 1 x 106 
cells/larvae (p = < 0.0001) and 1 x 105 and 1 x 106 cells/larvae (p = < 0.0001).  Difference in mortality between 1 
x 104 and 1 x 105 larval-cohorts approached significance (p = 0.0699).  B. Survival plots of larvae injected with 
aha1 Δ/Δ strain show a significant difference in mortality between 1 x 104 and 1 x 106 cells/larvae (p = < 0.0001) 
and 1 x 105 and 1 x 106 cells/larvae (p = 0.0002).  C. Survival plots of larvae injected with CDC37/cdc37 Δ strain 
show a significant difference in mortality between 1 x 104 and 1 x 106 cells/larvae (p = 0.0026) and 1 x 105 and 1 
x 106 cells/larvae (p = < 0.0001).  D. Survival plots of larvae injected sba1 Δ/Δ strain show a significant 
difference in mortality between 1 x 104 and 1 x 106 cells/larvae (p = < 0.0001) and 1 x 105 and 1 x 106 
cells/larvae (p = < 0.0001).  E. Survival plots of larvae injected with sti1 Δ/Δ strain show a significant difference 
in mortality between 1 x 104 and 1 x 106 cells/larvae (p = < 0.0001) and 1 x 105 and 1 x 106 cells/larvae (p = < 
0.0001).  F.  Table showing G. mellonella larvae mean survival percentage (±SEM) at 24-hour intervals for each 
strain at 1 x 104, 1 x 105, and 1 x 106 cells/larvae.  Number of larvae at risk (n) are shown for each stain and dose 
throughout the 72-hour time period.  
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When examining larval mortality at the 1 x 105 dose, these data are comparable to that from 

previous studies.  Larvae challenged with 20µL of 2 x 105 cells C. albicans strain MEN (a 

laboratory strain originally isolated from an eye infection from Cambridge, UK)  showed 5% 

mortality at 24 hpi and 30% at 48 and 72 hpi (Cotter et al., 2000).  Similarly, larvae 

challenged with 5µL of 2 x 105 cells C. albicans strain ATCC 10231 showed an 50% mortality 

at 72 hpi (Vertyporokh & Wojda, 2020).  Data from larval cohorts injected with the lowest 

inoculae dose are consistent with published survival data.  Larvae injected with 20µL of 2 x 

104 C. albicans strain MEN had 75-100% survival at 72 hpi and larvae challenged with 5µL of 

2 x 104 C. albicans strain ATCC10231 had 95% at 120 hpi (Cotter et al., 2000).  As these data 

were in line with other survival data at a non-lethal dose (Cotter et al., 2000; Fuchs et al., 

2010; Vertyporokh & Wojda, 2020), a biological replicate was not completed. 

Collectively, these data suggest that non-essential cochaperones Aha1, Sba1, and Sti1 are 

not implicated in C. albicans virulence within the G. mellonella model.  Examination of 

virulence of Hsp90 cochaperone Cdc37 was limited due to its essentiality, thus heterozygous 

strain CDC37/cdc37 Δ was used in larval challenges.  In C. albicans, strains that are 

heterozygous for a particular gene often show diminished expression of functional protein 

when compared to wild-type strains.  This phenomena results in a haploid insufficient 

phenotype, termed haploinsufficiency, and is common in C. albicans heterozygotes (Daher et 

al., 2011).  For example, a C. albicans mutant strain that was heterozygous for DDR48 

demonstrated haploinsufficiency with defective filamentation, oxidative stress 

hypersensitivity, and decreased anti-fungal resistance (Dib et al., 2008).  In a study by 

Martchenko et al., a C. albicans strain heterozygous for SOD5 demonstrated haploinsuffiency 

with increased susceptibility to oxidative stress and decreased virulence in a murine model 

of infection (Martchenko et al., 2004).  Daher examined the role of DSE1 in virulence and 

found remarkable haploinsufficiency in a C. albicans DSE1 heterozygous strain.  When 

compared to wild-type, the DSE1 heterozygote demonstrated increased filamentation and 

invasiveness, an adhesion delay phenotype, significant defects in biofilm formation, 

decreased virulence in a murine model, cell wall defects, and increased susceptibility to 

oxidative stress (Daher et al., 2011).  Since no haploinsufficiency was observed at any dose in 

G. mellonella larvae, this potentially suggests Cdc37 is not implicated in C. albicans virulence. 
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5.3.2 C. albicans Hsp90 cochaperone mutants in M. sexta larvae have wild-type 

virulence 

In studies at the University of Bath that examined the use of M. sexta as a larval virulence 

model for fungal infections, a dose of 1 x 106 cells/larvae of C. albicans SC5314 wild-type 

strain resulted in an 50% mortality at approximately 24 hpi (Balfour, 2014; DeLoach, 2014).  

Since this was found to be similar to the standard lethal dose in G. mellonella, this dose was 

used as a starting concentration for larval-challenge in the M. sexta model.  Larvae injected 

with either 10µL PBS or PBS containing 1 x 106  (Figures 5.8 and 5.9) or 1 x 105 (Figures 5.10 

and 5.11) cells of wild-type SN95 and mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, 

and sti1 Δ/Δ were observed for changes in phenotype and mortality over a 72-hour period (n 

= 10, each).  For all experiments, non-injected control larvae (n = 4-6) were incubated 

alongside injected cohorts and observed for changes in phenotype and mortality.   

Examination of mortality in larvae injected with C. albicans wild-type strain showed 

differences in survival between higher and lower doses of inoculae.  When survival was 

examined in larvae injected with 1 x 106 cells, rapid initial killing was observed with a 100% 

mortality at 48 hpi (Figure 5.8A, B).  Although rapid mortality was initially observed in larvae 

injected with 1 x 105 cells, larval killing rates never approached 100% (Figure 5.10A, B).  This 

cohort was greatly reduced in number at the 24 hpi time-point (70% mortality) and rate of 

larval killing was diminished through the rest of the time course and no further larvae were 

lost from 48 to 72 hpi.  No mortality was recorded for any of the larval cohorts injected with 

PBS or in non-injected controls.   

Examination of mortality in larvae injected with C. albicans mutant strains sba1 Δ/Δ, sti1 

Δ/Δ, aha1 Δ/Δ, and CDC37/cdc37 Δ revealed a rate of larval killing similar to that seen for 

wild-type cells independent of dose.  In both the higher and lower doses, log-rank analyses 

revealed no significant differences in any of the mutant strains as compared to wild-type 

(Figures 5.9 and 5.11). 

M. sexta larvae injected with 1 x 106 cells of C. albicans wild-type and mutant strain had 

rapid larval killing for all strains tested, mostly within the first 24 hpi, indicating that this 

dosage is too high to properly observe the stepwise course of infection and difference 

between the strains.  These data show rapid mortality, inconsistent with previous  
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experiments that show M. sexta larvae injected with 1 x 106 cells/larvae of C. albicans 

SC5314 demonstrate 30-50% survival at 72 hpi (Balfour, 2014; DeLoach, 2014).  Rather, 

these data are strikingly similar to experiments with larvae injected with 1 x 107 cells/larvae 

of C. albicans SC5314 at a lower incubation temperature (DeLoach, 2014).  In, both the 

Balfour and DeLoach studies, larval incubation temperatures were 30°C as compared to 37°C 

used here, which mostly likely is a major factor in the differences in virulence between the 

experiments.  However in the Lyons et al. study, which examined mortality of M. sexta 

Figure 5.8 Susceptibility of M. sexta larvae to 1 x 106 cells C. albicans wild-type SN95 and Hsp90 
cochaperone mutant strains.  A. Kaplan-Meier survival plot of M. sexta infected with 1 x 106 cells/larvae, 
C. albicans wild-type SN95, mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ, along with 
PBS injected control larvae (n = 10, each).  No larval killing was observed in PBS-injected controls, while 
larvae challenged with yeast demonstrated great mortality within 24 hpi for all strains tested.  Larvae 
were assessed for mortality at 24-hour intervals over a 72-hour time period. B. Table showing percentage 
survival of M. sexta larvae after yeast-cell challenge.  Larval survival percentage is shown for 24-hour 
intervals post-challenge with either PBS or PBS containing 1 x 106 cells of C. albicans.  Number of larvae 
challenged (n) are shown for each condition. C.  Representative photograph of M. sexta larvae 
phenotypes taken at 24 hpi showing green PBS control-injected larva, a partially melanised alive larva 
challenged with yeast cells, and a fully melanised dead larva presenting with loss of turgor after yeast cell 
challenge. 
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larvae at both 25°C and 37°C, larvae injected with 1 x 106 cells/larvae of C. albicans SC5314 

demonstrated 100% survival at 24 hpi decreasing to 15% survival at 48 and 72 hpi when held 

at maintenance temperature 25°C (Lyons et al., 2020).  When larvae incubated at 37°C were 

examined for mortality, 30% survival was seen at 24 and 48 hpi and 90% was reached at 72 

hpi (Lyons et. al., 2020).  Thus, larval incubation temperature is a critical factor in fungal 

susceptibility in this model.  The mortality in the Lyons et al. study was as not rapid as the 

data presented here.  This difference in mortality could be explained by the choice of             

C. albicans wild-type strain (i.e. SC5314 in other studies or SN95 from this study) as 

differences in degree of virulence have been reported between C. albicans isolates in both 

invertebrate and murine systemic infection models (Hu et al., 2006; Marcos-Zambrano et al., 

2020; Wingard et al., 1982).   

Figure 5.9 Comparative analyses of M. sexta larvae challenged with 1 x 105 cells C. albicans wild-type 
SN95 and Hsp90 cochaperone mutant strains.  Kaplan-Meier survival plots of M. sexta infected with 1 x 
106 cells/larvae of C. albicans wild-type SN95 were compared individually against mutant strains aha1 Δ/Δ, 
CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ with a Log-rank (Mantel-Cox) test.  Survival plots were with fraction 
survival error bars (dotted lines) expressed as 95% CI.  P-values are shown for each plot.  A. Plot showing 
no difference in survival between larvae injected with C. albicans wild-type or aha1 Δ/Δ strains (p = 
0.3173).  Survival for both strains was <10% at 24 hpi and 0% at 48 hpi.  B.  Plot showing no difference in 
survival between larvae injected with C. albicans wild-type or CDC37/cdc37 Δ strains.  Survival of larvae 
injected with CDC37/cdc37 Δ was greater throughout the 72-hour time course compared to wild-type, 
though was not significant (p = 0.2171).  C.  Plot showing survival difference between larvae injected with 
C. albicans wild-type or sba1 Δ/Δ strains.  Although 100% mortality of larvae injected with sba1 Δ/Δ was 
observed at 24 hpi, no significant difference was found between the two strains (p = 0.3173).  D.  Plot 
showing survival difference between larvae injected with C. albicans wild-type or sti1 Δ/Δ strains.  Survival 
of larvae was identical for both strains with 100% mortality at 48 hpi (p = 1.0000). 
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Survival of larvae injected with 1 x 105 cells was noticeably higher compared to larvae 

injected with 106 yeast cells.  For wild-type injected larvae, 70% mortality was seen at 24 hpi, 

and 80% mortality was seen at 48 and 72 hpi.  In the Lyons et al. study examining 1 x 105 

cells/larvae of wild-type SC5314, a 20% mortality was obtained at 24 hpi, which increased to 

25% at 48 hpi and 60% at 72 hpi (Lyons et al., 2020).  Similar to Lyons et al. data from 

injections of 1 x 106 cells/larvae, these data report a mortality greater overall and more rapid 

in comparison.  When examining the mutant strains, 50- 60% mortality was observed for 

larvae at 24 hpi, 60- 80% at 48 hpi, and 80- 90% at 72 hpi. These survival data are similar to 

that observed for G. mellonella injected with 1 x 106 cell/larvae (Figure 5.1A, B), which could 

suggest that the data from these two models could be influenced by the similarity in their 

innate immune responses.  

 

Figure 5.10 Susceptibility of M. sexta larvae to 1 x 105 cells C. albicans wild-type SN95 and Hsp90 
cochaperone mutant strains.  A. Kaplan-Meier survival plot of M. sexta infected with 1 x 105 
cells/larvae, C. albicans wild-type SN95, mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 
Δ/Δ, along with PBS injected control larvae (n = 10, each).  No larval killing was observed in PBS-injected 
controls, while larvae challenged with yeast demonstrated at least 50% mortality within 24 hpi for all 
strains tested.  Larvae were assessed for mortality at 24-hour intervals over a 72-hour time period. B. 
Table showing percentage survival of M. sexta larvae after yeast-cell challenge.  Larval survival 
percentage is shown for 24-hour intervals post-challenge with either PBS or PBS containing 1 x 105 cells 
of C. albicans.  Number of larvae challenged (n) are shown for each condition.  
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As a Lepidopteran insect, M. sexta larvae produce melanin in response to infection or injury 

much like G. mellonella larvae (Kanost et al., 2004).  Melanisation in M. sexta is indicative of 

PO-pathway activation to encapsulate and eliminate invading pathogens, a conserved 

pathway in invertebrate innate immunity (Cerenius et al., 2008; Eleftherianos & Revenis, 

2011).  For the M. sexta used in this study, melanisation was observed in all yeast-challenged 

larvae at all time points observed regardless of strain selection or inocula dose injected.  The 

degree of melanisation was coincident with loss of turgor, and fully melanised larvae were 

Figure 5.11 Comparative analyses of M. sexta larvae challenged with 1 x 105 cells C. albicans wild-type 
SN95 and Hsp90 cochaperone mutant strains.  Kaplan-Meier survival plots of M. sexta infected with 1 x 105 
cells/larvae of C. albicans wild-type SN95 were compared individually against mutant strains aha1 Δ/Δ, 
CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ with a Log-rank (Mantel-Cox) test.  Survival plots were with fraction 
survival error bars (dotted lines) expressed as 95% CI.  P-values are shown for each plot.  A. Plot showing no 
difference in survival between larvae injected with C. albicans wild-type or aha1 Δ/Δ strains.  Though 
survival of larvae injected with aha1 Δ/Δ was greater at all time points throughout the time course, no 
significant difference was found between the strains (p = 0.3327).  B.  Plot showing no difference in survival 
between larvae injected with C. albicans wild-type or CDC37/cdc37 Δ strains.  Survival of larvae injected 
with CDC37/cdc37 Δ was greater at 24 and 48 hpi, and identical to wild-type at 72 hpi, not significant (p = 
0.5781).  C.  Plot showing survival difference between larvae injected with C. albicans wild-type or sba1 Δ/Δ 
strains.  Although 100% mortality of larvae injected with sba1 Δ/Δ was observed at 72 hpi, no significant 
difference was found between the two strains (p = 0.2054).  D.  Plot showing survival difference in initial 
experiment between larvae injected with C. albicans wild-type or sti1 Δ/Δ strains.  Survival of larvae 
injected with sti1 Δ/Δ was greater at all time points compared to wild-type, though was not found to be 
significant (p = 0.5464). 
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limp unlike partially melanised larvae. Representative phenotypes showing partial 

melanisation and full melanisation compared to non-melanised green larvae are shown in 

Figure 5.8C.  Partially melanised larvae that were scored as alive were sluggish to respond to 

physical stimuli.  PBS control-injected M. sexta larvae were free of melanisation, active 

without stimulation and presented with a healthy green colour throughout the experimental 

time course.   

To further assess fungal burden, M. sexta larval weight was recorded at pre-injection and 24-

hour time points over the course of 72 hours. Relative weight changes from pre-injection 

weights were recorded (g; ±SEM; Figures 5.12 and 5.13).  One-way ANOVA analysis was used 

to examine relative weight changes for each larval cohort at each of the time points.  

Compared to PBS controls, larvae challenged with 1 x 106 cells have significantly reduced 

weight gain at 24hpi, independent of strain selected (Figure 5.12).  Significant reduction of 

weight was also observed in larvae injected with CDC37/cdc37 Δ at 72 hpi.  Too few larvae 

Figure 5.12 M. sexta infected with high doses of C. albicans strains have a reduced weight gain 

compared to PBS control-injected larvae. Relative weight changes from pre-injection weights were 

recorded (g; ±SEM) for M. sexta injected with 1 x 106 cells/larvae C. albicans wild-type SC5314 or mutant 

strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ at 24, 48, and 72 hour time points during the 

course of infection (n = 10, each).  PBS control-injected larvae (n = 6) show weight gain throughout the 

time course.  Yeast-injected larvae have reduced weight gain.  At 24 hpi, all yeast-injected larvae had 

significantly diminished weight gain when compared with PBS-injected controls (p = <0.0001).  One-way 

ANOVA showed no significant differences between the strains at this time point.  Too few larvae survived 

for further comparison of wild-type, aha1 Δ/Δ, sba1 Δ/Δ, and sti1 Δ/Δ strains at 48 and 72 hpi.  Larvae 

injected with CDC37/cdc37 Δ were not significantly different compared to PBS-injected controls at 48 hpi, 

though was significantly diminished at 72 hpi (p = 0.0034). 
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survived for further comparison of wild-type, aha1 Δ/Δ, sba1 Δ/Δ, and sti1 Δ/Δ strains at 

later time points.  Analysis with one-way ANOVA revealed larvae injected with 1 x 105 cells of 

CDC37/cdc37 Δ had a significant difference in weight compared to PBS controls (p = 0.0386), 

though there were no significant differences between wild-type and mutant strains at any 

time point. 

 

In studies that examined the suitability of M. sexta as a model for fungal pathogens, relative 

changes in weight were correlated with mortality  and served as a proxy measure for 

virulence (DeLoach, 2014; Lyons et al., 2020).  Relative changes in weight are typical 

measurements for morbidity in animal models.  In the Lyons et al. and DeLoach studies, 

larvae challenged with Candida spp. failed to gain weight at 24 hpi in higher dose challenges 

(1 x 106 to 1 x 109 cells/larvae) and demonstrated a dose dependent decrease in weight gain 

when compared to PBS control-injected larvae (DeLoach, 2014).  In this study, too few larvae 

Figure 5.13 M. sexta infected with lower doses of C. albicans mutant strains have no difference in 

relative weight changes compared wild type-injected larvae. Relative weight changes from pre-injection 

weights were recorded (g; ±SEM) for M. sexta injected with 1 x 105 cells/larvae C. albicans wild-type 

SC5314 or mutant strains aha1 Δ/Δ, CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ at 24, 48, and 72 hour time 

points during the course of infection (n = 10, each).  PBS control-injected larvae (n = 4) show weight gain 

throughout the time course.  At 24 hpi, larvae injected with yeast have similar weight gain as compared to 

the PBS controls.  At 48 and 72 hpi, yeast-challenged larvae have a slightly diminished weight gain.  

Analysis with one-way ANOVA revealed larvae injected with CDC37/cdc37 Δ had a significant difference in 

weight compared to PBS controls (p = 0.0386), though there were no significant differences between wild-

type and mutant strains at any time point.   
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survived yeast cell-challenge at 1 x 106 cells for dose dependent analyses.  Relative weight 

changes in larvae injected with 1 x 105 wild-type and mutant cells were visibly diminished 

across all time points.  Although there was no significant differences between strains, these 

data are consistent with a murine study showing mice challenged with C. albicans SC5314 

wild-type gained weight less rapidly compared to injection controls (de Repentigny et al., 

1992).   Furthermore, these diminished relative changes in weight are similar to the relative 

weight changes seen in M. sexta larvae PBS-injected controls as compared to larvae 

challenged with 1 x 105 and 1 x 106 cells C. glabrata 2001 wild-type strain, which is less 

pathogenic than C. albicans in insect and murine infection models (Arendrup et al., 2002; 

Brennan et al., 2002; Cotter et al., 2000; DeLoach, 2014).  These data showing no significant 

relative changes in weight support the survival data showing no significant differences in 

mortality between larvae injected with Hsp90 cochaperone mutants as compared to wild-

type control larvae.  Thus, it is unlikely that Hsp90 cochaperones Aha1, Sba1, Sti1, or Cdc37 

are implicated in virulence in the M. sexta model. 

To determine if potential differences between wild-type and mutant strains were due to 

variations in inoculae preparation, CFU values, expressed as CFU/mL of post-injection 

inoculum, were determined through triplicate plating at 1 x 102 and 1 x 103 cells/mL.  CFU 

values were calculated back one magnitude higher to the original inocula concentrations (i.e. 

1 x 107 cells/mL for 1 x 106 cell/larvae injections, and 1 x 105 cells/mL for 1 x 105).  These 

values were Log-transformed prior to statistical analyses.  As shown in Figure 5.14, post-

infection determination of CFU revealed no significant differences between the strain 

inoculum at either dose.    
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Data from these experiments showed no differences in mortality between C. albicans SN95 

wild-type and Hsp90 cochaperone mutant strains at either dose and support the lack of 

differences seen between the wild-type and mutant strains in the G. mellonella yeast-

challenge studies.  Examination of relative weight changes in M. sexta post-challenge with 

yeast show no differences between the strains at either inoculae dose.  As there was no 

indication of any difference between the strains, further experimentation in the M. sexta 

model was not pursued any further, particularly given the G. mellonella model was more 

documented and its data were in alignment with previous published studies.   

5.3.3 Survival of G. mellonella and M. sexta larvae injected with C. albicans efg1 

Δ/Δ, cph1 Δ/Δ was not significantly different from wild-type survival 

C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ is yeast-locked in vitro, even at hyphal-inducing 

temperatures (Lo et al., 1997), and has been described as avirulent in several animal 

virulence studies.  In murine studies, the efg1 Δ/Δ, cph1 Δ/Δ double mutant failed to cause 

lethal infections and was notedly unable to transition from yeast to hyphae (C. G. Chen et al., 

Figure 5.14 Post-infection determination of colony forming units in Candida inocula used in M. sexta 

yeast-challenge.  Log-transformed colony forming units (CFU/mL; ±SEM) for challenge assays using          

C. albicans strains.  Initial inocula concentrations were one order of magnitude higher than injected into 

M. seta.  Post-infection plating of CFU revealed approximately 8 Log2 CFU/mL for the injections of 1 x 106 

cells/larvae and approximately 4-5 Log2 CFU/mL for injections of 1 x 105 cells/larvae.  One-way ANOVA 

revealed no significant differences between the individual strain inoculum for either experiment.  
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2006; Lo et al., 1997).  This mutant has significantly decreased virulence in a Drosophila 

melanogaster infection model (Chamilos et al., 2006) and in a Danio rerio (zebrafish) 

infection models as well (Chao et al., 2010; Chen et al., 2015).  In a study examining the 

correlation between virulence of C. albicans mutants in murine and G. mellonella models, 

Brennan  showed efg1 Δ/Δ, cph1 Δ/Δ was avirulent in mice and had reduced virulence in     

G. mellonella injected with 1 × 106 cells at 24 hpi (Brennan et al., 2002).  Thus, during the 

experimental design, C. albicans efg1 Δ/Δ, cph1 Δ/Δ was selected as a negative control and 

was injected at 1 x 106, 1 x 105, or 1 x 104 cells/larvae alongside wild-type and Hsp90 

cochaperone mutant strains in both M. sexta and G. mellonella models.   

Larvae injected with PBS containing 1 x 106 (Figure 5.15), 1 x 105  (Figure 5.16), and 1 x 104  

(Figure 5.17) cells of C. albicans efg1 Δ/Δ, cph1 Δ/Δ were observed for changes in phenotype 

and mortality over a 120-hour period during the initial experiment (n = 10) and a 72-hour 

period during the biological replicate experiment with a  larger cohort (n = 20-25).   Larval 

sensitivity to C. albicans efg1 Δ/Δ, cph1 Δ/Δ was not observed in initial G. mellonella 

experiments regardless of inoculae dose (Figure 5.15A, C; Figure 5.16A, C; Figure 5.17).  

However, in the biological replicates, mortality of efg1 Δ/Δ, cph1 Δ/Δ-injected larvae was 

observed though log-rank analysis showed no significant differences in survival (Figure 

5.15B, D; Figure 5.16B, D).   
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Figure 5.15 Susceptibility of G. mellonella larvae to 1 x 106 cells C. albicans wild-type SN95 and mutant 

strain efg1 Δ/Δ, cph1 Δ/Δ.  A. Kaplan-Meier survival plot of G. mellonella infected with 1 x 106 cells/larvae, 

C. albicans wild-type SN95 and mutant strain efg1 Δ/Δ, cph1 Δ/Δ along with PBS injected control larvae (n 

= 10, each).  Larvae were assessed for mortality at 24-hour intervals over a 120-hour time period.   B.  

Biological replicate of larvae infected with 1 x 106 cells/larvae C. albicans wild-type SN95 and mutant strain 

efg1 Δ/Δ, cph1 along with PBS injected control larvae (n = 12-25).  Larvae were assessed for mortality at 

24-hour intervals over a 72-hour time period.  C.  Table showing percentage survival of G. mellonella 

larvae in initial experimental challenge.  Larval survival percentage is shown for 24-hour intervals post-

challenge with either PBS or PBS containing 1 x 106 cells of C. albicans.  Number of larvae challenged (n) 

are shown for each condition. D.  Table showing percentage survival of G. mellonella larvae in biological 

replicate challenge.  Larval survival percentage is shown for 24-hour intervals post challenge with either 

PBS or PBS containing 1 x 106 cells of C. albicans.  Number of larvae challenged (n) are shown for each 

condition.  E.  Plot showing survival difference between larvae injected with C. albicans wild-type or efg1 

Δ/Δ, cph1 Δ/Δ strains.  Significance was assessed with a Log-rank (Mantel-Cox) test and fraction survival 

error bars (dotted lines) expressed as 95% CI.  Wild-type mortality was observed.  Survival of larvae 

injected with efg1 Δ/Δ, cph1 Δ/Δ was 100%.  A significant difference in survival was demonstrated 

between the two strains (p = <0.0001).  F.  Plot showing survival difference in biological replicate between 

larvae injected with C. albicans wild-type or efg1 Δ/Δ, cph1 Δ/Δ strains.  Significance was assessed with a 

Log-rank (Mantel-Cox) test and fraction survival error bars (dotted lines) expressed as 95% CI.  Both strains 

showed larval killing throughout the 72-hour time course, and no significant difference was found 

between the two strains (p = 0.5728). 



188 
 

 

Figure 5.16 Susceptibility of G. mellonella larvae to 1 x 105 cells C. albicans wild-type SN95 and mutant 
strain efg1 Δ/Δ, cph1 Δ/Δ.  A. Kaplan-Meier survival plot of G. mellonella infected with 1 x 105 cells/larvae, 
C. albicans wild-type SN95 and mutant strain efg1 Δ/Δ, cph1 Δ/Δ along with PBS injected control larvae (n = 
10, each).  Larvae were assessed for mortality at 24-hour intervals over a 120-hour time period.   B.  
Biological replicate of larvae infected with 1 x 105 cells/larvae C. albicans wild-type SN95 and mutant strain 
efg1 Δ/Δ, cph1 along with PBS injected control larvae (n = 12-20).  Larvae were assessed for mortality at 24-
hour intervals over a 72-hour time period.  C.  Table showing percentage survival of G. mellonella larvae in 
initial experimental challenge.  Larval survival percentage is shown for 24-hour intervals post-challenge with 
either PBS or PBS containing 1 x 105 cells of C. albicans.  Number of larvae challenged (n) are shown for each 
condition. D.  Table showing percentage survival of G. mellonella larvae in biological replicate challenge.  
Larval survival percentage is shown for 24-hour intervals post challenge with either PBS or PBS containing 1 
x 105 cells of C. albicans.  Number of larvae challenged (n) are shown for each condition.  E.  Plot showing 
survival difference between larvae injected with C. albicans wild-type or efg1 Δ/Δ, cph1 Δ/Δ strains.  
Significance was assessed with a Log-rank (Mantel-Cox) test and fraction survival error bars (dotted lines) 
expressed as 95% CI.  No wild-type mortality was observed.  Survival of larvae injected with efg1 Δ/Δ, cph1 
Δ/Δ was 90% at 120 hpi.  No significant difference in survival was seen between the two strains (p = 
0.3173).  F.  Plot showing survival difference in biological replicate between larvae injected with C. albicans 
wild-type or efg1 Δ/Δ, cph1 Δ/Δ strains.  Significance was assessed with a Log-rank (Mantel-Cox) test and 
fraction survival error bars (dotted lines) expressed as 95% CI.  Both strains showed larval killing throughout 
the 72-hour time course, and no significant difference was found between the two strains (p = 0.6647). 
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Similar to the experimental design with the G. mellonella virulence models, C. albicans efg1 

Δ/Δ, cph1 Δ/Δ was selected as a negative control in the M. sexta yeast-challenge studies and 

was injected at 1 x 106 or 1 x 105 cells/larvae alongside wild-type and Hsp90 cochaperone 

mutant strains. Larvae injected with PBS containing 1 x 106 or 1 x 105 cells of C. albicans efg1 

Δ/Δ, cph1 Δ/Δ were observed for changes in phenotype and mortality over a 72-hour period 

(n = 10).  Larval sensitivity to C. albicans efg1 Δ/Δ, cph1 Δ/Δ was observed in M. sexta at both 

yeast cell doses (Figure 5.18). In larvae injected with 1 x 106 cells, 100% mortality was seen 

at 24 hpi (Figure 5.18 A, C).  When compared to wild-type survival with Log-rank analysis, 

there was no difference between the strains (Figure 5.18E).  The rapid larval killing observed 

here is comparable to data shown for G. mellonella larvae injected with 1 x 106 cells efg1 

Δ/Δ, cph1 Δ/Δ, which permitted only 7% survival at 48 and 72 hpi (Figure 5.15B, D).  Survival 

was greatly increased in larvae injected with 1 x 105 cells (Figure 5.18B, D).   

Figure 5.17 Susceptibility of G. mellonella larvae to 1 x 104 cells C. albicans wild-type SN95 and mutant 
strain efg1 Δ/Δ, cph1 Δ/Δ.  A. Kaplan-Meier survival plot of G. mellonella infected with 1 x 104 
cells/larvae, C. albicans wild-type SN95 and mutant strain efg1 Δ/Δ, cph1 Δ/Δ along with PBS injected 
control larvae (n = 10, each).  Larvae were assessed for mortality at 24-hour intervals over a 120-hour 
time period.   B.  Table showing percentage survival of G. mellonella larvae in initial experimental 
challenge.  Larval survival percentage is shown for 24-hour intervals post-challenge with either PBS or PBS 
containing 1 x 104 cells of C. albicans.  Number of larvae challenged (n) are shown for each condition.  
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When compared to wild-type, Log-rank analysis showed a significant difference in survival (p 

= 0.0485; Figure 5.19F).  When compared to the same dosage in G. mellonella, both larval 

models showed a delay in mortality, occurring at 72 hpi in M. sexta and at 120 hpi with 90% 

Figure 5.18 Susceptibility M. sexta larvae to 1 x 106 or 1 x 105 cells C. albicans wild-type SN95 and mutant 
strain efg1 Δ/Δ, cph1 Δ/Δ.  A. Kaplan-Meier survival plot of M. sexta infected with 1 x 106 cells/larvae, C. 
albicans wild-type SN95 and mutant strain efg1 Δ/Δ, cph1 Δ/Δ (n = 10, each) along with PBS injected control 
larvae (n = 6).  Larvae were assessed for mortality at 24-hour intervals over a 72-hour time period.   B.  Kaplan-
Meier survival plot of M. sexta infected with 1 x 105 cells/larvae, C. albicans wild-type SN95 and mutant strain 
efg1 Δ/Δ, cph1 Δ/Δ (n = 10, each) along with PBS injected control larvae (n = 4).  Larvae were assessed for 
mortality at 24-hour intervals over a 72-hour time period.   C. Table showing percentage survival of M. sexta 
larvae in yeast-cell challenge.  Larval survival percentage is shown for 24-hour intervals post-challenge with 
either PBS or PBS containing 1 x 106 cells of C. albicans.  Number of larvae challenged (n) are shown for each 
condition.  D.  Table showing percentage survival of M. sexta larvae in yeast-cell challenge.  Larval survival 
percentage is shown for 24-hour intervals post-challenge with either PBS or PBS containing 1 x 105 cells of C. 
albicans.  Number of larvae challenged (n) are shown for each condition.  E. Plot showing survival difference 
between larvae injected with 1 x 106 cells C. albicans wild-type or efg1 Δ/Δ, cph1 Δ/Δ strains.  Significance was 
assessed with a Log-rank (Mantel-Cox) test and fraction survival error bars (dotted lines) expressed as 95% CI.  
Wild-type mortality was 90% at 24 hpi and 100% at 48 hpi.  Survival of larvae injected with efg1 Δ/Δ, cph1 Δ/Δ 
was 100% at 24 hpi.  No significant difference in survival was seen between the two strains (p = 0.4795).  F.  Plot 
showing survival difference between larvae injected with 1 x 105 cells.  Significance was assessed with a Log-rank 
(Mantel-Cox) test and fraction survival error bars (dotted lines) expressed as 95% CI.  Mortality of larvae injected 
with wild-type was 70% at 24 hpi and 80% at 48 and 72 hpi.  Larvae injected with efg1 Δ/Δ, cph1 Δ/Δ showed 
significantly greater survival with 40% mortality shown at 72 hpi (p = 0.0485). 
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survival in G. mellonella (Figure 5.16A, C).   As these experiments were completed in tandem 

with experiments utilising the Hsp90 cochaperone mutant strains, there were no biological 

repeats for comparison. 

When phenotype was examined in efg1 Δ/Δ, cph1 Δ/Δ-injected G. mellonella larvae, an 

interesting result was revealed.  As shown in the photograph taken of the initial experiment 

at 24 hpi (Figure 5.19), a melanised phenotype was observed in larvae injected with 1 x 106 

cells, and a creamy non-melanised phenotype was seen in larvae injected with lower doses. 

 To further assess fungal burden, M. sexta larval weight was recorded at pre-injection and 

24-hour time points over the course of 72 hours. Relative weight changes from pre-injection 

weights were recorded (g; ±SEM) for M. sexta injected with PBS alone or PBS containing 1 x 

106 or 1 x 105 cells/larvae C. albicans wild-type or efg1 Δ/Δ, cph1 Δ/Δ strains (Figure 5.20).  

One-way ANOVA analysis was used to examine relative weight changes for each larval cohort 

at each of the time points.  Compared to PBS controls, larvae injected with 1 x 106 cells of 

yeast have reduced weight gain (Figure 5.20A).  At 24 hpi, both wild-type- and efg1 Δ/Δ, 

cph1 Δ/Δ-injected larvae had significantly diminished weight gain when compared with PBS-

injected controls (p = <0.0001).  No significant differences were observed between the yeast-

Figure 5.19 Phenotype of G. mellonella larvae injected with 1 x 106 to 1 x 104 cells C. albicans mutant 
strain efg1 Δ/Δ, cph1 Δ/Δ.  Photograph of G. mellonella larvae from initial experiment taken at 24-hours 
post-injection with 10µL 1 x 106, 1 x 105, or 1 x 104 cells/larvae.  Larvae challenged with 1 x 106 

cells/larvae showed a melanised phenotype. A lack of melanisation was observed in larvae challenged 
with 1 x 105 or 1 x 104 cells/larvae, which were creamy in colour.  All larval cohorts were active without 
stimulation. 
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challenged cochorts at the same time point.  Too few larvae survived for further comparison 

of yeast strains at later time points.  In Figure 5.20B, no significant differences in weight 

were observed at 24 hpi between the cohorts at the lower inoculae dose.  One-way ANOVA 

revealed a significant reduction in relative weight changes at 48 hpi (p = 0.0138) and and 72 

hpi (p = 0.0028) when compared to PBS control larval weights, though there was no 

significant difference between wild-type and efg1 Δ/Δ, cph1 Δ/Δ larvae at any of the time 

points.  These data are interesting in the context of the mortality observed for this strain in 

Figure 5.18B, D, and F.  Though there was a significant decrease in mortality when compared 

to wild-type, there was not a significant difference in weight changes between the two.  

Even at 48 hpi with 100% survival, larval weights failed to increase.  Thus, using weight 

Figure 5.20 M. sexta infected with 1 x 106 or 1 x 105 cells C. albicans efg1 Δ/Δ, cph1 Δ/Δ have insignificant 

reduction in weight gain compared to wild-type-injected larvae. Relative weight changes from pre-injection 

weights were recorded (g; ±SEM) for M. sexta injected with 1 x 106 or 1 x 105 cells/larvae C. albicans wild-

type SC5314 or efg1 Δ/Δ, cph1 Δ/Δ mutant strain at 24, 48, and 72 hour time points during the course of 

infection (n = 10, each).  PBS control-injected larvae (n = 4-6) show weight gain throughout the time course.  

A.  Larvae injected with 1 x 106 cells have reduced weight gain compared to PBS controls.  At 24 hpi, all 

yeast-injected larvae had significantly diminished weight gain when compared with PBS-injected controls (p 

= <0.0001).  One-way ANOVA showed no significant differences between the strains at this time point.  Too 

few larvae survived for further comparison of strains at 48 and 72 hpi.  B. Larvae injected with 1 x 105 cells 

have similar weight gain compared to PBS controls at 24 hpi and slightly diminished weight gain at 48 and 72 

hpi.  One-way ANOVA revealed no significant differences between wild-type and efg1 Δ/Δ, cph1 Δ/Δ strains 

at any time point.  Larvae injected with efg1 Δ/Δ, cph1 Δ/Δ had significant decreased weight gain compared 

to PBS controls at 48 hpi (p = 0.0138) and 72 hpi (p = 0.0028). 
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changes as an indicator of fungal burden, a dose of 1 x 105 cells does show possible aspects 

of virulence even in the face of high larval survival. 

As with the wild-type and Hsp90 cochaperone mutant strain experiments in 5.3.1 and 5.3.2, 

CFU values, expressed as CFU/mL of post-injection inoculum, were determined through 

triplicate plating at 1 x 102 and 1 x 103 cells/mL to determine if potential differences in 

survival were due to variations in inocula preparation.  CFU values were calculated back two 

magnitudes higher to the original inocula concentrations and were Log2-transformed prior to 

one-way ANOVA statistical analyses.  Analogous to the data from Figure 5.6, post-infection 

determination of CFU revealed no significant differences between the 1 x 106 and 1 x 105 

inoculae in the replicated G. mellonella experiments (Figure 5.21).  Thus, any differences in 

survival of G. mellonella larvae between the initial and biological replicate experiments was 

not due to variations in inocula preparation.  Post-infection inocula plating for M. sexta 

challenges showed similar Log2 CFU compared to G. mellonella challenge inocula calculated 

to the same order of magnitude.  One-way ANOVA revealed no significant differences 

between the paired dose inocula for either larval experiment. 

Figure 5.21 Post-infection determination of colony forming units in C. albicans efg1 Δ/Δ, cph1 Δ/Δ inocula. 

Log-transformed colony forming units (CFU/mL; ±SEM) for challenge assays using C. albicans efg1 Δ/Δ, cph1 

Δ/Δ.  Initial inocula concentrations were two orders of magnitude higher than injected into G. mellonella 

and one magnitude higher for M. sexta larvae.  For inocula used in G. mellonella, post-infection plating of 

CFU revealed approximately 12 log2 CFU/mL  for the both the initial and biological replicate injections of  1 x 

106 cells/larvae, approximately 8 log2 CFU/mL for both the initial and biological replicate injections of 1 x 105 

cells/larvae, and between 4-5 log2 CFU/mL for the initial injections of 1 x 104 cells/larvae.  Analysis with one-

way ANOVA showed no significant differences between the starting inocula concentrations for 1 x 106 and 1 

x 105 initial and biological replicate experiments.  For the inocula used in M. sexta, post-infection plating of 

CFU revealed approximately 8 Log2 CFU/mL for the injections of 1 x 106 cells/larvae and approximately 4-5 

Log2 CFU/mL for injections of 1 x 105 cells/larvae.  One-way ANOVA revealed no significant differences 

between the individual dose inoculum for either experiment. 
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In the initial G. mellonella experiments with 1 x 106 cells/larvae (Figure 5.15A) and 1 x 105 

cells/larvae (Figure 5.16A), larval survival was 90-100% at 72 hpi.  When compared to wild-

type, larvae injected with the higher dose demonstrated a significant difference in survival.  

A melanised cohort seen in Figure 5.19 was from the initial experiment, which had a survival 

of 100% at 72 hpi.  This phenotype is similar to that observed in yeast-challenged                   

G. mellonella larvae at 24 hpi (Figure 5.1E).  However, larvae that were injected with 1 x 106 

cells of C. albicans wild-type were not only melanised but also sluggish to respond to 

mechanical stimulation.  This is contrasting to efg1 Δ/Δ, cph1 Δ/Δ-injected larvae, which 

were all active without stimulation independent of melanisation.  Another interesting result 

in larvae injected with high doses was that a melanised phenotype was not a precursor to 

larval mortality.  This observation, melanisation without mortality, is mostly likely an 

indicator of clearance of the fungal pathogen by the larval humoral response, which includes 

not only PO-pathway activation, but also opsonisation, phagocytosis, and the release of 

antimicrobial peptides and/or lytic enzymes (Trevijano-Contador & Zaragoza, 2018). 

In the M. sexta larval challenges at 1 x 105 cells, a much higher survival rate was observed in 

efg1 Δ/Δ, cph1 Δ/Δ-injected larvae when compared to wild-type (Figure 5.18F).  The 

avirulence of the double null mutant strain in these experiments is similar to that reported in 

murine, D. melanogaster, and zebrafish infection models (Chamilos et al., 2006; Chao et al., 

2010; C. G. Chen et al., 2006; Chen et al., 2015; Lo et al., 1997), which supported its usage as 

a negative yeast control.   

However, in the G. mellonella biological replicates with 1 x 106 cells (Figure 5.15B), 1 x 105 

cells Figure 5.16B), and M. sexta challenge at 1 x 106 cells (Figure 5.18A, C), an unexpected 

increase of mortality was observed in the efg1 Δ/Δ, cph1 Δ/Δ-injected larvae, which was not 

significantly different from wild-type mortality.  These data are also similar to the relative 

weight changes observed in M. sexta larvae injected with 1 x 106 cells aha1 Δ/Δ, 

CDC37/cdc37 Δ, sba1 Δ/Δ, and sti1 Δ/Δ strains, including rapid mortality within 24 hpi that 

prevented further analysis (Figure 5.10).  Additionally, relative weight changes of    M. sexta 

larvae show no difference in fungal burden between wild-type and the double null mutant, 

with a failure to gain weight in larvae injected with 1 x 105 cells (Figure 5.20).   
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Therefore, these data show unanticipated virulence of C. albicans efg1 Δ/Δ, cph1 Δ/Δ in       

G. mellonella and M. sexta larvae.  Previous studies reported reduced pathogenicity of 

afilamentous strains in murine and zebrafish infection models (Lo et al., 1997; Riggle et al., 

1999; Seman et al., 2018), and remarkable avirulence of efg1 Δ/Δ, cph1 Δ/Δ during murine 

tail vein injection at an inoculum of 107 cells (Lo et al., 1997).  Although survival of                  

G. mellonella larvae injected with with 1 x 106 cells in the biological replicate at 24 hpi (28%; 

Figure 5.15B, D) was comparable to that reported by Brennan et al. (33%), two different 

larval incubation temperatures were employed.  In the Brennan et al. study, G. mellonella 

larvae were incubated at 30°C post-injection, whereas larvae from these experiments were 

incubated at 37°C, a temperature which is known to direct both yeast-to-hyphae transition 

in C. albicans and increased expression of virulence factors (Brennan et al., 2002; 

Matsumoto et al., 2013; Sudbery et al., 2004; Sudbery, 2011).  In the Chao et al. study that 

examined C. albicans virulence in a zebrafish model, double deletion of EFG1 and CPH1 was 

shown to influence the expression of several virulence genes, such as ALS3, HWP1, and ECE1 

(Chao et al., 2010).  Similar results have been observed in murine models and also in in vitro 

studies (C. G. Chen et al., 2006; Nantel et al., 2002; Riggle et al., 1999), which suggests that 

M. sexta and G. mellonella larval models do not recapitulate virulence in higher model 

organisms.  However, one cannot dismiss the possibility that larval death was due to being 

overwhelmed by or even development of an allergic reaction to the large number of yeast 

cells in the larval haemolymph. 

Furthermore, these data also show that C. albicans efg1 Δ/Δ, cph1 Δ/Δ is not suitable as a 

yeast negative control within these insect models.  Selection of a more suitable yeast, such 

as S. cerevisiae used as a yeast control in other studies, would have been more appropriate  

(Brennan et al., 2002; Cotter et al., 2000).  Selection of an appropriate negative control yeast 

is critical to the validity of fungal infection studies.  Inclusion of a non-pathogenic yeast such 

as S. cerevisiae would have ensured the fungal burden observed within these studies was 

not a result of the larval body simply being overwhelmed with yeast and is representative of 

infection within the models. 
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5.4 Conclusion 

This chapter aimed to elucidate the role of Hsp90 cochaperones in virulence by examining 

genetic deletion strains of non-essential Hsp90 cochaperones (Aha1, Sba1, and Sti1) and 

essential cochaperone Cdc37 in two larval virulence models:  G. mellonella and M. sexta.     

G. mellonella were challenged with 1 x 104 to 1 x 106 cells/larvae whilst M. sexta larvae were 

challenged with either 1 x 105 or 1 x 106 cells.  Mortality of larvae challenged with C. albicans 

wild-type SN95 strain was compared to strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ and 

heterozygous strain CDC37/cdc37 Δ.  When larval mortality and  melanisation phenotypes 

from both models along with relative weight changes of M. sexta in response to yeast-cell 

challenge were examined, data from both larval models showed no indication that non-

essential cochaperones Aha1, Sba1, and Sti1 were implicated in C. albicans virulence.  

Furthermore, essential Hsp90 cochaperone Cdc37 showed no haploinsufficiency at any dose 

in either larval model, which also suggested a lack of role in C. albicans virulence.   

Additionally, mortality of larvae challenged with avirulent yeast-locked C. albicans strain 

efg1 Δ/Δ, cph1 Δ/Δ was also examined to investigate if virulence within these two larval 

models was dependent upon a filamentous morphology.  Though this strain was originally 

selected as a yeast negative control, these experiments show that virulence of C. albicans 

efg1 Δ/Δ, cph1 Δ/Δ in  these  larval models are not dependent upon a filamentous 

morphology and was comparable to wild-type, which could suggest that these models do 

not recapitulate pathogenesis and virulence in higher model organisms.  Therefore, future 

work would investigate virulence of cochaperone deletion strains in an alternative higher 

model organism of fungal pathogenesis (e.g. mouse or zebrafish) to validate these findings. 
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CHAPTER 6:  SUMMARY, CONCLUSIONS, & FUTURE STUDIES 

6.1 Summary and conclusions 

Through examination of Hsp90 and its cochaperones at the transcriptional, post-

transcriptional, and phenotypical levels, these studies underwrite understanding of               

C. albicans’ chaperoning profiles in morphologies and growth conditions associated with 

virulence.  Of the published studies on the C. albicans proteome, transcriptome, and gene 

deletion phenotypes, almost all focus on strain SC5314, which is a URA3 double-deletion 

mutant.  C. albicans ura3Δ/ura3Δ strains have striking virulence defects, altered 

pathogenicity, decreased adherence to host cells, and an inability to form true hyphae on 

endothelial cells in the absence of uridine supplementation (Bain et al., 2001; Cheng et al., 

2003; Kirsch & Whitney, 1991; Lay et al., 1998; Noble & Johnson, 2005; Sanchez et al., 2004; 

Sundstrom et al., 2002).  Genetic complementation has been shown to restore these defects 

in virulence, pathogenesis, and morphogenesis (Sanchez et al., 2004).  This study used the 

lesser studied strain C. albicans SN95, which is URA3 complemented, and thus these data 

represent novel information for Hsp90 and Hsp90 cochaperones Aha1, Cdc37, Cpr6, Cpr7, 

Cns1, Sba1, and Sti1 in a strain absent from virulence and pathogenesis defects. 

The goal of this study was to understand the relationship between Hsp90 cochaperone 

expression, morphogenesis, and virulence in the leading fungal pathogen Candida albicans 

at the transcriptional, post-transcriptional, and phenotypic level using yeast model strain     

C. albicans SN95.  Specifically, I sought to address the following three questions:  

1. What is the expression profile of Hsp90 and cochaperone protein levels under 

different developmental stages and virulence-associated phenotypes?  

2. What is the role of Hsp90 cochaperones in morphogenesis?  

3. Are Hsp90 cochaperones implicated in virulence? 

The first question addressing the expression profile of Hsp90 and cochaperone proteins 

under different developmental stages and virulence-associated phenotypes was examined in 

Chapter 2.  The aim of Chapter 2 was to determine the expression profile of Hsp90 and 

cochaperone protein levels under different developmental stages and virulence-associated 
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phenotypes: planktonic yeast, planktonic filamentous, and 48-hour mature biofilm 

conditions.  These experiments were compounded by issues including potential TAP-tag 

interference, antibody binding issues, disruption to immunological product availability due 

to extenuating circumstances, variability of data points, double-banding and inconsistency of 

band intensities in the PSTAIR loading control in blots affecting accurate quantification, and 

an inability to complete biological and technical replicates.  Initial Western blotting 

optimisations revealed inconsistent detection of cochaperones Cns1 and Cpr7.  This was 

thought to be due to either either TAP-tag interference, miscalculation of global 

concentrations in loading, or even in vivo protein stability.  Protein stability was examined 

through calculation of instability and aliphatic indices using the primary sequences for Hsp90 

and the cochaperone proteins, which revealed no predictions of metabolic instabilities for 

Cpr7 and Cns1.  Initial western blotting also highlighted potential issues with using the TAP-

tag as a proxy for cochaperone protein detection.  Several discrepancies were observed in 

blots with detection of TAP-tagged proteins.  Band intensities were similar when lysate 

amount was doubled, potentially due to the large size of the C-terminal TAP-tag interfering 

with antibody binding.  Another issue was cochaperone protein bands detected at a higher 

molecular weight than calculated sizes, which could be due to the TAP-tag or most likely, 

due to PTM of cochaperone proteins.  Preliminary expression data showed Hsp90 and Hsp90 

cochaperone expression was not significantly different to yeast controls in biofilm and 

filamentous growth conditions.  Hsp90 and Sti1-TAP had differential expression between 

biofilm and planktonic filamentous conditions, though no significant differences were 

observed when compared to control yeast expression or between filamentous and biofilm 

cultures.  However, these experiments were plagued by issues with antibody specificity, 

antibody availability, variability of data points, lack of 2-fold increases in serial dilutions, 

double-banding and inconsistency of band intensities in the PSTAIR loading control in blots 

affecting accurate quantification, and too few data points to show meaningful expression.  

Thus, the validity of these data is questionable and require further examination for 

validation. 

The second question elucidating the role of Hsp90 cochaperones in morphogenesis was 

examined in Chapters 3 and 4.  The aim of Chapter 3 was to examine the transcriptional 

profile of HSP90 and five of its cochaperones (AHA1, CDC37, CPR6, SBA1, STI1) under mid-
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logarithmic growth phase planktonic yeast and two hyphal-induced conditions:  mature 48-

hour biofilm and planktonic filamentous cultures.  C. albicans SN95 transcriptional data 

showed significant upregulation of SBA1 in biofilm, but not planktonic filamentous 

conditions.  This suggested that induction of SBA1 could be involved in either maintenance 

of mature biofilms or stress responses, but not necessarily, involved in filamentation or 

biofilm formation.  However, several issues with primer optimisation and housekeeping gene 

variability could impact this finding.  Three NCBI Geo transcriptomic datasets from                 

C. albicans strain SC5314 grown under either biofilm or filamentous growth conditions were 

analysed.  When gene expression was examined between spider media-induced biofilm and 

planktonic filamentous conditions, these data showed differential regulation of Hsp90 

cochaperones between biofilm and filamentous conditions which suggested that 

cochaperone gene expression was dependent upon selection of hyphal-induction media and 

unknown biofilm-specific factors.  Analysis of dataset GSE99902 for cochaperone gene 

expression in four different hyphal-inducing media under both solid and liquid conditions, 

showed that HSP90 cochaperone expression is not dependent upon media composition, but 

rather physical media state.  Analyses also revealed novel dual coregulation (i.e. two 

cochaperones are regulated together whilst the other cochaperone has opposing regulation) 

of TPR-containing cochaperones CPR6, CPR7, and CNS1.  In liquid media, CPR6 expression 

was increased whilst CNS1/CPR7 were decreased in expression with the inverse pattern 

observed in solid media.  This transcriptional coregulation could support the failure to 

consistently detect Cns1 and Cpr7 in Chapter 2 protein studies, as well as provide an 

additional mechanism of chaperoning control outside of post-translational modifications or 

Hsp90/cochaperone binding affinities.  When dataset GSE137423 was analysed for 

cochaperone expression in biofilms treated with fluconazole with and without biofilm-

inhibitor arachidonic acid, STI1 was significantly decreased in expression across both 

treatment conditions whilst CNS1 had significantly increased expression in fluconazole and 

arachidonic acid only as compared to untreated biofilm controls.  Decreased expression of 

STI1 could be in response to alterations of epigenetic processes such as DNA methylation 

and demethylation, negative helicase regulation, and cell cycle checkpoints and controls, as 

suggested by the ontology findings of the Kuloyo et al. study (Kuloyo et al., 2020).  Increased 

expression of CNS1 in the presence of fluconazole and arachidonic acid could suggest it is 
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involved in fluconazole sensitivity and/or tolerance in C. albicans biofilms, but also it could 

suggest a role in cellular stress responses to membrane instability.  This is the first reported 

evidence of any Hsp90 cochaperone other than Sgt1 (Shapiro et al., 2012) with potential 

involvement in azole sensitivity and/or resistance.  

The aim of Chapter 4 was to investigate the impact of non-essential Hsp90 cochaperones 

AHA1, CPR6, SBA1, STI1 and essential cochaperone CDC37 upon filamentation using 

microscopy of C. albicans SN95 cochaperone genetic deletion strains grown under two 

hyphal inducing conditions:  media with serum for Efg1-mediated filamentation or alkaline 

RPMI for Efg1/Cph1-mediated filamentation.  Visual analysis of initial micrographs revealed 

that deletion of cochaperones AHA1, SBA1, and STI1 did not inhibit yeast‐to‐hyphal 

transition, in either serum‐induced Efg1 pathways or alkaline‐induced Efg1/Cph1 mediated 

pathways.  These data present the first reported phenotypes of C. albicans Hsp90 

cochaperone genetic null mutants under two different hyphal‐induction models.  Also, it is 

the first study to report phenotypes for cochaperone mutants in a C. albicans SN95 

background.  These data expand the phenotype database for cochaperone genetic null 

mutants, which currently is limited to either growth or viability.  Additionally, this chapter 

aimed to determine if C. albicans Hsp90 cochaperone proteins and transcripts are expressed 

in yeast-form locked strains under hyphal-inducing and biofilm conditions.  For these 

experiments, three epitope-tagged strains (efg1 Δ/Δ, cph1 Δ/Δ, AHA1/AHA1-TAP; efg1 Δ/Δ, 

cph1 Δ/Δ, CPR6/CPR6-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP) were generated in a        

C. albicans efg1 Δ/Δ, cph1 Δ/Δ mutant, with a SC5314 background.  When cultured under 

biofilm-inducing conditions, afilamentous TAP-tagged strains demonstrated differences in 

media pH, as indicated by phenol red colour changes.  These differences between the 

mutant strains could be due to potential alteration of non-target genes or alteration of 

metabolism due to TAP-tag interference of protein-protein interactions.  Two NCBI Geo 

transcriptomic datasets from C. albicans strain SC5314 grown under conditions with either 

genetic or chemical inhibition of filamentation were analysed.  Examination of dataset 

GSE41771 revealed that Hsp90 cochaperones are differentially regulated in vivo with regard 

to environmental stimuli (e.g. alkaline ileum, acidic cecum), even in yeast-locked forms 

incapable of hyphal-transition.  When filamentation was inhibited chemically, significant 

cochaperone gene upregulation was revealed, and expression patterns were similar to that 
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of a yeast-locked strain colonising a murine gastrointestinal tract.  These data could suggest 

that in vivo and in vitro cochaperone expression is independent of morphogenesis.  

Furthermore, expression is not dependent upon media composition, but is dependent upon 

environmental stimuli (i.e. extracellular pH, host factors, and presence of a matrix).  Thus, 

these data show that Hsp90 cochaperones are not directly implicated in morphogenesis. 

The final question regarding the implication of Hsp90 cochaperones in virulence was 

addressed in Chapter 5.  The aim of Chapter 5 was to investigate the role in pathogenesis of 

non-essential Hsp90 cochaperones (Aha1, Sba1, and Sti1) and essential cochaperone Cdc37 

in vivo.  C. albicans wild-type and mutant strains were tested in two larval virulence models:  

G. mellonella and M. sexta.  Larvae were challenged with 1 x 104 to 1 x 106 cells/larvae of     

C. albicans wild-type SN95 strain along with strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, and 

heterozygous strain CDC37/cdc37 Δ.  When larval mortality and melanisation phenotypes 

from both models along with relative weight changes of M. sexta were examined, data 

showed no indication that non-essential cochaperones Aha1, Sba1, and Sti1 were implicated 

in C. albicans virulence.  Furthermore, essential Hsp90 cochaperone Cdc37 showed no 

haploinsufficiency at any dose in either larval model, which also suggested it is not involved 

in C. albicans virulence.  However, when mortality of larval models using an avirulent yeast-

locked C. albicans strain efg1 Δ/Δ, cph1 Δ/Δ was examined,  virulence was comparable to 

wild-type in both M. sexta and G. mellonella and larval mortality was not dependent upon a 

filamentous morphology.  This could suggest that these models do not recapitulate                    

C. albicans pathogenesis and virulence in higher model organisms.   

The findings of this thesis reveal the transcriptional landscape of Hsp90 cochaperones under 

conditions associated with virulence and elucidate the impact of Hsp90 cochaperones on           

C. albicans virulence and morphogenesis.  Although Hsp90 modulates virulence and 

morphogenesis in C. albicans, the work of this thesis did not present any data that suggested 

a role for Hsp90 cochaperones Aha1, Cdc37, Cpr6, Cpr7, Cns1, Sba1, and Sti1 in 

morphogenesis or for Aha1, Cdc37, Sba1, and Sti1 in virulence.  Given that Hsp90 is 

particular to signalling and stress response clientele and regulates chaperoning of up to 10% 

of the yeast proteome with over 300 identified clients (Picard, 2019; Zhao & Houry, 2007), it 

is very possible that the cochaperones examined in this study mediate core stress responses 
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or even metabolism during the process of filamentation and biofilm formation.  

Furthermore, this study examined less than half of the approximately 12-15 Hsp90 

cochaperones known in yeast (Panaretou et al., 2002; Zuehlke & Johnson, 2010), and there 

is no definitive evidence that other Hsp90 cochaperones are not involved in virulence or 

morphogenesis.  Shapiro et al. reports that at least one cochaperone, Sgt1, is directly 

implicated in morphogenesis, virulence, and antifungal resistance (Shapiro et al., 2012).  

Thus, it is possible that other cochaperones could mediate binding of Hsp90 clients involved 

in these processes upstream of morphogenesis transcription-factors Efg1, Cph1, or Tec1.  

Since post-translational modifications can modulate cochaperone binding dynamics and 

aspects of Hsp90 regulation (Bandhakavi et al., 2003; Bansal et al., 2009; Kobayashi et al., 

2004; Lassle et al., 1997; Longshaw et al., 2000; Miyata & Nishida, 2004), it is very possible 

that modification of Hsp90 and/or particular cochaperones drives modulation of various 

cellular processes through selection of a particular cochaperone pool which ultimately 

governs the functional role of Hsp90-cochaperone interactions. 

6.2 Recommendations for Future Studies 

First and primarily, future extension of this work would be to complete the protein 

expression studies and protein dilution series experiments.  Though initial western blotting 

experiments consistently detected the presence of the C-terminal TAP for strains Aha1-TAP, 

Cdc37-TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP, the examination experiments contained in 

this body of work could not be completed due to constraints in equipment and consumables 

due to extenuating circumstance.  Although, a modified repetition of this work could also 

address one of its limitations in addressing the impact of post-translational modifications 

upon the cochaperones and the Hsp90 chaperoning cycle.  Previous studies have 

documented the modification of Hsp90 via processes such as phosphorylation, acetylation, 

S-nitrosylation, SUMOylation, glycosylation, and methylation (Cloutier & Coulombe, 2013; 

Mollapour & Neckers, 2012; Sager et al., 2018).  These modifications serve not only fine-tune 

chaperoning function but also provide proteome complexity and client specificity (Cloutier & 

Coulombe, 2013; Mayer, 2010; Mollapour & Neckers, 2012; Soroka et al., 2012).  

Additionally, there have been a handful of studies that examine the dynamics of Hsp90 PTM, 

phosphorylation in particular, and its affects on interactions with cochaperones Aha1, Sti1, 
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Sgt1, and Cdc37 that suggest PTM affects cochaperone-Hsp90 binding dynamics and 

potentially provides an additional or parallel level of Hsp90 regulation (Bandhakavi et al., 

2003; Bansal et al., 2009; Kobayashi et al., 2004; Lassle et al., 1997; Longshaw et al., 2000; 

Miyata & Nishida, 2004).  Thus, repetition of the protein expression work shown in Chapter 2 

should be modified to simultaneously investigate PTM of the cochaperone proteins.  As 

western blot detection of the cochaperone proteins studied in this work was achieved using 

the C-terminal TAP-tag, a protein specific immunoprecipitation-western blot analysis 

technique could easily be employed (Fuchs & Strahl, 2011; Li et al., 2014).  This technique 

would circumvent the pre-existing western blot technique in this paper followed by first 

using immunoprecipitation to isolate target cochaperones using an antibody specific to the 

TAP-tag.  Using the immunoprecipitation technique allows for enrichment of a specific PTM 

on a target protein that may be in low abundance (Fuchs & Strahl, 2011; Li et al., 2014).  

Then enriched cochaperone proteins would be separated by SDS-PAGE, transferred to a 

PVDF membrane, and probed first for the presence of the TAP-tag, then probed a second 

time using a target PTM antibody.  Rockland Immunochemicals, Inc. (Limerick, PA, USA) 

offers a selection of phospho-, methyl-, acetyl-, and ubiquitin-specific antibodies for 

detection PTM using Western blotting.   Alternatively, after immunoprecipitation, mass 

spectrometry could be used to determine PTM of cochaperone proteins.  Mass spectrometry 

can be used to detect nearly all PTMs, circumventing the purchase of numerous antibodies, 

and can be used to identify unknown PTMs as well (Larsen et al., 2006).  This two-pronged 

method would provide target cochaperone protein level expression while simultaneously 

providing information on endogenous PTM changes across the various study conditions.  

This information would serve to not only to elucidate the cochaperone proteomic landscape 

but also show intricacies of their regulation during hyphal-morphogenesis.  However, this 

approach could be compounded by issues with the TAP-tagged cochaperones seen in 

Chapter 2 and 5.  Therefore, experiments on the impact of the C-terminal TAP-tag upon 

functionality and growth of TAP-tagged strains used in this study are critical to any future 

experiments.   

Since Hsp90 and its cochaperones require physical binding through domain interactions, it is 

possible that addition of a protein fusion tag to any of the cochaperones could result in 

inhibition of interactions with other proteins or decreased functionality.  Large-size fusion 
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tags can decrease protein expression, negatively alter functional interactions through 

restriction of native domains, and hinder protein complex formations (Xu et al., 2010; Young 

et al., 2012).  Though the TAP-tag was employed in this study to overcome the challenge of a 

lack of commercially available antibodies for the cochaperone proteins, it presents another 

challenge via endogenous proteins competing with the tagged-protein in protein complex 

assemblies (Xu et al., 2010).   In data from this study, comparison of CFU recovery from heat 

warmed (Supplemental Figure S.5) and heat shocked (Supplemental Figure S.7) epitope 

strains revealed significant differences in Log2 CFU baselines for Aha1-TAP, Cdc37-TAP, and 

Sti1-TAP.  Observations of media colour changes in biofilms formed by epitope tagged 

strains showed differences in pH between generated strains efg1 Δ/Δ, cph1 Δ/Δ, 

AHA1/AHA1-TAP compared to efg1 Δ/Δ, cph1 Δ/Δ, CDC37/CDC37-TAP; efg1 Δ/Δ, cph1 Δ/Δ, 

CPR6/CPR6-TAP; efg1 Δ/Δ, cph1 Δ/Δ, SBA1/SBA1-TAP; and efg1 Δ/Δ, cph1 Δ/Δ, STI1/STI1-TAP 

(Table 4.6).  These data along with data from Chapter 2 could suggest tag interference and 

should be explored further with functionality experiments.  This could be accomplished 

through transformation for the genetic deletion of the native cochaperone allele, leaving 

behind one TAP-tagged allele.  Since C. albicans is a diploid yeast, native cochaperone 

protein expression could be compensatory for functionality issues resulting from the TAP-

tagged protein.  For the genetic deletion of native cochaperone alleles, plasmid pJKB63, 

which contains an ampicillin-resistance gene under the control of the AmpR promoter and a 

CaNAT1-FLP cassette which confers a dominant selectable nourseothricin resistance marker 

for C. albicans, is recommended for this transformation (Shen et al., 2005).  The CaNAT1-FLP 

cassette uses a modified version of the historical S. cerevisiae site-specific recombinase FLP, 

which allows for homologous recombination using the two FRT sites that support efficient 

and precise FLP-mediated excision of a target gene (Cregg & Madden, 1989; Morschhauser 

et al., 1999; Turan & Bode, 2011).  With the diploid nature of C. albicans, gene deletion 

constructs could homologously recombine with either the TAP-tagged cochaperone allele or 

the non-tagged native allele, A two-prong screening protocol would need to be employed: 

screening for the presence of nourseothricin resistance, then screening for the presence of 

the TAP-tag.  Once strains are constructed, functionality could be assessed through simple 

growth experiments.  Cell density would be compared over time to evaluate any differences 

between the epitope-tagged strains compared to a wild-type strain.   
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Another limitation of this study was the lack of understanding the role of the Hsp90 

cochaperones in antifungal resistance and sensitivity.  Hsp90 has been shown to play a 

significant role in cellular signalling in response to antifungal-induced stress (Cowen, 2008; 

Cowen & Lindquist, 2005; Cowen et al., 2009; Cowen & Steinbach, 2008; Shapiro et al., 2011; 

Shapiro et al., 2012).  Hsp90 cochaperone Sgt1 is known to govern azole and echinocandin 

resistance and genetic depletion of SGT1 alters echinocandin activity from fungistatic to 

fungicidal (Shapiro et al., 2012).  In this thesis, examination of gene expression data of 

fluconazole-treated biofilms revealed differential expression that suggests CNS1 could be 

implicated in fluconazole sensitivity and/or resistance. To further delineate the impact of 

Hsp90 cochaperones Aha1, Cpr6, Sba1, and Sti1 on antifungal tolerance, homozygous null 

strains for these cochaperone genes used in the animal models study from Chapter 5 could 

be employed.  This could be accomplished by assaying growth via optical density at 600nm 

of a wild-type strain alongside the homozygous null strains over a gradient of concentrations 

of antifungals such as fluconazole relative to a drug-free control (Shapiro et al., 2012).   To 

determine involvement in antifungal resistance, the previous homozygous null strains could 

be transformed to delete ERG3, a gene known to cause robust azole resistance (Kelly et al., 

1997).  This transformation would generate strains that were double null mutants for the 

cochaperone of interest as well as both alleles of ERG3.  Similar to the antifungal tolerance 

experiments, impact could be evaluated over a concentration of azole antifungals relative to 

both a wild-type control and a strain containing a homozygous ERG1 deletion alone.  These 

experiments would provide novel information on the role of Hsp90 cochaperones on 

antifungal tolerance and resistance as well as address the ultimate goal of this work – to 

determine if Hsp90 cochaperones are suitable novel antifungal drug targets. 

A final limitation of this study was the lack of consideration for the redundancy of function in 

the non-essential Hsp90 cochaperones, in particular the TRP cochaperones such as Cpr6, 

Cpr7, and Cns1.  Redundancy within cellular pathways, including chaperoning networks, 

improve reliability, enable cellular survival, and ensure pathways cannot be broken in the 

event of component failure or mutation (Navlakha et al., 2014; Yan et al., 2020).  There is 

emerging evidence of a partial redundancy within the TPR cochaperones that could suggest 

parallel functionality.  In S. cerevisiae, CNS1 overexpression has been shown to restore 

cyclophilin 40-dependent function in a CPR7 null mutation strain (Marsh et al., 1998).   Cns1 
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also restores some Cpr7-dependent activities such as the effect on cell growth, and 

maturation of glucocorticoid receptor, negative regulation of heat shock factors, and 

overexpression complements Cpr7 function for yeast prion [URE3] propagation (Dolinski et 

al., 1998; Kumar et al., 2015; Marsh et al., 1998).  This redundancy of function could 

potentially explain the Chapter 1 data where Cpr6 was readily detected in initial Western 

blot optimisations, but Cpr7 and Cns1 were not, and also the Chapter 3 data that showed 

differential expression of CPR6 and CPR7/CNS1 in liquid and solid medias.  To delineate the 

impact of this redundancy of function within the Hsp90 chaperoning system, a series of 

synthetic lethality experiments could be designed.  Synthetic lethality in yeast is a concept 

wherein a mutation within the genome alone has no impact upon fitness or cellular viability, 

but in combination with another mutation can result in alteration of growth, morphogenesis, 

and antifungal resistance, or even cellular death (Ooi et al., 2006; Prill et al., 2005; Usher & 

Haynes, 2019).  For these experiments, C. albicans TPR cochaperone double deletion 

mutants would be generated, for example cpr6/cpr6Δ cpr7/cpr7Δ, cpr6/cpr6Δ cns1/cns1Δ, 

and cpr7/cpr7Δ cns1/cns1Δ.   These mutants would then be evaluated in terms of growth 

using optical density measurements and in morphogenesis using phenotype evaluation 

(Chapter 4) and fungal burden within an animal model (Chapter 5).  These experiments 

would provide information in terms of redundancy of function within the C. albicans Hsp90 

chaperone network as well as a greater understanding of any potential impact of these 

synthetic lethalities upon phenotype, yeast-to-hyphal transition, and virulence. 
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SUPPLEMENTAL 

S.1 Strains and primers used in this study 

In this study, several C. albicans strains were used, shown below in Table S1.  For each strain, 

genetic background, genotype, notes on usage within this study, along with strain source are 

given. 

Table S1 List of C. albicans strains used in this study.  For each strain used in this study, strain name, genetic 
background, genotype, notes on usage, and strain source are given.  Most strains were taken from the internal 
collection, unless generated.  However, strains tec1 Δ/Δ and efg1 Δ/Δ, cph1 Δ/Δ were kindly donated by Al 
Brown, University of Exeter.   

Strain Background Genotype Notes Source 

SN95 
SC5314/ 

RM1000-2 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 

Positive control, wild-
type filamentation 

Internal 
collection 

aha1 Δ/Δ SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 

aha1::FRT/aha1::FRT 

AHA1 null 
Internal 

collection 

CDC37/cdc37 
Δ 

SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 
cdc37::FRT/CDC37 

CDC37 heterozygous 
deletion mutant 

Internal 
collection 

sba1 Δ/Δ SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 

sba1::FRT/sba1::FRT 

SBA1 null 
Internal 

collection 

sti1 Δ/Δ SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 
sti1::FRT/sti1::FRT 

STI1 null 
Internal 

collection 

tec1 Δ/Δ SC5314 

arg4/arg4 his1/his1 
URA3/ura3::imm434 
IRO1/iro1::imm434 
tec1::FRT/tec1::FRT 

TEC1 null; 
afilamentation control 

Donated 
by Al 

Brown 

efg1 Δ/Δ, 
cph1 Δ/Δ 

SC5314 
ura3::imm434/ura3::imm434 

cph1::hisG/cph1::hisG 
efg1::hisG/efg1::hisG 

EFG1 & CPH1 null; 
afilamentation control  

Donated 
by Al 

Brown 

Aha1-TAP SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 

IRO1/iro1::imm434 AHA1/AHA1-TAP-
ARG4 

C-terminal fusion 
protein tagged strain; 
used for cochaperone 

protein detection 

Internal 
collection 

Cdc37-TAP SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 

IRO1/iro1::imm434 CDC37/CDC37-
TAP-ARG4 

C-terminal fusion 
protein tagged strain; 
used for cochaperone 

protein detection 

Internal 
collection 

Cpr6-TAP SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 

IRO1/iro1::imm434 CPR6/CPR6-TAP-
ARG4 

C-terminal fusion 
protein tagged strain; 
used for cochaperone 

protein detection 

Internal 
collection 

 



208 
 

Strain Background Genotype Notes Source 

Sba1-TAP SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 

IRO1/iro1::imm434 SBA1/SBA1-TAP-
ARG4 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection 

Internal 
collection 

Sti1-TAP SN95 

arg4/arg4 his1/his1 
URA3/ura3::imm434 

IRO1/iro1::imm434 STI1/STI1-TAP-
ARG4 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection 

Internal 
collection 

efg1 Δ/Δ, cph1 
Δ/Δ, 

AHA1/AHA1-
TAP 

SC5314 

ura3::imm434/ura3::imm434 
cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG AHA1/AHA1-
URA3 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection in 
an afilamentous 

strain 

Generated 
in this 
study 

efg1 Δ/Δ, cph1 
Δ/Δ, 

CDC37/CDC37-
TAP 

SC5314 

ura3::imm434/ura3::imm434 
cph1::hisG/cph1::hisG 
efg1::hisG/efg1::hisG  
CDC37/CDC37-URA3 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection in 
an afilamentous 

strain 

Generated 
in this 
study 

efg1 Δ/Δ, cph1 
Δ/Δ, 

CPR6/CPR6-TAP 

SC5314 

ura3::imm434/ura3::imm434 
cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG  CPR6/CPR6-
URA3 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection in 
an afilamentous 

strain 

Generated 
in this 
study 

efg1 Δ/Δ, cph1 
Δ/Δ, 

SBA1/SBA1-TAP 

SC5314 

ura3::imm434/ura3::imm434 
cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG  SBA1/SBA1-
URA3 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection in 
an afilamentous 

strain 

Generated 
in this 
study 

efg1 Δ/Δ, cph1 
Δ/Δ, STI1/STI1-

TAP 

SC5314 

ura3::imm434/ura3::imm434 
cph1::hisG/cph1::hisG 

efg1::hisG/efg1::hisG AHA1/ 
STI1/STI1-URA3 

C-terminal fusion 
protein tagged 
strain; used for 
cochaperone 

protein detection in 
an afilamentous 

strain 

Generated 
in this 
study 

 

In this study, several primers were used for either genotyping PCR, qPCR, or epitope-tagging 

PCR.  Most primers were taken from the internal collection unless indicated as designed.  

Primers are shown below in Table S2.   
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Table S2 List of primers used in this study.  For each gene studied, the name of the primer, the DNA sequence, 
notes on usage within the study, and primer source are given.  DNA sequences in bold are reflective of 
sequences homologous to the vector used, which is indicated in the notes. 

GENE PRIMER SEQUENCE (5’ TO 3’) NOTES SOURCE 

TAP TAP-R3 AGGCGTTTCGTTGTTCTTCG 
Reverse primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

HSP90 
HSP90_+1051F GCTGAAGAGTTGATTCCAGAAT Used to detect 

gene in qPCR 
Designed 

HSP90_+1236R GGAGAAAGCAGTGTAGAATTGG 

CDC37 

CDC37_+443F AGACAAAAACCGATGGCGAC Used to detect 
gene in qPCR 

Designed 
CDC37_+592R ACCCCGTATGCAAATCATCACT 

CDC37_+983F AAGCAGCACCAGCTAATGTG 
Forward primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

CDC37_TAP_F 
AAAAGAATATGCACATGAAACTGCCAATCAAG
AAGAAGACCAGTCTGCTTCAGTTGAAGATACA

GTTGATGGTCGACGGATCCCCGGGTT 

Primers for TAP 
epitope-tagging of 

cochaperone 
target genes using 
vector pFA-TAP-

CaURA3 

Internal 
collection 

CDC37_TAP_R 
ATATCCCCTGAAAAAAAACCACGAAATCTACA
ATTCGACTAGGGTACAAGTGCAATTTTTATTAC

GCTATTCGATGAATTCGAGCTCGTT 

SBA1 

SBA1_+479F TTTAGGTGGCACTGGTGGAAG Used to detect 
gene in qPCR 

Internal 
collection SBA1_+778R AACAACCACTAATCAAGAAG 

SBA1_+46F GTTCATCTGAAGATGACGCT 
Forward primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

SBA1_TAP_F 
AGGCGAAGAAGGCGATGAAGAAGCTAAAAAA
GCGCAAGAAGAATCAAATGCCACTGCTACTGA

AAAAGAAGGTCGACGGATCCCCGGGTT 

Primers for TAP 
epitope-tagging of 

cochaperone 
target genes using 
vector pFA-TAP-

CaURA3 

Internal 
collection 

SBA1_TAP_R 
AAATGACTAATAAAATAGACTATTCAACTGTAT
AATTTTGGTTTTTTTTGTATTACTTTGTTATTTG

AGATCGATGAATTCGAGCTCGTT 

STI1 

STI1_+1474F AGGCAAGAACTAAAGATGTTG Used to detect 
gene in qPCR 

Internal 
collection STI1_+1877R TTTGCCTATGTATATGCTAAC 

STI1_+1228F TCACCAAAGGAGATTGGCCA 
Forward primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

STI1_TAP_F 
TCATATGAAAAATCCTGAAGTTTATAAAAAAAT
TAATATGTTGATTGCTGCTGGTGTTATTCGTAC

CAGAGGTCGACGGATCCCCGGGTT 

Primers for TAP 
epitope-tagging of 

cochaperone 
target genes using 
vector pFA-TAP-

CaURA3 

Internal 
collection 

STI1_TAP_R 
TTTCAACAACTTGTGTAAATAAACCAAATGTGA
ATTATAAGGGGGTTTTTATTAGTTACTTTTTATC

TGGTCGATGAATTCGAGCTCGTT 

AHA1 

AHA1_+333F GCCGAAAATTCAGGTATCACA Used to detect 
gene in qPCR 

Internal 
collection AHA1_+491R GTGGCAGCAATAGTGGATGAT 

AHA1_+451F CACAAGATAAGGTCACCTCG 
Forward primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

AHA1_TAP_F 
AGTGAAAAATAACTTTGAAGAAAGATATATCA
GATCTATAAAGATCACTTTTGGATTTGGAGCA

GTTTTAGGTCGACGGATCCCCGGGTT 

Primers for TAP 
epitope-tagging of 

cochaperone 
target genes using 
vector pFA-TAP-

CaURA3 

Internal 
collection 

AHA1_TAP_R 
GGTATCATAAGTGATGGTTAATAGAGTAAAAT
TCTTCTTTATGGATTGCTTGTACGTACATTCTAT

TTATTCGATGAATTCGAGCTCGTT 
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GENE PRIMER SEQUENCE (5’ TO 3’) NOTES SOURCE 

CPR6 

CPR6_+912F AAAACCAAAGCATTATACAG Used to detect 
gene in qPCR 

Internal 
collection CPR6_+1225F TTTTCTTCTTCTTCTGATG 

CPR6_+912F AAAACCAAAGCATTATACAG 
Forward primer, 

used to detect TAP 
in genotyping PCR 

Internal 
collection 

CPR6_TAP_F 
ACAAGAAGCTAAACACAACATCAAGTTGCGTC
GTGACAAACAAAAGAAGGCAATGGCCAAGTT

CTTCTCAGGTCGACGGATCCCCGGGTT 

Primers for TAP 
epitope-tagging of 

cochaperone 
target genes using 
vector pFA-TAP-

CaURA3 

Internal 
collection 

 CPR6_TAP_R 
GTATGTCGCACGACTTTTTGTTGAAAAAAAAA
AAAAAGCTTTTATTATCATCTATGAAGGCCTAT

ATGATTCGATGAATTCGAGCTCGTT 

ALG9 
ALG9_+1076F ACCGCGTATTTCAGCTAGGA Used to detect 

gene in qPCR 
Designed 

ALG9_+1205R CCCAAGTCCTCTAGTTGGGC 

TAF10 
TAF10_+137F GCCAAACAGCGGAGACAAAG Used to detect 

gene in qPCR 
Designed 

TAF10_+338R ATAATCGGTGCAAAGTCGCC 

UBC6 
UBC6_+165F TGGCTTACTCCGATTTCCTCC Used to detect 

gene in qPCR 
Designed 

UBC6_+317R GTCAGAACTGACCATGCTGGA 

GPD1 
GPD1+570F AGTATGTGGAGCTTTACTGGGA Used to detect 

gene in qPCR 
Internal 

collection GPD1+766R CAGAAACACCAGCAACATCTTC 

 

S.2 Limited iron culturing optimisation and strain growth 

Initial experimental design included the examination of Hsp90 and cochaperone protein 

expression under limited-iron conditions to mimic host-iron sequestration in vitro.  In the 

acute-phase of infection, host defences limit iron bioavailability via induction of plasma 

proteins termed acute phase proteins, or APP (Bode et al., 2012; Parrow et al., 2013).  These 

APP include protease inhibitors, clotting and coagulation factors, complement proteins, 

pathogen recognition receptors, and well as numerous proteins that regulate iron 

metabolism (Bode et al., 2012).  In the present of APPs, host iron metabolism is altered to 

minimize iron bioavailability and promote pathogen clearing (Bode et al., 2012; Parrow et 

al., 2013).  For these experiments, a limited iron media (50 nM free iron; LIM) was used.  

Optimisation of experimental growth conditions included analysis of growth of parental 

control strain SN95 and three different IRO1 mutant null strains in media with limited-iron:  

M1477 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 his1::hisG/his1::hisG arg4/arg4 

RP10::CIp30), M2038 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 ftr1/ftr1 

RP10::Cip10), and M2039 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 ftr1/ftr1 

RP10::Cip10).  These strains were selected to optimise low iron conditions due to their 

deletion of the IRO1 gene.  C. albicans IRO1 is critical for iron utilization (Chibana et al., 

2005).  Deletion of this gene results in decreased vegetative growth defects in media with 
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limited available iron (Almeida et al., 2009).  This defect was used to optimise the conditions 

were iron was sufficiently low enough to cause a decreased growth phenotype in limited-

iron culturing. 

Strains were either cultured overnight at 30°C while shaking at 200 rpm in yeast peptone 

dextrose (YPD) or in LIM, then subcultured into LIM at an 0.2 OD600 and assessed for growth 

using optical density measurements.  As initial optimisation included overnight culturing in 

YPD (Figure S1), a second experiment was designed to eliminate the possibility of 

intracellular iron stores influencing growth.   This second optimisation included two 

modifications to the initial experiment:  overnight culturing in LIM and extending the 

timeframe to 25 hours to expose a limited-iron phenotype (Figure S2).  Data from limited-

iron culturing is shown below in Figures S1-S3.  Composition of limited-iron media (LIM), 

based on the Wickerham nitrogen base recipe (Wickerham et al., 1946) and modified by Eide 

and Guarente (Eide & Guarente, 1992),  is shown in Table S3. 

 

Figure S1 Initial optimisation measuring growth of control strains in LIM.  C. albicans wild-type SN95 
and three homozygous iro1Δ/iro1Δ strains were compared for a difference in density over a 280-minute 
period.  Strains SN95 and null strains M1477 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 
his1::hisG/his1::hisG arg4/arg4 RP10::CIp30), M2038 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 
ftr1/ftr1 RP10::Cip10), and M2039 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 ftr1/ftr1 
RP10::Cip10) were first grown overnight at 30°C while shaking at 200 rpm in yeast peptone dextrose 
media (YPD), then were subcultured into limited iron media (LIM) at an 0.2 OD600.  All strains were 
incubated at 37°C whilst shaking at 200 rpm.  Optical density at 600nm was assessed every 90 minutes 
over a 280-minute incubation period.  Significance was assessed with one-way ANOVA, which revealed 
no significant differences between the strains in terms of growth. 
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Figure S2 Second optimisation measuring growth of control strains in LIM with extended time-course.  C. 
albicans wild-type SN95 and three homozygous iro1Δ/iro1Δ strains were compared for a difference in 
density over a 280-minute period.  Strains SN95 and null strains M1477 (ura3::imm434/ura3::imm434 
iro1/iro1::imm434 his1::hisG/his1::hisG arg4/arg4 RP10::CIp30), M2038 (ura3::imm434/ura3::imm434 
iro1/iro1::imm434 ftr1/ftr1 RP10::Cip10), and M2039 (ura3::imm434/ura3::imm434 iro1/iro1::imm434 
ftr1/ftr1 RP10::Cip10) were first grown overnight at 30°C while shaking at 200 rpm in either yeast peptone 
dextrose media (YPD) or in limited iron media (LIM), then were subcultured into LIM at an 0.2 OD600.  

Optical density at 600nm was assessed every ninety minutes for a 6-hour period, then again at 20-hours 
post inoculation for three more ninety-minute growth assessments.  Strains M2038 and M2039 show 
decreased density over a 25-hour period regardless of initial culture media, compared to SN95 and 
M1477.  Two-way ANOVA revealed no significance between the data points. 

 

Figure S3 Linear regression analysis of C. albicans IRO1 mutants.  Linear regression model comparing 
combined optical density measurements of C. albicans strains M2038 and M2039 reflects the differences 
in choice of initial culture media shown in Figure S2.  For this analysis, optical density measurements at 
600nm of strains M2038 and M2039 were combined and examined with respect to initial culturing media 
(YPD or LIM).  Strains M2038 and M2039 when initially cultured in an iron-rich YPD show large differences 
in optical density at as compared to their LIM-counterparts.  When the impact of initial culture media 
conditions on growth was examined, linear regression analysis showed significant differences (p=<0.0001) 
between the slopes of strains initially cultured in YPD (Y = 0.2097*X + 0.1559) versus those cultured in LIM 
(Y = 0.03418*X + 0.2643).  The slopes and coefficients of determination (R2) are indicated. 
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Table S3 Composition of LIM with limited iron adjustments.  Limited-iron medium (LIM) is based on the 
Wickerham nitrogen base recipe(Wickerham et al., 1946) and modified by Eide and Guarente(Eide & Guarente, 
1992). Formulation of LIM with additional modifications for limited iron condition are listed (500mL total 
volume).  Prepared media was stored at 4°C, while wrapped with foil. 

Stock Fold conc. Component Stock conc. (M) Final conc. (M) Vol. 

1 500 Na2EDTA.2H2O 5.0x10-1 1.0x10-3 1ml 

2 100 
MgSO4.7H2O 

NaCl 
5.0x10-1 

1.0x10-1 
5.0x10-3 

1.0x10-3 
5ml 

3 100 CaCl2.2H2O 1.0x10-1 1.0x10-3 5ml 

4 100 

Uridine 
L-Histidine 
L-Leucine 
L-Lysine 

4.0x10-2 

5.0x10-2 

7.6x10-2 

7.0x10-2 

4.0x10-4 

5.0x10-4 

7.6x10-4 

7.0x10-4 

5ml 

5 100 (NH4)2SO4 3.8 3.8x10-2 5ml 

6 100 KH2PO4 1.0x10-1 1.0x10-3 5ml 

7 50 Na3Citrate.2H2O 1.0 2.0x10-2 10ml 

8 20 D-glucose 2.2x10-1 1.1x10-2 25ml 

9 1000 

d-Biotin 
Ca Pantothenate 

myo-Inositol 
Pyridoxin 

Thiamin.HCl 

1.6x10-5 

1.7x10-3 

1.0x10-2 

2.0x10-3 

1.0x10-3 

1.6x10-8 

1.7x10-6 

1.0x10-5 

2.0x10-6 

1.0x10-6 

0.5ml 

10 10000 
H3BO3 

KI 
Na2MoO4.2H2O 

1.0x10-1 

5.0x10-3 

1.0x10-2 

1.0x10-5 

5.0x10-7 

1.0x10-6 
50µl 

For limited iron, media was reconstituted with: 

  ZnSO4  12.39 µM  

  MnSO4  13.24 µM  

  CuSO4  0.3 µM  

 

S.3 Heat shock condition optimisation, strain growth, and cell recovery  

Initial experimental design included the examination of Hsp90 and cochaperone protein 

expression under a heat shock stress condition, which is associated with altered protein 

function within the cell.  During heat shock conditions, the expression of heat shock 

proteins, including Hsp90, are elevated.  This increased expression has been shown to 

promote morphological switching and biofilm formation in C. albicans (Becherelli et al., 

2013; O'Meara et al., 2017; Veri et al., 2018).  When optimising the environmental 

conditions for heat shock stress, two different temperature change protocols were used 

using parental control strain SN95, TAP-epitope tagged strains Aha1-TAP, Cdc37-TAP, Cpr6-

TAP, Sba1-TAP, and Sti1-TAP.  Additionally, two SN95-derived C. albicans strains 

heterozygous for deletion of HSP90 were used as heat-shock controls due to their 
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phenotypic growth defects under stress:  Strain MAL2p-HSP90/hsp90Δ (arg4/arg4 

his1/his1::TAR-FRT URA3/ura3::imm434 IRO1/iro1::imm434 CdHIS1::hsp90/FRT-MAL2p-

HSP90) and strain tetO-HSP90/hsp90Δ (arg4/arg4 his1/his1::TAR-FRT URA3/ura3::imm434 

IRO1/iro1::imm434 hsp90::CdHIS1/FRT-tetO-HSP90).  Strain MAL2p-HSP90/hsp90Δ has a       

C. albicans tetracycline-repressible transactivator integrated at the HIS1 locus, has a               

C. dubliniensis HIS1 replacement of one HSP90 allele.  The second HSP90 allele is under the 

control of the maltose-inducible C. albicans MAL2 maltase promoter, CaMAL2 (Geber et al., 

1992).  Transcription of CaMAL2 is induced by maltose and sucrose and repressed by 

glucose, providing an effective mechanism for control of gene expression via carbon source 

regulation (Backen, 2000).  Strain tetO-HSP90/hsp90Δ also has the C. albicans tetracycline 

repressible transactivator integrated at the HIS1 locus and one HSP90 allele replaced with C. 

dubliniensis HIS1.  However, in this strain, the remaining HSP90 allele is under the control of 

doxycycline-repressible tetracycline promoter, tetO. C. albicans strains heterozygous for 

deletion of HSP90 and with a tetO promoter replacement of the second allele have been 

shown to demonstrate a mild growth defect phenotype even in media without doxycycline 

supplementation (Noble & Johnson, 2005; Singh et al., 2009).  These strains were selected to 

evaluate effective heat shock due to their heterozygous deletions of HSP90 causing 

haploinsufficiency under environmental cell stress conditions.  When these strains are 

placed under stress, insufficient production of Hsp90 decreases cell recovery which can be 

observed with a growth curve (O'Meara, Robbins and Cowen, 2017; Veri, Robbins and 

Cowen, 2018). 

In the first protocol, overnight cultures were grown in YPD and adjusted to an OD600 of 0.2.  

Subcultures were grown for three hours at 30°C while shaking at 200 rpm.  These cultures 

were then placed into a 42°C incubator, allowing the cells to warm gradually for a two-hour 

period (hereafter termed “heat warming”).  Growth of Hsp90-deficient control strains 

alongside SN95 and epitope-tagged strains was evaluated via optical density both before and 

after heat warming (Figure S4).  Colony forming units were compared for each strain before 

and after two-hour exposure to 42°C For the second optimisation, 30°C cultures were mixed 

with an equal volume of 54°C warmed media prior to placement at 42°C, creating an 

immediate temperature shift (Figure S5).  For the second optimisation protocol, overnight 

cultures were grown in YPD and adjusted to an OD600 of 0.2.  Subcultures were grown for 
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three hours at 30°C while shaking at 200 rpm then mixed with an equal volume of 54°C 

warmed media prior to placement at 42°C, creating an immediate temperature shift.  These 

cultures were placed into a 42°C incubator and allowed to continue growth for a two-hour 

period.  Growth of Hsp90-deficient control strains alongside SN95 and epitope-tagged strains 

was evaluated using this second protocol (Figure S6).  Colony forming units were compared 

for each strain before and after two-hour exposure to 42°C using the second protocol as well 

(Figure S7).  Data from optimisation of heat shock conditions at 42°C is shown below.   

 

Figure S4 First heat shock optimisation with C. albicans strains.  C. albicans wild-type SN95, TAP-epitope 
tagged strains Aha1-TAP, Cdc37-TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP, and two control strains with 
Hsp90-compromisation, MAL2p-HSP90/hsp90Δ and tetO-HSP90/hsp90Δ, demonstrate significant 
differences in growth over two-hour heat shock exposure at 42°C.  Overnight cultures were grown in YPD 
and adjusted to an OD600 of 0.2.  Subcultures were grown for three hours at 30°C while shaking at 200 
rpm.  These cultures were then placed into a 42°C incubator, allowing the cells to warm gradually for a 
two-hour period (hereafter termed “heat warming” or HW).  Optical density at 600nm was assessed at 
time zero, and again at three hours post inoculation.  Heat warming conditions, consisting of incubation at 
42°C were introduced at time equals three hours and maintained for two hours.  At time equals 5 hours, 
optical density was again recorded for each strain.  Strains SN95, Aha1-TAP, Cdc37-TAP, Cpr6-TAP, Sba1-
TAP, and Sti1-TAP have significantly greater density at two-hours post heat-shock exposure compared to 
density at 3 hours (p = <0.0001), and significantly greater density compared to control strains MAL2p-
HSP90/hsp90Δ and tetO-HSP90/hsp90Δ at the same time point (t=5; p = <0.0001).  Significance was 
assessed with one-way ANOVA. 
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Figure S5 C. albicans strains SN95 and Aha1-TAP have greater recovery from heat stress.  Colony 
forming units were compared for C. albicans wild-type SN95, TAP-epitope tagged strains Aha1-TAP, 
Cdc37-TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP, and two strains with Hsp90-compromisation, MAL2p-
HSP90/hsp90Δ and tetO-HSP90/hsp90Δ before and after heat warming conditions.  Overnight cultures 
were grown in YPD and adjusted to an OD600 of 0.2.  Subcultures were grown for three hours at 30°C 
while shaking at 200 rpm.  These cultures were then placed into a 42°C incubator, allowing the cells to 
warm gradually for a two-hour period, as shown in Figure S4.   To evaluate the effects of heat shock, 
100mL aliquots of time equals three hours cultures (30°C, designated as before HW)  and 100mL of 
time equals five hours cultures (42°C, designated as after HW), was sampled for CFU analysis.  Samples 
were plated in triplicate on YPD and plates were incubated for 24-48 hours at 30°C prior to 
enumeration.  C. albicans strains SN95 and Aha1-TAP had significant CFU recovery post heat exposure 
(p=0.0045 & 0.0004, respectively) as compared to the other epitope-tagged strains (i.e. Cdc37-TAP, 
Cpr6-TAP, Sba1-TAP, and Sti1-TAP).  Both heterozygous Hsp90-inhibited strains MAL2p-HSP90/hsp90Δ 
and tetO-HSP90/hsp90Δ demonstrated similar CFU recovery post-stress, with no significance observed 
in recovery between the conditions. Each data point represents a biological replicate (±SEM).  
Significance was assessed with two-way ANOVA. 
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Figure S6 Second heat shock optimisation with C. albicans strains.  C. albicans wild-type SN95, TAP-
epitope tagged strains Aha1-TAP, Cdc37-TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP, and one control strain 
with Hsp90-compromisation, tetO-HSP90/hsp90Δ, have significant differences in growth over two-hour 
heat shock exposure at 42°C.  Overnight cultures were grown in YPD and adjusted to an OD600 of 0.2.  
Subcultures were grown for three hours at 30°C while shaking at 200 rpm then mixed with an equal 
volume of 54°C warmed media prior to placement at 42°C, creating an immediate temperature shift.  
These cultures were placed into a 42°C incubator and allowed to continue growth for a two-hour period.  
Optical density at 600nm was assessed at time zero, at three hours post inoculation, and again after a 
two-hour period of heat shock.  Under these conditions, tetO-HSP90/hsp90Δ demonstrated a significant 
defect in growth, both with respect to SN95 (p = <0.0001) as well as itself before vs. after heat shocking 
(p = 0.0027).   Strains SN95, Aha1-TAP, Cdc37-TAP, Cpr6-TAP, Sba1-TAP, and Sti1-TAP had significantly 
greater density at two-hours post heat-shock exposure compared to the Hsp90-inhibited strain, tetO-
HSP90/hsp90Δ at the same time point (t=5; p = <0.0001).  Density of tetO-HSP90/hsp90Δ was 
significantly reduced post heat exposure compared to density at 3 hours (p = 0.0027).  Significance was 
assessed with one-way ANOVA. 
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Figure S7 C. albicans recovery from heat shock exposure.  Colony forming units were compared for   
C. albicans wild-type SN95, TAP-epitope tagged strains Aha1-TAP, Cdc37-TAP, Cpr6-TAP, Sba1-TAP, 
and Sti1-TAP, and one strain with Hsp90-compromisation, tetO-HSP90/hsp90Δ before and after heat 
shock conditions.  Overnight cultures were grown in YPD and adjusted to an OD600 of 0.2.  Subcultures 
were grown for three hours at 30°C while shaking at 200 rpm then mixed with an equal volume of 54°C 
warmed media prior to placement at 42°C, creating an immediate temperature shift, as shown in 
Figure S6  To evaluate the effects of heat shock, 100mL aliquots of time equals three hours cultures 
(30°C, designated as before HS)  and 100mL of time equals five hours cultures (42°C, designated as 
after HS), was sampled for CFU analysis.  Samples were plated in triplicate on YPD and plates were 
incubated for 24-48 hours at 30°C prior to enumeration.  All C. albicans strains had decreased CFU 
recovery post heat shock exposure, though two-way ANOVA revealed no significant differences 
between the strains.  Each data point represents a biological replicate (±SEM).   
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S.4 Detection of Cns1-TAP and Cpr7-TAP in heat shock and limited iron 

conditions 

Initial experimental design included the examination of Hsp90 and cochaperone protein 

expression under limited-iron and heat shock (42°C) conditions.  During initial Western 

blotting optimisation, 150µg of total global protein lysates from limited iron (LI) and heat 

shocked (HS) cultures were probed for cochaperones Aha1, Cpr7, and Cns1 using C. albicans 

strains Aha-TAP, Cpr7-TAP, and Cns1-TAP.  Data from initial optimisation using the western 

blot protocol from Chapter 2 is shown below in Figure S8.  

 

Figure S8 Detection of Cns1-TAP and Cpr7-TAP in heat shock and limited iron conditions.   Global 
protein lysates extracted from cells under heat shock (HS) and limited iron (LI) growth conditions 
shown detection of Hsp90 cochaperones Aha1, Cpr7, and Cns1.  Total global protein lysates (150µg) 
from C. albicans strains Aha1-TAP, Cpr7-TAP, and Cns1-TAP grown in HS or LI conditions were 
loaded onto a 1.5mm 10% SDS-PAGE gel along with Precision Plus Protein All Blue Standard in 1x 
Tris-Glycine-SDS buffer.  Gels were electrophoresed at 120V for approximately 1.5 to 2 hours.  After 
SDS-PAGE separation, gels were sandwich-stacked with polyvinyl difluoride membranes (0.45µm, 
PVDF) and loaded to a transfer cassette for wet transfer overnight at at 20V with transfer chamber 
packed in ice.  Membranes were rinsed with water, then stained with Ponceau S to verify transfer.  
After washing and rinsing, membranes were blocked in 5% milk powder in PBS containing 0.1% 
Tween-20 (PBST) at 25°C for 1 h, then incubated in primary rabbit polyclonal α-TAP antibody 
(1:5000) for 1 hour at 25°C.  Membranes were washed twice with PBST and probed with secondary 
antibody (1:5000 in 0.5% Milk in PBST) for 10 minutes at 25°C.  Signals were detected using a 
Clarity™ ECL western blotting kit as per the manufacturer’s instructions, with all exposure times set 
at 15 minutes.  A.  Two lanes each containing Aha1-TAP, Cpr7-TAP, and Cns1-TAP total global 
protein lysates are shown for both growth conditions (150µg each).  Cns1-TAP (~66kDa) and Cpr7-
TAP (~64kDa) detected under both (S) and (L) growth conditions.  B.  Ponceau S stained membrane 
shows protein transfer efficiency.   
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S.5 Uncut gels and membranes from figures in this study 

In Chapter 2, Western blotting was used to detect Hsp90 and Hsp90 cochaperone proteins.  

Uncut membrane and gel images for Figures 2.3-11 are shown below. 

Figure S9 Uncut membranes from optimisation of Hsp90 detection.  Cultures of C. albicans SN95 
strain grown under stationary (S) and mid-logarithmic (L) growth conditions were probed for detection 
of Hsp90 in total protein lysates ranging from 1µg to 5µg using a non-commercial rabbit polyclonal α-
CaHsp90 antibody.  Double Hsp90 bands (~85-90 and ~70-75 kDa) were detected from 1µg (A), 2.5µg 
(C), and 5µg (E) global protein lysate under (S) and (L) growth conditions.  Membranes were stained 
with Ponceau S prior to washing and blocking (B, D, F), although protein amounts were below visible 
threshold for detection of protein transfer on Ponceau S stained membranes. 

Uncut membranes from Figure 2.3 are shown. 
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Figure S10 Uncut membranes showing preliminary detection of TAP-tagged cochaperones in 
stationary and mid-logarithmic growth conditions.  Western blot membranes for initial optimisations 
loaded with 50µg total lysate extracted from strains grown under stationary (S) and mid-logarithmic (L) 
growth conditions were probed for detection of TAP using enhanced chemiluminescence.  A.  Two 
negative control lanes of global lysate extracted from parental strain SN95, followed by two lanes each 
of Sba1-TAP, Cdc37-TAP, and Aha1-TAP along with one lane containing positive control Ckb1-TAP are 
shown.  Sba1-TAP (~45kDa) and Cdc37-TAP (~80kDa) were detected at under both (S) and (L) growth 
conditions. Detection of positive control Ckb1-TAP was not observed.   B.  Two lanes each of Sti1-TAP, 
Cpr6-TAP, Cpr7-TAP, and Cns1-TAP along with one lane containing positive control Ckb1-TAP are shown.  
A single faint band for Cpr6-TAP (~62kDa) was observed for (L) growth conditions.  Detection of positive 
control Ckb1-TAP was not observed.    

Uncut membranes from Figure 2.4 are shown. 

 

Figure S11 Uncut membranes showing 
optimisation of Sba1-TAP, Cdc37-TAP, and 
Sti1-TAP detection.  Western blot 
membranes for Sba1-TAP, Cdc37-TAP, and 
Sti1-TAP optimisations loaded with 50µg 
and 100µg total lysate extracted from 
strains grown under mid-logarithmic 
growth conditions were probed for 
detection of TAP using enhanced 
chemiluminescence.  A.  One negative 
control lane of global lysate extracted from 
parental strain SN95 (50µg), followed by 
lanes containing 50µg and 100µg of Sba1-
TAP, Cdc37-TAP, and Aha1-TAP at along 
with one lane containing positive control 
Ckb1-TAP (~55kDa ;50µg) are shown.  Sba1-
TAP (~45kDa), Cdc37-TAP (~80kDa), and 
Sti1-TAP (~87kDa) were detected in both  

 
50µg and 100µg lysates. Detection of positive control Ckb1-TAP (~55kDa) was observed.  Several bands 
were higher than expected.  B.  Ponceau S staining was used prior to antibody incubation to ensure even 
transfer of protein. 

Uncut membranes from Figure 2.5 are shown. 
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Figure S12 Uncut membranes showing optimisation of Aha1-TAP and Cpr6-TAP detection reveals 
inconsistent Cns1-TAP detection.  Western blot membranes for Cpr6-TAP, Cpr7-TAP, Aha1-TAP and Cns1-
TAP optimisations loaded with 50µg, 100µg, or 150µg total lysate extracted from from two independent 
stationary (S) and mid-logarithmic (L) growth biological replicates were probed for detection of TAP using 
enhanced chemiluminescence.  A.  Two lanes each containing Cpr6-TAP (50µg), Cpr7-TAP (100µg), Aha1-
TAP (100µg), and Cns1-TAP (100µg) total global protein lysates are shown.  Cpr6-TAP (~62kDa) was 
detected under both (S) and (L) growth conditions.  Cns1-TAP (~66kDa) was detected under (L) growth 
conditions.  Neither Cpr7-TAP (~64kDa) nor Aha1-TAP (~60kDa) were detected.  Black lines represent the 
expected region of detection for Cpr7-TAP and Cns1-TAP.  B.  Ponceau S staining to ensure even protein 
transfer is shown for the blot in A.  C.  In a biological replicate, two lanes each containing Cpr6-TAP (50µg), 
Cpr7-TAP (150µg), Aha1-TAP (150µg), and Cns1-TAP (150µg) total global protein lysates are shown.  Cpr6-
TAP (~62kDa) and Aha1-TAP (~60kDa) were detected under both (S) and (L) growth conditions, though 
banding was higher than expected.  Detection of Cpr7-TAP (~64kDa) and Cns1-TAP (~66kDa) was not 
observed.  Black lines represent the expected region of detection for Cpr7-TAP and Cns1-TAP.  D  

Uncut membranes from Figure 2.6 are shown. 
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Figure S13 Uncut membranes showing inconsistent detection of Cpr7-TAP and absence of detection of Cns1-
TAP in stationary and mid-logarithmic growth conditions.  Western blot membranes for Cpr6-TAP, Cpr7-TAP, 
Aha1-TAP and Cns1-TAP optimisations loaded with 50µg, 100µg, or 150µg total lysate extracted from from 
three independent stationary (S) and mid-logarithmic (L) growth biological replicates were probed for 
detection of TAP using enhanced chemiluminescence.  A.  Two lanes each containing Cpr6-TAP (50µg), Cpr7-
TAP (100µg), Aha1-TAP (100µg), and Cns1-TAP (100µg) total global protein lysates are shown.  Cpr6-TAP 
(~62kDa) and Aha1-TAP (~60kDa) were detected under both (S) and (L) growth conditions, though banding 
was higher than expected for Cpr6-TAP.  Cpr7-TAP (~64Da) was detected with a faint band in (L) growth lysate.  
Detection of Cns1-TAP (~66kDa) was not observed. Black lines represent the expected region of detection for 
Cpr7-TAP and Cns1-TAP.  B.  Ponceau S staining to ensure even protein transfer is shown for the blot in A.  C.  
In a biological replicate, two lanes each containing Cpr6-TAP (50µg), Cpr7-TAP (100µg), Aha1-TAP (150µg), and 
Cns1-TAP (100µg) total global protein lysates are shown.  Cpr6-TAP (~62kDa) and Aha1-TAP (~60kDa) were 
detected under both (S) and (L) growth conditions, though banding was sloped, and weights were not in range 
as compared to expected sizes.  Cpr7-TAP (~64Da) was detected in both (S) and (L) growth lysates.  Detection 
of Cns1-TAP (~66kDa) was not observed.  Black lines represent the expected region of detection for Cpr7-TAP 
and Cns1-TAP.  D.  Ponceau S staining to ensure even protein transfer is shown for the blot in C.  E.  In a 
biological replicate, two lanes each containing Cpr6-TAP (50µg), Cpr7-TAP (150µg), Aha1-TAP (150µg), and 
Cns1-TAP (150µg) total global protein lysates are shown.  Cpr6-TAP (~62kDa) and Aha1-TAP (~60kDa) were 
detected under both (S) and (L) growth conditions.  Bands were higher than expected and the Aha1-TAP band 
was faint in the (L) growth lysate.  Detection of Cpr7-TAP (~64kDa) and Cns1-TAP (~66kDa) was not observed.  
Black lines represent the expected region of detection for Cpr7-TAP and Cns1-TAP.  F.  Ponceau S staining to 
ensure even protein transfer is shown for the blot in E.   

Uncut membranes from Figure 2.7 are shown. 
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Figure S14 Uncut membranes from second optimisation of Hsp90 detection. Western blot membranes 
for Hsp90 optimisation  using commercially available rabbit polyclonal α-Hsp90 antibody (Stratech, 
510411-USB; 1:10000) are shown   Cultures of  C. albicans SN95 strain grown under yeast mid-logarithmic 
growth conditions were probed for detection of Hsp90 using enhanced chemiluminescence using total 
protein lysates ranging from 2.5µg to 10µg.  Membranes were stripped and reprobed with loading control 
antibodies directed against PSTAIR.  A.  Hsp90 was detected in 2.5, 5, and 10µg total protein lysates.  
Signal intensity for Hsp90 does not show step-wise increase as a factor of loading amount. B.   Signal 
intensity of PSTAIR bands is reflective of step-wise increase in loading. 

Uncut membranes from Figure 2.8 are shown. 
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Figure S15 Uncut membranes showing loading dilution series with C. albicans Cdc37-TAP and Sba1-TAP 
lysates with a gradient of band intensities.  Western blot membrane for TAP-tagged protein detection in a 
dilution series using rabbit polyclonal α-TAP antibody is shown.  A.  Cultures of C. albicans strain Cdc37-TAP 
grown under yeast mid-logarithmic growth conditions were probed for detection of the TAP-tag in total 
protein lysates ranging from 3.125µg to 100µg using enhanced chemiluminescence.  Bands for Cdc37-TAP 
were detected in 6.25µg, 12.5µg,25µg, 50µg, and 100µg lysates.  No signal was observed in 3.125µg lysate. 
B.  Cultures of C. albicans strain Sba1-TAP grown under yeast mid-logarithmic growth conditions were 
probed for detection of the TAP-tag in total protein lysates ranging from 5µg to 48.5µg using enhanced 
chemiluminescence.   Bands for Sba1-TAP were detected in all lysates with a faint signal observed in 5µg.  C.  
Membrane A was stripped and reprobed with loading control antibodies directed against PSTAIR.  Detection 
of PSTAIR was observed in all lysates, though higher lysate amounts resulted in double banding.  D.  
Membrane B was stripped and reprobed with loading control antibodies directed against PSTAIR.  Detection 
of PSTAIR was observed in 10µg to 48.5µg lysates.   E.  Simply blue stained gel showing loading of lysates for 
Blots A and C prior to probing.  Banding is unable to be visualized in lower protein amount lanes.  F.  Simply 
blue stained gel showing loading of lysates for Blots B and D prior to probing.  Faint banding is observed in 
lower protein amount lanes with increasing visibility of banding in higher protein amount lanes. 

Uncut membranes from Figure 2.10 are shown. 
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Figure S16 Uncut membranes from Hsp90 and Hsp90 cochaperone detection in yest, planktonic 
filamentous and biofilm growth conditions.  Western blots are shown for Hsp90, Sba1-TAP, Cdc37-TAP, 
Sti1-TAP, and Aha1-TAP loaded with 15.75µg to 21.45µg total lysate extracted from strains grown under 
mid-logarithmic yeast , planktonic filamentous, and biofilm growth conditions were probed for detection of 
either Hsp90 or TAP-tag using enhanced chemiluminescence.  Membranes were stripped and reprobed with 
loading control antibodies directed against PSTAIR.   A.  Sample blot for detection of Hsp90 and Aha1-TAP is 
shown. Protein spill over into neighbouring lanes and transfer bubbles are present.  B.  PSTAIR loading 
control for Blot A shows issues with transfer bubbles, double banding, smearing, protein spill over, and 
inconsistency of band intensity.  C.  Simply blue stained gel showing loading of lysates for Blots A and B 
prior to probing.  Banding shows protein spill-over resulting in inconsistent loading for protein lanes.  D.  
Sample blot for detection of Sba1-TAP and Sti1-TAP is shown.  Protein spill over into neighbouring lanes and 
transfer bubbles are present.  E.  PSTAIR loading control for Blot D shows issues with double banding, 
smearing, and inconsistency of band intensity.  F.  Simply blue stained gel showing loading of lysates for 
Blots D and E prior to probing.  Banding shows protein spill-over and warping of lanes.  G.  Sample blot for 
detection of Cdc37-TAP is shown. Protein spill over into neighbouring lanes and double banding is present.  
H.  PSTAIR loading control for Blot C shows issues with double banding, smearing, protein spill over, and 
inconsistency of band intensity.  I.  Simply blue stained gel showing loading of lysates for Blots G and H prior 
to probing.  Banding shows protein spill-over resulting in inconsistent loading for protein lanes. 

Uncut membranes from Figure 2.11 are shown. 
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Two micrograph panels were shown of C. albicans cochaperone deletion strains grown under two 

different hyphal induction medias in Chapter 4 Section 4.3.1 and 4.3.2.  The uncropped micrographs 

for Figures 4.3 and 4.4 are shown below. 

Figure S17 Uncut micrographs of C. albicans cells grown to two doublings at 37°C in RPMI.  Hsp90 

cochaperone null strains aha1 Δ/Δ, sba1 Δ/Δ, sti1 Δ/Δ, heterozygous CDC37/cdc37Δ, afilamentous control 

tec1 Δ/Δ, and parental wild type SN95 positive control were grown for two doubling periods at 37°C in 

alkaline RPMI (pH8.2).   All strains exhibited hyphal growth, with clumps of hyphal masses, including 

afilamentous control tec1 Δ/Δ.  Scale bar is equal to 100 microns.  

Uncut micrographs from Figure 4.3 are shown. 
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Two gel images were shown for C. albicans mutant strain generation in Chapter 4 Section 4.3.3.  The 

uncropped gels for Figures 4.5 and 4.6 are shown below. 

 

Figure S19 Uncut gel showing verification of pFA-TAP-CaURA3 PCR constructs.  An uncut version of 
the example gel  in Chapter 4 showing showing gel electrophoresis verification of amplified PCR 
constructs generated from cochaperone gene-specific primers and pFA-TAP-CaURA3 used to TAP-tag 
selected cochaperones in a C. albicans efg1 Δ/Δ, cph1 Δ/Δ strain.   TAP-tagging constructs were 
verified prior to C. albicans transformations with gel analysis of PCR products.  Calucated size of 
construct was 2180 bases, with successful amplification indicated by a single band of approximately 
2.0-2.5kb in size.   Above gel shows predicted single bands of appromiately 2.0-2.5kb in size for 
constructs AHA1-TAP, CDC37-TAP, CPR6-TAP, SBA1-TAP, and STI1-TAP 

Uncut gel for Figure 4.5 is shown. 
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In Chapter 4, a preliminary screen for Hsp90 and TAP-tagged cochaperones in a C. albicans 

efg1 Δ/Δ, cph1 Δ/Δ background was performed.  The uncropped gels and Western blot 

membranes for Figure 4.7 is shown below. 

in size.  Expected product size was 442 kb.  A positive control consisting of a HSP90-TAP-tagged strain from 
the internal collection was included, shown in Lane 1. 

Uncut gels for Figure 4.6 are shown. 

 

Figure S20 Uncut gels showing C. 
albicans transformants screens for 
the presence of the TAP-tag.  Using 
CSHL high-efficiency yeast 
transformation, C. albicans strain 
efg1 Δ/Δ, cph1 Δ/Δ, cochaperone 
genes (AHA1, CDC37, CPR6, SBA1, 
and STI1) were C-terminally TAP 
epitope-tagged using vector pFA-
TAP-CaURA3.  Potential 
transformants that survived Ura- 
selective plating were screened for 
the presence of TAP epitope-tag 
using genotyping PCR with 
cochaperone-specific forward 
primers and TAP reverse primer.   
Single bands of appropriate size 
indicated potential successful 
integration of the pFA-TAP-CaURA3 
vector into a wild-type cochaperone 
gene allele.  A.  Screening revealed 
eight AHA1-TAP transformants with 
a single PCR band of approximately 
800-900 kb in size and six CDC37-
TAP transformants with a single 
band approximately 700 kb in size. 
Expected product size for AHA1-TAP 
was 831 kb and for CDC37-TAP was 
786 kb. B.  Eight CPR6-TAP 
transformants with a single PCR 
band of approximately 500 kb in 
size and seven SBA1-TAP 
transformants with a single band 
approximately 900-1,000 kb in size 
are shown. Expected product size 
for CPR6-TAP was 483 kb and for 
SBA1-TAP was 861 kb.   C.  
Screening revealed ten STI1-TAP 
transformants with a single PCR 
band of approximately 300-450 kb  
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Figure S21 Uncut membranes and gels showing preliminary screens for detection of Hsp90 and TAP-tagged 
Hsp90 cochaperones in C. albicans efg1 Δ/Δ, cph1 Δ/Δ.  A.  Initial screen for Hsp90 in C. albicans filamentous 
WT SN95 and yeast-form locked efg1 Δ/Δ, cph1 Δ/Δ followed by detection of TAP-tagged cochaperones (Aha1-
TAP, Cpr6-TAP, and Sti1-TAP) in an efg1 Δ/Δ, cph1 Δ/Δ  strain under 48-hour biofilm conditions showed double 
Hsp90 bands of approximately 75 and 80-90 kDa in SN95 and efg1 Δ/Δ, cph1 Δ/Δ total global lysates loaded at 
5µg.  When probing for TAP protein, bands of approximately 70 kDa for Aha1-TAP (150µg loaded), 
approximately 70 kDa for Cpr6-TAP (50µg loaded), and approximately 100 kDa for Sti1-TAP (50µg loaded) was 
detected.  No banding was detected for Sba1-TAP in 50µg lysate. B.  A secondary screen showing Hsp90 
detection in SN95 and efg1 Δ/Δ, cph1 Δ/Δ strains with a repeat for detection of Sba1-TAP along with Cdc37-
TAP.  Probing for Hsp90 showed double bands of approximately 75 and 80-90 kDa.  Probing for TAP protein 
failed to reveal any detection of signal of Sba1-TAP or Cdc37-TAP (50µg lysate loaded for each). C.  Membrane 
of blot shown in A stained with Ponceau S stain to evaluate protein transfer shows no staining of samples used 
to detect Hsp90, but good transfer of protein in samples used to detect TAP protein.  D.  Protein transfer for 
all samples shown in B was evaluated by Ponceau S staining of membrane.  No staining of samples used to 
detect Hsp90 was observed.  Weak transfer of protein is indicated by the patchy banding of samples used to 
detect TAP protein.  E.  For the blot shown in A, a second gel ran in tandem loaded with 5µg total global lysate 
for each sample and stained with Simply blue to evaluate consistency of loading sample preparation is shown.  
There is visible difference in the samples prepared with SN95 and efg1 Δ/Δ, cph1 Δ/Δ lysates.  Banding for 
samples prepared for detection of Aha1-TAP, Cpr6-TAP, Sba1-TAP and Sti1-TAP are consistent.  F.  For the blot 
shown in B, a second gel ran in tandem loaded with 5µg total global lysate for each sample and stained with 
Simply blue to evaluate consistency of loading sample preparation in the absence of an appropriate loading 
control is shown.  There is visible difference in the samples prepared with SN95 and efg1 Δ/Δ, cph1 Δ/Δ 
lysates, with heavy smearing of the banding shown in the efg1 Δ/Δ, cph1 Δ/Δ lysate.  Banding for samples 
prepared for detection of Cdc37-TAP and Sba1-TAP appear visually equal and consistent.   

Uncut membranes and gels for Figure 4.7 are shown. 
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