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Abstract  

With the advancement of modern medicine, invasive fungal infections are a 

growing cause of global mortality. Candida glabrata accounts for 25% of fungal 

infections in UK hospitals, second only to C. albicans. This number is expected to rise 

given current treatment challenges due to the former’s intrinsic antifungal resistance. 

C. glabrata also possesses a particularly interesting phylogeny, being a pathogen that 

is closely related to the non-pathogenic yeast S. cerevisiae. This makes C. glabrata a 

valuable model species to investigate evolutionary adaptation at a molecular level. 

Comparative genomics suggests that histone modification-related genes are under 

positive selection in this species, and polymorphisms in these genes have influenced 

the adaptation of this species to the human host environment. 

Analyses conducted in this project suggest that histone acetylation pathways 

are not only under positive selection, but contribute to pathogenic phenotypes in C. 

glabrata. It was shown that the deletion of genes involved in histone acetylation 

produced hypervirulent C. glabrata strains, as determined by in vitro and in vivo 

phenotyping assays. Strains individually lacking subunits of histone acetyltransferase 

complexes showed increase azole resistance, variance in stress responses, increased  

biofilm formation and greater virulence in an insect infection model. These strains 

also showed substantially different transcriptomic profiles to the wild-type yeast and 

in context with the literature, transcriptomic data suggests that these histone 

acetylation-related genes have functionally diverged in the C. glabrata lineage, in 

accordance with our in silico predictions. It was therefore hypothesised that 

interfering with histone acetylation levels, by using histone deacetylase inhibitors, 

would attenuate the virulence of this fungal pathogen. Treating C. glabrata with 

histone deacetylase inhibitors attenuated biofilm formation and azole resistance and 

RNA-seq analyses indicated that the inhibition of deacetylation pathways altered the 

yeast’s transcriptional response to antifungal treatment. An in vivo insect infection 

model also suggested that histone deacetylase inhibitor treatment, in combination 

with the established antifungal fluconazole, could increase the survival rate of 

individuals suffering from C. glabrata infection. Taken together these data suggest 

that genes associated with histone modifications, particularly histone 
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acetylation/deacetylation pathways, have functionally diverged in the C. glabrata 

lineage, to promote virulence-associated phenotypes. By extension genetic 

polymorphisms in components of these pathways may have influenced the species 

emergence as a human pathogen. Such processes may be pharmacologically targeted 

as an alternative means of treating C. glabrata infection, or to circumvent existing 

resistance to current antifungal therapies. 
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Genetic nomenclature 

The nomenclature for Candida glabrata and other yeast species genes, 

knockout strains, and proteins used in this thesis follows adapted guidelines on the 

Candida genome database (http://www.candidagenome.org/Nomenclature.shtml). 

Gene names are given in capitalised italics (HAT1, AHC1). Mutant strains are 

indicated in lower italics and followed by -Δ (hat1Δ, ahc1Δ), exact natures of 

alterations in the strains are indicated in the materials and methods. Gene products 

are listed in sentence case and suffixed by -p (Hat1p, Ahc1p). Where relevant, 

prefixes are used to indicate the species being referred to:  

cg_ = Candida glabrata 

ca_  = Candida albicans 

sc_ = Saccharomyces cerevisiae 

sp_ = Schizosaccharomyces pombe 

If unprefixed or not explicitly referred to in the sentence, the description broadly 

applies to the gene/protein across multiple species. 

http://www.candidagenome.org/Nomenclature.shtml
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1.1 The health threat posed by Candida infections   

The fungal kingdom has been estimated to contain between 1.5 million and 

5.1 million species, which display a myriad of different ecologies, lifestyles, and 

morphologies (Blackwell, 2011; Anonymous, 2017; Hawksworth & Lucking, 2017). A 

relatively small subset (~300) of these species are capable of infecting humans, yet 

fungal disease afflicts billions of individuals worldwide and represents a growing 

threat to public health (reviewed in Brown et al., 2012). While the advancement of 

modern medicine has improved the survival of critically ill, elderly, and 

immunocompromised patients, the widespread usage of immunosuppressive 

therapies and medical prostheses has also expanded the population at risk of 

contracting a potentially lethal invasive fungal infection (Vallabhaneni et al., 2016). 

Despite this, there are a limited number of approved antifungal therapies; the level 

of similarity between eukaryotic fungal and human cells restricts the number of 

viable drug targets, and renders many antifungals prohibitively toxic (reviewed in 

Scorzoni et al., 2017). In recent years, the spread of antimicrobial resistance has 

considerably increased the demand for novel antifungals, which in turn demands the 

investigation of the molecular mechanisms which underpin mycoses. This 

introduction aims to provide a general background on the fungal pathogen Candida 

glabrata (with emphasis on its virulence attributes), before discussing histone 

modifications, how they influence chromatin states, and their potential role in 

adaptive evolution, ultimately presenting the hypothesis that histone modification 

pathways have played a role in the emergence of pathogenicity in the C. glabrata 

lineage.  

1.2  The epidemiology of Candida infections 

Candidiasis is one of the most widespread fungal infections in the world. The 

disease is caused by yeast species from the Candida genus. Over 30 Candida species 

have been isolated from patients, and the prevalence of these species can vary based 

on patient demographic and geographical location, however over 90% of clinical 

isolates are typically accounted for by five species: C. albicans, C. glabrata, C. 

tropicalis, C. parapsilosis, and C. krusei (Tortorano et al., 2006; Pfaller et al., 2010; 

Diekema et al., 2012). These yeasts normally exist as commensals which inhabit the 
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human skin and mucosal surfaces, under the restraint of the immune system. 

However, in immunocompromised hosts virulent Candida species can overgrow, 

which leads to development of a clinical infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The success of Candida species as pathogens is perhaps best reflected by the 

sheer variety of infections they can cause. The symptoms of candidiasis vary 

depending on the afflicted area (Figure 1.1); the most frequent infection sites are the 

skin, oral cavity, gastrointestinal tract and genitourinary tract (Martins et al., 2014). 

Candidiasis generally presents as localised inflammation, but if the ailment is 

inadequately treated it can disseminate throughout the body, causing invasive 

candidiasis or candidemia (reviewed in Antinori et al., 2016). At this point the 

manifestation of the disease becomes much more severe, causing an average of 

Oropharyngeal candidiasis 
Lesions on mouth and throat 

Pain when eating/swallowing 

Halitosis 

Candidemia 
Fever/chills 

Abnormal blood pressure 

Multi-organ infections 

Septic shock 

Pulmonary candidiasis 

Respiratory problems 

Abscesses 

Cutaneous candidiasis 
Itching and discomfort 

Redness 

Chronic rash 

General symptoms 
Chronic fatigue, lethargy 

Altered mental state 

Metabolic difficulties 

Gastrointestinal candidiasis 
Indigestion, cramps 

Nausea, vomiting 

Bloating, diarrhoea 

Gastric ulcers 

Onychomycosis/nail infections 

Nail discoloration, odour 

Brittleness and loss of nail 

Genitourinary candidiasis 

Severe itching, burning, soreness 

Pain passing urine, discharge 

Disseminated candidiasis 
Antibiotic-resistant deep 

organ infections 

Figure 1.1: Infections caused by Candida species and associated symptoms. List of 

symptoms is non-exhaustive. Image adapted from Goldman (2017). 
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£8,000 in additional hospital costs per patient, with mortality rates reaching up to 40-

60%, and treatment success rates of about 70% (Tortorano et al., 2006; Hassan et al., 

2009; Andes et al., 2012; Bretagne et al., 2017). The prevalence and mortality rates 

associated with this infection make candidemia the most common life-threatening 

mycosis in the world. 

Although C. albicans causes most candidiasis/candidemia cases, non-C. 

albicans Candida (NCAC) infections have progressively increased in frequency over 

the past two decades (Pfaller et al., 2010; Pfaller et al., 2014). This can be partly 

attributed to improvements in diagnostic methods, but worryingly, this may also 

result from the lower treatment response rates of certain NCAC species (Silva et al., 

2012). Of these species, C. glabrata is of particular interest as it displays the highest 

rates of multidrug resistance, and often crude mortality, among the most prevalent 

NCAC species (Silva et al., 2012; Tortorano et al., 2012; Pfaller et al., 2014). C. 

glabrata is also the most frequently isolated NCAC species in global surveillance 

studies, representing 10-18% of all Candida isolates (Yapar, 2014). 

1.2.1 Treatment of Candida glabrata infections: Clinical challenges 

The treatment of Candida infections is a major challenge in many healthcare 

settings, particularly with the changing epidemiology of fungal infections.  

Historically, azole antifungals were used as the first-line anti-Candida therapy and 

administered orally, topically or intravenously as required (Allen et al., 2015). To date, 

azoles remain among the two most commonly used classes of antifungal for treating 

Candida infections, with the other being the echinocandins (for more information on 

current antifungal therapies, see Perfect (2017)). In cases where these drug classes 

are inappropriate due to infection severity or antimicrobial resistance, amphotericin 

B is situationally recommended, although this drug is often reserved as a last resort 

due to its severe side effects and nephrotoxicity (Alexander et al., 2013; Lewis et al., 

2013; Pappas et al., 2016). The selection of a suitable drug is a challenge in itself, as 

Candida pathogens show substantial inter-species variation in their antifungal 

susceptibilities (Pappas et al., 2016). For example, a global antifungal surveillance 

study uncovered that while only 0.9 - 1.4% of C. albicans isolates showed fluconazole 

resistance in vitro, 65.8 - 79.3% of C. krusei isolates were resistant, as well as 15.4 - 
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19.2% of C. glabrata isolates (Pfaller et al., 2010). This susceptibility variation 

between Candida species has increased the demand for a priori species level 

identification, which can pose its own challenge, particularly in polymicrobial 

infections (see Neppelenbroek et al. (2014) for a summary of identification 

techniques). 

Another prominent issue with Candida species is their propensity for causing 

nosocomial (i.e. hospital-acquired) infections. Candidemia is by far the most common 

nosocomial fungal infection and ranks fourth among all hospital-acquired 

bloodstream infections (Wisplinghoff et al., 2004). This is partly because Candida 

yeast can form resilient biofilms on both abiotic and biotic substrates, meaning 

hospital surfaces and medical implants may act as reservoirs of infection. Indeed, the 

formation of Candida biofilms on dentures and catheters has been recognised as a 

potential source of recurring disseminated infections (Kramer et al., 2006; Pappas et 

al., 2016). This problem is exacerbated by the fact that these biofilms show an 

extraordinary tolerance to most antifungals and may provide a microenvironment 

that promotes the emergence of multidrug resistant infections (Kucharikova et al., 

2011; Fonseca et al., 2014; Rodrigues et al., 2016).  
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Figure 1.2: Frequency and antifungal susceptibility of candidemia isolates over five 

years in England. Bars indicate the number of recorded isolates each year for (A) C. 

glabrata, and (B) C. albicans. Lines represent the percentage of these isolates that were 

susceptible to fluconazole (green), voriconazole (grey), and caspofungin (green-dash). 

Data sourced from Public Health England (2018). 
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The combination of species-specific antifungal resistance, nosocomial 

infection reservoirs, and current healthcare practices are thought to have promoted 

the prevalence of NCAC species (like C. glabrata)  in the clinical environment. Broadly 

speaking, medical care often induces a multitude of risk factors for fungemia; surgical 

intervention, immunosuppression, antibiotic usage and long term hospitalisation 

have all been identified as healthcare-associated risk factors for infection, alongside 

host-associated factors such as age and underlying disease (Yapar, 2014). On a 

species level, C. glabrata is intrinsically resistant to azoles (Figure 1.2), and capable 

of rapidly acquiring further resistance (reviewed in section 1.3.5). As such, azole 

prophylaxis has been specifically linked to an increased rate of C. glabrata infections 

(Hachem et al., 2008; Lee et al., 2009; Mann et al., 2009). Unfortunately, 

echinocandin and multidrug resistant C. glabrata isolates have also been increasingly 

documented in recent years (Figure 1.2), and the species has even been reported to 

persist for up to five months on dry inanimate surfaces, which only compounds 

existing treatment challenges (Kramer et al., 2006). As such, current intensive care 

practice can often create the “perfect storm” for C. glabrata infection, which has 

been reflected in the increasing rates of NCAC-induced candidemia throughout the 

world (Yapar, 2014). 

1.3 Virulence-associated phenotypes and antifungal resistance in C. glabrata 

Despite the clinical significance of C. glabrata, relatively little is known about 

the molecular mechanisms by which it causes disease. However, C. glabrata clearly 

employs a different infection strategy than most other Candida species; C. glabrata 

seemingly lacks multiple virulence factors associated with these species, including 

significant extracellular protease activity and true hyphal growth (Kantarcioglu & 

Yucel, 2002; Lachke et al., 2002; Kaur et al., 2005). Whereas morphological switches 

such as the yeast-to-hyphae transition are considered a key virulence factor in C. 

albicans, they are seemingly absent in C. glabrata (reviewed in Brunke & Hube, 2013). 

Furthermore, in vivo infection models have revealed striking discordance between 

Candida species, whereas murine and insect hosts infected with C. albicans typically 

succumb within four days of infection, those infected with similar doses of C. glabrata 

produce mild immune responses and often survive with chronic or asymptomatic 
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infections (Brieland et al., 2001; Jacobsen et al., 2010; Quintin et al., 2013; Ames et 

al., 2017). These findings are seemingly at odds with the mortality rates of systemic 

C. glabrata infections in human epidemiological studies, but may be indicative of an 

infection strategy based on immune evasion and persistence, rather than aggressive 

invasive growth (Brunke & Hube, 2013). Nonetheless, several virulence factors have 

been identified and studied in C. glabrata, which will be summarised below. 

1.3.1 Host cell adhesion  

For virtually any human pathogen or commensal, adhesion to host surfaces is 

an essential step for colonisation. For C. glabrata, adherence precludes both biofilm 

formation and the establishment of an invasive infection. This adhesion is primarily 

mediated by a set of glycosylphosphatidylinositol (GPI)-modified cell wall proteins 

(CWPs), termed adhesins. Most of these CWPs are covalently bound to the 1,6-β-

glucan and/or 1,3-β-glucan found in the fungal cell wall (Figure 1.3) via their GPI 

anchors and are thus presented on the cell surface to bind their respective ligands 

and facilitate attachment. The C. glabrata cell wall can contain over 20 distinct CWPs 

at a given time, and the incorporation of these proteins has been shown to be both 

dynamic and responsive to environmental stimuli (de Groot et al., 2008). 

Furthermore, clonal populations of C.  glabrata can show substantial heterogeneity 

in adhesin expression, suggesting the yeast uses a highly variable CWP profile to 

adhere to a wide range of substrates (Halliwell et al., 2012). In fact, virtually every 

proteomic analysis of a C. glabrata isolate has uncovered a different complement of 

incorporated CWPs (Table 1.1). 

The C. glabrata adhesin repertoire is not only heterogeneous in function and 

regulation, but also exceptionally large. In silico analyses have putatively identified 

67 genes encoding adhesin-like CWPs in the C. glabrata wild-type strain (ATCC 2001), 

and more recent analyses on a pair of clinical isolates identified 101 and 107 adhesin-

like proteins (de Groot et al., 2008; Vale-Silva et al., 2017). In comparison, eight have 

been identified in the closely related non-pathogenic yeast, Saccharomyces 

cerevisiae. Indeed, comparative genomic studies have correlated the number of 

adhesin genes with virulence in Saccharomycotina yeast, which only underscores 
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their importance for C. glabrata pathogenicity (Butler et al., 2009; Gabaldon et al., 

2013).  

Phylogenetic profiling has grouped C. glabrata adhesins into several 

subclasses based on their substrate-binding domain. The largest and most well-

studied of these groups is the Epithelial adhesin (EPA) family, which contains 17-23 

genes depending on the isolate (Kaur et al., 2005; de Groot et al., 2008; Vale-Silva et 

al., 2017). The first of these adhesins, cg_Epa1p, was discovered in 1999 by Cormack 

and colleagues and described as a Ca2+-dependent carbohydrate-binding lectin 

(Cormack et al., 1999). Furthermore, the deletion of cg_EPA1 was shown to reduce 

C. glabrata’s adhesion to human epithelial cells in vitro by 95%, and heterologous 

expression of the gene in S. cerevisiae allowed the yeast to adhere to epithelial cells 

to the same extent as C. glabrata (Cormack et al., 1999). As such, cg_EPA1 has since 

been considered the major adhesin in C. glabrata. However, cg_epa1Δ strains show 

few or no differences in murine infection models, and numerous clinical isolates 

display altered adhesion phenotypes without significant changes in cg_EPA1 

expression or even detectable cg_Epa1p in the cell wall (Table 1.1), suggesting a 

significant contribution from other CWPs (Cormack et al., 1999; Martinez-Jimenez et 

al., 2013; Vale-Silva et al., 2016). 

Figure 1.3: Transmission electron micrograph and cartoon showing the structure and 

components of the C. glabrata cell wall and membrane. Micrograph generated by Chen 

et al. (2012)  and cartoon adapted from Gow et al. (2011). 
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Additional studies have provided limited details on the role of other EPA 

genes in C. glabrata. cg_EPA2, which is expressed in response to oxidative stress is 

inessential for virulence in a murine model and the oxidative stress response (OSR) 

(Juarez-Cepeda et al., 2015). cg_EPA3 was recently identified as a determinant of 

azole resistance and biofilm formation in C. glabrata, and cg_EPA6 has been 

suggested to encode the major adhesin required for biofilm formation in this yeast 

(Iraqui et al., 2005; Cavalheiro et al., 2018). Functional analysis of the full suite of EPA 

Table 1.1: Adhesins characterised by proteomic and gene knockout studies on C. glabrata. 

Protein name ORF ID 
ATCC 

90876a 

ATCC 
2001b 

ATCC 
2001c 

PEU 
382c 

PEU 
427c 

COH 
612d 

Null mutant 
phenotypee 

Cluster I - Epa family (17-23 putative members)           

Epa1p CAGL0E06644g             Reduced adhesion 

Epa3p CAGL0E06688g   + + + +   Reduced biofilm 

Epa6p CAGL0C00110g + + + + +   Reduced biofilm 

Epa7p CAGL0C05643g       + +    

Epa22p CAGL0K00170g     +f          

Cluster II - Pwp family (7 putative members)       

Pwp7p CAGL0I10098g             Reduced adhesion 

Cluster III - Unnamed (13 putative members)           

Awp5p CAGL0K13024g   +         Reduced adhesion 

Awp13p CAGL0H10626g         +    

Cluster IV - Unnamed (3 putative members)       

Awp6 CAGL0G10175g   + + + +    

Cluster V - Unnamed (13 putative members)           

Awp2p CAGL0K00110g + + + + + +  

Awp4p CAGL0J11990g + + + + +    

Awp8p CAGL0B00110g       + +    

Awp9p CAGL0B05093g         +    

Awp10p CAGL0F00110g         +    

Awp11p CAGL0M00110g       +      

Cluster VI - Unnamed (7 putative members)       

Awp1p CAGL0J02508g +       

Awp3p CAGL0J11924g +            

Cluster VII - Unnamed (5 putative members)           

Awp12p CAGL0G10219g     +   +    

Uncategorized          

- CAGL0F08833g           +  

a Less adherent (relative to ATCC 2001) reference isolate, analysed by de Groot et al. (2008). 
b Wild-type analysed by Kraneveld et al. (2011). 
c Wild-type and hyper adhesive clinical isolates (PEU 382 and 427) from Gomez-Molero et al. (2015). 
d Clinical isolate from Champer et al. (2016). 
e Mutant phenotypes compiled by Skrzypek et al. (2017). 
f Tentatively identified through a non-unique peptide match with accompanying gene expression data. 
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genes found that each adhesin has a unique binding profile, but the family largely 

binds galactoside and acidic sugar residues (Diderrich et al., 2015). As such, these 

proteins are likely to interact with carbohydrates present on the surface of  human 

cells. Indeed, multiple EPA proteins bind mucin (the major protein in mucus) and/or 

fibronectin (a component of the human extracellular matrix; Ielasi et al., 2016; Zajac 

et al., 2016). A recent atomic force microscopy study illustrates that cg_Epa1p, 

cg_Epa6p, and cg_Epa7p strongly influence nonspecific adherence by contributing to 

both hydrophilic and hydrophobic interactions between C. glabrata and abiotic 

substrates (Valotteau et al., 2019). Taken together, these studies implicate the EPA 

family as a contributor to C. glabrata virulence. However, the roles of the other 

uncharacterized adhesin subgroups may prove equally important considering their 

prevalence in proteomic studies (Table 1.1). 

1.3.2 Biofilm formation 

As previously mentioned, after adhering to a surface C. glabrata cells can 

divide and develop a biofilm. This multicellular structure confers C. glabrata with 

multifactorial antifungal and host immune system resistance and thus constitutes 

another major virulence factor. C. glabrata biofilms are structurally distinct from 

most other Candida biofilms (Figure 1.4), owing to the yeasts lack of true hyphal 

growth (Silva et al., 2009). Furthermore, quorum sensing via molecules like farnesol 

has been detected between C. albicans cells in a biofilm and contributes to 

differential gene regulation and morphogenic development (reviewed by Kruppa, 

2009). However, to date no such cell-cell communication has been detected for C. 

glabrata biofilms.  The C. glabrata biofilm consists of surface-attached yeast cells in 

either a compact multilayer structure or clusters of cells, embedded in a protein- and 

carbohydrate-rich extracellular matrix (ECM; Silva et al., 2009). Although C. glabrata 

strains tend to produce less biofilm biomass than other Candida species, their biofilm 

matrices contain five times as much protein and carbohydrate on average (Silva et 

al., 2009). The exact composition of the C. glabrata ECM has yet to be determined, 

but based on analyses of C. albicans, the major components are likely to be a diverse 

mix of proteins and glycoproteins (both secreted and accumulated from dead cells), 

a large polysaccharide fraction (mostly mannans and β-glucans), lipids, and 
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extracellular DNA (Pierce et al., 2017). This matrix is thought to significantly 

contribute to the biofilms recalcitrant phenotypes, by creating an adaptable physical 

barrier which sequesters charged antifungal molecules and prevents their diffusion 

into the embedded cells (Mitchell et al., 2013; Rodrigues & Henriques, 2018). The 

sheer number and density of cells in the biofilm also affords a layer of physical 

protection from antifungals and environmental stressors (Ramage et al., 2012; 

Almshawit et al., 2014).  

The formation of a mature C. glabrata biofilm also leads to altered gene 

expression patterns in the embedded cells. For example, the upregulation of the 

adhesin-encoding genes cg_EPA1, cg_EPA3, cg_EPA6-7, cg_EPA22, cg_AWP1, 

cg_AWP3, and cg_AWP5-7 has been detected in biofilm cells grown in rich media, 

which may help form the complex 3D biofilm structure by mediating specific cell-cell 

and cell-substrate interactions (Iraqui et al., 2005; Kraneveld et al., 2011). 

Furthermore, numerous non-adhesin CWPs, cell wall remodelling enzymes, and 

membrane proteins are differentially expressed in biofilms, or alter biofilm formation 

10 µm 10 µm 

(A) (B) 

(C) (D) 

Figure 1.4: Scanning electron micrographs and cartoons comparing the biofilm structures of C. 

glabrata and C. albicans. (A) Micrograph of C. glabrata biofilm grown in Sabourad Dextrose 

Broth for 48 hours by Silva et al. (2009). (B) Micrograph of C. albicans biofilm formed on a 

polystyrene disc for 48 hours by de Campos Rasteiro et al. (2014). (C) Cartoon showing the 

adherence, structural development and dissemination of a C. glabrata and (D) C. albicans 

biofilm.  
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in knockout studies (for an in-depth review of these genes see d'Enfert & Janbon, 

2016), suggesting that the cell wall structure of biofilm cells differs from that of 

planktonic C. glabrata cells. Among the differentially expressed membrane protein-

encoding genes are drug efflux pumps, such as the ATP binding cassette (ABC) 

transporters cg_CDR1 and cg_CDR2, which are upregulated early in biofilm 

development (Song et al., 2009). Moreover, the ABC drug transporters cg_SNQ2, 

cg_CDR1, and cg_PDR1 are much more strongly induced in biofilm cells than 

planktonic cells in response to fluconazole (Fonseca et al., 2014). A similar trend has 

been noted with various stress response genes including cg_HSP12, cg_AHP1, 

cg_ADH3, cg_TRX1, and cg_PEP4, which are upregulated in biofilm cells even in the 

absence of their respective stressors (Seneviratne et al., 2010). Taken together, these 

results suggest that in addition to being protected by the ECM, C. glabrata biofilm 

cells are transcriptionally primed to tolerate antifungal treatment and other stress 

conditions. 

One of the most intriguing aspects of Candida biofilm populations is the 

emergence of persister cells (Figure 1.4). These are a dormant and reversible 

phenotypic variant of wild-type cells, first described in C. albicans, which exhibit 

extreme multidrug tolerance. This tolerance seems to be independent of drug efflux 

or cell membrane composition, and is not genetically heritable (LaFleur, Kumamoto, 

& Lewis, 2006). To date, in C. glabrata persister cells have only been identified in 

biofilms, where they make up 0.03% of these populations, which is a relatively small 

proportion compared to those other Candida species (Al-Dhaheri & Douglas, 2008; Li 

P. et al., 2015). The drug tolerance profile of persister cells is believed to result from 

their dormancy, whereby although the antifungal molecules can successfully bind 

their target, this elicits no effect (Lewis, 2007). Limited research has been conducted 

on the in vivo and clinical consequences of C. glabrata persister cells, but it has been 

suggested they may act as drivers of both chronic Candida infection and the 

development of antifungal resistance (Wuyts et al., 2018). 
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1.3.3 Robust environmental stress tolerance 

Even without the protection afforded by a biofilm, C. glabrata cells show a 

high intrinsic tolerance to certain environmental stresses (relative to other 

Saccharomycotina yeast, see Table 1.2). This adaptation is very likely to promote 

survival in the dynamic and challenging environments posed by a human host (Seider 

et al., 2014). Typically, yeast cells mount a transcriptional response via specific 

signalling pathways,  to produce gene products that can mitigate the encountered 

stress and help maintain intracellular homeostasis (reviewed by Estruch, 2000). In S. 

cerevisiae, it has been shown that a core set of nearly 900 genes react to almost all 

environmental stressors, in what has been termed the environmental stress response 

(ESR) or general stress response (Gasch et al., 2000; Causton et al., 2001). 

Transcriptomic studies have revealed that this ESR is widely conserved and induces 

similar patterns of gene expression across ascomycete yeast species, particularly 

between S. cerevisiae and C. glabrata.  Furthermore, it has been shown that these 

two yeast species both use the transcription factors Msn2p and Msn4p to regulate 

the ESR, unlike C. albicans or the distantly related yeast Schizosaccharomyces pombe 

(Gasch, 2007; Roetzer et al., 2008).  

Table 1.2: Relative sensitivities of yeast species to stress conditions. Data from Nikolaou et al. (2009). 

Stressor Species % Relative growth at each concentrationa 

NaCl 

 Control 1.0 M 1.5 M 2.0 M 2.5 M 

C. glabrata 100 100 70 15 0 

S. cerevisiae 100 75 0 0 0 

C. albicans 100 100 95 50 0 

H2O2 

 Control 1 mM 5 mM 10 mM 30 mM 

C. glabrata 100 100 100 100 20 

S. cerevisiae 100 83 0 0 0 

C. albicans 100 90 70 0 0 

Calcofluor whiteb 

 Control 30 µg/ml 75 µg/ml 150 µg/ml 300 µg/ml 

C. glabrata 100 83 83 83 83 

S. cerevisiae 100 58 50 50 42 

C. albicans 100 50 17 17 17 

Congo redb 

 Control 30 µg/ml 100 µg/ml 250 µg/ml 500 µg/ml 

C. glabrata 100 83 83 83 83 

S. cerevisiae 100 58 50 50 42 

C. albicans 100 50 17 17 17 
aRelative growth refers to the percentage growth of each species/condition relative to their non-stress controls. 

bThese anionic dyes interfere with cell wall integrity and are used to determine susceptibility to cell wall stress. 
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In addition, stress-specific survival pathways exist in yeast cells, which 

regulate a much smaller subset of responsive genes. For C. glabrata’s survival in 

human host, clinically relevant stress responses pathways include the heat shock 

pathway, OSR, and osmolarity response pathways, which allow this pathogen to 

survive at elevated temperatures, under high oxygen and osmolarity conditions 

respectively, found in the human host. 

1.3.3.1 Osmotic stress tolerance 

Over the course of an infection, C. glabrata must be able to survive changes 

in osmolarity across host microenvironments; this tolerance is largely mediated by 

the high-osmolarity glycerol (HOG) pathway. The HOG pathway allows the yeast to 

adapt to hyperosmotic stress through the intracellular accumulation of glycerol, 

which acts an adaptive osmolyte and increases/stabilizes the internal osmolarity of 

the yeast cells (Blomberg & Adler, 1989; Brewster et al., 1993). The molecular drivers 

of this signalling pathway have been best characterised in S. cerevisiae. In brief, the 

mitogen-activated protein (MAP) kinase sc_Hog1p acts as the main regulator of the 

osmotic stress response. This protein is phosphorylated by the MAP kinase kinase 

sc_Pbs2p in response to osmostress stimuli, which are detected by the membrane 

proteins sc_Sho1p and sc_Sln1p (Brewster et al., 1993; Ostrander & Gorman, 1999; 

Reiser et al.,2000; Hohmann, 2002). Once phosphorylated, sc_Hog1p is translocated 

to the nucleus where it controls several transcription factors, leading to the 

upregulation of genes associated with glycerol production and the closure of the 

glycerol channel sc_Fps1p (via the displacement of its positive regulators; Lee et al., 

2013). The C. glabrata HOG pathway is thought to operate with the same mechanism, 

as the yeast possesses orthologues of all components found in the S. cerevisiae 

pathway, although the C. glabrata type strain ATCC2001 has been found to contain a 

mutation which disables the signalling branch activated by cg_Sln1p (Gregori et al., 

2007). Furthermore, C. glabrata has two orthologues of sc_FPS1; unsurprisingly the 

double deletion of these orthologues impairs the yeast’s ability to maintain osmotic 

homeostasis (Beese-Sims et al., 2012). 

Although several studies have detailed the ESR and osmostress response in C. 

glabrata, the basis of the yeast’s high osmotic stress resistance remain unclear. It has 
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been found that C. glabrata tolerates high basal levels of Hog1p phosphorylation 

relative to S. cerevisiae (in which elevated sc_Hog1p phosphorylation is toxic), which 

may prime C. glabrata HOG pathway activation (Wurgler-Murphy et al., 1997; 

Roetzer et al., 2008; Jandric & Schuller, 2011). Alternatively, cell wall structure and/or 

remodelling could contribute to osmoresistance in C. glabrata, as it does in C. 

albicans. Both C. glabrata and C. albicans cell walls reach up to 174% and 217% of the 

average cell wall thickness observed in wild-type S. cerevisiae, and consequently 

show elevated resistance to the cell wall-perturbing agents Congo red and Calcofluor 

white relative to many other fungi (Table 1.2; de Groot et al., 2008; Nikolaou et al., 

2009; Dupres et al., 2010; Ene et al., 2015). It has been shown that  this increased cell 

wall thickness and rigidity confers osmoresistance in C. albicans cells by mechanically 

protecting them from rapid cell volume fluctuation, allowing them  to mount a timely 

transcriptional response (Ene et al., 2015). It is plausible that the same mechanism 

exists in C. glabrata and as such, underpins an understated role for cell wall structure  

in governing C. glabrata resistance to osmostress.  

1.3.3.2 Oxidative stress resistance 

The intrinsic oxidative stress resistance of C. glabrata is one of the yeasts most 

remarkable phenotypes; C. glabrata cells retain viability in the presence of hydrogen 

peroxide (H2O2) concentrations of up to 30–40 mM, which is three-times higher than 

the C. albicans lethal dose and ten-times higher than that of S. cerevisiae (Table 1.2; 

Cuellar-Cruz et al., 2008; Nikolaou et al., 2009). This phenotype is particularly relevant 

in pathogenic species as the phagocytic cells of the mammalian host, which act as the 

first line of defence in the innate immune response, generate a burst of reactive 

oxygen species (ROS) including superoxide and H2O2 to destroy engulfed microbes 

(Nathan & Shiloh, 2000). To survive this oxidative burst, fungal pathogens employ 

several antioxidant molecules and enzymes such as thioredoxins, catalases and 

superoxide dismutases, to detoxify ROS and mitigate cellular damage (Aguirre et al., 

2006). 

The C. glabrata genome contains a single known catalase, cg_CTA1, which 

mediates high-level resistance to H2O2, this is exemplified by the fact that a cg_cta1Δ 

strain loses the ability to survive concentrations of H2O2 over 4 mM (Cuellar-Cruz et 
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al., 2008). An orthologue of this gene is also present in S. cerevisiae, suggesting that 

the C. glabrata lineage has evolved a highly efficient variant of the catalase. 

Furthermore, upon treatment with similar concentrations of H2O2, the C. glabrata 

catalase is seemingly more strongly induced, showing a 17-fold increase in 

expression, whereas that of S. cerevisiae shows less than a twofold increase in activity 

(Izawa et al., 1996; Roetzer et al., 2011b). In both species, CTA1 is regulated by the 

coordinated action of the transcription factors Yap1p and Skn7p, which also regulate 

a common set of generic OSR genes (Cuellar-Cruz et al., 2008; Roetzer et al., 2011a). 

These genes largely encode members of the thioredoxin system, which maintains the 

intracellular redox balance. The adaptive response of C. glabrata to H2O2 is also 

partially dependent on the ESR transcription factors cg_Msn2p and cg_Msn4p, which 

can induce cg_CTA1 alongside genes involved in trehalose accumulation (trehalose is 

considered a protective carbohydrate, as it can serve an osmolyte, ROS scavenger, 

and macromolecule stabilizer; Cuellar-Cruz et al., 2008; Roetzer et al., 2011b; 

Eleutherio et al., 2015).  

Intriguingly, C. glabrata strains lacking cg_CTA1 show no impairment in 

murine infection models, and the individual losses of cg_MSN2/4, cg_YAP1 or 

cg_SKN7 have no significant effect on survival in murine macrophages, suggesting 

that the yeast can compensate for disruptions in the core OSR (Cuellar-Cruz et al., 

2008; Roetzer et al., 2011a; Roetzer et al., 2011b). In support of this, the C. glabrata 

superoxide dismutase cg_SOD1 has been shown to be constitutively expressed, and 

C. glabrata cells only become sensitised to oxidative burst in murine macrophages in 

vitro if both cg_SOD1 and cg_YAP1 are absent (Roetzer et al., 2011b). Taken together, 

these studies indicate that C. glabrata’s intrinsic oxidative stress tolerance is 

mediated by the evolution of both a robustly regulated core OSR and distinct regulons 

which provide overlapping antioxidant activity. 

1.3.4 Resistance to phagocytosis and immune evasion 

While there is value in understanding how C. glabrata adapts and responds to 

individual stressors in vitro, it must also be acknowledged that this offers an 

oversimplified view of the host-pathogen interaction, wherein the yeast faces a 

combination of environmental stresses. Indeed, the application of combinatorial 
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stresses in vitro is a more potent inhibitor of C. glabrata growth than equivalent single 

stress conditions (Kaloriti et al., 2012). Upon being recognised by the host immune 

system and engulfed by a macrophage, Candida cells can concomitantly face nutrient 

limitation, oxidative burst, acidification and enzymatic attack (Kasper et al., 2015). 

Regardless, C. glabrata cells can survive, replicate within and escape macrophages 

(Figure 1.5), which may potentiate the dissemination of infections (Kaur  et al., 2007; 

Seider et al. 2011). Interestingly, J774 macrophages show a 10-fold preference for 

the uptake of C. glabrata cells over their C. albicans counterparts in mixed cultures, 

and internalised C. glabrata cells cause negligible levels of macrophage toxicity until 

the sheer fungal load lyses the blood cells (which can take over two days, Figure 1.5; 

Keppler-Ross et al., 2010; Seider et al., 2011). In contrast, phagocytosed C. albicans 

cells escape macrophages within hours, and S. cerevisiae cells are unable to replicate 

within macrophages, suggesting that intracellular survival is a specific immune 

subversion strategy that C. glabrata has evolved (Lorenz et al., 2004; Seider et al., 

2011; Kasper et al., 2015). 

Naturally, C. glabrata’s oxidative stress resistance benefits its resistance to 

macrophage-mediated killing, but the yeast also employs alternative survival 

strategies, one of which is manipulating host cell phagosome maturation pathways 

(reviewed in Kasper et al., 2015). The phagosome is the vesicle formed around 

phagocytosed particles or cells, which matures by fusing with a lysosome to form the 

phagolysosome. This fusion releases a burst of hydrolytic enzymes into the 

phagosome and acidifies the internal environment, destroying the vesicles contents. 

However, phagosomes containing viable C. glabrata cells fail to acquire markers of 

the phagolysomal stage such as lysosomal fusion, proteolytic activity, and strong 

acidification (Seider et al., 2011; Kasper et al., 2014). Although several mutant 

screening and functional genomics studies have identified genes which are important 

for the intracellular survival of C. glabrata (see below), the exact mechanisms by 

which the yeast arrests phagolysosome development remain elusive. However, it has 

been hypothesized that a heat-sensitive, cell wall factor is responsible (Seider et al., 

2011). Furthermore, C. glabrata is seemingly capable of alkalinizing the intracellular 

environment, partly through the activity of the mannosyltransferases cg_Mnn10p 
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and cg_Mnn11p, although whether this directly influences phagosome maturation 

remains to be seen (West et al., 2013; Kasper et al., 2014).  

Approximately 80 genes with diverse functions have been identified as 

important for survival/replication within macrophages in mutant screens. These 

functions broadly include: cell membrane and cell wall biosynthesis/structuring, 

nutritional and stress response, endocytosis, protein glycosylation, calcium and iron 

10 µm 

(A) 

(B) 

Figure 1.5: The replication of C. glabrata within macrophages. (A) shows fluorescent 

image in which yeast cells are stained with fluoresecein isothiocyanate (green) before 

phagocytosis. The dye is not passed from mother cells (white arrows) to the daughter 

cells (pink arrows) which develop within 8 hours of incubation. Macrophage background 

is stained with Concanavalin A Alexa Fluor 647 (yellow), acidic organelles are stained with 

Lysotracker Red (red), and nuclei with DAPI (blue). Image created by Kasper et al., (2015). 

(B) Time-lapse microscopy of C. glabrata-macrophage interaction by Seider et al. (2011), 

showing the growth of C. glabrata (black arrows) within macrophages (0-54 h), before 

macrophages burst and release viable yeast (59 h), which proliferate in the surrounding 

media (84-137 h). 
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homeostasis, autophagy, golgi vesicle transport, and DNA repair (Roetzer et al., 2010; 

Rai et al., 2012; Seider et al., 2014). This assortment of required survival functions 

perhaps reflects the combination of stresses cells face within the macrophage 

environment. For example, the DNA repair machinery may be needed to counteract 

damage elicited by ROS, while genes involved in autophagy, endocytosis and the 

nutritional stress response could function to conserve cellular resources in the 

nutrient-limited macrophage environment. Indeed, transcriptional studies have 

revealed that upon engulfment, C. glabrata cells undergo global changes in 

metabolism and upregulate genes associated with alternative energy sources (such 

as gluconeogenesis, glyoxylate cycle, and long-chain fatty acid metabolism), as well 

as those associated with the ESR, OSR and autophagy (Kaur et al., 2007; Rai et al., 

2012; Fukuda et al., 2013). The yapsin (YPS) gene family, which encodes extracellular 

GPI-linked proteases is also upregulated (Kaur et al., 2007; Fukuda et al., 2013). The 

products of these genes may promote survival by remodelling the cell surface by 

removing certain CWPs in a manner that suppresses macrophage activation by 

‘masking’ C. glabrata from immune recognition; mutants lacking YPS genes show 

attenuated virulence in systemic infection models, leading the yapsins to be 

considered as another C. glabrata virulence factor (Kaur et al., 2007; Rasheed et al., 

2018). The genes that are downregulated upon internalisation largely belong to 

ergosterol biosynthesis, iron transport and protein synthesis pathways (Kaur et al., 

2007; Rai et al., 2012; Fukuda et al., 2013). Interestingly, Rai and colleagues identified 

that the transcriptional response C. glabrata employs to survive the phagosome 

environment is centrally regulated by chromatin remodelling (described further in 

section 1.5.1), and as such, mutants lacking certain histone modification and 

chromatin remodelling genes (such as cg_RSC3, cg_RTT109 and cg_SGS1) show 

impaired virulence in murine models (Rai et al., 2012). Together, these studies 

indicate that C. glabrata survives within macrophages through a variety of functions, 

including ROS detoxification, manipulation of host pathways, cell wall remodelling 

and alternative metabolism, and chromatin remodelling may be involved in the 

transcriptional upheaval underlying these strategies. 
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1.3.5 Azole resistance 

The azoles are a class of heterocyclic compounds which first came into 

medical use as antifungals in 1981 and quickly became a first-line choice for treating 

invasive fungal infections, due to their relatively low host toxicities (Perfect, 2017). 

Azoles primarily exert a fungistatic effect by inhibiting the enzyme Erg11p, a 

lanosterol 14α-demethylase which is essential for the biosynthesis of ergosterol 

(Figure 1.6; Yoshida & Aoyama, 1987). As its name suggests, ergosterol is a sterol 

which is found in the fungal cell membrane but absent in those of animals, where 

cholesterol serves many of the same functions; both molecules act as regulators of 

vital functions such as membrane fluidity, structure, and permeability (Dufourc, 

2008).  

Multiple distinct mechanisms for the development of azole resistance, both 

intrinsic and acquired, have been observed in C. glabrata. In many Candida species, 

mutations in ERG11 affecting the azole binding site have been implicated in clinical 

resistance, alongside alterations in transcription factors which lead to the 

upregulation of ERG11. In C. glabrata, it remains unclear whether mutations which 

directly influence cg_Erg11p structure or abundance are truly important for azole 

resistance. On the one hand, multiple studies have found synonymous and 

nonsynonymous mutations in cg_ERG11 in azole-resistant C. glabrata isolates, and a 

homology modelling approach has predicted that the amino acid substation G236V 

could play a key role in resistance development (Berila et al., 2009; Nabili et al., 2016; 

Silva et al, 2016; Teo et al., 2019). On the other hand, few if any of these mutations 

have been definitively linked to azole resistance, and large-scale studies on resistant 

C. glabrata isolates have revealed that mutations affecting either the expression 

levels or gene product of cg_ERG11 seldomly occur (Sanguinetti et al., 2005; Berila et 

al., 2009; Szweda et al., 2015; Spettel et al., 2019). So, although it is a feasible route 

to antifungal tolerance, modification of the drug target seems to play a limited role 

in C. glabrata azole resistance. 

A large body of evidence suggests that active drug efflux is the major 

mechanism of high-level azole resistance in C. glabrata (Figure 1.6). This efflux is 

largely carried out by a suite of ABC transporters including cg_Cdr1p, 
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cg_Cdr2p/cg_Pdh1p, and cg_Snq2p, and the drug:H+ antiporters cg_Qdr2p and 

cg_Aqr1p, which eject xenobiotics from the cell (Costa et al., 2013a; Costa et al., 

2013b; Whaley et al., 2018b). Of these, cg_Cdr1p is thought to be the most important 

for high level azole resistance, based on knockout and heterogenous expression 

studies (Sanglard et al., 2001; Wada et al., 2002; Whaley et al., 2018b).  

The transcription of most C. glabrata drug transporters is regulated by the 

zinc finger transcription factor cg_Pdr1p, which binds to a pleiotropic drug response 

element (PDRE) sequence found in the promoter regions of efflux pumps, various 

other genes, and in the cg_PDR1 promoter itself as part of a positive autoregulatory 

loop (Khakhina et al., 2018; Paul et al., 2014). Genotyping studies on azole-resistant 

C. glabrata isolates have almost exclusively linked the development of resistance to 

gain-of-function (GOF) mutations in cg_PDR1, which result in altered expression 

(often upregulation) of its downstream targets (Ferrari et al., 2009; Ni et al., 2018; 

Spettel et al., 2019). Over 50 different putative GOF mutations have been identified 

across the length of the gene, primarily affecting the proteins activation domain, 

inhibitory domain, and middle homology region (Ferrari et al., 2009; Tsai et al., 2010). 

These mutations, even when occurring in the same domain, induce varied expression 

patterns in genes belonging to the cg_Pdr1p regulon, although cg_CDR1 and cg_PUP1 

(an uncharacterised mitochondrial protein) seem to be consistently upregulated in 

GOF mutants (Tsai et al., 2010; Ferrari et al., 2011). Genetic evidence also suggests 

that cg_PDR1 is subject to negative regulation by the sirtuin cg_Hst1p, the deletion 

of cg_HST1 causes the upregulation of cg_PDR1-regulated efflux pumps and a sharp 

increase in fluconazole resistance, as long as functional copies of cg_PDR1 and 

cg_CDR1 are also present (Ma et al., 2009; Orta-Zavalza et al., 2013). A number of 

GOF mutations in cg_PDR1 have also been linked with other C. glabrata phenotypes, 

including enhanced virulence in murine models, and increased cg_EPA1 expression 

and adherence to host cells (Ferrari et al., 2009; Vale-Silva et al., 2013; Vale-Silva et 

al., 2016). These phenotypes accompany enhanced azole resistance, highlighting the 

potential for pleiotropic mutations in this transcription factor. 

Interestingly, the innate mutability of C. glabrata is thought to promote the 

rapid emergence of azole resistance; unlike most Candida species, C. glabrata has a 
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haploid genome, which permits rapid genetic change. Moreover, the C. glabrata DNA 

mismatch repair gene cg_MSH2 shows an unusually high incidence of mutation, 

>50% of isolates contain loss-of-function mutations in cg_MSH2, which produces a 

mutator phenotype that acquires antifungal resistance at an accelerated rate in vivo 

and in vitro (Healey et al., 2016). While this phenotype has predominantly been 

associated with the development of azole resistance it has also been shown that 

cg_msh2Δ strains show increased frequencies of echinocandin, amphotericin B, and 

multi-drug resistance when subjected to selection by each antifungal regime (Healey 

et al., 2016).  
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Figure 1.6: The mode of action of fluconazole, and mechanisms of azole resistance in C. 

glabrata. (A) shows the normal demethylation of toxic sterol precursors in the ergosterol 

biosynthetic pathway. (B) shows the inhibition of cg_Erg11p by fluconazole and the 

subsequent accumulation of toxic sterol precursors in the plasma membrane. (C) shows 

the two primary means of azole resistance, the integration of host sterols into the 

membrane (left), and the upregulation of azole efflux pumps (right). 
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As well as being capable of quickly acquiring azole resistance, C. glabrata also 

shows considerable innate azole resistance. It has been suggested that this is due to 

the yeast’s ability to incorporate exogenous sterols (Figure 1.7). C. glabrata strains 

with defects in ergosterol biosynthesis show improved vigour and fitness in the 

presence of serum, as they are able to replace ergosterol with imported cholesterol 

(Nakayama et al., 2000; Tsai et al., 2004; Bard et al., 2005). Not surprisingly therefore, 

the presence of serum cholesterol can rescue C. glabrata from fluconazole inhibition, 

which was found to be mediated by the putative sterol transporter cg_AUS1 

(Nakayama et al., 2007). Consistently, cg_AUS1 is upregulated in response to 

fluconazole treatment, implicating exogenous sterol sequestration as another means 

of tolerating azole prophylaxis (Li et al., 2018). 

1.3.6 Echinocandin and amphotericin B resistance 

Echinocandins are the newest addition to the arsenal of clinically approved 

antifungals, which came into use in 2001 and displaced azoles as the preferred 

treatment for candidiasis (Pappas et al., 2016). These cyclic lipopeptide molecules are 

fungicidal, and act as non-competitive inhibitors of the 1,3-β-glucan synthase 

complex, thereby permeabilising the fungal cell wall and rendering Candida cells 

susceptible to osmotic forces and lysis (Figure 1.7; Douglas, 2001). This distinct mode-

of-action makes the echinocandins effective against azole-resistant isolates. 

Resistance to the echinocandins, which was first reported in 2005, remains relatively 

low among most Candida species, being found in < 3% of isolates (Park et al., 2005; 

Castanheira et al., 2010; Pfaller et al., 2013). However, C. glabrata has broken the 

mould, and shown a marked increase in echinocandin resistance, with rates of 8 - 9% 

being observed in global bloodstream isolates, and a study in Duke hospital finding 

an increase from 4.9% to 12.3% resistance between 2001 to 2010 (Pfaller et al., 

2012a; Alexander et al., 2013). This echinocandin resistance is also correlated with 

cross-resistance to the azoles, with over a third of echinocandin resistant isolates also 

displaying fluconazole resistance (Pham et al., 2014). 

Despite the apparent co-occurrence of echinocandin and azole resistance in 

C. glabrata, echinocandin resistance arises from a distinct mechanism, namely the 

nonsynonymous mutation of Fks subunits in the 1,3-β-glucan synthase complex.  
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These resistance-conferring mutations occur in two conserved “hot spot” regions in 

the cg_FKS1 gene, and in homologous regions in its functionally redundant paralog 

cg_FKS2 (Katiyar et al., 2012). Over ten unique amino acid substitutions have been 

linked to reduced echinocandin susceptibility, and most seem to confer resistance by 

decreasing the sensitivity of the glucan synthase complex to echinocandin-mediated 

inhibition (Figure 1.8; Garcia-Effron et al., 2009; Alexander et al., 2013). However, 

some of these mutations may also incur a fitness cost by reducing the catalytic 

efficiency of the enzyme complex, as such, the development of resistance generally 

only occurs during extended or repeat exposure to the drug (Fekkar et al., 2014; 

Delliere et al., 2016). That being said, rapid emergence of resistance has been 

(A) (B) 

(C) 

Figure 1.7: The mode of action of echinocandins, and mechanism of echinocandin 

resistance in C. glabrata. (A) shows the normal synthesis of 1,3-β-glucan by glucan 

synthase complexes containing cg_Fks1p and cg_Fks2p. (B) shows the inhibition of these 

glucan synthase complexes by echinocandins and the subsequent lethal permeabilization 

of the cell wall (C) shows the acquisition of echinocandin resistance by non-synonymous 

hot-spot mutations that desensitise the glucan synthase complex to echinocandin 

inhibition. 
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documented, in a case where C. glabrata candidemia broke through micafungin 

treatment within eight days of the initiation of therapy (Lewis et al., 2013). Although 

modification of the drug target is the only mechanism of echinocandin resistance that 

has been reported to date, a phenotyping study on a C. glabrata deletion library 

associated the knockout of numerous genes with caspofungin hypersensitivity. These 

genes operate in pathways including cell wall organisation, cell signalling, and notably 

chromatin and histone modification, implicating these processes in basal caspofungin 

tolerance which presumably supports resistance development (Schwarzmuller et al., 

2014).  

(A) (B) 

(C) 

Figure 1.8: The mode of action of amphotericin B, and mechanisms of amphotericin B 

resistance in C. glabrata. (A) shows the normal demethylation of toxic sterol precursors  

and subsequent methylation of late sterol intermediates in the ergosterol biosynthetic 

pathway. (B) shows the binding of amphotericin B (Amp B) to membrane-located 

ergosterol and creation of a lethal membrane pore. (C) shows the two primary means of 

Amp B resistance, the mutagenic loss of cg_Erg11p function (left), and the loss of cg_Erg6p 

function (right). Both routes to resistance incur a fitness defect by causing ergosterol 

precursor accumulation in the membrane, inducing membrane stress. 
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In contrast to other antifungals, resistance to the polyene antibiotic 

amphotericin B is remarkably rare (<1% in C. glabrata), despite over five decades of 

clinical use (Pfaller et al., 2012b). The drug acts by irreversibly binding to ergosterol, 

which creates pores in the cell membrane and causes cell death by cytoplasmic 

leakage (Figure 1.8). However, amphotericin B can also cross-react with sterols in the 

host membrane and cause significant toxicity, which somewhat limits its use 

(Laniado-Laborin & Cabrales-Vargas, 2009). In cases of reduced amphotericin B 

susceptibility in C. glabrata, loss-of-function mutations in either cg_ERG11 or 

cg_ERG6 have been implicated (Vandeputte et al., 2007; Vandeputte et al., 2008; Hull 

et al., 2012). These mutations induce defects in the ergosterol biosynthesis pathway 

and subsequently alter the yeast membrane sterol content, in a manner which 

removes/reduces the drug target (Figure 1.8). In C. albicans, similar mutations have 

been linked to resistance, but strains harbouring such mutations are avirulent; the 

loss of the ergosterol biosynthesis pathway is thought to induce intracellular stresses 

to the extent that the yeast cannot also tolerate external host-imposed stresses 

(Vincent et al., 2013). In summary, the evolution of amphotericin B resistance seems 

to be limited by the severe fitness trade-off that occurs upon mutation, although the 

use of amphotericin B as a therapy is also limited by the drugs off target effects. 

1.4 Candida glabrata: phylogeny and genome features  

Candida glabrata’s distinct phenotypes and infection strategies have 

confounded its classification over the years, and even today, the yeast’s taxonomic 

status is debatable. The species was first described in 1917 as a component of the gut 

microbiota and named Cryptococcus glabratus (Anderson, 1917). As it became 

recognised as a pathogen, it was reclassified as Torulopsis glabrata (in 1938), having 

been excluded from the Candida genus based on its perceived inability to form 

hyphae or pseudohyphae (Grimley et al., 1965). In 1978 it was proposed that 

pseudohyphal growth was an unreliable distinguishing factor for classifying Candida 

species, and T. glabrata was finally incorporated into the Candida genus (Meyer & 

Yarrow, 1978). However, comparative molecular analyses have since revealed that C. 

glabrata is only distantly related to C. albicans and most other pathogenic Candida 

species (Figure 1.9; Kurtzman & Robnett, 1998; Dujon et al., 2004). In fact, C. glabrata 
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is a much closer relative of S. cerevisiae, which is seemingly reflected in the many 

phenotypic discrepancies between C. glabrata and C. albicans. A major implication of 

this phylogenetic relationship is that C. glabrata is therefore likely to have evolved 

pathogenicity independently of the other species from the Candida clade, making it 

a valuable model for studying the evolution of pathogenicity (Roetzer et al., 2011a). 

This value is only compounded by the fact that the yeasts haploid genome simplifies 

genetic studies. Another important aspect of the C. glabrata lineage is that it diverged 

following an ancestral whole genome duplication (WGD) event, which has long been 

recognised as a potent source of evolutionary innovation (Ohno, 1970). 

The common ancestry of C. glabrata and S. cerevisiae means that many 

general features of both yeasts genomes are largely conserved. These features 

include the genome size and GC content, and chromosomal synteny (Figure 1.9; 

Dujon et al., 2004). Moreover, the two species show identical codon usage, whereas 

most other Candida species deviate from the universal code, and use the CUG codon 

to encode serine, as opposed to leucine (Sugita & Nakase, 1999). Almost 90% of C. 

glabrata genes have orthology links to those present in S. cerevisiae (Lelandais et al., 

2008), implying that the physiology of the two species should also be relatively 

conserved, and C. glabrata may have evolved pathogenicity through a relatively small 

number of genetic adaptations. These general similarities have therefore fostered 

research on the genetic adaptations that are specific to the C. glabrata lineage and 

thus theorized to have promoted survival within the human host. Early genomics 

studies revealed that although C. glabrata and S. cerevisiae share a great many 

orthologues, these homologous genes show substantial amino acid divergence. The 

proteins encoded by orthologues in both species share approximately 65% amino 

acid sequence identity, which in fact makes these orthologous proteins as different 

as those of mammals and fish (Dujon, 2006). While this may seem like an extensive 

amount of sequence divergence, it is a typical feature of yeast evolution, particularly 

following a WGD event, as the presence of duplicate genes permits rapid mutation 

rates in one copy of the gene without compromising the ancestral gene function (Gu 

et al., 2005).  



53 | P a g e  
 

Comparative genomic studies have also characterised the loss of specific gene 

families in the C. glabrata lineage. Evidence suggests that following the WGD, C. 

glabrata has underwent reductive evolution, and lost numerous genes in a seemingly 

coordinated manner. These losses include genes involved in the metabolism of 

galactose, phosphate, nitrogen, and sulphur (Dujon et al., 2004), and some involved 

in vitamin biosynthesis (Kaur et al., 2005). As a result, the C. glabrata genome shows 

a strikingly low level of genetic redundancy, relative to its fellow post-WGD species 

(Dujon et al., 2004). The loss of genetic material and decrease in genome redundancy 

is largely characteristic of a species adapting to a permanent association with a host 

(Moran, 2002), and C. glabrata now relies on its host to overcome several 

auxotrophies in what is very likely to be a niche-specific adaptation.  

Naturally, the expansion of several gene families has also been linked to the 

emergence of virulence. These include six extra GPI-linked aspartyl protease genes, 

known as yapsins (Kaur et al., 2007), and eight copies of a gene encoding an α-1,3-

mannosyltransferase, relative to S. cerevisiae (Dujon et al., 2010). Both yapsins and 

Figure 1.9: Overview of selected yeast species phylogeny and genomic features. WGD indicates 
the whole duplication event, while CUG highlights the switch in CUG codon usage. The ‘WGD 
group’ is highlighted in orange, and the ‘CTG group’ in green. The red line in the C. glabrata 
lineage represents a reductive evolutionary scheme. The phylogenetic tree was constructed by 
Hyland et al. (unpublished), and genomic metrics were derived from Dujon (2010). No. of coding 
sequences refers to those in haploid genomes. 
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α-1,3-mannosyltransferases are involved in cell wall biogenesis and remodelling, and 

the yapsins are required for intra-host survival (Kaur et al., 2007). The 

aforementioned EPA genes are yet another major expansion which are unique to the 

C. glabrata clade, and absent in S. cerevisiae1 (Kaur et al., 2005). These expansions 

highlight the importance of the fungal cell surface in pathogenicity, which acts as the 

interface between the host and fungus and plays a crucial role in multiple C. glabrata 

virulence factors.  

1.4.1 Genomic plasticity of C. glabrata 

 Genomic studies on a range of C. glabrata clinical isolates have revealed that 

the yeast displays a remarkable level of genomic plasticity, with reports of extensive 

variation in the number, size, and arrangement of chromosomes between clinical 

isolates (Shin et al., 2007; Carrete et al., 2018). Interestingly, some of these 

chromosomal conformations have been suggested to promote antifungal resistance 

or fitness, leading to the suggestion that chromosomal rearrangement is an adaptive 

mechanism in C. glabrata. For example, multiple isolates have been found to contain 

novel small chromosomes with duplicated copies of drug efflux pumps such as 

cg_CDR1 and cg_PDH1, or other virulence-associated genes like yapsins (Polakova et 

al., 2009; Ahmad et al., 2013). A study on 183 isolates reported that the most 

frequent changes in karyotype are chromosomal length polymorphisms (CLPs), due 

to chromosomal translocations and copy number variations in subtelomeric tandem 

gene repeats (Muller et al., 2009). This is somewhat expected because the 

subtelomeric regions contain a large number of sequence repeats, and so act as 

genomic hotspots for homologous recombination. However, this is also of particular 

interest in C. glabrata, as over 65% of the yeasts putative adhesins are located near 

the telomeres (de Groot et al., 2008). The implications of this are two-fold. Firstly, 

this subtelomeric localisation is potentially a major reason for the evolutionary 

expansion and variability of adhesin genes in C. glabrata (through homologous 

recombination), and secondly, as telomere structure is epigenetically inherited, it 

 
1S. cerevisiae possesses a suite of subtelomeric flocculation (FLO) genes which are considered 
functional homologues of the EPA gene family. Divergence in the sequences, function, copy number, 
or perhaps regulation, of these genes may be the cause of the differential adherence of C. glabrata 
and S. cerevisiae.  
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implies that a considerable number of the yeasts virulence-associated genes may be 

subject to regulation by epigenetic mechanisms. 

1.5 Epigenetic phenomena in adaptive evolution 

 While C. glabrata is a remarkable pathogen and a growing threat in clinics 

around the world, it was selected for this research in the belief that it offers one of 

the best model systems for the study of how the inheritance of histone modification 

states can contribute to evolutionary adaptation. The remainder of this chapter will 

focus on the interplay between histone modifications, chromatin structure, and 

phenotype, and how this may influence virulence (and the emergence thereof) in C. 

glabrata. Before continuing, given the present-day ambiguity of the term ‘epigenetic’ 

(see Ptashne, 2007), throughout this thesis I will consider an epigenetic mark as one 

which impacts the structure of chromatin and alters the phenotype of a cell, 

independently of changes to the DNA sequence, while being heritable through at 

least DNA replication/S phase. Heritability through meiosis will not be considered, 

given that a sexual cycle has yet to be observed in C. glabrata (Kaur et al., 2005). For 

all intents and purposes, the modification of histone proteins in yeast species will be 

treated as a true epigenetic mark based on two breakthrough studies which showed 

the sequence-independent inheritance of histone modification profiles in S. pombe 

(Audergon et al., 2015; Ragunathan et al., 2015), and various studies reviewed below 

and in O'Kane & Hyland (2019).  

1.5.1 Histone modifications; their role in chromatin structure and evolutionary 

adaptation 

Histones are the main protein component of chromatin and organise 

eukaryotic DNA into higher-order compacted structures, thereby controlling how 

accessible portions of the DNA sequence are for transcription. Four pairs of the 

histone proteins H2A, H2B, H3, and H4 make up the octameric nucleosome core 

particle, which is encircled by about 147 bp of DNA to form the well-known “beads 

on a string” eukaryotic DNA structure (Figure 1.10). These nucleosomes are both 

highly conserved and ubiquitous in yeast species, with over 70,000 nucleosomes 

occupying 81% of the S. cerevisiae genome (Lee W. et al., 2007). Importantly, the N-
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terminal tails of histone p  roteins (particularly H3 and H4) are subject to enzymatic 

post-translational modification (PTM), which can affect how the nucleosome dictates 

chromatin structure and regulates gene expression (Figure 1.10; reviewed by Tolsma 

& Hansen, 2019). These PTMs include acetylation, methylation, ubiquitylation and  

various others (Kouzarides, 2007).  

The exact effects of histone PTMs vary, for example histone acetylation is 

broadly associated with increased DNA accessibility and gene expression in 

eukaryotes, whereas lysine methylation of histone proteins is often connected to 

transcriptional repression (Gorisch et al., 2005; Kouzarides, 2007). The context of 

these histone PTMs is also important, the exact same modification can have a 

different impact in different conditions, in mammalian cells histone H3 lysine 9 

methylation (H3K9me) promotes expression when present on nucleosomes in 

Figure 1.10: Simplified depiction of the octameric core structure of a nucleosome and 

histone tail post-translational modifications. Red band represents DNA, and some of the 

most well characterised histone tail PTMs and associated modifiable residues are 

highlighted on histones H3 and H4, although many more can be modified, including those 

on the H2A/H2B dimers. The presence of those with a green background is typically 

associated with transcriptional activation whereas those with pink are associated with 

repression. However, the effects of these modifications can highly vary contextually. 
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protein coding regions but has the opposite effect when found on promoter-

associated nucleosomes (Vakoc et al., 2005). Effects also vary depending on the 

specific histone amino acid residues that are modified, the extent of the modification 

(mono- di- or tri- methylation for example), and the combinations of histone PTMs 

on a given nucleosome. Therefore, there is high degree of complexity in deciphering 

the biological significance of histone PTMs. 

The exact mechanisms by which this PTM-based regulation is mediated 

remain controversial; theoretically histone PTMs altering positive charges of lysine, 

can directly influence the electrostatic interactions between negatively charged DNA 

and nucleosomes and thus change the accessibility of open reading frames (ORFs) for 

transcription (Chang & Takada, 2016).  Additionally, however, the histone code 

hypothesis postulates that histone PTMs act to recruit other proteins through specific 

amino acid recognition domains, which results in alternative gene expression via 

downstream chromatin remodelling (Jenuwein & Allis, 2001; Hansen et al., 2018). 

The hypothesis effectively suggests that combinations of histone PTMs form an 

epigenetic code which dictates the chromatin structure. Regardless, many PTMs have 

been both broadly and individually functionally characterised and linked to changes 

in gene expression patterns, which are in turn thought to substantially dictate 

phenotypic adaptations that are subject to natural selection (King & Wilson, 1975; 

Wray et al., 2003; Steinfeld et al., 2007). Also of note is that C. glabrata almost solely 

relies on histone PTMs to demarcate epigenetic states; other well-known epigenetic 

features such as DNA methylation seem to have been lost early in the course of yeast 

evolution (Zemach et al., 2010). 

In theory, the mutation of genes involved in histone modification pathways, 

or a heritable sequence-independent alteration to the histone modification state 

could be a powerful source of evolutionary novelty and phenotypic plasticity. Given 

that epigenetic marks such as histone PTMs (and their associated gene expression 

states) can be inherited and persist through multiple generations (see section 1.5.2), 

they can potentially be subject to evolutionary selection and thus facilitate the 

adaptation of a species to its environment. As a means of adaptation this would have 
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several evolutionary advantages. Firstly, the prevalence of histones across the 

eukaryotic genome means that changes to histone pathways have the potential to 

exert pleiotropic effects by influencing the expression of multiple genes, this could 

give rise to complex phenotypes that would otherwise be dependent on multiple 

DNA mutations. Indeed, genomic-era studies on a variety of well-characterised yeast 

transcriptional circuits (such as those regulating metabolic pathways) have revealed 

that large scale transcriptional rewiring can act as a potent driver of  phenotypic 

diversity (reviewed in Lavoie et al., 2009; Wohlbach et al., 2009; Li & Johnson, 2010). 

Since alterations in histone modification networks can also produce large scale 

expression divergence, the same concept applies and indeed, comparative functional 

genomics has found evidence that the yeast histone modification code may co-evolve 

with regulatory elements and contribute to expression divergence (Zou et al., 2012). 

The ability to change epigenetic profiles also offers the benefits of rapid 

heritable adaptation to an environmental stimulus, and equally importantly, dynamic 

and reversible change. This permits for intra-generational adaptation, meaning that 

an epigenetic trait can arise simultaneously in multiple individuals with much greater 

likelihood than a gene mutation, while being revertible should the environment 

change. As such, epigenetic phenotypic switching would be theoretically advantaged 

in highly dynamic environments, especially for populations with limited genetic 

variation (e.g. those that are small or asexual). These observations underlie the 

theory that epigenetic changes in a population may buffer for, and/or prefigure the 

genetic fixation of an advantageous environmentally induced phenotype. This firstly 

suggests that epigenetic flexibility can be an advantageous trait in itself (effectively 

enabling a bet-hedging strategy for a population facing dynamic environments), and 

secondly provides a theoretical link between epigenetic inheritance and genetic 

adaptation and challenges the classical belief that the genetic code is the only 

template for biological inheritance. Although this is a difficult theory to empirically 

test (it remains remarkably difficult to separate epigenetic effects from genetic ones, 

particular in long-term evolutionary contexts; Burggren, 2016), it is backed by a 

growing body of evidence (for example, see Lind & Spagopoulou (2018) which 
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summarises a special issue of heredity on the evolutionary consequences of 

epigenetic evolution). 

 In the past five years, support for an epigenetic contribution to adaptation at 

large has been generated from research on eukaryotes ranging from algae to animals. 

For example, when grown in a habitat where seed dispersal is heavily selected for, 

populations of the model plant Arabidopsis thaliana rapidly show heritable 

phenotypic variation (in dispersal associated traits) from their almost genetically 

identical ancestors, accompanied by a reduction in epigenetic diversity, large scale 

changes in DNA methylation state, and no consistent detectable genetic change 

(Schmid et al., 2018). It was also found in that epigenetic inbred lines of A. thaliana, 

which vary in DNA methylation but very little in DNA sequence, show comparable 

heritable phenotypic variance to natural collections, strengthening the link between 

epigenetic variation (which is substantial in natural populations) and phenotypic 

divergence (Herrera et al., 2016; Zhang et al., 2018). In the algae Chlamydomonas 

reinhardtii, reducing available epigenetic variation decreases adaptation in 

environments where it would otherwise occur (Kronholm et al., 2017). Furthermore, 

asexual animal models have shown that epigenetic changes produce adaptive  

phenotypes in the face of limited genetic variance. Clonal populations of the pea 

aphid Acyrthosiphon pisum can asexually produce winged phenotypic variants at 

differing frequencies in response to changes in predator pressure (Sentis et al., 2018). 

Likewise, clonal asexual populations of the freshwater snail Potamopyrgus 

antipodarum, show habitat dependent phenotypic variation accompanied by habit 

specific DNA methylation patterns (Thorson et al., 2017). These studies support an 

earlier in silico model of asexual population adaptation, which suggested that 

epigenetic mutations can influence the speed of adaptation and delineate population 

fitness (Kronholm & Collins, 2016).  

An important common facet of the above studies is that they primarily focus 

on short-term epigenetic inheritance and DNA methylation and so whether 

epigenetic mechanisms have any effect on long-term evolution in yeast remains 

unclear. However, an important study in S. cerevisiae recently provided an 

experimental proof of concept, showing that histone PTM-based heritable gene 
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silencing can shape adaptive evolution and promote the genetic assimilation of 

advantageous traits (Stajic et al., 2019). To do this, the authors integrated a selectable 

sc_URA3 reporter into various subtelomeric loci in otherwise isogenic strains. This 

effectively subjected sc_URA3 to different doses of stochastic heritable silencing (see 

section 1.5.3), and strains with various levels of gene silencing were then placed 

under negative selection. This experiment found that the presence of heritable 

epigenetic silencing accelerated adaptation in multiple ways, independently of the 

genomic mutation rate. Firstly, the ability to silence sc_URA3 increased the effective 

population sizes upon exposure to selection pressure, which increased the rate of 

adaptation through the mutagenic loss of sc_URA3. Other evolved clones adapted 

though genetic mutations which biased their epigenetic switching rate towards gene 

silencing while retaining the functional reporter. The remaining adapted populations 

showed increased fitness without any detectable causative mutations, raising the 

possibility of purely epigenetic adaptation. This study provides empirical evidence 

that even transiently heritable epigenetic changes in gene expression can influence 

adaptation and buffer for advantageous environmentally induced genotypes in 

budding yeast. 

1.5.2 The inheritance of histone modification states in yeast  

Of course, for an epigenetic mark to play any tangible role in evolutionary 

pathways, and fit the aforementioned definition of epigenetic, heritability is crucial. 

For a histone PTM to be inherited, parental histone proteins must be transferred to 

the nascent DNA during replication without losing their modifications. However, 

since S-phase demands a two-fold increase in nucleosome number, parental histones 

can only constitute at most half of the post-replication nucleosomes (reviewed in 

Groth et al., 2007). Studies of histone PTM inheritance largely focus on Histones H3 

and H4, as they are considered the most likely carriers of epigenetic information, 

based on observations of their respective PTMs and low replication-independent 

turnover rates compared with those of H2A and H2B (Jamai et al., 2007). Early pulse-

chase experiments on these histones revealed that most parental histones do indeed 

remain bound to nascent DNA, after being randomly segregated between the 

daughter strands during replication (Jackson & Chalkley, 1985). Later studies 
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expanded on this, confirming the random segregation of histones H3 and H4 and 

showing that histone H3 is retained within ~400bp of its original position (essentially 

within the same gene) after each round of yeast cell division (Radman-Livaja et al., 

2011). These findings, among others, have led to an inheritance model whereby 

parental histones serve as a template for the transmission of epigenetic information 

to new histones, which prevents the dilution of their PTMs and the loss of parental 

chromatin states after DNA replication. The templating of histone PTMs is thought to 

occur through a read-write mechanism in which ‘reader’ proteins, which recognise 

and bind histone PTMs, cooperate with ‘writers’ that propagates the mark to 

neighbouring  histones (reviewed in Rusche et al., 2003; Probst et al., 2009; Kaufman 

& Rando, 2010). In further support of this, histone modifications such as H4K16ac and 

H3K4me have been found to be recovered concomitantly with, or immediately after 

DNA replication, which suggests that they are copied by a sequence-independent 

mechanism (Bar-Ziv et al., 2016). 

The self-templating mechanism of histone PTM recovery means that the way 

the parental nucleosome is partitioned to the daughter strands should have profound 

implications for the maintenance of PTMs. The assembly of newly synthesised 

histones on DNA involves the deposition of an (H3-H4)2 tetramer, which is partnered 

by a pair of H2A-H2B dimers, making it unlikely that parental nucleosomes are 

inherited as an intact octamer (Verreault, 2000; Annunziato, 2015). Two main models 

have been devised to describe the inheritance of histones H3 and H4; the 

semiconservative model of nucleosome assembly suggests that parental (H3-H4)2 

tetramers are split into a pair of H3-H4 dimers which are partnered by newly 

synthesised H3-H4 dimers on nascent DNA (Figure 1.11A). In this model, the parental 

H3-H4 dimer could then act as a template for the ‘intranucleosome’ restoration of 

histone modifications. In support of this it was found that the histone chaperone 

sc_Asf1p, which localises to the DNA replication fork, binds an H3-H4 dimer with high 

affinity and blocks the formation of the (H3-H4)2 tetramer (English et al., 2006). In S. 

cerevisiae, sc_Asf1p passes H3-H4 dimers to the chaperone sc_CAF-1p, which 

assembles (H3-H4)2, and deposits the tetramer on to nascent DNA (Liu et al., 2017). 

sc_Asf1p also plays a role in the sc_Rtt106p-mediated deposition of (H3-H4)2 
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tetramers (Fazly et al., 2012). However, this activity may be exclusive to newly 

synthesised histones given that (i) histone-tagging studies on S. cerevisiae found that 

tetramer splitting rarely occurs during DNA replication and, (ii) residues on (H4-H3)2 

tetramers can be asymmetrically modified in eukaryotic cells, which undermines the 

idea of ‘intranucleosome’ templating (Katan-Khaykovich & Struhl, 2011; Voigt et al., 

2012). If sc_Asf1p does interact with parental histones, it may serve to disassemble 

and faithfully reassemble the histones during the passage of the replication fork 

(Figure 1.11B). 

The majority of evidence to date supports a conservative model of 

nucleosome assembly (reviewed by Annunziato, 2015), whereby the (H3-H4)2 

tetramer is not split, necessitating instead the ‘internucleosome’ copying of histone 

modifications (Figure 1.11C). Such a mechanism could function well for the 

maintenance of homologous stretches of nucleosome modifications, however 

heterologous and/or niche histone modifications would prove difficult to conserve, 

unless there was an interface between the nucleosomes on separate daughter DNA 

strands. The stochastic nature of parental histone distribution also means that 

stretches of asymmetric distribution will arise, resulting in regions of nascent DNA 

containing exclusively new or old histones, which may limit the fidelity of histone 

modification maintenance. Given that repressive histone modifications do not 

directly silence genes (rather, the resultant chromatin structure inhibits 

transcription), Xu et al. (2011) proposed the ‘buffer model’ of epigenetic inheritance, 

in which gene silencing is caused by a threshold quantity of repressive histone 

modifications over a broad genomic region, rather than the precise action of any 

single histone mark. This model of epigenetic repression could tolerate aberrations 

that may occur during DNA replication and would likely provide a more robust 

epigenetic state over a long timescale. A combination of the buffer model and the 

conservative model of nucleosome assembly form a theoretical mechanism for the 

long-term maintenance of epigenetic marks in yeast. 
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Figure 1.11: The inheritance of histone modifications. (A) Parental (H3-H4)2 tetramers 
are split and reassembled into tetramers consisting of both old and new histone proteins 
on nascent DNA, this semiconservative inheritance would necessitate the 
intranucleosomal copy of histone PTMs. (B) Parental (H3–H4)2 tetramers are transiently 
disrupted before being reassembled on daughter DNA strands, also requiring 
internucleosomal templating. (C) Intact (H3–H4)2 tetramers are directly transferred on to 
nascent DNA, requiring the internucleosomal templating of histone PTMs. Note that 
these models are not mutually exclusive, numerous replisome components and 
chaperone proteins have been shown to be capable of binding both H3–H4 dimers and 
(H3–H4)2 tetramers (see text). 

(A) 

(B) 

(C) 
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Although the exact dynamics of histone PTM inheritance remain unresolved, 

the DNA sequence-independent inheritance of transcriptionally silent chromatin (or 

heterochromatin), mediated by histone PTMs, was empirically demonstrated in 2015 

using S. pombe. In this species, heterochromatin is marked by histones with 

methylated H3K9 residues, which are bound by sp_Swi6p/sp_HP1p to maintain a 

repressive chromatin state (Fischer et al., 2009). These H3K9 methylation marks are 

solely directed by the sp_Clr4p methyltransferase complex (CLRC), which both 

deposits and binds H3K9me, and can therefore propagate the PTM through a positive 

feedback read-write loop (Nakayama et al., 2001; Zhang et al., 2008). To demonstrate 

epigenetic inheritance of this PTM, two groups tethered sp_Clr4p to an exogenous 

tetracycline repressor protein (TetRp). This allowed the tethered sp_Clr4p to be 

targeted to a genomic locus (by cloning in tetracycline operators), where the enzyme 

could establish an ectopic heterochromatin domain. The addition of tetracycline then 

released sp_TetRp-Clr4p from the operator, allowing the authors to determine 

whether the silent chromatin state could be inherited without the initiator at 

naturally euchromatic loci. One group found that the heterochromatic state was 

maintained purely by histone PTM inheritance for 10 generations, which increased 

to 50 when an antagonising histone demethylase was knocked out (Ragunathan et 

al., 2015). The other reported that the silent domain was inherited at a rate of 96% 

per cell division, again after knocking out the same antagonist enzyme (Audergon et 

al., 2015). Ultimately, these studies proved that a gene expression pattern can be 

inherited based on the histone code, regardless of the underlying DNA sequence, and 

that histone PTMs can self-template after DNA replication, as opposed to simply 

being re-established based on genetic encoding.  

1.5.3 Telomeric silencing in Saccharomyces cerevisiae 

In budding yeast such as S. cerevisiae and C. glabrata, telomeric silencing is 

one of the most well-characterised example of histone PTM mediated gene 

repression and shares many fundamental similarities with H3K9me-directed silencing 

in S. pombe. The heterochromatic state of telomeres in S. cerevisiae is largely 

maintained through the active removal of specific histone marks by the silent 

information regulator (SIR) complex, which consists of sc_Sir2p, sc_Sir3p and sc_Sir4p 
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in equal stoichiometry (Buck & Shore, 1995). The SIR complex mediates silencing by 

spreading along sections of subtelomeric DNA, driven by sequence-independent co-

operative interactions between sc_Sir2p, sc_Sir3p and the histone proteins (Figure 

1.12). That said, the initial recruitment of the complex relies on sequence-dependent 

DNA binding proteins. These proteins bind the telomeric TG1-3 repeats and the 

chromosome ends, and recruit sc_Sir4p to these nucleation sites (Figure 1.12; Buck 

& Shore, 1995; Mishra & Shore, 1999; Luo et al., 2002). sc_Sir4p then acts as a 

scaffold for the assembly of the rest of the SIR complex, which polymerises along the 

telomeres through a positive-feedback mechanism, not unlike that of CLRC.  

sc_Sir3p is the primary binding component of the SIR complex, and selectively 

binds hypoacetylated H4K16 nucleosomes, while being inhibited by the presence of 

H3K79me (Ng et al., 2002; Fry et al., 2006). This means that the modification state of 

H4K16 and H3K79, or lack thereof, chemically defines the chromosomal locations 

that facilitate SIR complex binding (Norris & Boeke, 2010). sc_Sir2p is the catalytic 

component of the complex and influences the histone modification state through 

NAD+-dependent histone deacetylase activity, removing H4K16ac marks while being 

preferentially recruited to nucleosomes displaying the modification (Blander & 

Guarente, 2004; Oppikofer et al., 2011). This reaction generates high affinity binding 

sites for Sir3p, and forms O-acetyl-ADP-ribose (OAADPr) as a by-product, which 

increases the affinity of the heterotrimeric SIR complex at nucleosomal binding sites 

(Martino et al., 2009). Therefore, the sc_Sir2p-mediated deacetylation of 

neighbouring histones creates binding sites that facilitate the transition from 

nucleation to polymerisation of the SIR complex along the telomere which enforces 

silencing (Hoppe et al., 2002; Rusche et al., 2002). Although initially believed to be 

non-discriminatory, high-resolution studies indicate this silencing is more discrete 

and occurs in a non-continuous fashion along the length of the chromosome ends 

(Figure 1.12; Ellahi et al., 2015). 

Once established, telomeric heterochromatin exerts a heritable, variegating 

effect on gene expression known as the telomere position effect (TPE). The bistability 

and heritability of this effect has been investigated by inserting colorimetric reporter 

genes into subtelomeric regions. S. cerevisiae cells with a telomere-linked sc_ADE2 
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reporter gene produced colonies that were predominantly either white (sc_ADE2 

expressing) with red (sc_ADE2 repressed) sectors, or red with white sectors 

(Gottschling et al., 1990). This indicates that genetically identical cells give rise to two 

distinct heritable sc_ADE2 phenotypes that are dependent on the chromatin state of 

S. cerevisiae telomeres, underscoring the epigenetic nature of telomeric silencing. 

The variegated expression pattern of sc_ADE2 within individual colonies indicates a 

level of instability or switching between chromatin states during mitotic cell division. 

Given that the ‘ON’ state is also heritable it suggests that telomeric silencing is not 

routinely re-established based on the DNA sequence after every cell division. Indeed, 

single cell analysis in yeast has shown that the establishment of telomeric silencing 

occurs stochastically over several generations (Xu et al., 2006). Therefore, this 

suggests that an opposing system to repress the activity of the SIR complex exists that 

maintains the unrepressed ‘ON’ state. 

Over the years, the systems that oppose the SIR complex have been 

increasingly well-characterised, such mechanisms exist to both define the boundaries 

of telomeric heterochromatin, and presumably to enforce the ‘ON’ state. In the 

interest of brevity these systems include the histone acetyltransferase (HAT) 

sc_Sas2p, the histone methyltransferase such as sc_Dot1p, and the histone 

deacetylase (HDAC) complex sc_Rpd3L, which employ distinct mechanisms to block 

SIR complex spreading (Figure 1.12; Kimura et al., 2002; Altaf et al., 2007; Zhou et al., 

2009; Ehrentraut et al., 2010; Kitada et al., 2012). Taken together, it is understood 

that the fine-tuned balance of sc_Sas2p, sc_Rpd3p, and sc_Dot1p, and their 

associated histone modifications (among others), likely determines the boundaries 

of silent chromatin, alongside factors such as the activity of specific barrier elements, 

the availability of SIR proteins, certain chromatin remodelling activity, and the spatial 

arrangement of nucleosomes (Bi et al., 2004; Oki et al., 2004; Taddei et al., 2009; Bao 

& Shen, 2011). 

In terms of the inheritance of telomeric chromatin states, gaps in our 

knowledge certainly remain. True epigenetic inheritance would rely on the faithful 

transmission of the chromatin state irrespective of the DNA sequence. However, the 

literature at large provides conflicting evidence whether this is the case. Overall,  
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further work is needed in yeast to understand the heritability of these 

chromatin states at a mechanistic level and the factors/conditions that induce the 

switch between the ‘ON’ and ‘OFF’ expression states, but it is undeniable that the 

level of inheritance of the histone marks H4K16ac and H3K79me through S-phase 

must play a considerable role in the maintenance and inheritance of telomeric 

chromatin states (Kitada et al., 2012). For a more thorough discussion of the theory 

and known mechanisms behind the bistability and inheritance of telomeric 

heterochromatin see O'Kane & Hyland (2019).  

1.5.4 Phenotypic switching in Candida species 

Much of our understanding of yeast epigenetics comes from studies on the 

model systems S. cerevisiae and S. pombe, but virulent fungi have also evolved unique 

epigenetic programmes that play important roles in pathogenesis. Such epigenetic 

mechanisms may well confer fungal pathogens with phenotypic plasticity that could 

substantially improve fitness in the dynamic host environment. For example, a 

phenomenon called white-opaque switching has been observed in C. albicans, 

wherein the cells stochastically switch between at least two distinctive types, which 

vary in their appearance, mating properties, gene expression profiles and virulence 

factors without changes in the DNA sequence (Slutsky et al., 1987; Kolotila & 

Diamond, 1990; Lan et al., 2002; Lohse & Johnson, 2008). Whereas ‘white’ cells seem 

to be better suited for invasive bloodstream infections, opaque cells thrive on skin 

surfaces, owing to various different phenotypes (Lockhart et al., 2005; Xie et al., 2013; 

Tao et al., 2014). Cumulative work over the past three decades has revealed that 

white-opaque switching is largely mediated by changes in chromatin state which are 

driven by a complex network of feedback loops (Hernday et al., 2013; Noble et al., 

2017). The study of this phenomenon has led to chromatin regulatory pathways, and 

their role in phenotypic plasticity and virulence being much better studied in C. 

albicans than C. glabrata, with specific modifications having been implicated in 

virulence attributes (reviewed in Lopes da Rosa & Kaufman, 2013; Kim et al., 2018). 

Most importantly, this work has led to the hypothesis that epigenetic switching 

evolved because it promoted niche-specific specialisation which broadly promotes 

fitness in the mammalian host, which of course may also apply to other pathogenic 
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yeast. Indeed, phenotypic switching has also been reported in numerous isolates of 

C. glabrata, in which four separate core phenotypes have been observed, that can be 

distinguished on plates supplemented with copper sulphate (Lachke et al., 2000; 

Lachke et al., 2002; Srikantha et al., 2005). Surprisingly little work has been conducted 

on C. glabrata phenotypic switching since it was first described in the early 2000s, 

although in patients infected with a single C. glabrata strain, it was reported that the 

proportions of switch phenotypes dramatically differed between oral and vaginal 

isolates (Brockert et al., 2003). This suggests that C. glabrata may also exploit 

epigenetic switching to better colonise host niches, although further work is needed 

to characterise each phenotypic state and support these findings. Phenotypic 

switching would be an especially pertinent route to phenotypic diversity in C. 

glabrata however, given the yeasts asexual lifestyle. 

1.5.5 Chromatin states and virulence in C. glabrata 

Relatively few studies have directly focused on linking histone modification 

pathways to virulence in C. glabrata, but growing evidence suggests that epigenetic 

marks are implicated in a striking number of the yeasts virulence factors. Once such 

virulence factor under epigenetic control is C. glabrata adherence. The subtelomeric 

localisation of the majority of C. glabrata adhesins subjects them to a unique 

regulatory mechanism in telomeric silencing. For example, the adhesin cg_EPA1 

shows heterogeneity in gene expression that is markedly greater than that of other 

yeast genes in clonal populations and different strains; this variation is primarily 

driven by SIR-complex dependent silencing (Halliwell et al., 2012). This cell-to-cell 

variation is likely to increase the virulence potential of a C. glabrata population by 

increasing the prevalence of hyper-adherent variants. Additionally, epigenetic 

regulation of subtelomeric FLO genes in S. cerevisiae is a prominent source of cell-

surface protein variation in this species (Halme et al., 2004). Applying that same 

mechanism to C. glabrata’s subtelomeric CWPs could effectively promote the 

colonisation of this species to diverse niches, or hosts, or even abiotic substrates. 

Indeed, the substantial variability in CWPs that has been observed in C. glabrata 

isolates supports this idea (Table 1.1).  
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Remarkably, the telomeric silencing pathway has also been linked to 

environment sensing in C. glabrata; the SIR complex is dependent on NAD+ for its 

activity but C. glabrata is auxotrophic for its precursor nicotinic acid. Thus, when the 

yeast is exposed to nicotinic acid depleted environments (such as the mammalian 

urinary tract), SIR-mediated silencing is abrogated by the loss of this important 

cofactor, and the EPA genes are subsequently highly expressed which presumably 

stimulates colonisation and biofilm formation (Domergue et al., 2005). Perhaps then, 

it is no surprise that a large unique group of virulence associated genes are clustered 

in the telomeres of C. glabrata. 

Beyond the telomeres, more localised chromatin silencing has been shown to 

influence other C. glabrata virulence phenotypes including the OSR and multidrug 

resistance. The deletion of the NAD+-dependent histone deacetylase cg_HST1 

decreases the yeasts susceptibility to H2O2 and fluconazole, although the same 

deletion has no impact on these phenotypes in S. cerevisiae (Orta-Zavalza et al., 

2013). The resistance phenotypes in cg_hst1Δ cells have been linked to the induction 

of the drug efflux pumps cg_PDR1 and cg_CDR1, and the catalase cg_CTA1, implying 

that cg_HST1 has specifically evolved a role in virulence-associated regulatory circuits 

in C. glabrata, and like the SIR-complex, its inactivation by host nutrient limitation 

could allow the adaptive emergence of hypervirulent cells in vivo (Orta-Zavalza et al., 

2013). In further support of this theme, phylogenetic analyses on C. glabrata isolates 

which displayed heteroresistance (variability in resistance in a clonal population) to 

fluconazole suggest that epigenetic mechanisms play a role in this phenomenon (Ben-

Ami et al., 2016). The chromatin remodelling cg_Swi/Snf complex has also been 

shown to positively regulate biofilm formation in C. glabrata, and as previously 

mentioned, a range of gene knockout studies have implicated components of the 

chromatin modification machinery in both antifungal resistance and survival within 

macrophages/murine infection models (Rai et al., 2012; Riera et al., 2012; 

Schwarzmuller et al., 2014; Yu et al., 2018). In fact, through reverse genetic studies, 

almost every well-established C. glabrata virulence trait has been linked in some way 

to histone and chromatin modification pathways (Table 1.3). Although this may 

simply be a consequence of the broad influence of chromatin-linked processes across 
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the eukaryotic genome, it certainly raises the possibility that histone modification 

pathways have played a considerable role in adaptation to the human host.  

Table 1.3: Chromatin organisation-associated genes that have been implicated in C. glabrata 

virulence traits. 

Gene Function Mutant strain phenotype 

CAGL0C05357g 

(cg_HST1) 
HDAC, ortholog of sc_SIR2 

Increased azole resistancea 

Increased H2O2 resistance a 

CAGL0K05335g 

(cg_ARP7) 

Component of Swi/Snf and RSC chromatin 

remodelling complexes IFO 
Reduced survival in macrophagesb 

CAGL0C02475g 

(cg_CHZ1) 
Histone chaperone IFO Reduced survival in macrophagesb 

CAGL0C01485g 

(cg_CTI6) 
Component of Rpd3L HDAC complex IFO Reduced survival in macrophagesb 

CAGL0I02222g 

(cg_DNA2) 
Component of telomeric chromatin IFO Reduced survival in macrophagesb 

CAGL0H00616g 

(cg_HFI1) 

Adaptor protein required for structural integrity of 

the SAGA HAT complex IFO 
Reduced survival in macrophagesb 

CAGL0H01507g 

(cg_RSC3) 

Component of RSC chromatin remodelling 

complexes IFO 
Reduced survival in macrophagesb 

CAGL0M00638g 

(cg_FPR4) 

Proline isomerase, role in nucleosome assembly and 

negative regulator of H3K36me IFO 
Reduced survival in macrophagesb 

CAGL0D05786g 

(cg_RTT109) 
HAT, acetylates H3K56 and H3K9 IFO Reduced survival in macrophagesb 

CAGL0K06193g 

(cg_ADA2) 
Component of the SAGA HAT complex 

Reduced azole resistancec 

Reduced caspofungin resistancec 

Reduced amphotericin B resistancec 

Hypervirulent in murine modelc 

Reduced growth at 42°Cc 

Reduced tolerance to Congo redc 

CAGL0M04807g 

(cg_SNF2) 

Component of Swi/Snf chromatin remodelling 

complex 
Reduced biofilm formationd 

CAGL0E03718g 

(cg_SNF6) 

Component of Swi/Snf chromatin remodelling 

complex 

Reduced biofilm formationd 

Reduced caspofungin resistancee 

Reduced amphotericin B resistancee 

Reduced growth at 42°Ce 

Reduced tolerance to Congo rede 

CAGL0B01441g 

(cg_RPD3) 
Component of Rpd3L and Rpd3S HDAC complexes IFO 

Reduced caspofungin resistancee 

Reduced tolerance to Congo rede 

CAGL0L06226g 

(cg_HEK2) 
Regulator of telomere position effect and length IFO 

Reduced caspofungin resistancee 

Reduced growth at 42°Ce 

Reduced tolerance to Congo rede 
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 1.6 Positive selection of histone modification-associated genes in C. glabrata  

Initially, to predict whether genetic polymorphisms in histone modification 

pathways have contributed to C. glabrata’s evolution, a comparative genomics 

approach was employed by Dr. Edel Hyland (Queen’s University Belfast), to identify 

signatures of positive selection in histone PTM-related (HPR) genes. In this case, a 

signature of positive selection refers to a lineage-specific nonsynonymous mutation 

which improves an individual’s fitness in their given environment (Vitti et al., 2013). 

Sites which are predicted to be under positive selection have been linked to 

functional shifts in numerous proteins, and so if present in HPR genes, could indicate 

that these genes have functionalised in a way that benefits survival in the human host 

(Levasseur et al., 2006; Loughran et al., 2012). For the analysis, the CodeML program 

from the PAML (phylogenetic analysis by maximum likelihood) package was used, and 

ultimately, nineteen HPR genes were predicted to contain signatures of positive 

selection since C. glabrata’s divergence from other Saccharomycotina yeast (Yang & 

Nielsen, 2002). These genes encode proteins of varying putative functions, the most 

common of which is acting as subunits of histone deacetylase or acetyltransferase 

CAGL0G06864g 

(cg_MPS3) 
Role in telomere silencing IFO 

Reduced relative fitnesse 

Reduced caspofungin resistancee 

Reduced growth at 42°Ce 

Reduced growth in 1 M NaCle 

CAGL0M06699g 

(cg_SDS3) 
Component of Rpd3L HDAC complex IFO 

Reduced relative fitnesse 

Reduced caspofungin resistancee 

Reduced growth at 42°Ce 

CAGL0E02475g 

(cg_SIN3) 
Component of Rpd3L and Rpd3S HDAC complexes IFO Reduced caspofungin resistancee 

CAGL0L05412g 

(cg_ASF1) 
Nucleosome assembly factor, role in H3K56ac IFO 

Reduced relative fitnesse 

Reduced caspofungin resistancee 

Reduced growth at 42°Ce 

Reduced tolerance to Congo rede 

IFO Indicates function is inferred from the genes orthologue in S. cerevisiae 

a Information derived from deletion strain from the BG2 lineage, generated by Orta-Zavalza et al. (2013). 

b Information derived from Tn7 insertion mutant from the BG2 lineage, assayed by Rai et al. (2012). 

c Information derived from deletion strain from the ATCC2001 lineage, generated by Yu et al. (2018). 

d Information derived from deletion strain from the BG2 lineage generated by Riera et al. (2012). 

e Information derived from deletion library generated in the ATCC2001 lineage by Schwarzmuller et al. (2014). 
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complexes. Furthermore, orthologues of these majority of these genes in S. cerevisiae 

(11/19) play some role in telomere silencing.  

Our positive selection analysis firstly predicts that certain HPR genes have 

been involved in C. glabrata’s evolutionary adaptation, but more importantly, 

generates a tangible list of potentially important HPR genes to study. It may be that 

like cg_HST1, which has seemingly evolved a role in regulating antifungal/stress 

responses, various other HPR genes have evolved to influence virulence-associated 

phenotypes, and thus pathogenicity, in C. glabrata (Orta-Zavalza et al., 2013). 

Interestingly, a recent study on the acetylomes of S. cerevisiae and three fungal 

pathogens, including C. albicans has correlated levels of protein acetylation with 

pathogenicity, identified deacetylases with virulence-linked roles, and uncovered 

evidence of positive selection at specific acetylation motifs in pathogens, 

corroborating the positive selection analysis conducted on C. glabrata and building a 

broad link between histone modifications and fungal virulence (Li et al., 2019).  

1.7 Conclusion 

Over the decades, the increasing prevalence of C. glabrata has been 

accompanied by an increase in research on the pathogen, and many of the yeasts 

virulence traits and general genomic features have become better understood. That 

said, few ORFs have been directly experimentally verified in C. glabrata compared to 

species such as C. albicans, with ~4.6% of all ORFs having been validated in C. glabrata 

compared to ~27.3% of those in C. albicans (according to genome inventories on 

candidagenome.org as of 16/01/2020). As such, there is a need to specifically study 

individual C. glabrata genes, particularly given the species’ unique phylogeny.  

The phylogeny of C. glabrata also theoretically offers an isolated incidence of 

the evolution of pathogenicity, and therefore a good model system to dissect 

adaptation at a molecular level . Although histone modifications have been well-

documented in their ability to influence chromatin structure, gene expression and 

phenotypic divergence, HPR genes have not been extensively assessed for their 

contribution to adaptation. Based on the evidence reviewed above, C. glabrata may 

be a valuable model to study this connection between histone modification and 

evolution. This PhD thesis is based on the hypothesis that non-synonymous 
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mutations in C. glabrata’s histone modification machinery influenced the emergence 

and/or regulation of the virulent phenotypes required for its evolution as a human 

pathogen. This hypothesis is supported by the following : 

1.  The regulation of virulence attributes at an epigenetic level is a potential 

route for generating gene expression heterogeneity and phenotypic diversity, 

which an asexual fungal pathogen presumably needs to persist in a hostile 

and dynamic host environment. 

2. C. glabrata has evolved pathogenicity while retaining a large amount of 

genetic similarity with non-pathogenic yeast, suggesting that differential gene 

expression, as opposed to genetic mutation has dictated a considerable 

degree of the species phenotypic adaptation. 

3. C. glabrata’s expanded adhesin repertoire, which is often considered a crucial 

contributor to virulence, is localised to an epigenetic hotspot in the 

telomeres, and the influence of telomeric silencing on these genes increases 

fitness inside the host. 

4. Histone modifications pathways have been, at the very least indirectly, linked 

to most C. glabrata virulence factors. 

5. A number of histone modification related genes are predicted to be under 

positive selection in the C. glabrata lineage. 

1.8 Project aims  

The overall aim of this work is to investigate whether histone modification 

related genes, which are predicted to be under positive selection, contribute to 

virulence-associated phenotypes in C. glabrata. This project will primarily focus on 

histone acetylation and deacetylation pathways, and seek evidence that these genes 

have functionally diverged in the C. glabrata lineage, in a manner that promoted the 

yeasts success as a human pathogen. The first research chapter (chapter 3) will test 

the hypothesis that the individual deletion of HPR genes will influence virulence 

associated traits in C. glabrata. This will be accomplished by using a series of in vitro 

phenotyping assays and a Galleria mellonella insect infection model to compare wild-

type (WT) C. glabrata with HPR deletion mutants. This chapter will also employ gene 

expression and immunoblotting analyses to probe the molecular functions of these 
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genes and lastly, the genomic sequences of a series of clinical isolates will be used to 

investigate the levels of genetic variance in HPR genes. 

The second research chapter (chapter 4) will employ RNA-sequencing, to 

decipher the regulatory consequences of individually knocking out a pair of histone 

acetylation-related HPR genes using an unbiased approach. This chapter will compare 

the transcriptomes of histone acetylation mutants with the WT, after biologically 

permissive growth in rich media and after growth in a sublethal concentration of 

fluconazole. The final research chapter (chapter 5) will focus on histone deacetylation 

pathways, and the functional consequences of exposing C. glabrata to broad 

spectrum histone deacetylase inhibitor (HDACi) drugs. Again, virulence-associated 

phenotyping assays and transcriptome sequencing will be used to determine the 

effect of inhibiting histone deacetylases. A range of different HDACi compounds and 

individual HDAC knockout strains will also be phenotypically characterised to profile 

the individual contributions of these histone modifiers to pathogenicity. 
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2.1 Yeast strains   

Yeast strains used during this study are listed in Table 2.1. 

Table 2.1: Yeast strains used during this study. 

Species Strain Genotype Origin 

C. glabrata 
ATCC 2001 / 

CBS 138 
C. glabrata clinical isolate ATCC 

C. glabrata cg_ΔHTL 
ATCC 2001 his3Δ::FRT 
leu2Δ::FRT trp1Δ::FRT 

(Schwarzmuller et al., 2014) 

C. glabrata cg_hat1Δ 
ATCC 2001 his3Δ::FRT 

hat1::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_ahc1Δ 
ATCC 2001 his3Δ::FRT 

ahc1::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_spp1Δ 
ATCC 2001 his3Δ::FRT 

spp1::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_hos1Δ 
ATCC 2001 his3Δ::FRT 

hos1::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_hos2Δ 
ATCC 2001 his3Δ::FRT 

hos2::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_hos3Δ 
ATCC 2001 his3Δ::FRT 

hos3::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_hst1Δ 
ATCC 2001 his3Δ::FRT 

hos3::NAT1 
(Schwarzmuller et al., 2014) 

C. glabrata cg_rpd3Δ cg_ΔHTL rpd3::NAT1 (Schwarzmuller et al., 2014) 

Candida auris VPCI479/P/13 
C. auris clinical isolate, 

South Asian clade 
(Sharma et al., 2015) 

C. auris 470026 
C. auris clinical isolate, 

South Asian clade 
(Chakrabarti et al., 2015) 
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2.2 Primers 

 Primers used during this study for RT-PCR analyses are listed in Table 2.2. 

 

 

 

 

 

 

 

 

 

Table 2.2: Primers used during this study.  

Target gene Sequence (5’-3’) Sense 
Product 
length 

(bp) 
Origin 

CAGL0K12694g  

(cg_ACT1) 

TTACCAACTGGGATGACATGGA 

GGAGCCTCGGTCAACAAGAC 

Forward 

Reverse 
100 

(Li et al., 
2012) 

CAGL0L09042g  

(cg_HAT1) 

CGATACAGTTCTCGCCAACC 

TGGTTTGAATGTGATAGCATCG 

Forward 

Reverse 
113 This study 

CAGL0E04488g 

(cg_AHC1)  

GCTCGTGTTGATGTCATAGC 

AAGACTACCTGAAGAGCTGC 

Forward 

Reverse 
108 This study 

CAGL0M02585g  

(cg_SPP1) 

TAACAAGCACTCCGACTGG 

AAGTTGCCTTTTCCTTGTCG 

Forward 

Reverse 
118 This study 

CAGL0C03267g 

(cg_FPS1)  

GCCACAACACTGACGAGAAG 

TGAGTCACCTAGCGAAGCAG 

Forward 

Reverse 
125 This study 

CAGL0C01705g  

(cg_GPX2) 

GGTTGTCCTGATTGTCAACG 

GGAAACCAAGGATGACCAAG 

Forward 

Reverse 
113 This study 

CAGL0C05643g  

(cg_EPA7) 

GATTTACGGAAGAATGGTTCGTAC 

GGTAAATGATCTATTTCGGGTGTG 

Forward 

Reverse 
176 

(Kraneveld 
et al., 
2011) 

CAGL0M01760g  

(cg_CDR1) 

CTACATTGGATCTCTTGCTCTATTC 

GTAACTAGAACACCACAGAAAGATAGC 

Forward 

Reverse 
117 This study 
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2.3 Immunoblotting antibodies 

 Antibodies and antibody dilutions used during this study are listed in Table 

2.3. 

Table 2.3 Antibodies used during this study. All antibodies were diluted in 15 ml of 5% 
(w/v) skimmed milk powder (Tesco) dissolved in TBST buffer (100 mM Tris-HCl pH 7.5, 150 
mM NaCl, 1% (v/v) Tween 20). 

Antibody Dilution used Species Source 

α-H3 1:1,000 Rabbit Abcam (ab1791) 

α-H3K14ac 1:2,000 Rabbit Abcam (ab52946) 

α-H3K4me2 1:2,000 Rabbit Abcam (ab32356) 

α-H3K9ac 1:10,000 Rabbit Abcam (ab4441) 

α-H4ac4 1:4,000 Rabbit Millipore (06-866) 

α-H4K12ac 1:10,000 Rabbit Abcam (ab177793) 

α-H4K16ac 1:1,000 Rabbit Abcam (ab109463) 

α-Mouse IgG 1:2,000 Goat Abcam (ab197767) 

α-Rabbit IgG 1:10,000 Goat Abcam (ab6721) 

α-β-Actin 1:1,000 Mouse 
Sigma-Aldrich 
(MAB1501) 

 

2.4 Software  

 Key software (and versions), and online resources used for bioinformatic 

analyses, statistical analyses and creating figures are listed in Appendix Table S1.1. 

2.5 Maintenance, media and culture of yeast strains. 

2.5.1 Yeast media and culture 

 Yeast strains were routinely cultured in YPD medium (1 % bacto-yeast extract, 

2 % bacto-peptone, and 2 % D-glucose), or synthetic complete (SC) medium (0.67 % 

yeast nitrogen base, and 2 % D-glucose) as indicated. Unless otherwise stated, all 

broth cultures of Candida species were incubated at 37 °C with shaking at 180 rpm, 

and cultures of S. cerevisiae were incubated at 30 °C and 180 rpm. For solid medium, 
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YPD was supplemented with 2% bacto-agar. All reagents were purchased from Sigma-

Aldrich (UK), unless otherwise stated. 

 For the majority of phenotyping experiments exponentially grown/log phase 

cells were used (as indicated). These cultures were prepared by inoculating 5-10 ml 

of YPD or SC broth with a single yeast colony before incubating overnight. The 

overnight culture was then sub-inoculated into a larger volume of YPD or SC broth to 

an OD600 of 0.1 ± 0.02 and grown until log phase (optical density was determined with 

a BioPhotometer Plus (Eppendorf), and an OD600 of approximately 0.5 – 0.7 was 

considered to be log phase). 

2.5.2 Storage of yeast strains 

 For short term storage (<3 weeks), strains were streaked to single colonies on 

YPD plates and stored at 4 °C. For long term storage, strains were stored at -80 °C in 

YPD medium supplemented with 15% (v/v) glycerol. 

2.6 General molecular techniques 

2.6.1 Extraction of yeast genomic DNA 

 Yeast genomic DNA was isolated by phenol-chloroform extraction. A single 

colony of each strain was inoculated into 5 ml of YPD medium and incubated 

overnight. The next day, 1.5 ml of this culture was decanted into a 1.5 ml 

microcentrifuge tube and pelleted by centrifugation at 4000 g for 5 minutes. The 

supernatant was discarded, and the pellet was resuspended in 250 µl of cell lysis 

buffer (200 mM Lithium Acetate, 1 % SDS). 250 µl of DNA phenol was added, and 

samples were incubated at 70 °C for 20 minutes, while being briefly vortexed every 5 

minutes. The sample was then centrifuged at 16000 g for 10 minutes, and 200 µl of 

the aqueous layer was transferred to a fresh microcentrifuge tube containing 200 µl 

chloroform. The sample was briefly vortexed and spun again at 16000 g for 10 

minutes. 150 µl of the aqueous layer was transferred to a fresh microcentrifuge tube 

containing 500 µl of absolute ethanol, before 15 µl of 5 M NaCl was added and 

samples were mixed by inversion. The DNA was pelleted by centrifuging the sample 

at 16000 g for 20 minutes at 4 °C, before removing the supernatant and resuspending 

the pellet in 1 ml of 70% ethanol. The samples were spun down at 16000 g for 5 
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minutes at 4 °C and 990 µl of the supernatant was aspirated. The tube was left 

uncapped in a biosafety cabinet at room temperature (RT)  to evaporate the 

remainder of the ethanol. The DNA pellet was then resuspended in 400 µl of TE buffer 

(10 mM Tris pH 8.0, 1 mM EDTA pH 8.0), and concentration and purity were checked 

with a NanoDrop™ 1000 spectrophotometer (Thermo Scientific).  

2.6.2 RNA extraction 

 Total RNA was routinely isolated from frozen yeast cell pellets. Firstly, 

spheroplasts were formed from the cell pellets using lyticase from Arthrobacter 

luteus (Sigma, catalog number: L2524). Each pellet was resuspended in 250 µl of 

freshly prepared lyticase solution (125 U lyticase per 1x109 cells, 1.5 M D-sorbitol, 10 

mM Tris pH 8.0, and 1 mM EDTA pH 8.0), and incubated at 37 °C without shaking to 

form spheroplasts. Spheroplast formation was monitored by regularly adding 1 µl of 

the cell lyticase suspension to 1 ml 1 % SDS and measuring the OD600 of the mixture; 

the digestion was considered complete when the OD600 had dropped to 20 % of the 

initial reading (typically in 30-60 min). The spheroplasts were collected by 

centrifugation at 4000 g for 5 minutes at 4 °C, and removing the supernatant. 

 Total RNA was extracted using a PureLink® RNA Mini Kit (Ambion, catalog number: 

12183018A), according to the manufacturer’s instructions. All centrifugation steps 

were carried out at RT and 16000 g, unless stated otherwise. The pelleted 

spheroplasts were resuspended in 600 µl Lysis Buffer containing 1 % β-

mercaptoethanol (added immediately before use), and vortexed until the pellet was 

dispersed, and cells appeared lysed. 600 µl of 70% ethanol was added to the lysis 

mixture and samples were vortexed once more, before being centrifuged for 5 min 

to clear any cellular debris. The supernatant was transferred to a spin cartridge placed 

inside a 2 ml collection tube and centrifuged for 15 s. Flow-through was discarded 

and 700 µl of Wash Buffer I was added to the spin cartridge and the 15 s 

centrifugation was repeated. The spin cartridge was then transferred to a new 

collection tube and 500 µl of Wash Buffer II was added before spinning for 15 s, 

adding a further 500 µl of Wash Buffer II and centrifuging for 2 min more to dry the 

cartridge membrane. The cartridge was then transferred to a 1.5 ml microcentrifuge 

tube and total RNA was eluted by adding 60 µl RNAse-free water, incubating the 
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cartridge for 1 min at RT, and centrifuging for 2 min. RNA yield and quality was 

measured with a NanoDrop™ 1000 spectrophotometer (Thermo Scientific), and the 

RNA was flash frozen in liquid nitrogen, and stored at -80 °C pending downstream 

use. 

2.6.3 cDNA synthesis 

 To generate cDNA, RNA samples were first treated with DNase I 

(ThermoFisher Scientific, catalog number: 18068015). 4 µg of RNA was mixed with 6 

units of DNase in the provided reaction buffer and incubated at 25 °C for 25 minutes. 

The reaction was stopped by adding EDTA pH 8.0 to a final concentration of 2.5 mM 

and incubating at 65 °C for 10 minutes. The Tetro™ cDNA Synthesis Kit (Bioline, 

catalog number: BIO-65042) was used to generate cDNA; 2 µg of DNase-treated RNA 

was used as template for each reaction, and reactions were carried out according to 

the manufacturer’s instructions, using 200 units of reverse transcriptase per reaction 

and random hexamers to prime the synthesis. A single representative reverse 

transcriptase-negative (RT-) control was also generated for each set of biological 

triplicates. 

2.6.4 Primer design and validation 

 RT-PCR primers originating from this study were designed with Primer3web 

(version 4.1.0) with the following specifications: primer length 18-30 bp, GC content 

40-60%, product length 100-140 bp, Tm 55-60 °C, and ≥ 1 CG clamp. All primers were 

purchased from Integrated DNA Technologies EU. Primer amplification efficiency was 

checked by the standard curve method, using a tenfold dilution series of 1 µg 

genomic DNA from C. glabrata ATCC2001, and a no-gDNA negative control. The CT 

value for each gDNA dilution was plotted against the negative log of input gDNA, and 

a slope between 2.8 and 3.4, with a single melting curve peak was considered 

acceptable for use (see Appendix Figure S1.1 for a representative validated primer 

pair). 

2.6.5 RT-PCR reactions 

The SensiFAST SYBR No-ROC Kit (Bioline, catalog number: BIO-98005) was 

used for all RT-PCR reaction mixes, according to the manufacturer’s instructions but 
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scaling the standard reaction volume down by 50%. RT-PCR was carried out in a 

Lightcycler 480 (Roche), following the manufacturer-recommended two-step cycling 

conditions, which consisted of a single 2 minute incubation at 95 °C for polymerase 

activation, followed by 40 cycles of a 5 second incubation at 95 °C and 15 seconds at 

60 °C (for denaturation and annealing/extension respectively). 50 ng of cDNA was 

used as template for each reaction, and each sample was tested using three biological 

replicates each assayed in triplicate, and one RT- technical triplicate to control for 

genomic DNA contamination. The CT values for each gene were normalised against 

that of the cg_ACT1 housekeeping gene and relative fold change was calculated using 

the 2-ΔΔCT
 (Livak) method (Livak & Schmittgen, 2001). 

2.6.6 Yeast protein extraction 

 A culture of log phase cells was prepared as described in section 2.5.1, with 

cells being collected at an OD600 of 0.5 ± 0.1. Protein was extracted according to the 

protocol described by Kushnirov (2000) with slight adjustments; a volume of yeast 

culture equal to 2.5 OD units was transferred to a 15 ml centrifuge tube and spun 

down at 4000 g for 5 minutes. The supernatant was discarded, and the cell pellet was 

resuspended in 200 µl 0.2 M NaOH and transferred to a 1.5 ml microcentrifuge tube, 

before being incubated at RT for 10 minutes. The sample was then centrifuged at 

16000 g for 1 minute. The supernatant was discarded, and the pellet was 

resuspended in 100 µl SDS-PAGE loading dye (60 mM Tris-HCl pH 6.8, 5% (v/v) 

glycerol, 2% (w/v) SDS, 4% (v/v) β-mercaptoethanol, 0.1% (w/v) bromophenol blue). 

The sample was tightly sealed and incubated at 100 °C for 10 minutes, then allowed 

to cool at RT for 5 minutes. Lastly, the sample was centrifuged at 16000 g for 1 minute 

and stored at -20 °C pending downstream use. 

2.6.7 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

 Bulk protein extractions were resolved on Novex™ 4-20% Tris-Glycine mini 

gels (Invitrogen), with an XCell SureLock™ Mini-Cell apparatus (ThermoFisher 

Scientific), to improve the separation of low molecular weight histone proteins. 10 µl 

of protein extract was loaded into each well and gels were run at 120 V for 90 minutes 

in SDS-PAGE running buffer (25 mM Tris, 250 mM glycine, 0.1% (w/v) SDS). 
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2.6.8 Western blotting protein transfer and detection 

 After resolving, the SDS-PAGE gels were transferred to 0.2 µm nitrocellulose 

membranes (Bio-Rad, catalog number: 1620168) using a wet transfer protocol. The 

membrane and gels were briefly equilibrated in transfer buffer (25 mM Tris, 250 mM 

glycine, 20% (v/v) methanol) and the protein was transferred at 25 V and 160 mA for 

1 hour at RT, using the same transfer buffer. The relatively low transfer voltage and 

time were used to optimise retention of histone proteins. To validate transfer 

efficiency, each membrane was soaked in ~20 ml Ponceau S solution (0.1% w/v 

Ponceau S in 5% acetic acid) for 15 minutes, before rinsing in ddH2O to remove excess 

stain and photographing. 

  Each membrane was covered in 25 ml blocking buffer (5% (w/v) 

skimmed milk dissolved in TBST buffer) and blocked for 1 hour at RT with gentle 

shaking (~30 rpm) on an orbital shaker. The membrane was then washed once by 

adding 25 ml TBST buffer to each, followed by orbitally shaking at 60 rpm for 10 

minutes at RT. Primary antibody was diluted in blocking buffer as indicated in Table 

2.3 and the membrane was probed overnight by shaking at ~30 rpm at 4 °C. The next 

day the TBST wash step was repeated four times, before the membrane was 

incubated with horseradish peroxidase (HRP)-conjugated secondary antibody 

(prepared as described in Table 2.3) for 2 hours at RT. Another four TBST washes were 

carried out and excess TBST was removed by gently blotting one corner of each 

membrane onto a tissue, using tweezers to handle the membrane. For detection, 2 

ml of Luminata™ Forte HRP substrate (Millipore catalog numer: WBLUF0500) was 

added to each membrane before incubating in the dark at RT for 5 minutes, and 

removing excess substrate, again by blotting onto tissue. Each antibody was tested 

against biological triplicates of each strain. Membranes were imaged using a G:BOX 

F3 imaging system (Syngene) and images were quantified by densitometry with the 

ImageJ software (NIH) as detailed by Miller (2010). 
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Chapter 3: 

Functional characterisation of the 
histone PTM-related genes cg_HAT1, 

cg_AHC1, and cg_SPP1. 
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3.1 Overview   

It is hypothesised that C. glabrata histone PTM-related (HPR) genes which 

contain putative signatures of positive selection may contribute to the yeasts 

virulence-associated phenotypes and promote fitness in the mammalian host. The 

overall goal of this chapter is to uncover the role(s) of three such HPR genes in C. 

glabrata, using four distinct approaches. Initially we phenotypically characterize 

single gene knockouts of these HPR genes, with an emphasis on traits that are 

relevant to C. glabrata infection. Secondly, we monitor the expression of these HPR 

genes in response to stress conditions, to investigate their role in these survival 

pathways. Thirdly, we probe their influence on histone acetylation levels using 

immunoblot analysis, and lastly, whole genome sequences from 17 clinical isolates of 

C. glabrata were used to assess the level of genetic variation across these specific 

genes, to search for potentially functionally relevant mutations in HPR genes. 

3.2 Introduction  

 Due to the lack of experimentally verified open reading frames (ORFs) in C. 

glabrata, the interactions and functions of many genes have been inferred from 

studies of orthologous genes in other Candida species (particularly C. albicans), S. 

pombe, and most of all S. cerevisiae. The genes examined in this chapter are cg_HAT1 

(CAGL0L09042g), cg_AHC1 (CAGL0E04488g), and cg_SPP1 (CAGL0M02585g). These 

genes were selected from the list of 19 genes under positive selection, as deletion 

strains of these genes were available from the large-scale C. glabrata deletion 

collection generated by Schwarzmuller and colleagues (Schwarzmuller et al., 2014). 

Despite being part of this collection, these genes are listed as uncharacterised on the 

Candida genome database and have no manually curated gene ontology (GO) or 

physical/genetic interaction annotation (as of 20/01/2020; candidagenome.org). It is 

also worth noting that because these gene products contain predicted residues under 

positive selection with inferred functional consequences, we hypothesize these 

proteins have a unique role in C. glabrata and are cautious to rely heavily on 

functional information derived from fungal gene orthologues. That said, we will 

introduce these proteins in the context of the organisms in which they have been 

previously studied. 
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3.2.1 The HAT1 histone acetyltransferase (HAT) 

 The HAT1 histone acetyltransferase was first isolated and described in S. 

cerevisiae in the mid-1990s, and became the founding member of the type B class of 

histone acetyltransferases (HATs; Kleff et al., 1995; Parthun et al., 1996). Whereas 

type A HATs primarily act upon DNA-bound histones in the nucleus, type B HATs 

target free histones and can localise to the cytoplasm (Lee & Workman, 2007). In both 

C. albicans and S. cerevisiae, HAT1 encodes the catalytic subunit of a core Hat1p-

Hat2p HAT complex (Table 3.1; Tscherner et al., 2012). In S. cerevisiae, this complex 

binds newly synthesised histone H4 in the cytoplasm, and acetylates lysines 5 and 12. 

This diacetylation is a highly conserved modification pattern among eukaryotes, 

although a specific function for this mark has yet to be identified (Sobel et al., 1995; 

Parthun et al., 1996; Kolle et al., 1998). The diacetylated histone H4 is then partnered 

with histone H3 and shuttled into the nucleus with the HAT complex, where the 

histones are assembled into chromatin and subsequently deacetylated during the 

chromatin maturation process (Annunziato & Seale, 1983; Ai & Parthun, 2004). 

Although the exact role of sc_Hat1p remains enigmatic (sc_hat1Δ strains show no 

defects in viability or chromatin assembly), cumulative experimental evidence 

suggests that the protein plays multiple roles in the histone deposition and chromatin 

assembly process (reviewed by Parthun, 2012), as part of distinct cytoplasmic and 

nuclear complexes. Interestingly, the deletion of ca_HAT1 increases C. albicans azole 

tolerance and oxidative stress resistance, while altering infection dynamics in a 

murine model (Tscherner et al., 2015). Given that the oxidative stress phenotype was 

a species-specific trait, this was suggested to reflect neo-functionalisation of the gene 

during coevolution with the host (Tscherner et al., 2015). The C. glabrata Hat1p 

homologue contains 41 residues under predicted positive selection, and the protein 

shares 50.4% and 44.6% sequence identity with its orthologues in S. cerevisiae and C. 

albicans, respectively. In an enzyme like cg_Hat1p, these evolutionary amino acid 

substitutions could have a functional impact by altering substrate specificity. Indeed, 

residues under positive selection have previously been shown to coincide with 

changes in enzymatic activity/substrate preference (Huang et al., 2012).  
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3.2.2 AHC1 and the ADA HAT complex  

Like HAT1, AHC1 encodes a subunit of a HAT complex. In S. cerevisiae, Ahc1p was 

purified from the type A ADA acetyltransferase complex, and deletion of sc_AHC1 

was found to disrupt the structural integrity and activity of the complex (Eberharter 

et al., 1999). The sc_ADA complex was initially reported to consist of a core HAT 

module containing sc_Ada2p/sc_Ada3p/sc_Gcn5p and sc_Ahc1p as a complex-

unique separate subunit, however a later high resolution study revealed that the HAT 

module also contained sc_Sgf29p, and the complex also included a protein termed 

sc_Ahc2p, which tethers sc_Ahc1p to the complex (Table 3.1; Lee et al., 2011).  

The exact role of the ADA complex has proven difficult to pinpoint, as the HAT 

module of the complex partners various other proteins to form two distinct multi-

subunit HAT complexes in S. cerevisiae (SAGA and SLIK/SALSA; Grant et al., 1997; 

Pray-Grant et al., 2002). Unsurprisingly, sc_ADA and sc_SAGA have overlapping but 

different patterns of histone acetylation in vitro, in terms of the residues they can 

modify, leading to the hypothesis that the presence of distinct subunits dictates the 

specificity of each complex at the histone level (Grant et al., 1999). The native sc_ADA 

complex is able to acetylate nucleosomal H3K14 and H3K18 in vitro (as can sc_SAGA, 

which is also capable of acetylating H3K9 and H3K23) and although the exact 

downstream effects of this activity are unknown, in vitro studies suggest that like 

many other HATs, the ADA complex promotes transcriptional activation (Steger et al., 

1998; Wang et al., 1998; Grant et al., 1999). Despite having been identified as a 

distinct HAT complex over two decades ago, the individual functions, substrates, or 

regulatory roles of sc_ADA have yet to be described in vivo, to the best knowledge of 

the literature. Deletion studies have however, profiled ADA2 knockout phenotypes 

in both C. glabrata and C. albicans. A ca_ada2Δ mutant is sensitised to fluconazole 

treatment, which has been attributed to defects in multidrug efflux pump 

upregulation (Sellam et al., 2009; Ramirez-Zavala et al., 2014). Similarly, cg_ada2Δ 

strains also show increased azole susceptibility, although RNA-seq has found this 

phenotype is dictated independently of efflux pump misregulation (Yu et al., 2018). 

This, and other cg_ada2Δ phenotypes such as hypervirulence in murine models, have 

been taken as indicators of a divergent role of the gene in controlling fungal virulence 
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(Kounatidis et al., 2018; Yu et al., 2018). That said, observations from ADA2 deletions 

may not represent the role of the ADA complex, given the proteins role in multiple 

other HAT complexes. C. glabrata Ahc1p has 37 residues potentially under selection 

and the protein shares 39.6% and 37.4% sequence identity with its respective S. 

cerevisiae and C. albicans orthologues.  

3.2.3 SPP1 and the COMPASS methyltransferase complex 

The product of sc_SPP1 is a subunit of the well-conserved COMPASS 

methyltransferase complex (Miller et al., 2001). As per the former two genes, much 

of our knowledge on SPP1 stems from work on S. cerevisiae; the enzymatic product 

of the sc_COMPASS complex is H3K4 methylation, and both the methyltransferase 

and its histone mark are highly conserved in eukaryotes (Roguev et al., 2001; Lee J.H. 

et al. 2007; Jiang et al., 2011). There are eight subunits in the sc_COMPASS complex, 

which define the patterns and extent of H3K4 methylation by the enzyme (Table 3.1; 

Roguev et al., 2001). H3K4 can be mono-, di-, or trimethylated by COMPASS, and 

while sc_SPP1 is not strictly essential for complex integrity, localisation, or 

methyltransferase activity, a sc_spp1Δ strain shows an ~80% reduction in H3K4me3, 

and an accompanying change in the expression of >50 genes (Miller et al., 2001; 

Schneider et al., 2005). It is thought that sc_Spp1p interacts directly with the 

complexes methyltransferase subunit sc_Set1p, and alters the enzymes catalytic 

domain in a way that allows H3K4 trimethylation, specifically by dictating a Phe/Tyr 

switch at residue 1052 (Takahashi et al., 2009). The deposition of methyl marks by 

sc_COMPASS broadly results in gene repression, and the loss of this methylation 

abrogates telomere silencing, although sc_spp1Δ cells seem to maintain largely 

telomeric silencing, suggesting that H3K4me3 may play a discrete role in influencing 

gene expression (Krogan et al., 2002; Schneider et al., 2005). The C. glabrata Spp1p 

protein shares 43.5% and 42.4% identity with its respective orthologues in S. 

cerevisiae and C. albicans, and contains 49 putative residues under  selection. For 

non-catalytic HPR complex subunits like cg_Spp1 and cg_Ahc1p, amino acid 

substitutions are perhaps more likely to have a functional impact by influencing 

specificity on a nucleosomal level. For example, cryo- electron microscopy structures  
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Table 3.1: Known functions of histone-modification complexes containing HPR gene products. 

Information relating to function derived from the Saccharomyces genome database.  

HPR 

complex 

Complex 

function 

S. cerevisiae 

subunit 

C. glabrata 

homologue 
Putative subunit function 

HAT1 

Acetylates H4K5 

and H4K12, 

thought to be 

part of the 

chromatin 

assembly process. 

sc_Hat1p CAGL0L09042g 
Catalytic subunit, uses acetyl-CoA to 

acetylate histone H4. 

sc_Hat2p CAGL0B03575g 
Binding subunit, required for high 

affinity binding to free histone H4. 

Sc_Hif1p CAGL0G03751g 
Inessential subunit found only in 

nuclear HAT1 complex. Unclear role. 

ADA 

In vitro evidence 

shows sc_ADA 

acetylates H3K14 

and H3K18 and 

this can promote 

transcriptional 

activation. 

sc_Ada2p CAGL0K06193g a Directly interacts with sc_Gcn5p to 

increase the subunits HAT activity. c 

sc_Ada3p CAGL0E00693g 
Expands the range of lysines which 

undergo acetylation by Gcn5p. c 

sc_Gcn5p CAGL0F08283g 
Catalytic subunit of sc_ADA, sc_SAGA, 

and sc_SLIK/SALSA complexes. 

sc_Ahc1p CAGL0E04488g 
Required for structural integrity of the 

sc_ADA complex. 

sc_Ahc2p CAGL0E00605g 
Tethers sc_Ahc1p to the sc_ADA 

complex. 

sc_Sgf29p CAGL0B04785g b Structurally determines selective 

binding/recruitment of complex. c  

COMPASS 

Catalyses 

methylation of 

H3K4. Required 

for transcriptional 

silencing near 

telomeres and at 

silent mating type 

loci. 

sc_Set1p CAGL0L12980g 
Catalytic subunit, deposits methyl 

groups on H3K4. 

sc_Bre2p CAGL0D02926g 

Interacts with sc_Set1p  to form active 

methylation centre of complex. 

Required for H3K4me2/3. 

sc_Swd1p CAGL0G00704g 
Required for structural integrity of the 

sc_COMPASS complex. 

sc_Spp1p CAGL0M02585g 
Alters catalytic domain of complex to 

allow for H3K4 trimethylation. 

sc_Swd2p CAGL0L09757g 
Required for optimal complex stability 

and maintenance of H3K4me2/3. 

sc_Swd3p CAGL0M06193g 
Required for structural integrity of the 

sc_COMPASS complex. 

sc_Sdc1p CAGL0K06523g 
Forms sub-complex with  sc_Bre2p 

which may enforce complex stability. 

sc_Shg1p CAGL0I09174g 
Yeast-specific COMPASS subunit, 

inessential for stability or functionality. 
a Only C. glabrata complex subunit homolog that is listed as verified on the Candida genome inventory (20/01/20). 

b This ORF is listed as a best-hit for the S. cerevisiae query protein, as opposed to being annotated as an ortholog. 

c Functional information on these subunits is entirely attributable to studies on their roles in the SAGA complex. 
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of sc_COMPASS have shown that its recruitment to specific nucleosomes is 

dependent on its overall multi-subunit structure (Hsu et al., 2019). As such, 

substitutions in even auxiliary subunits could theoretically change the complex 

ultrastructure such that its nucleosome recruitment, and by extension genomic 

localisation patterns are altered.  

Although the predicted signatures of selection may have functionally 

impacted  HPR complexes in different ways, their most likely outcome is similar - an 

altered global pattern of histone modification that subsequently influences gene 

expression profiles and phenotype. It is ultimately predicted that these HPR genes 

have functionally diverged in the C. glabrata lineage to affect the regulation of 

pathogenic phenotypes. Indeed, over the past two decades, a growing body of 

evidence has implicated chromatin plasticity and chromatin organisation-associated 

proteins as important regulators of eukaryotic stress responses. For example, the 

histone deacetylase complex Rpd3L has been identified as an important component 

of the yeast ESR, being essential for the proper initiation of the response (Alejandro-

Osorio et al., 2009). Likewise, the chromatin remodelling SWI/SNF complex is 

required for the S. cerevisiae heat shock response, and the extent of telomeric 

silencing in S. cerevisiae has been correlated with the presence of chemical stressors 

(Ai et al., 2002; Shivaswamy & Iyer, 2008). That said, with the exception of 

breakthrough studies on the regulation of C. glabrata’s subtelomeric adhesins, and 

observations from large scale mutant libraries (see section 1.5.5, Table 1.3), little is 

known about how histone modification pathways contribute to this yeast’s 

phenotypes. The study of the above three genes in C. glabrata will provide the first 

direct individual examinations of their respective histone modification complexes in 

this organism. Although the complexes containing each of these three HPR genes 

have been profiled and linked to virulence associated phenotypes in C. albicans and 

S. cerevisiae, their functions remain enigmatic in the C. glabrata lineage. Additionally, 

this study is among the first to experimentally validate genes that are under predicted 

positive selection in the C. glabrata lineage, and so offers a proof-of-concept of the 

potential of integrating phylogenetics, comparative genomics, and empirical analyses 

to further our understanding of fungal pathogenicity.  



92 | P a g e  
 

3.3 Chapter aims 

1. Investigate in vitro and in vivo phenotypes of the following C. glabrata 

deletion strains: cg_hat1Δ, cg_ahc1Δ  and cg_spp1Δ.  

2. Determine whether the expression of cg_HAT1, cg_AHC1 or cg_SPP1 is 

regulated in the presence of abiotic stressors, and during formation of a 

biofilm in C. glabrata. 

3. Assess the impact of both  cg_HAT1 and cg_AHC1  gene deletions on specific 

histone H3 and H4 modifications. 

4. Examine the level of genetic variation at the cg_HAT1, cg_AHC1  and cg_SPP1 

loci in 17 clinically isolated C. glabrata strains.  

3.4 Materials and methods 

3.4.1 In vitro phenotypic assays 

3.4.1.1 Microplate growth analyses 

 For all microplate experiments, yeast inocula were prepared as follows, a 

culture of log-phase cells was grown in SC broth (as per Section 2.5.1) and harvested 

at an OD600 of approximately 0.5. The cells were pelleted by centrifugation at 4000 g 

for 5 minutes at RT, before the supernatant was discarded and the pellet was 

resuspended in sterile ddH2O. The OD600 of each yeast suspension in water was 

adjusted to 0.1 ± 0.02 (which corresponds to approximately 3x106 cells/ml2) and 10 

µl aliquots were dispensed into each well of 96-well round base microtiter plates 

(Sarstedt, 82.1582.001), which were prefilled with 190 µl of SC broth supplemented 

with various stressors or drugs. Supplemented SC broth was prepared by mixing a 2X 

stock of SC medium with the appropriate volume of sterile ddH2O and either 10X 

stocks of antifungal drugs in DMSO or 5 M NaCl solution, to give the final 

concentrations listed in each figure (after the addition of yeast inocula). Microplate 

readings were taken with a FLUOstar® Omega (BMG Labtech) every 30 minutes for a 

minimum of 24 hours; each reading was taken at 600 nm, with 22 flashes per well 

without path length correction. Between readings the plate was incubated at 37 °C 

 
2 Based on OD600 vs cell number data for S. cerevisiae and briefly verified by plating a dilution series 
of WT C. glabrata in sterile ddH2O onto YPD and taking colony counts. 
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(or 42 °C for the high temperature assay), with double orbital shaking at 200 rpm. At 

least one blank well of SC broth was included per plate. A minimum of three biological 

replicates were assayed at 37 °C, 42 °C and in the presence of NaCl, and at least two 

biological replicates were tested at each antifungal dosage. 

 Growth curves were analysed with two different software packages (to obtain 

all desired metrics), GrowthRates v3.0 was used to determine the length of lag phase, 

doubling time, and maximum OD600 from each curve, while Growthcurver v0.3.0 was 

used to apply the logistic equation to the growth data and determine the area under 

each growth curve (Hall et al., 2014; Sprouffske & Wagner, 2016). Given that 

background signal from blank wells remained constant in all experiments, blank 

correction was not applied. As the number of observations (N) for each growth 

dataset was too small to analyse with the D’Agostino-Pearson normality test, one-

way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was used to 

determine the significance of each growth metric. 

3.4.1.2 H2O2 susceptibility spot assay 

 H2O2 sensitivity assays were based on those detailed in Cuellar-Cruz et al. 

(2008). Cultures of log phase cells in YPD were normalised to an OD600 of 0.5 ± 0.04 

before 5 ml aliquots were centrifuged at 4000 g for 5 minutes. Supernatant was 

discarded and cell pellets were resuspended in 5 ml of either sterile water (control) 

or H2O2 solution (25 mM, 75 mM, or 150 mM). The cultures were incubated for 3 

hours at 37°C and 180 rpm, before the H2O2 was removed and the cells were 

resuspended in ddH2O to an OD6oo of 0.5 ± 0.02 and put through a five-fold serial 

dilution series in ddH2O. 2.5 µl of each dilution was spotted onto pre-warmed YPD 

plates, which were incubated for 1-2 days and photographed after 24-30 hours. Two 

independent replicates of the susceptibility assay were performed for each strain. 

 3.4.1.3 Antifungal and Congo Red susceptibility spot assays 

 Log phase cells were pelleted at 4000 g for 5 minutes before being 

resuspended in sterile ddH2O to an OD600 of 0.5 ± 0.04. A five-fold serial dilution series 

was made from each suspension and 2.5 µl of each dilution was spotted onto pre-

warmed YPD plates supplemented (after autoclaving) with the indicated 
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concentrations of fluconazole, caspofungin, or Congo Red. Plates were incubated at 

37 °C for 2-3 days and photographed after 24-30 hours. A minimum of three biological 

replicates were tested in each spot assay. 

3.4.1.4 Crystal-violet biofilm assay 

 Crystal-violet (CV) biofilm growth quantification was performed as described 

by O'Toole (2011) with modifications. Overnight cultures of yeast strains were grown 

in YPD broth and reinoculated in ~5 ml of fresh YPD the following day, to an OD600 of 

0.1 ± 0.02. 100 µl of yeast suspension was added per well of a 96-well round base 

microtiter plate (Sarstedt), and a blank row of YPD was included per plate. The 

outermost wells of each plate were not used to mitigate bias introduced by edge 

effects (Oliver et al., 1981). Plates were incubated without shaking at 37 °C for 24 

hours. After incubation, YPD media was carefully aspirated and replaced with 100 µl 

of fresh YPD, before another 24 hour incubation. The growth media was carefully 

removed once more and planktonic cells were removed by washing each well twice 

with 200 µl phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4). After washing, biofilms were fixed by the addition 

of 100 µl absolute methanol, which was removed after 20 minutes of exposure at RT. 

After air-drying, 125 µl of 0.1% (w/v) CV solution was used to stain biofilms, for 20 

minutes at RT. Excess CV was removed by submerging plates in ddH2O and shaking 

off excess liquid, until the excess water ran clear. The plates were air-dried once more 

and CV dye was solubilised by adding 200 µl 30% (v/v) acetic acid and pipetting to 

mix. The absorbance of each sample was read at 590 nm (22 flashes/well, no path 

length correction) in a FLUOstar® Omega. A minimum of three biological and three 

technical replicates were analysed per strain, absorbance values for negative controls 

were subtracted from those of inoculated wells and one-way ANOVA followed by 

Tukey’s post-hoc test were used to analyse data. 

3.4.2 Galleria mellonella infection model 

 Larvae of the greater wax moth Galleria mellonella were selected as an 

infection model in this study, based on previous studies which established the species 

as a host-model for studying Candida spp. virulence (Cotter et al., 2000; Ames et al., 
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2017). Last-instar G. mellonella larvae were purchased from UK Waxworms Ltd. 

(Sheffield, United Kingdom) and used in experiments within 3 days of receipt. Prior 

to experiments larvae were stored in wood shavings at 17 °C in darkness. Groups of 

20 larvae, weighing from 250 to 350 mg, and free of any visible 

discolouration/melanisation were selected for infection. 

 Cultures of C. glabrata log phase cells were harvested at an OD600 of 0.5-0.7 

and concentrated by centrifuging at 4000 g for 5 minutes, discarding the supernatant, 

and resuspending the pellet in sterile PBS to an OD600 of either ~8.3 or ~16.6 

(approximately 2.5x108 and 5x108 cells/ml respectively). Each larva was inoculated 

with 10 µl of yeast suspension via injection into the haemocoel through the rear left 

pro-leg, administered using a Microliter™ #710 syringe (Hamilton) fitted with a 0.5 

inch 30-gauge needle (BD Microlance™ 3). Control groups were injected with 10 µl of 

sterile PBS in the same manner and/or stabbed without injection. Infected larvae 

were maintained in 90 mm petri dishes without food at 37 °C in darkness, and their 

viability was checked every 24 hours for 7 days. Larvae were considered dead when 

they displayed no movement in response to touch and larval pupation was noted if 

present. Each strain was assessed in at least two independent experimental 

replicates, which were pooled into a single Kaplan-Meier survival curve. Pairwise 

comparisons between test conditions were conducted using the Log-Rank (Mantel-

Cox) test to determine significance. Mean survival times were determined for each 

batch of worms using MedCalc (v19.1) and compared by one-way ANOVA and Tukey’s 

test. 

3.4.3 Preparation of samples for RT-PCR analysis  

3.4.3.1 Growth in fluconazole 

  The protocol outlined by Niimi et al. (2002) was adapted to isolate RNA from 

fluconazole-exposed C. glabrata. In brief, an overnight culture of C. glabrata WT was 

sub-inoculated in 50 ml fresh YPD to an OD600 of 0.1 ± 0.02 and incubated at 37 °C 

and 180 rpm. When cells reached an OD600 of 0.3 ± 0.04 fluconazole was added to a 

final concentration of 64 µg/ml (an equivalent volume of DMSO was added to control 

samples), and the culture was incubated with fluconazole until a terminal OD600 of 
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1.0 - 1.5. The cells were pelleted by centrifuging at 4000 g for 5 minutes at 4°C and 

washed once in 50 ml sterile water (by discarding supernatant, resuspending the 

pellet in water, repeating the previous centrifugation, and aspirating supernatant 

once more). The washed pellet was flash frozen in liquid nitrogen and stored at -80°C 

pending RNA extraction and RT-PCR analysis (described in Sections 2.6.2-2.6.5). 

3.4.3.2 Growth in H2O2 and high salt conditions 

 Collection of H2O2-exposed C. glabrata pellets was performed exactly as 

described above for fluconazole-exposed cells, except the fluconazole dose was 

substituted with H2O2, which was added to a final concentration of 5 mM. For salt-

exposed pellets, the same applies but the YPD cultures were spun down at 4000 g for 

5 minutes at RT once they reached an OD600 0.3 ± 0.04, before the supernatant was 

discarded and pellet resuspended in YPD supplemented with 1 M NaCl. 

3.4.3.3 Growth and RNA extraction from C. glabrata biofilm 

 To obtain sufficient RNA for downstream use, C. glabrata biofilms were grown 

in 24 well flat-bottom microplates (Corning™, 3526). Each overnight culture in YPD 

was sub-inoculated in fresh YPD to an OD600 of 0.1 ± 0.02, and divided across 24 

individual wells, adding 1 ml per well. Each microplate was incubated at 37 °C without 

shaking for 72 hours in total and the YPD media was replaced every 24 hours (as per 

Section 3.4.1.4). Planktonic cells were removed by washing each well twice with 1 ml 

PBS, and 1 ml of sterile water was added to each well. A pipette tip was used to scrape 

and dislodge each C. glabrata biofilm into the water, which was pooled together into 

a single 24 ml culture for each replicate.  Each culture was pelleted by spinning at 

4000 g for 5 minutes at 4 °C and flash frozen as previously described.  

 Biofilm cultures proved highly-resistant to lyticase digestion and phenol-

chloroform extraction also gave insufficient RNA yields, so an alternative lysis 

protocol was used. Each biofilm pellet was resuspended in 600 µl PBS, transferred to 

a 2 ml microcentrifuge tube and spun at 4000 g for 5 minutes before the PBS was 

removed and the pellet flash frozen in liquid nitrogen. A 5 mm diameter stainless 

steel bead was added to the tube, before milling the sample in a TissueLyser LT 

(Qiagen) for 1 minute with an oscillation frequency of 50 Hz. The flash freezing and 
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milling step was repeated once more, before 600 µl of lysis buffer from the PureLink® 

RNA Mini Kit (with 1% fresh β-mercaptoethanol) was added to the tube. Two more 

rounds of milling were carried out on the suspension, before cell debris was pelleted 

by spinning at 16000 g for 5 minutes at 4 °C.The supernatant was collected and ran 

through RNA isolation and preparation for RT-PCR as listed in Sections 2.6.2 – 2.6.5). 

3.4.4 Processing of clinical isolate genome sequences 

 FASTQ files containing whole genome sequences from 17 C. glabrata clinical 

isolates were kindly provided by Dr. Jane Usher (University of Exeter, UK), alongside 

phenotyping results pertaining to the osmotic stress tolerance and the fluconazole 

minimum inhibitory concentrations (MICs) of each isolate (J. Usher, personal 

communication). As determined by quality control analysis, these FASTQ files 

contained the output of 125 bp paired-end sequencing on an Illumina platform; total 

reads ranged from ~10-20 million per sample (giving a theoretical genome coverage 

range of 110-204X, with a mean coverage of 169X across the isolates, see Appendix 

Table S2.2). Sample processing and analysis was performed on the EuPathDB instance 

of the Galaxy platform and in an Ubuntu (v18.04 LTS) virtual machine. 

 Raw FASTQ files were trimmed with the Trim Galore! (v0.4.3) tool, which 

automates adapter and quality trimming via cutadapt (Galaxy version 1.2). Default 

settings were applied for trimming, specifying a paired-end input library, and 

removing bases with a Phred score < 20 (> 99% base call accuracy) from the 3’ end of 

reads. The adapter sequence to be trimmed was manually designated as 

‘AGATCGGAAGAGC’, which is the common prefix for Illumina adapters, allowing the 

removal of multiple index adapters in a single pass. Read quality was assessed before 

and after trimming with FastQC (v0.11.3). 

 Trimmed reads were aligned to the C. glabrata CBS138 (a.k.a. ATCC2001) 

genome (version s02-m07-r273 ) with Bowtie2 (Galaxy version 2.1.0), once again 

specifying a paired-end input. The type of alignment was specified as end to end, with 

the ‘very sensitive’ preset option; stringent mapping was used to reinforce the 

 
3 The latest release of this genome is version s02-m07-r43, as of 22/01/20. No changes have been 
made to the sequence or gene model annotations since the bioinformatic analysis was conducted.  
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accuracy of downstream single nucleotide polymorphism (SNP) calling. The depth of 

coverage and proportions of aligned reads were assessed with SAMtools (v1.9). 

Consensus sequences for HPR genes were obtained by cross-referencing two 

methods (Figure 3.1); the consensus sequence of HPR genes was firstly extracted 

using the Interactive Genomics Viewer (IGV; v2.4.14), which assigns a nucleotide as 

the consensus if its frequency across every read at the given position is >50% and 

over twice that of the second most common nucleotide (Robinson et al., 2011).  

In the second pipeline, SAMtools (Galaxy version 1.2) was used to sort 

alignments by coordinate, before FreeBayes (Galaxy version 0.9.21-19-sc003c1e) was 

used to call genetic variants, using default settings. SnpSift (v4.0) was used to filter 

out variants with a mapping quality ≤ 40 and read depth ≤ 30, before bcftools (v1.9) 

was used to left-align and normalise indels in each dataset and create indices of 

normalised quality-filtered SNPs.  Each SNP index was individually applied to the C. 

glabrata CBS138 genome with bcftools, to reconstruct the genome of each clinical 

isolate and obtain consensus HPR gene sequences. The output of SnpSift filtering was 

also processed with SnpEff (Galaxy version 3.6) to determine the variant rates, SNP 

densities and predicted impact of variants across each genome and within genes of 

interest. Data pertaining to genetic variants from genomic datasets were tested for 

normality with D’Agostino and Pearson omnibus test, and significance was 

subsequently determined by Kruskal-Wallis and Dunn’s multiple comparison test. 

 
Figure 3.1: Flowchart of the bioinformatics pipeline applied to genome sequences from C. glabrata 
clinical isolates. Software used is shown in italics. 



99 | P a g e  
 

3.5 Results 

3.5.1 Phenotypic characterisation of C. glabrata HPR deletion strains 

3.5.1.1 Growth profiling and stress resistance of C. glabrata mutants 

 Given that the virulence of C. glabrata relies on the yeasts ability to efficiently 

replicate and withstand a range of stresses imposed by the human host, the mutant 

strains were screened for phenotypic differences under conditions that mimic the 

host environment, such as osmo-stress and oxidative stress. Initially, the growth of 

the deletion strains relative to the WT was assessed in SC broth at 37 °C and at an 

elevated temperature of 42 °C. Strain growth under these conditions was analysed 

by taking three aspects of their growth curve into account: the length of lag phase, 

doubling time, and maximum density. The area under each growth curve (AUC) was 

also quantified, to integrate the three aforementioned growth metrics. 

 At 37 °C, neither cg_hat1Δ or cg_ahc1Δ significantly deviated (p < 0.05) from 

the WT in any growth metric. Although cg_spp1Δ showed a significantly (p >0.05) 

higher doubling time than the WT and both other mutants, no other growth defects 

were observed and the strain’s AUC did not significantly deviate (Table 3.2, Figure 

3.2). As such, the ability of each mutant to grow at 37 °C was considered comparable 

to the WT strain.  

 

 

 

Table 3.2. Growth metrics of WT C. glabrata and HPR mutants in SC medium at 37 °C over 24 hours.  

Strain 
Length of lag phase 

(minutes) 

Doubling time 

(minutes) 

Maximum OD 

(OD600) 

Area under curve 

(arb. units) 

WT 272.6 ± 18.2 78.9 ± 4.2 3.28 ± 0.10 45.9 ± 2.0 

cg_hat1Δ 261.6 ± 27.7 77.4 ± 2.0 3.45 ± 0.07 49.1 ± 0.8 

cg_ahc1Δ 252.0 ± 56.3 78.3 ± 1.2 3.29 ± 0.25 46.8 ± 4.0 

cg_spp1Δ 288.7 ± 9.2 89.5 ± 5.4* 3.37 ± 0.07 44.3 ± 1.8 

*significant difference (p < 0.05) relative to WT as determined by one-way ANOVA and Tukey’s test. 
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Growth profiling at 42 °C revealed phenotypic discrepancies between the 

strains; cg_hat1Δ and cg_ahc1Δ showed a higher tolerance to the thermal stress than 

WT yeast. Although no strains showed significant differences in the length of lag 

phase or maximum density attained, both cg_hat1Δ and cg_ahc1Δ showed 

significantly lower doubling times than the WT and cg_spp1Δ. This difference was 

reflected in the AUC for cg_hat1Δ and cg_ahc1Δ, which was significantly higher than 

that of the parental control (Table 3.3, Figure 3.3). Although cg_spp1Δ appeared to 

show slightly less growth than the wild type strain, no significant deviations were 

found in any tested growth parameter. 

 

 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

Figure 3.2: Growth profiles of individual  HPR deletion mutants and WT C. glabrata in SC medium at 
37 °C. Each line represents the average optical density of three biological replicates, and semi-
transparent ribbons indicate standard deviations. 
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A range of NaCl concentrations were used to impose osmotic stress on C. 

glabrata strains. Although the salt induces both osmotic and cationic stress, previous 

studies have suggested that such cationic stress may be relevant to particular in vivo 

niches (e.g. within phagocytes); this line of reasoning led to the selection of NaCl as 

a stressor (Kaloriti et al., 2012). At 0.5 M NaCl, the mutants and WT showed largely 

Table 3.3. Growth metrics of WT C. glabrata and HPR mutants in SC medium at 42 °C over 24 hours.  

Strain 
Length of lag phase 

(minutes) 

Doubling time 

(minutes) 

Maximum OD 

(OD600) 

Area under curve 

(arb. units) 

WT 337.0 ± 62.0 149.2 ± 24.3 2.89 ± 0.23 27.63 ± 3.3 

cg_hat1Δ 336.7 ± 28.4 113.8 ± 3.2* 2.99 ± 0.08 33.7 ± 2.1* 

cg_ahc1Δ 296.7 ± 20.5 108.8 ± 4.2* 2.99 ± 0.05 36.6 ± 1.1** 

cg_spp1Δ 413.7 ± 95.1 138.6 ± 4.5 2.55 ± 0.18 24.6 ± 2.3 

*significant difference (p < 0.05); ** significant difference (p < 0.01) compared to WT as determined by one-way ANOVA and 

Tukey’s test. 

Figure 3.3: Growth profiles of  individual HPR deletion mutants and WT C. glabrata in SC medium at 
42 °C. Each line represents the average optical density of three biological replicates, and semi-
transparent ribbons indicate standard deviations. 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 
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similar growth profiles to those in salt-free media (Appendix Figure S2.1), however at 

1 M NaCl, differences between strains could be discerned. As shown in Table 3.4, 

although cg_hat1Δ showed a similar doubling time to the WT in 1 M salt, the strains 

lower length of lag phase, and significantly (p < 0.001) higher maximum OD600 

resulted in a significant (p < 0.05) increase in its AUC, relative to the other strains. The 

increased osmotic stress tolerance of cg_hat1Δ was also apparent in 2 M NaCl, where 

it was the only strain to surpass an OD600 of 1.0 in a 28 hour timeframe (Appendix 

Figure S2.2). Among the other strains, cg_ahc1Δ showed similar growth profiles to 

the WT at each salt concentration, whereas cg_spp1Δ showed a significantly (p < 

0.05) higher doubling time than the WT in 1M NaCl, possibly indicating an increased 

sensitivity to osmotic/cationic stress in this strain (Table 3.4, Figure 3.4). 

 

 

To assess oxidative stress resistance in C. glabrata mutants, populations of 

each strain were transiently exposed to increasing concentrations of H2O2 and then 

assessed for survival on rich media. H2O2 was used as a stressor due to its 

physiological relevance, being a key ROS generated by phagocytic cells, and one to 

which C. glabrata shows markedly high resistance (see Section 1.3.3.2). As previously 

reported, C. glabrata shows remarkable tolerance to H2O2 relative to other yeast 

species; WT C. glabrata largely retains viability following transient exposure to up to 

Table 3.4. Growth metrics of WT C. glabrata and HPR mutants in SC medium containing 1 M NaCl at 

37 °C over 24 hours.  

Strain 
Length of lag phase 

(minutes) 

Doubling time 

(minutes) 

Maximum OD 

(OD600) 

Area under curve 

(arb. units) 

WT 410.4 ± 41.0 106.6 ± 9.5 2.62 ± 0.01 27.2 ± 1.1 

cg_hat1Δ 355.9 ± 18.1 105.8 ± 7.5 3.06 ± 0.08*** 35.3 ± 2.5* 

cg_ahc1Δ 360.3 ± 41.0 115.8 ± 4.8 2.45 ± 0.08 27.3 ± 2.4 

cg_spp1Δ 473.3 ± 74.3 129.3 ± 4.2* 2.59 ± 0.12 22.8 ± 3.9 

*significant difference (p < 0.05); *** significant difference (p < 0.001) compared to WT as determined by one-way ANOVA 

and Tukey’s test. 
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75 mM H2O2 and shows a sharp decline in survival at a concentration of 150 mM. 

Both cg_hat1Δ and cg_ahc1Δ tolerated exposure to 25 mM H2O2 but showed reduced 

survival at higher concentrations of the stressor relative to the WT, particularly 

cg_hat1Δ which showed a sharp decline in cell number after treatment with 75 mM 

H2O2. The cg_spp1Δ strain showed the most pronounced reduction in oxidative stress 

tolerance, with visibly reduced survival at the lowest test concentration of H2O2 (25 

mM) and complete loss of viability at increased concentrations (Figure 3.5). 

 Mutant strains were also screened for their sensitivities to Congo Red (CR), a 

cell wall perturbing dye which binds to chitin and interferes with cell wall 

construction; cells with existing defects in cell wall biosynthesis are hypersensitive to 

growth inhibition by CR (Ram & Klis, 2006). The C. glabrata WT and HPR deletion 

strains showed no loss of viability in the presence of 1 mg/ml CR, which was 

considered indicative of normal cell wall integrity (Appendix Figure S2.3).  

 

 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

Figure 3.4: Growth profiles of individual HPR deletion mutants and WT C. glabrata in SC medium 
supplemented with 1 M NaCl at 37 °C. Each line represents the average optical density of three 
biological replicates, and semi-transparent ribbons indicate standard deviations. 
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3.5.1.2 Antifungal susceptibility and biofilm formation of HPR deletion strains 

 Antifungal susceptibility testing was performed on C. glabrata mutants by 

observing the growth of each strain in the presence of fluconazole, caspofungin, or 

amphotericin B. In an antifungal spot assay, WT C. glabrata showed tolerance to 32 

µg/ml fluconazole and inhibition of growth at concentrations of 64 µg/ml and 

upward, in accordance with established MICs for this drug and species (Fothergill et 

al., 2014). In contrast, each individual HPR deletion mutant showed markedly higher 

levels of fluconazole resistance, showing varying abilities to grow at concentrations 

of up to 3 higher than the inhibitory concentration observed for the WT. At a 

concentration of 192 µg/ml fluconazole, cg_hat1Δ showed the greatest growth, 

closely followed by cg_ahc1Δ (Figure 3.6). In the presence of caspofungin and 

amphotericin B, no strain showed significant deviation from the WT in their 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

H2O control 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

P.E. to 25 mM H2O2 P.E. to 75 mM H2O2 P.E. to 150 mM H2O2 

Figure 3.5: Spot assay showing the survival of C. glabrata WT and mutants following exposure to 
varying concentrations of H2O2. Each strain was incubated in the indicated concentrations of H2O2 at 
37 °C and 180 rpm for 3 hours before being serially diluted and spotted onto YPD plates. Each spot 
test was independently repeated and a representative image is shown for each. Mutant sensitivity is 
rated on a 1-4 scale. Rating 1, moderate loss of viability at lowest H2O2 concentration; rating 2, 
pronounced loss of viability at 75 mM H2O2; rating 3, moderate loss of viability at 75 mM H2O2; rating 
4, negligible loss of viability at 75 mM H2O2. P.E. = Post exposure. 

Sensitivity 
rating 

4 

2 

3 
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resistance profiles, with all strains showing a comparable loss of viability 

concentrations of 1 ug/ml for both drugs (Appendix Figure S2.4).  

  

 

 

 

 

 

 

 

 

 

 

 

 

C. glabrata HPR deletion mutants were tested for their ability to form 

biofilms, a mode of growth which is considered a key virulence factor in this species. 

Crystal-violet staining was used to indirectly quantify total biofilm biomass, and 

revealed that all HPR deletion mutant strains produced more biofilm than the WT; 

cg_hat1Δ yielded an average of 91.0% more biofilm than the WT. Both cg_ahc1Δ and 

cg_spp1Δ produced significantly (p < 0.01 and p < 0.05 respectively) more biofilm 

biomass than the control, with cg_ahc1Δ producing an average of 164.1% more 

biomass, while cg_spp1Δ showed an increase of 150.8% (Figure 3.7). 

 

 

 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

YPD control 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

YPD + 32µg/ml flc YPD + 64 µg/ml flc YPD + 192 µg/ml flc 

Figure 3.6: Spot assay showing the growth of C. glabrata WT and mutants on YPD plates 
supplemented with the indicated concentrations of fluconazole (flc). Each spot test was 
independently repeated and a representative image is shown for each.  
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3.5.1.3 In vivo virulence screening of HPR deletion strains 

 The data collected from in vitro phenotyping experiments indicated that the 

C. glabrata HPR mutants, particularly cg_hat1Δ and cg_ahc1Δ, generally exhibited 

more aggressive virulence-associated phenotypes. A Galleria mellonella insect 

infection model was used to determine whether these phenotypic differences would 

be reflected in vivo. C. glabrata classically shows low levels of killing in living infection 

models, relative to other Candida species (Jacobsen et al., 2010; Quintin et al., 2013). 

However, the severity of infections increases in a dose-dependent manner, which can 

be applied to assess the relative virulence of strains (Appendix Figure S2.5; Ames et 

al., 2017). 

  At a dosage of 2.5x106 cells/larva the C. glabrata WT showed a low killing rate, 

after 7 days only 17.5% of the larvae had succumbed to infection, with a mean 

survival time (MST) of 6.75 ± 0.14 days. In contrast, worms infected with equivalent 
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Figure 3.7: Biofilm formation by C. glabrata WT and individual HPR deletion mutants. Biofilm 
biomass was quantified by Crystal Violet staining. Bars represent the average of three biological and 
three technical replicates for each strain. Error bars show standard deviation between biological 
replicates. Significance was determined by one-way ANOVA and Tukey’s test (**p < 0.01; *p < 0.05, 
compared to the WT). 
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amounts of each HPR deletion mutant showed significantly (Log-Rank p < 0.05) lower 

survival over the course of a week (Figure 3.8). The histone acetylation-related 

mutants, particularly cg_hat1Δ, showed the greatest increase in virulence; cg_hat1Δ 

killed 62.5% of larvae in total resulting in a significantly lower (Tukey’s p > 0.001) MST 

of 4.93 ± 0.11 days, whereas cg_ahc1Δ killed 42.5% and also significantly reduced (p 

> 0.01) the MST to 5.68 ± 0.11 days. Although 40% of worms infected with cg_spp1Δ 

died by day 7, the strains slower killing kinetics produced a statistically insignificant 

MST of 6.15 ± 0.21 days. Similar trends were observed when the infective dose of 

each strain was doubled, cg_ahc1Δ and cg_spp1Δ showed a moderate increase in 

killing relative to the WT, while cg_hat1Δ showed the most prominent hypervirulence 

phenotype (Appendix Figure S2.6). 
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cg_hat1Δ 
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Figure 3.8: Survival of G. mellonella larvae infected with C. glabrata WT and individual HPR deletion 
mutants. Each larva was infected with 2.5x106 cells. Each curve represents percentage survival of 40 
larvae in total, obtained from two independent experiments with separate biological replicates of 
each C. glabrata strain. Tick marks denote censored data from larvae which pupated within the 
observation time. Asterisks denote significance as calculated by the Log-Rank (Mantel-Cox) test (***p 
< 0.001; **p < 0.01; *p < 0.05, compared to the WT). 
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3.5.2 Gene expression analyses of HPR genes in response to stress 

 Our reverse genetic approach indicates that loss of function of cg_HAT1, 

cg_AHC1 or cg_SPP1 has for the most part, a positive effect on C. glabrata virulence, 

improving phenotypes that are linked to pathogenesis and survival in a human host. 

However, such an approach will not delineate whether this effect is direct, i.e. the 

gene products of these loci act directly in these survival pathways, or indirectly, 

through the regulation of another C. glabrata  gene(s).   In an attempt to distinguish 

between these two scenarios, we asked whether the expression of each of these 

individual HPR loci is regulated in response to stress and during biofilm formation.  As 

such, RT-PCR experiments were carried out on WT C. glabrata exposed to sublethal 

concentrations of NaCl, H2O2, and fluconazole, and grown into biofilms, and the 

relative expression of cg_HAT1, cg_AHC1, and cg_SPP1 was assessed. 

Upon culturing C. glabrata in media containing 1 M NaCl, cg_HAT1 was found 

to be significantly upregulated (p < 0.05) relative to both other HPR genes, which 

showed downregulation, and the glycerol channel gene cg_FPS1, which is 

downregulated in response to hyperosmotic stress (Figure 3.9A; Lee et al., 2013). In 

the presence of 5 mM H2O2, no significant differences were found in the relative 

expression of any of the tested genes, including the glutathione peroxidase-encoding 

control gene cg_GPX2 (Figure 3.9B). In fluconazole-exposed cells all three HPR genes 

were downregulated and showed a significantly lower (p > 0.001) expression ratio 

than the drug efflux pump cg_CDR1 (Figure 3.9C). Although cg_AHC1 and cg_SPP1 

showed virtually no differential expression in biofilms, cg_HAT1 was significantly 

downregulated in this condition (p < 0.05), relative to the adhesin cg_EPA7 (Figure 

3.9D). 
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3.5.3 Western blotting analysis of histone modifications in cg_hat1Δ and cg_ahc1Δ  

Two out of three of the HPR genes under investigation are predicted to 

regulate histone acetylation levels, based on sequence homology with S. cerevisiae 

genes, namely cg_HAT1 and cg_AHC1. Furthermore, our phenotypic tests above 

show that loss of either these genes, in cg_hat1Δ and cg_ahc1Δ strains, give rise to 

more severe phenotypes compared with cg_spp1Δ in numerous conditions (Figure 

Figure 3.9: RT-PCR analysis of HPR gene expression. Expression profiles of cg_HAT1, cg_AHC1, and 
cg_SPP1 in response to (A) 1 M NaCl, (B) 5 mM H2O2, (C) 64 µg/ml fluconazole, and (D) formation of a 
biofilm. Relative expression calculated using the Livak method, using cg_ACT1 as the reference gene. 
Error bars represent standard deviation of three biological replicates. Asterisks indicate statistical 
significance determined by one-way ANOVA and Tukey’s test (*p < 0.05; ***p < 0.001). Rightmost 
columns in each graph show relative expression of genes derived from literature, included to test for 
the induction of each condition. 
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3.6, Figure 3.8, Appendix Table S2.1). For these reasons,  we selected the cg_hat1Δ 

and cg_ahc1Δ strains for further mechanistic analyses on the role of histone 

modifications in C. glabrata virulence (here and Chapter 4). Initially we asked 

whether either cg_hat1Δ or cg_ahc1Δ showed altered histone modification levels.  A 

collection of antibodies were chosen, which recognise  specific histone modifications; 

either those modifications that were linked to the known function of the relevant S. 

cerevisiae homologues of cg_HAT1 and cg_AHC1  or modifications with a known 

connection to virulence associated phenotypes as outlined in Chapter 1. For example, 

H4K12ac was selected as it is the enzymatic product of orthologues of cg_HAT1, 

whereas H4K16ac was chosen for its importance in telomeric silencing (see Section 

1.5.3; Sobel et al., 1995; Parthun et al., 1996; Kolle et al., 1998).  

Figure 3.10A shows that bulk histone H4 tail acetylation levels were 

unaffected by either cg_hat1Δ or cg_ahc1Δ deletions. Using a broad range antibody 

(H4ac4) which targets H4K5ac, H4K8ac, H4K12ac, and H4K16ac we detected no 

quantitative differences in these HPR deletion mutants compared to the WT. H4K12 

and H4K16 acetylation were then assessed in each strain to ensure changes at 

individual residues were not overlooked. Although densitometry analysis suggested 

cg_ahc1Δ showed slightly higher levels of H4K12ac, no statistically significant or 

visually apparent differences in these marks were observed between the WT and 

mutant strains (Figure 3.10B, Figure 3.10C). 

Bulk levels of histone H3 modifications were also investigated, as the most 

likely targets of the cg_ADA complex, to which cg_AHC1 presumably belongs (Steger 

et al., 1998; Wang et al., 1998; Grant et al., 1999). Densitometry analysis indicated 

that both cg_hat1Δ and cg_ahc1Δ showed modestly elevated, albeit statistically 

insignificant, levels of H3K9 acetylation (Figure 3.11A). Likewise, cg_hat1Δ generally 

showed an increase in levels of histone H3K4 dimethylation, although the variability 

between biological replicates appeared high and densitometry analysis indicated no 

statistical significance (Figure 3.11B). Immunoblotting was also performed to 

quantitate the H3K14ac mark, but no signal could be resolved in any tested strain 

(data not shown). 
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Figure 3.10: Western blotting analysis of histone H4 acetylation marks in cg_hat1Δ and cg_ahc1Δ. 
Graphs represent the relative intensity of signal for each antibody in each strain, as determined by 
densitometry analysis with ImageJ. (A) shows histone H3 loading control and α-H4ac4, which targets 
H4K5ac, H4K8ac, H4K12ac and H4K16ac, (B) shows α-H4K12ac4, and (C) shows α-H4K16ac. The signal 
for each histone acetylation antibody was normalised against that of unmodified histone H3. Error 
bars indicate standard deviation between H3-normalised intensities for each biological replicate. 
Ponceau stains of each individual membrane are shown in Appendix Figure S2.7. 
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3.5.4 Genetic variation of HPR genes in clinical isolates of C. glabrata 

Given that we hypothesised that nonsynonymous mutations within HPR 

genes have played a role in the emergence of C. glabrata pathogenicity, 

understanding within-species genetic diversity in these sequences has important 

implications, for their evolution and the prior positive selection analyses. For 

example, if these genes are constrained in variation between clinical isolates this 

suggests their current importance for C. glabrata fitness. Additionally, positive 

selection analysis essentially works by detecting deviations from expected 

substitution rates, without a priori knowledge of the genetic variability of individual 

loci (Yang, 2007). As such, putative signatures of selection within low variance regions 
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Figure 3.11: Western blotting analysis of histone H3 acetylation and methylation marks in cg_hat1Δ 
and cg_ahc1Δ. Graphs represent the relative intensity of signal for each antibody in each strain, as 
determined by densitometry analysis with ImageJ. (A) shows histone H3 loading control and α-
H3K9ac, (B) shows α-H3K4me2. The signal for each histone acetylation antibody was normalised 
against that of unmodified histone H3. Error bars indicate standard deviation between H3-normalised 
intensities for each biological replicate. Ponceau stains of each membrane are shown in Appendix 
Figure S2.7. 
 

WT 

cg_hat1Δ 

cg_ahc1Δ 



113 | P a g e  
 

may be assigned higher confidence than those detected in genetically flexible loci. 

This led to the investigation of whole genome sequences from phenotypically diverse 

C. glabrata clinical isolates, to evaluate the extent of genetic variation within each 

HPR gene compared to the genome at large.  

 Initially, each genome was screened for potential duplications or deletions of 

cg_HAT1, cg_AHC1 and/or cg_SPP1 using deviations from the expected depth of 

coverage (DOC) as described by Carrete et al. (2018). In brief, a gene was considered 

to contain a deletion if > 10% of its length was unable to covered by reads after 

mapping and duplicated if its median DOC was > 1.8 times higher than that of its 

chromosome, or the remainder of the genome. To expedite this analysis, mean 

coverage was used to quickly identify regions where such deviations may exist.  

Table 3.5: Phenotypic and depth of coverage data on C. glabrata clinical isolates. 

Strain 
ID 

Growth 
1 M 

NaCl a 

Growth 
1.5 M 
NaCl a 

Flc MIC 
(µg /ml) a 

Genome-wide 
mean depth of 

coverage b 

Mean depth 
of coverage 
in cg_HAT1 c 

Mean depth 
of coverage 
in cg_AHC1 c 

Mean depth 
of coverage 
in cg_SPP1 c 

JU530 S L 64 139.7 ± 163.3 73.9 ± 6.6 110.8 ± 13.1 104.8 ± 10.3 

JU727 S L 64 141.3 ± 259.0 87.3 ± 10.2 114.1 ± 9.3 107.4 ± 8.8 

JU739 S L 64 161.3 ± 269.2 100.4 ± 9.3 147.7 ± 11.7 133.2 ± 14.3 

JU754 L L 32 162.9 ± 206.3 102.5 ± 9.8 125.0 ± 8.8 127.3 ± 8.6 

JU756 N S 128 170.4 ± 262.6 113.6 ± 12.5 147.1 ± 11.7 133.0 ± 17.2 

JU1169 N S 128 162.8 ± 267.6 101.6 ± 11.4 153.9 ± 10.6 128.1 ± 15.4 

JU1180 S L 64 159.1 ± 238.5 106.9 ± 10.8 128.7 ± 9.4 128.7 ± 14.1 

JU1185 S L 64 140.4 ± 223.3 85.7 ± 9.8 126.3 ± 9.4 113.7 ± 14.7 

JU2234 S L 32 152.2 ±227.0 94.8 ± 9.8 125.6 ± 10.9 120.2 ± 19.2 

JU2235 S L 64 148.8 ± 205.5 94.5 ± 8.8 134.3 ± 13.5 123.4 ± 14.3 

JU2257 N S 128 182.1 ± 268.8 115.3 ± 12.6 160.0 ± 14.7 148.0 ± 13.8 

JU2271 N S 128 156.7 ± 214.3 124.1 ± 9.7 141.2 ± 10.6 131.1 ± 13.1 

JU2273 L L 32 129.3 ± 160.7 92.8 ± 7.3 117.4 ± 11.0 114.0 ± 7.6 

JU2275 N L 128 102.4 ± 156.1 64.3 ± 10.2 189.9 ± 19.5 82.8 ± 16.4 

JU2277 S L 32 154.0 ± 191.3 117.2 ± 5.7 133.2 ± 11.4 143.4 ± 16.6 

JU2279 S L 32 171.4 ± 248.8 108.7 ± 6.9 152.3 ± 15.4 146.8 ± 17.0 

JU2315 S L 64 187.6 ± 256.5 160.9 ± 14.2 175.2 ± 13.8 182.0 ± 10.6 
a Phenotypic data kindly provided by Dr. Jane Usher (University of Exeter, UK). N = normal, S = sensitive, L = lethal. 
b Mean coverage per base in genome after pre-processing and aligning reads to C. glabrata reference genome. N.B. depth of coverage is 
calculated only over those regions covered with a read and therefore may overrepresent coverage. 
c Indicates average number of reads covering each nucleotide in genes. Means, standard deviations and manual read pileup inspection 
indicate these genes contain no regions where reads fail to cover nucleotides, and so these genes are assumed to contain no deletions. 



114 | P a g e  
 

As indicated in Table 3.5, although each gene varied in its mean depth of 

coverage, a  consistent proportion of reads mapped to each relative to the genome-

wide coverage, indicating that each gene was present in normal copy number in all 

isolates, with the exception of JU2275, in which cg_AHC1 showed over 3 times the 

mean coverage of cg_HAT1 and cg_SPP1, and approximately 1.9 times that of the 

whole genome. Further analysis revealed that this was the result of an aneuploidy; 

isolate JU2275 showed a whole duplication of chromosome E, with a median 

chromosomal DOC of 183 compared to the genomic median of 90 (median for 

cg_AHC1 = 187; see Appendix Figure S2.8). No other isolates showed full 

chromosomal duplications, and although partial duplications/aneuploidies are an 

unchecked possibility, DOC analysis suggests none would contain HPR genes under 

investigation (Table 3.5). 

 
Table 3.6: Summary of variant detection on clinical isolate genome sequences. S.D. = standard 
deviation, SNPs = single nucleotide polymorphisms, MNPs = multi nucleotide polymorphisms 

 Strain ID SNPs MNPs Indels 
Variant 
rate a 

Variants
/kb 

Missense 
/silent ratio b 

Ts/Tv 
ratio c 

 JU530 67989 6379 6999 1/148 6.76 0.387 1.766 

 JU727 67143 6153 6915 1/151 6.62 0.386 1.789 

 JU739 67253 6244 6892 1/150 6.67 0.383 1.782 

 JU754 68051 6406 6951 1/148 6.76 0.386 1.765 

 JU756 68082 6423 6976 1/148 6.76 0.387 1.769 

 JU1169 66059 5970 6695 1/153 6.54 0.377 1.811 

 JU1180 51492 4560 4605 1/196 5.10 0.406 1.799 

 JU1185 51435 4566 5564 1/197 5.08 0.406 1.801 

 JU2234 67524 6278 7001 1/150 6.67 0.393 1.788 

 JU2235 67551 6265 7038 1/150 6.67 0.394 1.788 

 JU2257 50022 4506 5513 1/201 4.98 0.405 1.805 

 JU2271 67291 6213 6998 1/150 6.67 0.392 1.787 

 JU2273 67872 6333 6967 1/149 6.71 0.387 1.768 

 JU2275 49721 4318 5425 1/203 4.93 0.401 1.798 

 JU2277 67913 6401 6986 1/148 6.76 0.387 1.768 

 JU2279 67977 6393 6968 1/148 6.76 0.387 1.763 

 JU2315 66353 6171 6932 1/152 6.58 0.394 1.770 

Mean - 63513.4 5857.6 6554.4 1/161.3 6.30 0.391 1.783 

S.D. - 7377.2 793.2 759.8 21.8 0.73 0.009 0.015 

Median - 67291 6244 6951 1/150 6.67 0.387 1.787 

 
a Average number of bases per genetic variant in each genome 
b Ratio of nonsynonymous and synonymous nucleotide diversity (πN/ πS) across genetic variants in isolates. 
c Transitions/transversions ratios for SNPs in each genome. Used to assess variant callset quality. 
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Variant detection was also carried out on clinical isolates using a read-

mapping strategy, as opposed to de novo assembly, as the use of a reference genome 

can increase the number of SNPs called without compromising accuracy 

(Torkamaneh et al., 2016). Overall, in accordance with previous comparative studies, 

clinical isolates showed rates of 1 variant for every 148 – 201 bases, or a range of 4.98 

– 6.76 variants/kb compared to the whole reference genome (Table 3.6; Carrete et 

al., 2018). Unsurprisingly, all strains showed highly similar ratios of nonsynonymous 

to synonymous nucleotide diversity, with an overall mean ratio of 0.391 ± 0.009. The 

ratios of SNPs to other genetic variations were also consistent across each genome 

(Table 3.6). 

To determine the extent of genetic diversity in each HPR gene, both the 

mutation rates, and impact of each site of genetic variation within the genes were 

assessed. Across all isolate genomes, no insertions, deletions, or multi-nucleotide 

All genomic 
ORFs 

cg_HAT1 cg_AHC1 cg_SPP1 

n=17 

Mean=161.3 ± 21.8 

n=14  

Mean=527.9 ± 279.6 

n=16  

Mean=218.2 ± 141.0 

n=15 

Mean=594.6 ± 426.7 

Figure 3.12: Rates of genetic variation in C. glabrata clinical isolate genomes and individual HPR 
genes. Centre lines indicate median, boxes represent quartiles and whiskers represent minimum and 
maximum observations. Black dots represent outliers. In cases where n < 17, variant rates could not 
be extrapolated for a gene in an isolate due to no mutations in the sequence. Asterisks indicate 
statistical significance determined by Kruskal-Wallis and Dunn’s multiple comparisons test (**p < 0.01; 
***p < 0.001). 

*** 

** 
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polymorphisms (MNPs) were detected within cg_HAT1, cg_AHC1, or cg_SPP1, and so 

SNPs were exclusively used as indicators of variation in these genes. Among the three 

genes, cg_HAT1 showed the highest level of sequence conservation; no isolate 

contained > 3 polymorphisms within the cg_HAT1 coding sequence, or > 1 

nonsynonymous mutation. When adjusted for gene length, the average variant rate4 

in cg_HAT1 is significantly higher (p < 0.001) than that of the genomic average, 

showing more than a 2.5 fold increase (Figure 3.12). While cg_AHC1 displayed the 

highest number of mutations among the HPR genes, ranging from 0 – 14 with a mean 

of 9.05 ± 4.21 SNPs across isolates, the genes length-adjusted variant rate is broadly 

similar to that of the genome background (Figure 3.12). cg_SPP1 showed the greatest 

heterogeneity in mutation rate, containing 3.06 ± 2.8 mutations on average, but like 

cg_HAT1, the genes length-adjusted variant rate trended towards being significantly 

higher (p < 0.01) than the genomic average (Figure 3.12). The density of SNPs was 

also analysed in relation to chromosomal location, to determine whether each genes 

locus influenced its variant rate, although no clear correlation could be determined 

in this regard (Appendix Figure S2.9). 

The ratio of missense to silent mutations (πN/ πS) was also calculated for each 

gene, as an indicator of whether HPR genes were constrained in their level of 

variation. Similar trends were observed for each gene, cg_HAT1 showed a lower, 

albeit not statistically significant, ratio of nonsynonymous mutations relative to the 

whole genome. Once again, cg_AHC1 showed a comparable πN/πS to the background 

control, whereas cg_SPP1 showed the highest variance between individual isolates 

but ultimately a significantly (p < 0.001) lower πN/ πS metric than the genomic average 

(Figure 3.13). Taken together, these data suggest that cg_AHC1 shows a typical level 

of sequence conservation for a C. glabrata gene, whereas cg_HAT1 and cg_SPP1 are 

more constrained in terms of sequence polymorphisms.  

In applying SnpEff to annotate and predict the consequences of 

nonsynonymous mutations in each isolate, none were found to have a high impact 

(i.e. nonsense mutations); > 95% of all non-synonymous mutations caused an amino 

 
4 Variant rate refers to the average number of bases in each sequence per observed genetic variant, 
a higher variant rate indicates a lower frequency of mutations. 
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acid substitution in the C terminal-adjacent two-thirds of the primary structure. That 

said, whether these substitutions could have any functional impact remains to be 

seen, as the nonsynonymous mutations were not mapped back to a protein structure 

or model. Lastly, phenotypic data was plotted against the average variant rate for 

each genome and number of mutations in HPR genes (individually and cumulatively), 

although no statistically significant correlation was observed between any of the 

tested metrics (Appendix Figure S2.10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6 Discussion 

3.6.1 The deletion of HPR genes alters in vitro virulence-associated phenotypes in 

C. glabrata and in vivo virulence 

 In this work, each of the three HPR genes cg_HAT1, cg_AHC1, and cg_SPP1 

were individually functionally characterised with respect to virulence-associated 

phenotypes; a priori comparative genomics analyses predicted that these genes 

n=17 

Mean=0.39 ± 0.01 
n=14 

Mean=0.31 ± 0.14 

n=16 

Mean=0.40 ± 0.11 

n=15 

Mean=0.15 ± 0.15 

All genomic 
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cg_HAT1 cg_AHC1 cg_SPP1 

Figure 3.13: Ratios of nonsynonymous to synonymous nucleotide diversity in C. glabrata clinical 
isolate genomes and individual HPR genes. Centre lines indicate median, boxes represent quartiles 
and whiskers represent minimum and maximum observations. Black dot represents outlier. In cases 
where n < 17, a ratio could not be extrapolated for a gene in an isolate due to no mutations in the 
sequence. ***significance (p > 0.001) relative to the genome control, as determined by Kruskal-Wallis 
and Dunn’s multiple comparison test. 

*** 
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contained residues under positive selection and were thus important in the evolution 

of pathogenicity in C. glabrata. The cumulative results of phenotypic assays broadly 

support this prediction, with each strain showing quantitative changes in numerous 

putative virulence factors, and showing a distinct suite of phenotypes to those 

described in knockout strains of their orthologues in S. cerevisiae and C. albicans. 

 On exposure to the dynamic and hostile environment of the mammalian host, 

fitness and adaptability can be vital for reproduction and the establishment of 

infection. Thus, initial experiments focused on growth profiling. At normal human 

body temperature in chemically-defined medium, no mutant showed defects in 

cellular proliferation despite their deleted genes having presumably important roles 

in chromatin modelling. Likewise, the knockout of each gene’s orthologue in S. 

cerevisiae, or the mutagenic removal of the H4K5 and H4K12 substrates of sc_HAT1 

also has no apparent effect on growth (Eberharter et al., 1999; Ma et al., 1998; 

Giaever et al., 2002). This has been taken to suggest that these genes play inessential 

or redundant roles in maintaining chromatin structure and dictating fitness, however 

one limitation of these growth analyses (and phenotypic screening) approach lies in 

the use of permissive laboratory conditions; in the host, multiple stresses are 

simultaneously encountered, as well competition from the microbiota. To better 

represent individual strain fitness in the host niche, a competitive growth assay could 

be developed, using genetic or fluorescent tagging to analyse the relative growth of 

each strain in mixed C. glabrata cultures. 

 At an elevated temperature of 42 °C, both cg_hat1Δ and cg_ahc1Δ showed 

significantly more growth than the type strain, conferred by each strain’s lower 

doubling time. Whereas the length of lag phase may reflect a strain’s ability to adapt 

to environmental stimuli, the doubling time is indicative of its ability to reproduce. A 

wide range of cellular processes have been implicated in yeast thermal tolerance, 

such as central carbon metabolism, transcription and translation, and heat shock 

protein (HSP) production, any of which could feasibly be influenced by the disruption 

of cg_HAT1 or cg_AHC1 and lead to more rapid doubling at 42 °C (Shui et al., 2015). 

Interestingly this altered phenotype, among others, was shared by the cg_hat1Δ and 

cg_ahc1Δ mutants (Appendix Table S2.1). Given that the S. cerevisiae orthologues of 
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both genes are required for the functionality of their respective histone 

acetyltransferase complexes, it is tempting to speculate that these phenotypic 

similarities perhaps indicate a degree of overlap in the function or target genomic loci 

of cg_HAT1 and cg_AHC1’s respective HAT complexes. In fact, the only phenotypic 

discrepancy between cg_hat1Δ and cg_ahc1Δ was increased osmotolerance, which 

was unique to the former. Upon exposure to 1 M NaCl, cg_HAT1 was also upregulated 

in WT yeast, suggesting a specific role for cg_Hat1p in the regulation of osmotic stress 

tolerance. Neither S. cerevisiae nor C. albicans hat1Δ mutants show alterations in 

osmostress phenotypes, which may imply a functional shift in cg_HAT1, as predicted 

by positive selection analysis (Giaever et al., 2002; Tscherner et al., 2015). Given that 

the cg_hat1Δ strain showed increased osmotolerance, it is somewhat unexpected 

that cg_HAT1 was upregulated in the presence of the salt. One explanation for this 

finding could be that upon the disruption of cg_HAT1, which seemingly plays a role 

in the WT C. glabrata response to NaCl, the yeast enacts functional compensatory 

mechanisms. For example, in the absence of cg_HAT1, another gene product could 

act to regulate the osmotic stress response in an independent yet parallel manner 

which promotes osmotolerance in the cg_hat1Δ mutant. 

 All HPR mutant strains, and particularly cg_spp1Δ showed increased 

susceptibility to H2O2-mediated killing. As with thermal tolerance, aberrations in 

several pathways could induce this phenotype (Roetzer et al., 2011b). For example, 

one possibility is that the depletion of HPR genes could influence chromatin states in 

such a way that oxidative stress-induced DNA damage is exacerbated, or subsequent 

DNA repair mechanisms are inhibited. Indeed, sc_hat1Δ cells are sensitised to DNA 

damage, and those lacking sc_SPP1 show reduced oxidative stress resistance (Brown 

et al., 2006; Yang et al., 2013). Additionally, it has been suggested that a key subunit 

of the catalytic module of cg_AHC1’s HAT complex, cg_ADA2, orchestrates the C. 

glabrata ROS defence response, and mutants lacking cg_ADA2 are sensitised to 

peroxide treatment (Kounatidis et al., 2018). Furthermore, a range of histone 

modifying complexes are linked to OSRs in S. cerevisiae and C. albicans, so perhaps 

the C. glabrata HPR genes under investigation have maintained a mechanistic role in 
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yeast survival after H2O2 treatment (McDaniel & Strahl, 2013; Tscherner et al., 2015; 

Tran et al., 2018).  

 High level azole resistance and the ability to form biofilms are two of the most 

prominent virulent phenotypes displayed by C. glabrata, and each knockout strain 

showed an increase in both phenotypes, relative to the WT. As detailed in the Chapter 

introduction, orthologues of cg_HAT1 and ADA complex members have been 

previously linked to azole tolerance in C. albicans, although the deletion of these 

genes sensitises the yeast to the drug (Sellam et al., 2009; Ramirez-Zavala et al., 2014; 

Tscherner et al., 2015). The finding that these genes play an opposing role in C. 

glabrata’s azole tolerance is an interesting one, in that it could indicate these genes 

have maintained a role in regulating azole response networks, but functionally 

diverged in how they regulate this response. Of course, further analysis is needed to 

support this and unravel the mechanistic bases of these phenotypes. 

The increased biofilm formation of the mutant HPR strains is another 

intriguing phenotype. As previously mentioned, the majority of C. glabrata’s 

adhesins, which are closely linked with biofilm formation, are located near the 

chromosome ends and thus may be regulated by telomeric silencing (Sections 1.4.1 

and 1.5.5; de Groot et al., 2008). Although HAT1 and SPP1 are associated with 

disparate histone modifications, in both S. cerevisiae and S. pombe they share a 

common role in the maintenance of telomeric heterochromatin (Kelly et al., 2000; 

Krogan et al., 2002; Kanoh et al., 2003; Tong et al., 2012). It is therefore tempting to 

speculate that the loss of either gene disrupts telomeric silencing, leading to the 

overexpression of adhesins and increased biofilm formation. However, this 

explanation does not fully account for the increased biofilm formation of cg_ahc1Δ 

(to date, AHC1 has not been linked with telomere silencing in any species), and 

sc_SPP1 has been reported as dispensable for telomeric silencing (Krogan et al., 

2002). That said, the significant downregulation of cg_HAT1 expression in biofilm 

cells, and slight increase in H3K4 dimethylation in cg_hat1Δ (see Sections 3.2.3 and 

3.6.5) lends credence to a mechanism involving telomere silencing defects, in this 

strain at least. To further investigate this possibility, HPR deletion strains containing 

a telomeric reporter gene could be generated, a previous study has used the URA3 
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marker gene5 to assess the contribution of various genes to telomeric silencing in C. 

glabrata (Rosas-Hernandez et al., 2008). 

 Although the in vitro phenotyping data suggested each mutant strain was 

hypervirulent, a living host was needed to determine whether this really was the 

case. In a G. mellonella infection model each strain surpassed the WT in larval killing. 

Despite being a relatively simple proxy for mammalian infections, the larvae 

challenge C. glabrata with a combination of stresses; the yeast must tolerate 

hemocytes which, like mammalian neutrophils, engulf pathogens and use ROS and 

enzymatic attack to clear infection (Bergin et al., 2005). The larvae also produce 

antimicrobial peptides to combat Candida species (Bergin et al., 2006). Thus, the 

hypervirulence of HPR deletion strains in this model most likely results from an 

increased ability to withstand combinatorial stress, and thereby overcome the insect 

immune response.  

  The G. mellonella model also comes with a number of limitations and 

unanswered questions, for example does the increased killing of the mutants reflect 

increased virulence per cell, or simply a higher capacity for reproduction? In future 

work, the hemolymph of infected larvae could be extracted and used to estimate 

fungal burden to better describe the kinetics of killing, as has been previously 

described (Ames et al., 2017). Furthermore, do any of the in vitro phenotypes actually 

have an impact in the living model? Although all mutants showed an increased 

susceptibility to oxidative stress, their viability was only slightly affected at 25 mM 

H2O2, which is in massive excess of the estimated concentrations accumulated in 

mammalian phagosomes, let alone an insect system (Dupre-Crochet et al., 2013). It 

is also unclear whether phenotypes like antifungal resistance or biofilm formation 

have functional consequences in such a model. Nonetheless, the G. mellonella model 

reportedly shows good correlation with murine models, and further indicates that 

HPR genes are a determinant of C. glabrata fitness in vivo (Ames et al., 2017).  

 
5 URA3 is a widely-used genetic marker in yeast studies, as it can be positively or negatively selected 
for, by altering growth media supplements. 
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3.6.2 HPR genes are differentially expressed in stress and biofilm-forming 

conditions 

Given that the individual deletion of any of the HPR genes under investigation 

in this study pleiotropically altered virulence-linked phenotypes, it was theorised that 

HPR genes could be involved in coordinating stress responses in C. glabrata, and so 

their relative expression was monitored in stress conditions. Their expression was 

also investigated in biofilm communities, as like a stress response, Candida biofilm 

development induces a dynamic and temporal transcriptional shift (Fox et al., 2015; 

Murillo et al., 2005). This analysis showed the downregulation of all three HPR genes 

in the presence of fluconazole, and the differential expression of cg_HAT1 under 

osmotic stress and biofilm conditions. The first of these results suggests that HPR 

genes could act as negative regulators of the C. glabrata fluconazole response. If this 

were true, one possible mechanism for the azole resistance of HPR deletion mutants 

could be that the knockout of such negative regulators transcriptionally primes the 

cells to tolerate antifungal treatment. This mechanism has been previously described 

in C. glabrata, whereby the deletion of a known negative regulator of azole 

resistance, cg_STB5, caused an increase in azole resistance (Noble et al., 2013). 

 As previously mentioned, expression data on cg_HAT1 raises the possibility of 

a role in the osmotic stress response and negative regulation of adhesion/biofilm 

formation. That said, stress responses and transcriptional shifts are complex 

processes, and the pleiotropism of HPR genes further complicates the issue. The 

differential expression of the genes in this study could be due to an entirely indirect 

effect, furthermore chromatin modifying enzymes can theoretically mediate 

transcriptional shifts without a significant change in their own expression levels; 

factors such as the genomic localisation, enzymatic activity, and context6 of a histone 

modifier can substantially influence its downstream effects (Damelin et al., 2002; 

Weiner et al., 2012). With this in mind, gene expression analyses are insufficient to 

link HPR genes to the regulation of stress responses/biofilm formation. To elucidate 

 
6 Context-dependence refers to the idea that the function of a given histone mark varies based on 
cryptic factors such as the presence of other marks, nucleosome location, gene structure etc., see 
Rando (2012) for more.  
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the relationship between HPR genes and virulence-associated transcriptional shifts in 

C. glabrata in the future, a combination of more direct and global approaches could 

be employed, such as the generation of histone mutants or chromatin 

immunoprecipitation (ChIP) experiments (Dai et al., 2008; Weiner et al., 2012).  

3.6.3 Bulk histone acetylation levels are comparable to the WT in cg_hat1Δ and 

cg_ahc1Δ  

 To date, the molecular function and modifications catalysed by cg_HAT1 and 

cg_AHC1’s HAT complexes are inferred from the electronic annotations of their 

orthologues in S. cerevisiae, S. pombe, and C. albicans (as of 23/01/2020; 

candidagenome.org). As such, the residues acetylated by cg_HAT1 are listed as H4K5, 

H4K8, and H4K12, and none are listed for cg_AHC1. In vitro studies on the S. 

cerevisiae orthologue of cg_AHC1 however, suggest the gene’s product is required 

for the proper acetylation of H3K14 and H3K18 (Eberharter et al., 1999; Grant et al., 

1999). For the most part, our immunoblot experiments provided little insights into 

the potential histone PTMs regulated by cg_HAT1 and cg_AHC1. However, utilizing 

bulk histone extracts in our analyses limits the sensitivity of our approach. Therefore, 

we can only conclude that there are no large-scale deviations between the levels of 

histone PTMs assessed in our mutant stains compared to WT C. glabrata.  In the 

future, more locus specific targeting of histones PTMs using ChIP would increase the 

sensitivity and maybe give rise to more interesting data. Additionally, the lack of 

deviation in histone H4 acetylation in the cg_hat1Δ strain could be a product of the 

gene’s function and limited resolution of immunoblotting. As described in Section 

3.2.1, sc_Hat1p enacts a transient H4 diacetylation mark on free cytosolic 

nucleosomes, which is removed during chromatin maturation (Annunziato & Seale, 

1983; Parthun et al., 1996; Ai & Parthun, 2004). As such, blotting against bulk protein 

extract may have resulted in these more subtle alterations in histone modification 

levels being drowned out by the nucleus-localised histone majority. This effect has 

been observed in immunoblotting studies related to HAT1 in S. cerevisiae and chicken 

DT40 cells (Barman et al., 2006; Poveda & Sendra, 2008). In future, to resolve which 

modifications are directly catalysed by cg_HAT1 (and potentially cg_AHC1’s 

complex), input protein samples could be fractionated to resolve between soluble 
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and chromatin-bound histones. Additionally, given the putative role of cg_HAT1 in 

chromatin assembly, the input cells for immunoblotting could be synchronised to 

interrogate the abundance of histone modifications at specific cell cycle checkpoints; 

such a technique could capture transient mitotic cycle-linked changes in the bulk 

histone modification profile.  

That said, our study has suggested that  H3K9ac levels increase in both 

histone-acetylation related knockouts, and H3K4me2 showed a modest increase in 

cg_hat1Δ, which could be indicative of cg_Hat1p activity influencing the deposition 

of other marks. H3K4 methylation is linked to the regulation of silent chromatin 

regions in S. cerevisiae, such as the rDNA and telomeres, suggesting that like sc_HAT1, 

HAT1 may participate in telomeric silencing to some extent in C. glabrata (Kelly et al., 

2000; Bryk et al., 2002; Krogan et al., 2002). Going forward, traditional biochemical 

profiling could be employed, such as purifying C. glabrata HAT complexes to ascertain 

their composition and substrates in vitro. This would be particularly relevant for 

cg_Ahc1p, as the role of the ADA complex remains enigmatic even in S. cerevisiae. 

Interestingly the deletion of a HAT module constituent of C. glabrata’s ADA complex, 

cg_ADA2, does not affect the levels of H3K14ac as it does in S. cerevisiae, instead 

H3K9ac levels are lower in cg_ada2Δ, suggesting deviation in the C. glabrata modules 

enzymatic target (Yu et al., 2018). That said, this finding more likely reflects the 

activity of the more prolific, Ahc1p-independent SAGA complex (see Section 3.2.2), 

given that our data shows that H3K9ac levels appear to be elevated in cg_ahc1Δ, and 

based on previous work on ADA2 (Church et al., 2017; Yu et al., 2018). 

One important point of consideration is that the data presented in this work 

may not be wholly attributable to epigenetic- or chromatin-related roles of each 

gene. In S. cerevisiae, Hat1p is multifunctional, and can be found in the nuclear NuB4 

complex, which plays a role in DNA double strand break repair (Ge et al., 2011). 

Similarly, sc_Spp1p seems to play a role in meiotic double strand break formation, 

and DNA replication (Kan et al., 2008; Acquaviva et al., 2013). Interestingly, a number 

of HAT complexes also covalently modify non-histone proteins such as transcription 

factors or signalling pathway members (reviewed in Sapountzi & Cote, 2011; Drazic 

et al., 2016). As such, positive selection could potentially operate on cryptic, histone-
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independent protein functions, which could have diverged, and may act to influence 

the phenotypes/expression data associated with each HPR gene. That said, 

chromatin-linked functions remain the most likely determinant of this studies 

observations. 

3.6.4 HPR genes comparable to, or greater genetic conservation than the genomic 

average  

 Comparing the genome sequences of clinical isolates revealed that each HPR 

gene under investigation in this study showed different levels of variation. On a whole 

genome level, the series of isolates used in this study showed very similar 

polymorphism rates to those described in a study on 33 C. glabrata isolates from the 

USA, Europe and Taiwan (Carrete et al., 2018). Interestingly, the same study 

identified a whole duplication of chromosome E in three isolates, as observed in 

isolate JU2275, and earlier work suggests that duplications of sections of 

chromosome E are one of the most common aneuploidies in C. glabrata (Polakova et 

al., 2009; Carrete et al., 2018). Although such duplications affect the copy number of 

cg_AHC1, among other genes (including the fluconazole target cg_ERG11) and 

JU2275 shows a fluconazole resistance phenotype, previously identified aneuploid 

isolates show normal antifungal sensitivity, suggesting that the relationship observed 

in this study is incidental (Carrete et al., 2018). 

 The differential mutation rates of each HPR gene perhaps relates to their 

molecular function. The sequences of both cg_HAT1 and cg_SPP1 are more 

conserved on the strain level, and both these gene products hold multiple molecular 

roles; they specifically dictate a given histone modification (H4 diacetylation and 

H3K4 trimethylation respectively), and the orthologues of both genes play auxiliary 

roles in DNA maintenance. Furthermore cg_HAT1 encodes the catalytic subunit of its 

acetyltransferase complex, and enzyme sequences are generally known to be more 

evolutionarily constrained (Parthun et al., 1996; Kan et al., 2008; Nishida, 2009; Ge 

et al., 2011). In contrast, cg_AHC1 encodes a structural subunit and has not yet been 

linked to a specific modification, and thus may face lower selection pressures against 

sequence polymorphisms. The findings of this analysis also appear to be broadly 

reflected on a species level; a bioinformatic study on S. cerevisiae HPR genes found 
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sc_HAT1 to be more conserved than cg_SPP1, and both were more conserved than 

sc_AHC1 (Nishida, 2009). It was also reported that the catalytic subunits of histone 

acetyltransferase/deacetylase complexes were more conserved than their associated 

subunits, whereas the subunits of methylation-associated complexes showed 

comparable lineage specific levels of conservation (Nishida, 2009). 

 Given that positive selection analysis predicted that each HPR is important for 

C. glabrata’s fitness in the host, it makes sense that these genes would be relatively 

conserved on the isolate level. In an environment like the human host, pathogens are 

surely subject to strong selection pressures, particularly in the era of antimicrobial 

resistance (Woolhouse et al., 2002). Under strong positive selection, advantageous 

mutations will quickly become embedded in populations and strong negative 

selection will purify deleterious mutations. If cg_HAT1, cg_AHC1 and cg_SPP1 have 

indeed evolved through positive selection, to promote C. glabrata’s fitness in the host 

environment, negative selection now presumably acts to keep the ‘current’ sequence 

conserved on the strain level, as observed. Of course, another possibility is that 

variation in HPR genes is limited, independently of the environment, due to their 

roles as chromatin effectors. Regulators of chromatin often influence fundamental 

processes such as cell cycle progression, reproduction, and DNA packaging, and so 

may be more constrained by negative selection. Indeed, genes encoding histone 

modifiers generally show relatively high levels of conservation among yeast species 

(Brosch et al., 2008; Carrete et al., 2018). Regardless, the relatively low mutation 

rates of cg_HAT1 and cg_SPP1 benefits our prediction of positive selection; high 

genomic variation at a given locus increases the false positive rate in positive 

selection analysis. By demonstrating that HPR genes are subject to average or, below 

average levels of variation, greater confidence can be assigned to the prediction of 

positive selection. 

 Altogether, variant profiling predicted that across 17 clinical isolates, no HPR 

genes contained functionally significant nonsynonymous mutations. However, in the 

interest of time, this studies approach to profiling variation is preliminary and  in 

future, variant detection analysis should be expanded to the full suite of all HPR genes 

in the C. glabrata genome, with emphasis on the subset of 19 genes predicted to be 
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under selection. Phylogenetic analyses could also be carried out on the whole 

genome level, and for HPR protein sequences to better characterise the population 

structure of the isolates. Lastly, de novo genome assemblies should be generated for 

each isolate, to supplement the read-mapping strategy and identify large-scale 

genomic rearrangements, if present (Appendix Figure S2.11). As always, processing a 

greater number of genomes would also be valuable, to present a more holistic view 

of C. glabrata genetic variation. 

3.6.5 Experimental data supports prediction that cg_HAT1, cg_AHC1, and cg_SPP1  

influence fitness in the human host 

 Overall, the results of this study imply a mechanistic link between cg_HAT1, 

cg_AHC1, and cg_SPP1 and virulence-associated phenotypes in C. glabrata, and in 

part validate the a priori comparative genomics analysis, and highlight the utility of 

such analyses. Phenotypic screening showed that each gene knockout affected 

multiple phenotypes, and some of these phenotypes were affected in a manner 

which suggests a level of functional divergence in the activity of HPR complexes. One 

surprising aspect of this study was the directionality of many of the observed 

phenotypes. Signatures of positive selection imply that each gene evolved to 

promote fitness in the human host, which was partially equated to virulence, leading 

to the hypothesis that the deletion of these genes would attenuate virulent 

phenotypes. However, each knockout primarily showed traits that were indicative of 

hypervirulence in vitro, which was confirmed in the insect infection model. The 

positive selection of negative regulators of pathogenicity could perhaps relate to C. 

glabrata’s infection strategy, which has been described as “stealth, evasion and 

persistence” (Brunke & Hube, 2013). With such a strategy in mind, the ability to 

modulate pathogenic attributes through a dynamic and reversible mechanism (i.e. 

chromatin modification) could theoretically confer a substantial fitness benefit. 

 Another ever-present possibility is that HPR genes promote fitness in a highly 

niche-specific manner; the knockout strains could still potentially show a significant 

loss of fitness in a human host, where a they face an inimitably complex environment. 

Alternatively, C. glabrata’s evolution may not have been primarily dictated by 

adaptation to the human host; genomic studies have recently opened an interesting 
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discussion on the yeast’s natural niche. The global genetic structure of C. glabrata 

populations, and apparent lack of signatures of co-evolution with humans have led 

to the suggestion that the human host is a secondary niche for the species (Gabaldon 

et al., 2013; Gabaldon & Carrete, 2016; Carrete et al., 2018; Gabaldon & Fairhead, 

2019). Indeed, C. glabrata has been isolated from sources such as soil, coffee beans 

and wild bird species (Cafarchia et al. 2008; de Melo Pereira et al., 2014; Al-Yasiri et 

al., 2016; Opulente et al., 2019). The presence of environmental reservoirs of C. 

glabrata could have manifold evolutionary implications, but whether such reservoirs 

significantly influence the yeasts’ ecology or evolutionary history remains up for 

debate. 
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Chapter 4: 

Transcriptomic analysis of the histone 
acetylation-related gene knockouts 

cg_hat1Δ and cg_ahc1Δ. 
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4.1 Overview 

Histone modification pathways primarily act to regulate gene expression 

through changes in both chromatin structure, and chromatin associated proteins. A 

priori we hypothesize that the mechanistic link between the cg_hat1Δ and cg_ahc1Δ 

mutants and the observed phenotypes detailed in chapter 3 is based on changes in 

gene expression due to the lack of these genes. In this chapter we test this hypothesis 

by comparing the transcriptomes of the cg_hat1Δ and cg_ahc1Δ mutants with that 

of WT C. glabrata using RNA-seq analysis. We particularly focus on each mutants 

transcriptional response to the presence of fluconazole, to mechanistically dissect 

how the loss of either cg_HAT1 or cg_AHC1 leads to an increase in C. glabrata azole 

resistance. 

4.2 Introduction 

  The transcriptome is the complete set of RNA molecules in a cell at a given 

time. The study of yeast transcriptomes, now most commonly done with RNA-seq, 

offers a powerful means of understanding transcription dynamics, gene regulation, 

and phenomena such as genome evolution and mechanisms of drug resistance 

(Aoyama et al., 2014; Benchouaia et al., 2018; Rasheed et al., 2018; Whaley et al., 

2018a). Additionally, transcriptome datasets can complement genomic datasets, by 

confirming predicted coding sequences, identifying novel coding sequences, and 

detecting processes such as alternative splicing and antisense transcription (Linde et 

al., 2015).  

The first RNA-seq study on C. glabrata was published in 2014, which profiled 

the expression of 4316 genes and predicted 59 new genes (22 of which showed no 

homology to those in the S. cerevisiae genome; Aoyama et al., 2014). The following 

year, another RNA-seq study led to the largest change to date in the C. glabrata 

genome annotation (Linde et al., 2015). This update added 49 novel protein coding 

genes, 58 non-coding RNAs (ncRNAs), deleted 4 predicted ORFs, and annotated 

various other features including splice variants, intron/exon structures, and 5-

prime/3-prime untranslated regions (UTRs). RNA-seq experiments have since been 

used in C. glabrata to interrogate the transcriptional basis of phenotypes observed in 

deletion strains and identify novel determinants of virulence (Benchouaia et al., 
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2018). For example, one group used transcriptome analysis to profile the genes 

regulated by cg_JJJ1, after the observation that a cg_jjj1Δ strain was azole-resistant, 

this analysis indicated that the protein acted as a negative regulator of the drug 

resistance-associated cg_Pdr1p regulon (Whaley et al., 2018a). Likewise, RNA-seq 

was employed to characterise the regulatory functions of the C. glabrata yapsin gene 

family (Rasheed et al., 2018). These studies show the power of the technique in 

elucidating gene function from knockout strains. 

In an evolutionary context, it was noted as far back as 1975 that phenotypic 

differences between closely related species are dictated more by changes at the gene 

expression level than at the protein coding level (King & Wilson, 1975). This may not 

be that surprising given that adaptation to a new environmental niche is undoubtably 

reliant on multiple phenotypic changes, and it has become widely recognised that 

expression variation is one of the most potent sources of biological novelty (reviewed 

in Romero et al., 2012; Witkopp, 2013; Johnson, 2017).  An interesting example of 

this is the evolution of mammalian pregnancy, which was associated with the large-

scale rewiring of a transcriptional network, driven by transposable elements (Lynch 

et al., 2011). 

In the last decade whole genome sequencing and transcriptomic analysis of 

closely related yeast species has also supported the link between gene expression 

and phenotypic divergence. Indeed, within Ascomycota yeast, divergence in the 

global expression profiles of species correlates with their phylogenetic distance 

(Thompson et al., 2013). Furthermore, in multiple cases, the emergence of new 

phenotypes has been attributed to global expression remodelling, caused by changes 

in the cis- or trans- acting regulatory elements of seemingly conserved genes (Romero 

et al., 2012; Thompson et al., 2015). An interesting yeast example of the importance 

of gene expression evolution was the finding that genetic polymorphisms in trans- 

acting factors influenced phenotypes such as the pheromone response and daughter-

cell separation, by affecting gene expression patterns (Yvert et al., 2003).This finding 

exemplifies the strong influence of gene regulation on phenotypic diversity, and by 

extension, the importance of profiling the transcriptome when considering the 

evolutionary selection of potential regulators of gene expression.  
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This chapter explores the impact of both cg_Hat1p and cg_Ahc1p function on 

the C. glabrata transcriptome, by analysing the changes in gene expression when 

these functions are removed. As genes predicted to have evolutionary importance, 

this chapter is built on the hypothesis that these HPR gene functions have been 

selected for during C. glabrata adaptation, in order to give rise to an evolutionarily 

advantageous gene expression profile. Additionally, given the azole resistance 

phenotypes shown by cg_hat1Δ and cg_ahc1Δ, the transcriptional profiles of these 

strains in response to fluconazole treatment will be investigated. As described in 

section 1.3.5, specific gene expression patterns (such as the upregulation of drug 

efflux pumps from the cg_Pdr1p regulon, or sterol transporters such as cg_AUS1) 

have been linked to azole resistance in C. glabrata, making transcriptome sequencing 

an attractive means of interrogating this phenotype. 

4.3 Chapter aims 

1. Investigate transcriptomic differences between the cg_hat1Δ and cg_ahc1Δ 

mutant strains and WT C. glabrata. 

2. Identify functional gene groups and genetic loci which were enriched for 

expression variation in the cg_hat1Δ and cg_ahc1Δ mutant strains and 

fluconazole-treated samples. 

3. Identify whether transcriptional differences in the fluconazole-response of 

each strain can be linked to azole-resistance in mutant strains.  

4.4 Materials and methods 

4.4.1 Sample preparation 

 Overnight cultures of each strain were prepared in YPD broth. Each overnight 

culture was reinoculated into 30 ml of fresh YPD to an OD600 of 0.05 ± 0.008. These 

cultures were incubated until they reached an OD600 of 0.2 (approximately 3 h). At 

this point, 90 µl of ethanol was added to each culture, before incubating each for 

another hour7. After the hour, the OD600 of each culture was measured (0.5 ± 0.07) 

and fluconazole was added to a final concentration of 32 or 64 µg/ml (or an 

 
7 RNA-seq samples were prepared in tandem with those described in Chapter 5, which included a 
drug treatment at this point, hence the vehicle control. 



133 | P a g e  
 

equivalent volume of ethanol) and the cultures were then incubated until they had 

undergone 3 doublings as determined by absorbance readings. Lastly, cells were 

harvested by adding an equivalent volume of ice-cold absolute ethanol to the culture 

and spinning the cells down at 4000 g for 5 minutes at 4 °C. The cell pellets were 

washed once in 25 ml of sterile water and the centrifugation was repeated, before 

the water was discarded and pellets were flash frozen in liquid nitrogen and stored 

at -80 °C, prior to RNA isolation. Three biological replicates were prepared for each 

strain/treatment. 

4.4.2 RNA isolation 

 Total RNA was isolated from each cell pellet as described in Section 2.6.2. 

4.4.3 RNA-seq library preparation and sequencing  

 Library preparation was carried out by the Genomics Core Technology Unit 

(GCTU) of Queen’s University Belfast (United Kingdom). In brief, RNA samples were 

diluted in nuclease free water to a concentration of 100 ng/µL, which was used as 

input for both quality control and library preparation. Sample quality and 

concentration was assessed with a NanoDrop™ One spectrophotometer (Thermo 

Scientific), Qubit® Fluorometer with the dsDNA High Sensitivity Assay and RNA Broad 

Range Assay Kits (Invitrogen), and Fragment Analyzer™ (Advanced Analytical) with a 

Standard Sensitivity RNA Analysis Kit (15 nt) as per the manufacturer’s instructions. 

Samples with an RNA Quality Number (RNQ) ≥ 8, DV200 value > 50%, and no detectable 

DNA were considered suitable for downstream usage (Appendix Figure S3.1,  

Appendix Table S3.1). 

A TruSeq® Stranded mRNA Library Prep Kit (Illumina) was used to prepare 

strand-specific mRNA libraries, following the manufacturer’s instructions. Firstly, 

poly(A)-containing mRNA molecules were enriched from total RNA by two rounds of 

purification with poly(T)-attached magnetic beads. Purified mRNA was then 

fragmented into 120-200 bp molecules, with a median size of 150 bp. Fragmented 

RNA was copied into first strand cDNA with random primers and reverse 

transcriptase, and second strand cDNA with DNA Polymerase I and RNase H. The 3’ 

ends of the cDNA fragments were adenylated and indexed adapters were ligated to 
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the fragments; both the TruSeq® Single Index Set A and Set B kits were used to index 

the library. Lastly, PCR was performed with TruSeq® PCR Master Mix and a PCR Primer 

Cocktail to enrich cDNA molecules with adapter sequences on both 3’ ends. The cDNA 

library was sequenced on a NextSeq 500 (Illumina), using 75 bp single-end reads, 

giving 25-30 million reads per sample (theoretically corresponds to approximately 

150X coverage of the genome). 

4.4.4 RNA-seq read data processing 

As with the isolate genome sequences in Chapter 3, raw FASTQ files 

containing read data from cDNA libraries were processed and analysed on the 

EuPathDB instance of the Galaxy platform and in an Ubuntu (v18.04 LTS) virtual 

machine, using the pipeline shown in Figure 4.1. FASTQ files were firstly trimmed and 

quality checked using Trim Galore! and FastQC, respectively (using versions and 

parameters described in Section 3.4.4). The trimming protocols used in this study 

were informed by a paper which suggested that no or modest quality based trimming 

gives the most biologically accurate downstream estimates (Williams et al., 2016). 

The trimmed reads were aligned to the C. glabrata CBS 138 genome (version s02-

m07-r27) with STAR (version 2.4.2a), specifying a single-end input library but 

otherwise using default settings. STAR was chosen for its high mapping speed and 

allowance of soft-clipping, which makes the alignment more lenient towards 

mismatched read portions, to maximise the percentage of aligned reads. The depth 

of coverage and proportions of aligned reads were again assessed with SAMtools 

(v1.9). Aligned reads were counted with htseq-count (Galaxy version HTSEQ), using 

the union mode for overlap resolution and specifying reverse strand interpretation. 

With reverse strand interpretation, htseq-count only counts the reads that map to 

the opposite strand of their corresponding transcript, which was necessary as the 

TruSeq® kit produces RNA-seq libraries in reverse orientation.  

 Differential expression analysis was carried out with DESeq2 (version 2.1.6.0), 

which generated pairwise dataset comparisons, from three count libraries (each 

corresponding to a single biological replicate) for each dataset. This software was 

chosen firstly for its internal normalisation method, which corrects for sequencing 

depth and RNA composition, and secondly, for its implementation of a negative 
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binomial model. This model accommodates data in which the sample variance 

exceeds the sample mean (i.e. overdispersed data), which is often the case in RNA-

seq experiments with a low number of biological replicates due to biological 

variability (Love et al., 2014; Zararsiz et al., 2017). The program essentially acts under 

the assumption that most genes are not differentially expressed and accordingly 

takes a relatively conservative approach in calling differentially expressed genes 

(DEGs). Genes with a mean normalised read count < 10 were filtered out of the 

output, as their expression was presumed to be too low to be significant, and their 

removal improves the false discovery rate (FDR) for the remaining data (Bourgon et 

al., 2010).  

The outputs of DESeq2 were manipulated, compared and subsetted in R 

studio and Microsoft Excel. A ‘biologically-significant’ DEG was identified as a gene 

which showed an FDR-adjusted p value ≥ 0.05 in combination with an absolute log2 

fold change cut-off ≥ 1, when genes are henceforth referred to as DEGs, it explicitly 

indicates those which passed these cut-offs. This cut-off is somewhat arbitrary but is 

generically used in RNA-seq studies and for these datasets, provides manageable 

gene lists for downstream analysis. FungiDB was used to check the genomic location 

of DEGs and carry out gene ontology (GO) and metabolic pathway enrichments of 

DEG subsets, using all evidence/pathway sources and a p value cut-off of 0.05 for 

both. The GO enrichment analysis was carried out independently using full lists of GO 

terms and also limited to only GO slim terms. GO enrichments were summarized with 

REVIGO, specifying a small result list (allowed similarity = 0.5) using the S. cerevisiae 

database for GO term sizes and using SimRel as a semantic similarity measure. When 

expression data from this study was compared with other available data, FungiDB 

was used to transform gene IDs and gene orthologues to the same format (in cases 

where genes had multiple orthologues, a single gene orthologue was randomly 

selected), and the same DEG cut-offs (FDR-adjusted8 p value ≥ 0.05 and absolute log2 

fold change cut-off ≥ 1) were used. Given that previous work has already predicted 

protein-coding genes, and annotated gene structure and isoforms in C. glabrata 

 
8 The false discovery rate is adjusted for with the Benjamini-Hochberg method in DESeq2. 
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(which are unlikely to be affected by knockouts of cg_HAT1 or cg_AHC1), these 

analyses were omitted from this study (Linde et al., 2015). 

 

 

4.5 Results 

4.5.1 The deletion of cg_HAT1 or cg_AHC1 primarily induces the downregulation of 

C. glabrata genes 

Given that sc_HAT1 and sc_AHC1 are broadly implicated in transcriptional 

regulation in S. cerevisiae (Eberharter et al., 1999; Parthun, 2007), it was 

hypothesised that the phenotypic changes in cg_hat1Δ and cg_ahc1Δ were caused 

by alternative regulation of gene expression. To test this, RNA-seq analysis was 

performed on mutant populations grown in rich media, and in the presence of 

fluconazole. Table 4.1 indicates the pairwise comparisons that were made between 

the datasets, and the total number of DEGs detected in each comparison. 

Comparison of the untreated cg_hat1Δ and cg_ahc1Δ mutants with the WT control 

showed that both gene deletions elicit a substantial transcriptional response. 

Approximately 7.9% and 15.3% of C. glabrata genes are differentially expressed in 

the cg_hat1Δ and cg_ahc1Δ mutants respectively (Table 4.1, Figure 4.2). 

Furthermore, the deletion of either cg_HAT1 or  cg_AHC1 primarily leads to the 

Figure 4.1: Flowchart of the sample preparation and bioinformatic pipeline used in RNA-seq 
experiments. Software used is shown in italics. 
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downregulation of genes, in cg_hat1Δ there are twice as many downregulated genes 

as there are upregulated, whereas there are 1.6X as many in cg_ahc1Δ (Table 4.1, 

Figure 4.2). In both knockout strains, the amplitude of gene repression was also 

clearly higher than that of the upregulation of genes (Figure 4.2). This suggests that 

like the majority of yeast histone acetyltransferases, the activities of cg_HAT1 and 

cg_AHC1’s respective complexes broadly promote gene activation. Of the two genes, 

cg_AHC1 has a greater effect on global gene expression; as well as seemingly 

influencing the expression of a larger number of genes, the extent of bidirectional 

differential expression in cg_ahc1Δ is greater than that of cg_hat1Δ, with 18.1% of all 

DEGs showing an absolute log2 fold change > 2 in the former, compared to 10.1% of 

those in the latter. For an overview of which genes were the most differentially 

expressed in each dataset, an index of the 5 most highly upregulated and 

downregulated genes from each comparison and details on these genes are included 

in Appendix Table S3.2. 

 

 

4.5.2 cg_HAT1 and cg_AHC1 regulate the expression of a common set of genes. 

 Based on the phenotypic similarities of their associated mutant strains, and 

the fact that cg_HAT1 and cg_AHC1 are under putative positive selection, the most  

  

Table 4.1: Differentially expressed genes in each dataset comparison. Numbers in parentheses 

indicate the percentage of the total C. glabrata ORFs each value corresponds to. Flc = grown in 

the presence of 64 µg/ml fluconazole, unt = untreated. 

Comparison 
Upregulated 

DEGs 

Downregulated 

DEGs 
Total DEGs 

cg_hat1Δ unt vs WT unt 139 (2.6%) 277 (5.2%) 416 (7.9%) 

cg_ahc1Δ unt vs WT unt 310 (5.9%) 501 (9.5%) 811 (15.3%) 

WT + flc vs WT unt 277 (5.2%) 253 (4.8%) 530 (10.0%) 

cg_hat1Δ + flc vs cg_hat1Δ unt 473 (8.9%) 352 (6.7%) 825 (15.6%) 

cg_ahc1Δ + flc vs cg_ahc1Δ unt 696 (13.1%) 631 (11.9%) 1327 (25.1%) 

cg_hat1Δ + flc vs  WT + flc 76 (1.4%) 58 (1.1%) 134 (2.5%) 

cg_ahc1Δ + flc vs WT + flc 39 (0.7%) 17 (0.3%) 56 (1.1%) 
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Figure 4.2: Scatterplots summarising RNA-seq datasets from cg_hat1Δ and cg_ahc1Δ mutants 
grown in rich media. (A) represents cg_hat1Δ transcriptome, compared to WT control whereas (B) 
shows cg_ahc1Δ. Each dot corresponds to one ORF, and the fold change in their expression (y-axis) is 
plotted against relative transcript abundance (as determined by average read counts; x-axis). Green 
colour indicates upregulated DEGs, and pink is downregulated. Each dataset is the consensus 
comparison of a pair of biological triplicates. 
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simplistic explanation of the data is that both genes have a similar evolutionary role 

and a common function that has been selected for during C. glabrata adaptation. To 

test this, the commonality between the differentially expressed transcripts in each 

untreated knockout strain was assessed. As shown in figure 4.3, there is significant 

overlap in the two datasets, with over 85% of DEGs in the cg_hat1Δ strain also 

appearing in the cg_ahc1Δ dataset. Furthermore, the directionality and amplitude of 

the shared DEGs is highly similar between the two strains (figures 4.3 and 4.4, 

Appendix Figure S3.2). As figure 4.4 shows, cg_HAT1 and cg_AHC1 themselves 

constitute two of the three most variable genes between the two mutant strains, in 

terms of their expression profiles. In fact, across the entire transcriptomes, only one 

DEG showed opposing directionality between the two strains (CAGL0K05390g; 

encodes a protein of unknown function, no curated orthologues). This suggests that 

these genes regulate the expression of these loci with a common mechanism, or if 

distinct mechanisms are at play in each knockout, the transcriptional outcome is 

similar.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

cg_ahcΔ cg_hatΔ 

Total DEGs 

357 454 59 

cg_ahcΔ cg_hatΔ 

Upregulated 

115 195 24 

cg_ahcΔ cg_hatΔ 

Downregulated 

242 259 35 

Figure 4.3 Venn diagrams showing the overlap between DEGs in cg_hatΔ and cg_ahc1Δ. 
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4.5.3 The cg_hat1Δ transcriptome suggests a level of functional divergence from 

orthologues in related species 

 The results of Chapter 3 suggested that cg_HAT1 influences discrete 

phenotypes from its orthologues in S. cerevisiae and C. albicans, and suggested that 

like its S. cerevisiae ortholog, cg_Hat1p may play a role in telomeric silencing. With 

this in mind, individual transcriptome analysis on this strain (in rich media) specifically 

looked at three aspects of the cg_hat1Δ dataset: (1) which molecular functions were 

enriched in cg_hat1Δ, (2) whether the DEGs showed any genomic localisation bias, 

cg_HAT1 (3rd) 
cg_BTN2 (2nd) 
cg_AHC1 (1st) 

-4 -2  0  2  4 

log2 fold change 

cg_hat1Δ cg_ahc1Δ 

cg_AQR1 (4th)  

 

Figure 4.4: Heatmap showing the 50 genes which show the greatest variance in log2 fold change 
between cg_hat1Δ and cg_ahc1Δ. Log2 fold change of each gene is relative to the WT control. 
Dendrogram shows the output of complete linkage hierarchical clustering based on the fold change 
of each gene. Yellow boxes and annotations indicate the four genes which showed the highest 
variance between the two mutants (ranked from 1st to 4th). The single gene which was identified as a 
DEG in both mutants with opposing directionality is also highlighted. 

CAGL0K05390g 
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and (3) whether cg_HAT1 influenced the expression of the same subsets of genes as 

its C. albicans orthologue (Tscherner et al., 2015).  

In the entire set of genes that are upregulated in cg_hat1Δ, the significantly 

enriched (Benjamini-Hochberg-adj p < 0.05) GO slim terms were ‘ribosome 

biogenesis’ and ‘cellular nitrogen compound metabolic process’, which were 

respectively enriched by 3.2 and 1.5 fold. Pathway analysis found the single enriched 

KEGG pathway to be ‘Drug metabolism – other enzymes’, with 4.2 fold enrichment. 

Appendix Figure S3.3 shows a summary of significantly enriched GO terms in this 

subset of genes, which corroborates the enrichment of genes annotated with drug 

metabolism and drug transport, among other processes. The significantly enriched 

(Benjamini-Hochberg-adj p < 0.05) GO slim terms and KEGG pathways among the 

downregulated genes in cg_hat1Δ are listed in Table 4.2, and broadly relate to 

morphogenic differentiation and metabolic pathways. An expanded list of enriched 

downregulated GO terms is shown in Appendix Figure S3.4.  

 

 

Interestingly, many of the downregulated GO terms appeared to relate to 

biological functions which are thought to be absent or redundant in C. glabrata, the 

most significantly enriched processes relate to the meiotic cell cycle and sexual cycle, 

which have not been observed in this species. A number of enriched terms can also 

provide a mechanistic link to phenotypes observed in cg_hat1Δ (Chapter 3). For 

Table 4.2: Enriched GO Slim terms and KEGG pathways among downregulated genes in 

cg_hat1Δ. 

Term 
Enrichment 

source 

Fold 

enrichment 
P value 

Anatomical structure formation involved in 

morphogenesis 
GO Slim 3.36 1.59E-06 

Cell differentiation GO Slim 2.41 7.79E-04 

Anatomical structure development GO Slim 2.23 1.43E-03 

Reproduction GO Slim 1.64 2.54E-02 

Glycine, serine and threonine metabolism KEGG 2.53 4.37E-02 

Sesquiterpenoid and triterpenoid 

biosynthesis 
KEGG 2.73 7.44E-03 

Starch and sucrose metabolism KEGG 3.44 3.21E-03 

Fatty acid degradation KEGG 4.17 1.29E-02 
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example, in the downregulated DEG subset  terms including: ‘negative regulation of 

growth as a thread of attached cells’, ‘negative regulation of cellular hyperosmotic 

salinity response’, and ‘response to oxygen-containing compound’ were enriched, 

which could partially explain the strains increased biofilm formation, increased 

osmotic stress tolerance, and decreased oxidative stress tolerance respectively. 

However, these terms represent just 3 out of 45 total enriched terms and therefore 

are an incomplete explanation of the relationship between genotype and phenotype 

in the cg_hat1Δ strain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To shed light on the hypothesised link between cg_HAT1 and telomeric 

silencing, the genomic location of DEGs was assessed. In cg_hat1Δ, DEGs were 

distributed across all chromosomes relatively proportionally to the size of each 

chromosome. However, a striking enrichment of upregulated transcripts was 
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Figure 4.5: Enrichment of DEGs in cg_hat1Δ in telomere-proximal regions. Bars indicate the percentage 
of all genes that are differentially expressed within the indicated genomic loci. Numbers within bars 
indicate percentages of downregulated/upregulated genes. Numbers above bars show fold enrichment 
of DEGs in each genomic loci, relative to the whole genome background. Asterisks denote significance, 
relative to genome, according to two-tailed Fisher’s exact test (***p > 0.001; **p > 0.01). 
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observed in the first 125 KB of chromosome K; despite constituting < 1 % of the C. 

glabrata genome, this region contained ~17.5 % of all upregulated DEGs in cg_hat1Δ  

(Appendix Figure S3.5). Interestingly, this hotspot of upregulation was also observed 

in the cg_ahc1Δ mutant (Appendix Figure S3.6). Furthermore, cg_hat1Δ showed a 

distinctly increased proportion of DEGs at the chromosome ends, with a significant 

enrichment of DEGs within 10 KB of telomeres (Figure 4.5). In contrast, cg_ahc1Δ 

showed the same proportion of DEGs in telomeric regions as it did the rest of the 

genome, suggesting the enrichment of telomeric DEGs in cg_hat1Δ was not simply a 

result of potentially higher nucleosome occupancy. 

The transcriptome of a C. albicans hat1Δ mutant in rich media has been 

previously characterised using RNA-seq by Tscherner et al. (2015), allowing us to 

undertake inter-species functional genomics comparisons.  Given the phylogenetic 

distance between C. glabrata and C. albicans, 1:1 orthologues can only be assigned 

to 3,311 loci, representing 62.6 % and 50.0 % of the C. glabrata and haploid C. 

albicans genomes respectively. Nonetheless, our comparative analysis revealed that 

the disruption of HAT1 has drastically different effects on transcription in each 

species (Figure 4.6). The number of DEGs in the C. albicans dataset is over double that 

observed in C. glabrata (952 for C. albicans compared with 416 in C. glabrata), and in 

contrast to cg_hat1Δ, the ca_hat1Δ strain shows upregulation in the majority of DEGs 

(78.0 % in C. albicans compared with 33.4 % in C. glabrata), Furthermore,  of  the 

3,311 orthologue pairs which were identified as DEGs in both mutants, only 5 were 

significantly differentially expressed with the same directionality in both species 

(Figure 4.6).  
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Figure 4.6: Comparison of transcriptome profiles of C. glabrata and C. albicans HAT1 deletion mutants. 
(A) Scatter plot showing the fold change of paired orthologues of each gene in both species, ρ = 
Spearman’s rho. (B) Heatmap showing the expression of the 100 most significant DEGs in C. glabrata, 
and their expression level of their orthologues in C. albicans. (C) Heatmap showing the expression of the 
100 most significant C. albicans DEGs and the expression level of their C. glabrata orthologue. 
Dendrograms show outputs of complete-linkage hierarchical clustering based on the fold change of each 
gene. 
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4.5.4 The knockout of cg_AHC1 affects similar genetic loci and functional gene 

groups as that of cg_HAT1 

 Given the considerable overlap between the genomic loci and directionality 

of expression in cg_hat1Δ and cg_ahc1Δ, the subset of DEGs that are unique to 

cg_hat1Δ constitutes a small enough list that the enrichment analyses above 

effectively represent the subset of genes that are commonly differentially expressed 

in both cg_ahc1Δ and cg_hat1Δ, as well as solely cg_hat1Δ. However, a considerably 

higher number of genes are misregulated in cg_ahc1Δ (Figure 4.3). In spite of this 

difference, GO slim and pathway enrichments showed considerable commonality 

between cg_hat1Δ and cg_ahc1Δ  datasets. A limited number of additional pathways, 

such as those relating to secondary metabolite biosynthesis were specifically 

enriched in the cg_ahc1Δ  upregulated DEG datasets  (Table 4.3, Appendix Figure 

S3.7) The same was true of the downregulated gene subset, with cg_ahc1Δ showing 

an additional enrichment of processes related to cell envelope organisation and 

specific metabolic pathways (Table 4.4, Appendix Figure S3.8).  

 

  

 

Table 4.3: Enriched GO Slim terms and KEGG pathways among upregulated genes in cg_-

ahc1Δ.  

Term 
Enrichment 

source 

Fold 

enrichment 
P value 

Ribosome biogenesis GO Slim 4.91 2.34E-35 

Cellular nitrogen compound metabolic 

process 
GO Slim 1.59 2.73E-09 

tRNA metabolic process GO Slim 2.32 8.53E-03 

Transmembrane transport GO Slim 1.86 1.10E-02 

Nucleocytoplasmic transport GO Slim 2.11 5.87E-02 

Aminobenzoate degradation KEGG 3.01 1.22E-02 

Drug metabolism - other enzymes KEGG 4.31 1.24E-02 

Prodigiosin biosynthesis KEGG 3.25 1.81E-02 

Histidine metabolism KEGG 3.03 2.03E-02 

Carbapenem biosynthesis KEGG 2.73 2.14E-02 

Phenylpropanoid biosynthesis KEGG 2.83 2.43E-02 



146 | P a g e  
 

 

Of course, the increased number of DEGs in the cg_ahc1Δ strain could 

confound the detection of enriched groups and pathways. Therefore, the subset of 

DEGs which were unique to cg_ahc1Δ was also individually analysed. The number of 

discrete enriched functions which were attributable to the cg_ahc1Δ-exclusive DEGs 

was relatively low (Appendix Table S3.3). This, and the strong correlation between 

the fold-change of all genes in each mutant strain (Appendix Figure S3.2) indicates 

that cg_HAT1 and cg_AHC1 primarily act at the same genetic loci, despite varying in 

the number of DEGs detected. As shown in figure 4.7, the majority of DEGs which 

were deemed exclusive to cg_ahc1Δ were also differentially expressed in cg_hat1Δ 

but narrowly missed the cut-off (> 38% of these genes showed an absolute log2 fold 

change > 0.8, and ~70% were > 0.6). It is worth noting that figure 4.11 also shows that 

in the untreated cg_hat1Δ mutant, cg_AHC1 was modestly and statistically 

significantly (FDR-adjusted p < 0.0001) downregulated 

  

Table 4.4: Enriched GO Slim terms and KEGG pathways among downregulated genes in 

cg_ahc1Δ.   

Term 
Enrichment 

source 

Fold 

enrichment 
P value 

Anatomical structure formation involved in 

morphogenesis 
GO Slim 

2.79 7.54E-08 

Anatomical structure development GO Slim 2.23 1.88E-06 

Reproduction GO Slim 1.81 3.76E-06 

Cell differentiation GO Slim 2.14 2.96E-05 

Cell wall organization or biogenesis GO Slim 1.59 3.33E-02 

Plasma membrane organization GO Slim 4.07 4.68E-02 

Starch and sucrose metabolism KEGG 2.55 6.19E-03 

Lysine biosynthesis KEGG 3.4 2.35E-02 

beta-Alanine metabolism KEGG 3.4 2.35E-02 

Sulphur metabolism KEGG 3.4 2.35E-02 

Propanoate metabolism KEGG 1.95 3.48E-02 

Xylene degradation KEGG 3.83 3.58E-02 

Dioxin degradation KEGG 3.83 3.58E-02 

Glycerophospholipid metabolism KEGG 1.78 3.86E-02 

Fructose and mannose metabolism KEGG 1.56 4.98E-02 
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4.5.5 In the presence of fluconazole, cg_hat1Δ and cg_ahc1Δ modulate gene 

expression to WT levels. 

Before characterising the mutant strain response to the antifungal 

fluconazole, the transcriptomic response of WT C. glabrata to fluconazole had to be 

examined. In the presence of 64 µg/ml fluconazole, exponentially growing WT 

populations showed differential expression of approximately 10% of the genome, 

with a generally even distribution of up- and downregulated genes, in terms of both 

number and expression amplitude (Table 4.1, Figure 4.8). Strikingly, both cg_hat1Δ 

and cg_ahc1Δ showed substantially larger transcriptional responses to fluconazole 

(relative to their untreated equivalents) than the type strain, and these responses 

were characterised by a greater proportion of upregulated genes. In the presence of 

the antifungal, in cg_hat1Δ and cg_ahc1Δ, 15.6% and 25.1% of all genes were 

differentially expressed respectively. This response results in the mutants showing 

Figure 4.7: Expression levels of the 453 genes which exclusively passed the 2-fold DEG cutoff in 
cg_ahc1Δ, in the cg_hat1Δ strain. Each dot corresponds to one ORF and each dataset is the consensus 
comparison of a pair of biological triplicates. Green dots are those with a log2 fold change > 0.6 in 
cg_hat1Δ, while pink are those with a log2 fold change < -0.6. The position of cg_AHC1 is indicated, and 
of note is that the gene showed statistically significant downregulation (albeit outside the DEG cutoff) 
in cg_hat1 Δ. 
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remarkably similar global gene expression profiles to the drug-treated WT samples, 

with less than 2.5 % of all genes being designated as DEGs when either drug-treated 

mutant was compared with the drug treated WT (Table 4.1, Figure 4.9, Appendix 

Figure S3.9). The transcriptomic commonality between each mutant and the WT in 

the presence of fluconazole indicates that, although the mutants show divergent 

steady state gene expression profiles in YPD, when faced with fluconazole, these 

mutants exert a transcriptional response that ‘realigns’ their transcriptome with that 

of the drug-exposed WT. Indeed, clustering analysis shows that while the untreated 

samples cluster discretely based on the strain they are derived from, in the presence 

of fluconazole the individual samples show enough global gene expression similarity 

to cause admixture in their clustering (Figure 4.10). 
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Figure 4.8: Scatterplot summarising RNA-seq dataset of WT C. glabrata grown in fluconazole. Each 
dot corresponds to one ORF, and the fold change in their expression (y-axis) is plotted against relative 
transcript abundance (as determined by average read counts; x-axis). Green colour indicates 
upregulated DEGs, and pink is downregulated. The dataset is the consensus comparison of a pair of 
biological triplicates. 
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Figure 4.9: Volcano plot showing amplitude and significance of transcriptional response to 
fluconazole in in cg_hat1Δ and cg_ahc1Δ strains. The various comparisons made between different 
datasets are (A) fluconazole treated cg_hat1Δ versus untreated cg_hat1Δ, (B) fluconazole treated 
cg_hat1Δ versus fluconazole-treated WT. (C) fluconazole treated cg_ahc1Δ versus untreated 
cg_ahc1Δ,  (D) fluconazole treated cg_ahc1Δ versus fluconazole-treated WT. Each dot corresponds to 
one ORF, and the fold change in their expression (x-axis) is plotted against significance (y-axis). Green 
colour indicates upregulated DEGs, and pink is downregulated. Each dataset is the consensus 
comparison of a pair of biological triplicates. 
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Two non-mutually exclusive hypotheses were generated to explain the 

fluconazole resistance of the cg_ahc1Δ and cg_hat1Δ mutant strains: (1) each mutant 

strain produced an amplified drug-specific transcriptional response to fluconazole 

allowing them to withstand greater concentration of the anti-fungal, and (2) each 

gene knockout is primed to resist antifungal treatment due to a pre-existing 

advantageous gene expression profile in each stains. To delineate between both 

hypotheses, the transcriptomes of drug-treated mutants were assessed, and 

compared against the fluconazole-treated WT. 

 As described previously, in the presence of fluconazole both mutants and the 

WT strain show highly similar global gene expression profiles, with drug-treated 

cg_hat1Δ and cg_ahc1Δ respectively only showing 134 and 56 DEGs when each  is 

compared to the azole-treated WT (Figure 4.9). These subsets of genes, which are 

‘overregulated’ in the presence of fluconazole, are not known to play a significant 

role in the C. glabrata azole response as they do not have established links with drug 
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Figure 4.10: Clustering analysis of individual samples in this study based on whole-transcriptome 
expression profiles. Samples are clustered by complete linkage hierarchical clustering, using 
Spearman correlation based on the CPM (counts per million) for all genes in each dataset. Height 
indicates the distance between samples. Numbers in parentheses differentiate each biological 
replicate.  Read count normalisation was performed with edgeR (v3.10). 
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resistance mechanisms. Almost no DEGs that are upregulated or downregulated in 

the WT azole response are also overregulated with the same directionality in the 

mutant strains (Appendix Figure S3.10). In fact, the common subset of 84 total DEGs 

between the ‘cg_hat1Δ + flc vs WT + flc’ dataset and the WT azole response are 

regulated with opposing directionality, with the exception of three genes (Appendix 

Figures S3.11, S3.12). Additionally, the additional genes that cg_hat1Δ and cg_ahc1Δ 

differentially express in response to fluconazole are enriched for processes such as 

small molecule metabolism, reproduction, and morphogenic development (Table 

4.5). Given that these functions are also significantly enriched in the mutants in the 

absence of the drug and have no prior links to drug resistance in C. glabrata, they are 

unlikely to drive the azole-resistance of each strain. Notably however, the cluster of 

14 genes in the first 125 KB of chromosome K remained significantly upregulated in 

both mutants in the presence of fluconazole, suggesting that the lack of cg_HAT1 or 

cg_AHC1 causes this gene subset to be constitutively upregulated. These genes vary 

in their putative functions which include adhesion and regulation of transcription and 

translation (see Appendix Table S3.4 for full list of gene functions). 

 

 

Table 4.5: Enriched GO Slim terms among the DEGs which are over-regulated in response 

to fluconazole in cg_hat1Δ and cg_ahc1Δ.   

Term 
Upregulated/ 

Downregulated? 

Fold 

enrichment 
P value 

cg_hat1Δ + flc vs WT + flc 

Generation of precursor metabolites 

and energy 
Upregulated 

9.07 3.85E-10 

Small molecule metabolic process Upregulated 3.15 4.27E-07 

Sulfur compound metabolic process Downregulated 6.52 2.95E-03 

Small molecule metabolic process Downregulated 2.6 2.95E-03 

cg_ahc1Δ + flc vs WT + flc 

Anatomical structure formation 

involved in morphogenesis 
Downregulated 

8.42 1.55E-02 

Reproduction Downregulated 4.44 1.55E-02 

Cell differentiation Downregulated 6.29 2.25E-02 

Anatomical structure development Downregulated 5.59 2.57E-02 

Cell cycle Downregulated 3.36 2.57E-02 
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 Next, to test the possibility of transcriptional priming as a resistance 

mechanism, the transcriptomes of the untreated mutants were compared to that of 

the drug-treated WT. Our data suggest that a considerable number of the 

misregulated genes in each of the mutants under investigation are involved in the 

fluconazole response; approximately 33% (139 out of 416) of all DEGs in cg_hat1Δ 

and 23% (189 out of 811) of those in cg_ahc1Δ overlap with the drug-treated WT 

dataset (Figure 4.11). In cg_hat1Δ and cg_ahc1Δ, 44.6% (62 of 139) and 52.4% (99 of 

189) of these overlapping genes were differentially expressed with the same 

directionality as the drug response respectively, with the majority of the genes being 

commonly downregulated (Figure 4.11). Unsurprisingly, the expression profiles of the 

common genes show a stronger correlation between the two mutant strains, than 

between either strain and the WT drug response (Appendix Figures S3.12, S3.13). 

Interestingly, enrichment analyses on the overlapping genes between each mutant 

strain, and the WT + fluconazole treatment, did not reveal any processes with obvious 

links to drug resistance or metabolism. 

4.5.6 Known antifungal resistance pathways are not misregulated in HPR deletion 

mutants 

The most prevalent mechanism of high-level azole resistance in C. glabrata 

clinical isolates is the transcriptional induction of genes in the Pdr1p regulon, as 

described in Section 1.3.5. As such, the expression patterns of cg_Pdr1p regulon-

members and other genes implicated in azole resistance from reverse-genetics 

studies were specifically assessed (Geber et al., 1995; Caudle et al., 2011; Costa et al., 

2013a; Costa et al., 2013b; Paul et al., 2014; Schwarzmuller et al., 2014; Whaley et 

al., 2018b). As expected, the majority of these genes were upregulated in WT C. 

glabrata in response to fluconazole, however in the untreated cg_hat1Δ and 

cg_ahc1Δ strains almost 50% of these genes were moderately downregulated, while 

most of the remainder primarily showed little to no expression change (Figure 4.12). 

Upon being exposed to fluconazole, both mutants express these genes with the same 

directionality as the WT but stronger induction, which results in the mutants broadly 

showing similar, if not modestly higher, expression levels of these genes compared 

to the azole-treated WT (Figure 4.12).  
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Figure 4.11 The overlap and gene expression profiles of DEGs in untreated mutants and those involved in 
the WT response to fluconazole. Venn diagram indicates the commonality between total DEGs in each 
dataset and each heatmap shows the directionality and amplitude of the genes in the indicated overlap 
regions.  Log2 fold change of each gene is relative to the untreated WT control. Dendrogram shows the output 
of complete linkage hierarchical clustering based on the fold change of each gene.  Percentages above 
heatmaps are the proportions of DEGs that are expressed with the same directionality within each overlap 
(in case of triple overlap percentage indicates common directionality across all 3 datasets). 
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Figure 4.12: Gene expression profiles of genes implicated in azole resistance in C. glabrata. (A) shows 
members of the cg_Pdr1p regulon, (B) shows genes implicated in azole-resistance from various reverse-
genetics studies. Dendrograms shows the output of complete linkage hierarchical clustering based on the 
fold change of each gene. Labelled genes are drug transporters, members of the ergosterol biosynthesis 
pathway, and the cg_Pdr1p transcription factor. 
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The availability of a large-scale C. glabrata deletion collection (comprising 619 

systematically phenotyped mutants) also offered numerous other subsets of 

functionally-characterised genes, many of which were relevant to the phenotypes 

previously described in each mutant strain (Schwarzmuller et al., 2014). As such, 

individual lists of genes whose knockout affected fitness, drug resistance, biofilm 

formation, or stress-linked phenotypes were obtained, and their expression was 

checked in each mutant. Although a number of these genes showed significant 

expression variegation, there was no obvious correlation between their expression in 

this study and the large-scale phenotyping data.  

4.6 Discussion 

4.6.1 RNA-seq as a method of investigating C. glabrata virulence. 

 Understanding the molecular mechanisms which underlie virulence-

associated phenotypes in C. glabrata is an important avenue of investigation, from 

both an evolutionary standpoint and for the development of new therapeutic and 

diagnostic strategies. However, this is easier said than done and despite the power 

of RNA-seq approaches, studying the transcriptome can raise as many questions as it 

answers. An underappreciated source of systemic bias in transcriptomic studies is the 

human bias for targeting genes related to pre-existing hypotheses or those 

documented in previous work. As such, this study attempted to employ an 

indiscriminate approach to profiling differential gene expression in the histone 

acetylation-related mutants. 

 The most immediate result of RNA-seq was that cg_Hat1p and cg_Ahc1p 

seem to predominantly function in gene activation and largely target the same 

genomic loci, where the activity of cg_Ahc1p’s HAT complex has a higher impact on 

transcriptional induction. The misregulation of similar gene subsets in each individual 

knockout suggests that the two genes may be functionally redundant, or perhaps play 

a cumulative or coordinated role in modulating transcription at their shared loci. 

Given that both genes should primarily mediate histone acetylation, the genomic loci 

they can act on are likely to be innately limited to nucleosome-bound regions. 

However, like S. cerevisiae, C. glabrata nucleosomes are ubiquitous across the 
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genome and show stereotypical patterns of organisation along most genes, and so 

the commonality between the DEGs in each strain most likely reflects a specific 

localisation pattern shared by each HAT complex (Tsankov et al., 2010; Tsui et al., 

2011). The magnitude of differential expression in the C. glabrata mutants seems 

comparable to that previously described for HAT knockouts; for reference, a 

ca_hat1Δ strain differentially expresses ~15.4% of its genome, and the disruption of 

a S. cerevisiae HAT complex subunit (sc_SPT3) influences ~10% of the genome 

(Huisinga & Pugh, 2004; Tscherner et al., 2012). The overlap in the putative target 

loci and downstream transcriptional effects of cg_HAT1 and cg_AHC1 potentially 

explains the broad phenotypic similarities observed between the two knockout 

strains, and a reason both genes are predicted to be under positive selection.  

 Linking each the gene expression profiles of each knockout strain to their 

phenotypic differences is somewhat challenging however, and highlights the 

disparity in our understanding of gene functionality between C. glabrata and species 

like S. cerevisiae or C. albicans. In each set of DEGs from the mutants, a number of 

GO processes are enriched which could feasibly be linked to the strain’s phenotypes, 

for example in untreated cg_hat1Δ, and to a lesser extent cg_ahc1Δ, the enrichment 

of drug metabolism and transmembrane transport processes in upregulated genes 

could be offered as an explanation for the azole-resistance phenotypes. However, 

this would effectively be cherry-picking the data and ignoring important aspects of 

the analysis. Chief among these is that the annotated functions and ontologies of 

most C. glabrata genes are derived from their orthologues, and so analyses based on 

these (particularly KEGG pathway analyses) may flag processes that are irrelevant to, 

or absent in C. glabrata. Additionally, a reliance on ontological terms derived from S. 

cerevisiae may under-represent crucial virulence-linked processes such as adhesion 

or biofilm formation. That said, relying on orthology is a necessity; when the entire 

set of DEGs in cg_ahc1Δ is mapped to ontology terms which have been 

experimentally validated in C. glabrata, the only significantly enriched process is 

“biological process unknown” (data not shown). In time and with further research, 

the electronic annotation of the C. glabrata genome will improve and in turn expedite 

bioinformatic analyses, but until then orthologous functions must be relied on. 



157 | P a g e  
 

Another important facet of this analysis is that differential gene expression was 

determined relatively to that of the ATCC2001 WT strain, perhaps the use of clinical 

isolates or known resistant strains as a reference could improve our understanding 

of the transcriptomics of drug resistance. 

  Of course, the possibility also exists that each strain’s phenotypes are caused 

by mechanisms that have not yet been described. To date, azole resistance in C. 

glabrata has almost exclusively been associated with active drug efflux, however it 

has been shown that Candida species and S. cerevisiae import azoles by facilitated 

diffusion (Mansfield et al., 2010). The transporters involved in this import remain 

unknown to date, but the constitutive downregulation of, or protein defects in such 

transporters could be an underappreciated mechanism of drug resistance (Berkow & 

Lockhart, 2017). Furthermore, non-coding RNAs in S. cerevisiae and S. pombe have 

increasingly been linked with fitness and stress responses, including those associated 

with nutrient deprivation, heat stress, osmostress and the OSR (reviewed in Till et al., 

2018; see also Bumgarner et al., 2009; Leong et al., 2014; Nadal-Ribelles et al., 2014; 

Parker et al., 2018). Given that numerous ncRNAs can regulate, or be regulated by 

chromatin modifiers, these molecules could feasibly play differential roles in the 

mutants but unfortunately, none have been characterised in C. glabrata, and the 

poly(A) mRNA enrichment strategy used in this study removes the potential for an 

unbiased ncRNA analysis. 

4.6.2 Under permissive conditions, cg_hat1Δ and cg_ahc1Δ differentially express 

genes associated with evolutionarily conserved processes. 

Consistent with their similar expression profiles, the most significantly up- and 

down-regulated biological processes were shared between cg_hat1Δ and cg_ahc1Δ. 

Ribosome biogenesis was the most enriched function among the upregulated DEGs 

in each mutant by a significant margin. Ribosomal protein genes are generally highly 

conserved terms of in their sequence and regulation across Ascomycota fungi, as 

ribosomal proteins require a large energy investment from the cell and their 

assembly demands a strict stoichiometric balance (Wapinski et al., 2010; Woolford & 

Baserga, 2013). Ribosomal proteins are strongly corepressed in S. cerevisiae in 

response to stress or nutrient starvation, but interestingly C. albicans and C. glabrata 
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lack this stress-associated repression (Causton et al., 2001; Enjalbert, Nantel et al., 

2003; Wapinski et al., 2010). Perhaps the ability to maintain elevated ribosomal 

protein expression under stress allows organisms to grow more aggressively in a 

hostile environment like the human host, or produce a rapid proteomic response to 

insults such as antifungals. If this were the case, then elevated basal levels of 

ribosome proteins or biosynthesis pathway members could augment virulent 

phenotypes, provided the cell could tolerate increased energy costs or perturbations 

to proteostasis. It is also worth noting, despite the lack of correlation between global 

DEGs in cg_hat1Δ and its C. albicans orthologue, a ca_hat1Δ strain also shows 

increased azole resistance and altered virulence accompanied by an enrichment of 

upregulated ribosome biosynthesis-associated genes (Tscherner et al., 2012). In 

contrast, the depletion of S. cerevisiae histone H4 acetylation levels has been 

associated with the downregulation of ribosomal proteins and ribosome biogenesis 

processes (Reid et al., 2000; Bruzzone et al., 2018). Although ribosomal proteins and 

their coexpression are strongly evolutionarily conserved, their regulators can show 

considerable evolvability and this has been proposed to act as a potent driver of 

expression divergence among Ascomycota fungi (Tanay et al., 2005; Wohlbach et al., 

2009; Wapinski et al., 2010). This could be one mechanism by which cg_HAT1 and 

cg_AHC1 have influenced C. glabrata’s evolutionary trajectory. Of course, this 

process could also be unrelated to the phenotypes in each mutant or the differential 

expression of ribosome proteins could even have a negligible effect on their protein 

level; eukaryotes can also control ribosome biogenesis effectors post-

transcriptionally which could counterbalance changes in their transcript abundances 

(Grigull et al., 2004; Henras et al., 2008). 

The most abundantly downregulated processes in the mutants involved 

various metabolic pathways, reproduction, and anatomical development. These 

functions broadly related to the meiotic cell cycle, which is perhaps unsurprising as 

sexual reproduction in yeast is intimately linked with heterochromatic repression and 

by extension, histone modification states. In S. cerevisiae, haploid cells adopt one of 

two mating types (a or α), depending on the expression of genes at the MAT locus. 

The specific genes that determine the mating type are located at the constitutively 
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silent loci HMR and HML, and they are transposed to the MAT locus in a gene 

conversion event; this ensures that the haploids express only one mating type at a 

time, whilst retaining the genetic information corresponding to the other. The 

repression of the mating type loci shares many similarities with telomere silencing, 

and is mediated by the same histone modification patterns and the activity of the SIR 

complex (reviewed by Grunstein & Gasser, 2013). Additionally, the proper initiation 

and progression of meiosis has also been shown to be dependent on manifold histone 

acetylation marks, which may explain the predicted depletion of these processes in 

the absence of cg_hat1Δ or cg_ahc1Δ (Burgess et al., 1999; Cavero et al., 2016; Wang 

et al., 2017).  

Although the C. glabrata genome contains mating type loci, and orthologues 

of most genes involved in the meiosis and reproduction (which are highly conserved; 

Usher, 2019), there is no direct evidence of natural sexual reproduction in the 

species. A number of ideas have been put forward as to why these seemingly 

redundant genetic elements have been conserved in C. glabrata, each of which has 

interesting implications for the evolution of cg_HAT1 and cg_AHC1, if they do 

regulate mating-associated genes. The first of these is that C. glabrata does in fact 

mate in a cryptic sexual cycle, as suggested by the genetic admixture between distinct 

C. glabrata clades and predicted purifying selection on mating genes (Carrete et al., 

2018; Gabaldon & Fairhead, 2019). If this were the case, regulators of mating would 

indirectly delineate the exchange of genetic material, and thus the extent of genetic 

variation and evolvability, and also potentially be subject to the strong selection 

pressures associated with the mating apparatus. On the other hand, if mating is 

indeed absent, cg_HAT1 and cg_AHC1 may have been ‘untethered’ from regulating 

these fundamental cellular processes, which could open the door to functional 

reassignment to influencing other functions, potentially ones associated with 

pathogenicity. Alternatively, elements of the C. glabrata mating machinery may have 

functionally shifted (Usher & Haynes, 2014). Regardless, although interesting from an 

evolutionary perspective, the depletion of these functions in mutant strains seems 

unlikely to be linked to their observed hypervirulence or associated phenotypes. 
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4.6.3 Transcriptome profiles of cg_hat1Δ and cg_ahc1Δ considerably vary between 

steady state conditions and under antifungal exposure  

 Exposing cg_hat1Δ and cg_ahc1Δ to fluconazole revealed patterns of gene 

expression that were not apparent while growing the strains in more permissive 

conditions.  It was naively hypothesised that the increased fluconazole resistance of 

the mutants was caused by an augmented transcriptional response to the drug, 

and/or by pre-existing advantageous transcriptional profiles, and the RNA-seq 

experiment was designed to both possibilities.  

  Of the two drug resistance mechanisms, the majority of sequencing data 

lends more credence to transcriptional priming as a contributor to azole resistance. 

Direct comparisons between the mutant strains and WT, when both are exposed to 

fluconazole, show that a relatively small subset of genes significantly vary in their 

transcript abundance. While some of the genes that are more potently induced in the 

mutants have been linked to azole resistance, such as the drug:H+
 antiporter -

cg_TPO1_1 (CAGL0G03927g), the majority play miscellaneous functions related to 

the electron transport chain and various metabolic pathways which have no a priori 

links to drug tolerance (Pais et al., 2016). However, given that transcription and 

transcriptional shifts rely on a limited pool of cellular resources and available energy, 

the alternative basal regulation (particularly downregulation) of drug resistance-

independent genes observed in the cg_hat1Δ and cg_ahc1Δ mutants could feasibly 

promote the ability of these strains to respond to antifungal treatment. For example, 

these mutants could benefit from the pre-existing downregulation of inessential 

transcripts and thus a require lesser degree of transcriptional realignment than the 

WT to tolerate fluconazole. Additionally, the genes that are upregulated in the 

mutants under steady-state conditions are implicated in drug metabolism and 

transport by both KEGG pathway and ontology enrichments and a considerable 

number of the DEGs in each mutant overlap with those genes involved in the WT 

response to fluconazole. In fact, the single most upregulated gene in untreated 

cg_ahc1Δ, which was also significantly upregulated in cg_hat1Δ, was the drug:H+ 

antiporter cg_AQR1 (CAGL0J09944g), which has previously been identified as a 

determinant of antifungal and acetic acid resistance (Costa et al., 2013a). This 
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seemingly supports the idea that the two strains are transcriptionally poised to 

mount a drug response, but the patterns of gene expression in the drug-exposed 

mutants imply that more complex mechanisms are at play. 

 Upon exposing cg_ahc1Δ to fluconazole, despite being a multidrug 

transporter, cg_AQR1 shifts from being strongly upregulated to being the second 

most downregulated gene across the transcriptome (relative to untreated 

cg_ahc1Δ). This could indicate a degree of specificity in drug responses, and that 

cg_AQR1 simply does not act to extrude fluconazole, but it more importantly 

provides an example of how steady-state gene expression profiles can be poor 

indicators of transcriptional response dynamics. Likewise, although components of 

the PDR regulon appeared to be downregulated in both untreated mutants, they 

showed slightly higher transcript abundances than the WT when all strains were 

exposed to fluconazole. These findings highlight the challenges in linking gene 

expression data to biological outcome, and also some shortcomings of the RNA-seq 

experimental design. By only assessing the transcriptome of each strain at a single 

endpoint, the kinetics of transcriptional responses cannot be appreciated; 

phenotypes such as increased stress tolerance or drug resistance could be conferred 

by a more rapid induction of the required genes, regardless of their steady-state 

transcript abundance. For example, the oxidative stress resistance of a ca_hat1Δ 

mutant is linked to accelerated catalase and peroxidase gene induction, and the 

phenomenon of epigenetic transcriptional memory 9  in S. cerevisiae involves the 

more rapid induction of beneficial genes (Tscherner et al., 2012; Sood et al., 2017). 

Indeed, a comprehensive histone-modification mapping study by Weiner et al. (2012) 

revealed that chromatin-related proteins considerably affect the kinetics of gene 

expression responses in S. cerevisiae, and in C. albicans the ca_Set3 histone 

deacetylase complex dynamically affects chromatin status in a way which primarily 

modulates transcription kinetics rather than steady-state gene expression (Hnisz et 

al., 2012). For reference, Appendix Figure S3.14 shows hypothetical examples of the 

 
9 This refers to previously induced genes remaining poised for activation in response to their given 
activator, after multiple cell divisions in the absence of the initial inducer. 
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gene expression changes which could lead to phenotypic differentiation, and 

whether they could be detected in this study. 

  As well as revealing how histone modifiers affect transcription kinetics, 

histone mapping studies have also shown that chromatin modifications and proteins 

typically play a more pronounced role, and occasionally different functions, during 

yeast stress responses (Weiner et al., 2012; Weiner et al., 2015). Proteins such as the 

histone methyltransferase sc_Set1p have been reported to have a minimal effect on 

transcription in biologically permissive conditions, but play a strong role in ribosomal 

gene repression in stressed cells (Lenstra et al., 2011; Weiner et al., 2012). This 

repression pattern was shown to be caused by the proteins deposition of the 

H3K4me3 mark, which is generally associated with transcriptional activation 

(Ruthenburg et al., 2007). It may be that cg_hat1Δ and cg_ahc1Δ similarly influence 

C. glabrata phenotypes through “stress-specific” responses which were not captured 

in this study. That said, the similarity between the two strains in untreated conditions 

and fluconazole suggests they share functional outputs in response to stress. Future 

RNA-seq work could assess a greater variety of virulence-linked conditions and over 

multiple timepoints to profile the transcriptome of each strain in higher resolution.  

 Despite the constrained resolution of the RNA-seq experiment, the 

observation that in the presence of fluconazole, both cg_hat1Δ and cg_ahc1Δ 

normalise their transcript level to align with the azole-treated WT is ultimately an 

interesting one. This firstly attests to the biological insult posed by this antifungal, 

which ostensibly demands a highly specific transcriptional programme for C. 

glabrata’s survival. More importantly however, this evokes a model where cg_HAT1 

and cg_AHC1 are required for normal basal transcription, but under conditions of 

dramatic stress, or perhaps solely fluconazole exposure, an independent parallel 

pathway or factor is induced that obviates the requirement for these acetylation-

related genes. Further work could also seek to determine whether this mechanism 

exists, as beyond being mechanistically interesting, such a pathway could offer 

valuable insight into how C. glabrata responds to azole antifungals and potentially 

serve as a novel antifungal target. 
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4.6.4 cg_hat1Δ shows species-specific patterns of gene regulation in C. glabrata, 

which are common with cg_ahc1Δ 

  As with the strain’s phenotypes, the global gene expression profile of 

cg_hat1Δ suggests that the gene has functionally diverged from its orthologues in 

other species. A comparison between the transcriptomes of C. glabrata and C. 

albicans hat1Δ mutants implies that Hat1p regulates distinct sets of orthologous 

genes in each species. Furthermore, the deletion of the C. albicans gene primarily 

leads to the upregulation of genes, in contrast to the repression observed in this 

study. This suggests that the C. glabrata gene product plays a function more akin to 

that of its S. cerevisiae orthologue, which would be unsurprising given the closer 

phylogenetic relationship between the two species (Kurtzman & Robnett, 1998; 

Dujon et al., 2004). Indeed, the enrichment of telomeric DEGs in cg_hat1Δ suggests 

that the protein may follow similar localisation patterns as its S. cerevisiae 

orthologue, however unlike sc_Hat1p, the C. glabrata protein appears to primarily 

function in gene activation at these regions (Kelly et al., 2000; Mersfelder & Parthun, 

2008). While this alone does not rule out an involvement in telomeric silencing 

(defects are only observed in sc_hat1Δ when residues on the NH2-terminal tail are 

also mutated), it does imply the C. glabrata gene has assumed a different function in 

controlling transcriptional output. The transcriptomic consequences of knocking out 

sc_HAT1 remain uncharacterised, and likewise no information is available on how 

orthologues of cg_AHC1 influence transcription, but this study suggests that both 

genes broadly function in gene activation across the genome, while enforcing a 

distinct hotspot of gene repression on chromosome K. It will be interesting to see 

whether future studies uncover similar patterns of differential expression in strains 

with histone modifier knockouts or histone tail mutations. Additionally, to validate 

the left arm of chromosome K as a true hotspot of acetyltransferase-mediated gene 

repression, this region should be directly amplified in each mutant, or the mutant 

genomes should be sequenced, to rule out partial aneuploidies as the source of the 

increased reads mapped to the region in  both strains (given that the origin of both 

strains means they could share a chromosomal duplication from a common recipient 
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strain from the large-scale deletion library; Schwarzmuller et al., 2014; B. Cormack, 

personal communication 24/02/2020). 

 Since the advent of widespread sequencing and functional genomics, new 

aspects of the evolution of yeast transcriptional networks have become apparent, 

particularly how plastic these networks are (reviewed by Li & Johnson, 2010). While 

these studies generally relate to transcription factors, their fundamental evolutionary 

findings can apply to histone modifiers, and it has been demonstrated that, like other 

genetic regulatory elements, histone modification profiles diverge with evolutionary 

time, leading to expression divergence (particularly after gene duplication; Zou et al., 

2012). Three main scenarios for transcription network evolution are often described. 

In the first, gene membership in a regulon is altered, through sequence 

polymorphisms that abolish transcription factor binding, or gene duplication/loss. A 

chromatin-linked example of this could be the expansion of telomeric adhesins in the 

C. glabrata genome (de Groot et al., 2008). In the second, the control of a regulon is 

handed off from one transcription factor to another, which has seemingly occurred 

in regulators of mating type, ribosomal genes since the divergence between S. 

cerevisiae and C. albicans (Tsong et al., 2003; Tsong et al., 2006; Lavoie et al., 2010). 

Although theoretically possible, this evolutionary programme has not been described 

in histone modifiers and seems an unlikely contributor to the signatures of positive 

selection or putative functional shifts in cg_HAT1 and cg_AHC1. 

 The third (and most pertinent to chromatin structure) mechanism of 

transcriptional rewiring involves the evolution of combinatorial interactions which 

shape how the regulon is operated. For transcription factors this typically involves 

changes in protein-protein interactions between the DNA-binding proteins (Li & 

Johnson, 2010). This evolutionary programme is even more relevant to histone 

modifiers, which largely operate in complexes where the various subunits (which may 

also function in multiple distinct complexes) can dictate localisation and catalytic 

activity (Roguev et al., 2001; Lee et al., 2011). A growing body of evidence also 

suggests that histone modification crosstalk can considerably influence biological 

outcome (Lee J.S. et al., 2007; Jung et al., 2015; Leonen et al., 2018). Changes in any 

of these interactions could impact how a given complex modifies histone proteins, or 
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how its associated modification shapes transcription. For example, it could be that 

nonsynonymous changes in cg_Hat1p have specifically altered how its activity 

influences transcription, this could potentially explain why the acetyltransferase 

shares an enriched telomeric function with its S. cerevisiae orthologue but with an 

opposing transcriptional output. For cg_Ahc1p, amino acid substitutions could 

potentially alter how the protein defines ADA complex localisation or 

acetyltransferase activity, or could even lead to novel interactions as part of a 

separate complex. Regardless of mechanism, the overlapping regulatory function 

that both proteins seem to have evolved presumably benefits fitness in the human 

host, and could have thus been selected for in C. glabrata’s evolution. 

 Despite RNA-seq providing a wealth of gene expression data and additional 

evidence that the genes under investigation may have influenced C. glabrata’s 

adaptation, a number of outstanding questions remain regarding the relationship 

between histone acetylation and C. glabrata pathogenicity. For example, how does 

the knockout of each gene result in their observed phenotypes? The cg_hat1Δ strain 

counterintuitively shows increased biofilm formation despite showing generally 

increased repression in telomeric sequences and putative adhesins (15/70 putative 

adhesins were significantly downregulated, whereas only 1 was upregulated). It could 

be that the observed increase in biofilm biomass is mediated by a separate process 

such as ECM production or that the sample growth conditions do not reflect biofilm-

forming conditions. Furthermore, despite having a lesser effect on genome-wide 

transcription, cg_HAT1 seemingly has a greater impact on virulence, and the 

cg_hat1Δ mutant uniquely shows osmotic stress resistance. A greater range of test 

conditions and timepoints could perhaps help resolve these discrepancies between 

gene expression and phenotype.  

 To definitively link the observed changes in gene expression to the activity of 

each acetylation-related gene, ChIP-seq experiments would be a promising avenue 

of investigation, and one which would complement transcriptomic data. However, to 

maximise the value of such an approach, either a priori knowledge of the specific 

modifications influenced by each gene product would be required, or a wide-range 

high resolution study targeting many modifications could be undertaken. 
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Unfortunately, such an experiment was outside the scope of this study. Instead, given 

that disrupting histone acetylation produced hypervirulent C. glabrata strains, 

downstream work set out to reverse-engineer these phenotypes and attenuate 

virulent phenotypes in the yeast. To that end, the antithesis of histone acetylation 

(deacetylation) was targeted. 

 

  



167 | P a g e  
 

 

 

 

 

 

 

Chapter 5: 

Examining the impact of histone 
deacetylase inhibition on C. glabrata 

virulence 
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5.1 Overview 

 Phenotypic and transcriptomic evidence showed that the disruption of 

components of histone acetyltransferase complexes led to hypervirulence in C. 

glabrata. This observation, supported by limited additional evidence from the 

literature, led to our hypotheses that targeting histone deacetylase (HDAC) 

complexes would attenuate C. glabrata virulent phenotypes. In this chapter we 

present data on the impact of a number of pre-existing histone deacetylase inhibitors 

(HDACi) on WT C. glabrata virulence phenotypes, showing support for our 

hypothesis. We also demonstrate synergistic anti-fungal effects between certain 

HDACis and commonly used antifungals, presenting evidence for an improved 

method of C. glabrata treatments going forward. Additionally, we use RNA-seq 

analysis to describe how a broad spectrum HDACi influences gene expression in C. 

glabrata, in the presence of the antifungal drug, fluconazole, to provide mechanistic 

insights into the synergism between both drugs. Lastly, we use existing HDAC deletion 

strains to investigate the contribution of specific HDACs to C. glabrata virulence in an 

effort to identify the optimal drug target for novel anti-fungal development. 

5.2 Introduction 

 Antimicrobial resistance has become widely recognised as one of the most 

eminent threats to public health this century. In 2012, the world health organisation 

(WHO) established a framework for tackling this threat, which included improved 

surveillance, rational use of existing antimicrobials, infection control, and 

encouraging the development of new vaccines and antibiotics (World Health 

Organisation, 2012). As previously described, C. glabrata shows elevated rates of 

multidrug resistance among Candida species, and our current antifungal arsenal is 

limited to a handful of classes (Pfaller et al., 2012a; Pfaller et al., 2014; Scorzoni et al., 

2017). Given that histone modification pathways seem to play manifold roles in 

defining pathogenicity in C. glabrata (see Chapters 1, 3 and 4), they make an 

attractive therapeutic target. This is particularly true of acetylation pathways, which 

are crucial to transcriptional regulation and have the strongest established link to 

fungal virulence to date (Li et al., 2019). In the past decade, several studies have 

demonstrated that inhibiting fungal HDACs can reduce the growth and virulence of 



169 | P a g e  
 

various Candida species (mainly C. albicans).  These limited studies demonstrate 

synergistic effects between HDAC inhibition and existing antifungal therapies, 

possibly by decreasing the extent of tolerance/resistance to these drugs (Wurtele et 

al., 2010; Pfaller et al., 2015; Rajasekharan et al., 2015; Zhang & Xu, 2015; Garnaud 

et al., 2016; Li et al., 2017).  In reducing histone acetylation/deacetylation to a binary 

operation, if knocking out histone acetylation-related processes increases C. glabrata 

pathogenicity, it would stand to reason that inhibiting deacetylation would enforce a 

hypovirulent chromatin state (Figure 5.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.1 Histone deacetylases in C. glabrata 

 In total, 10 HDACs have been identified in C. glabrata, which group into three 

main classes (Table 5.1). These classes are based on functional and sequence 

similarities to enzymes originally described in S. cerevisiae. A fourth class of HDACs 

(class IV, containing one member, HDAC11) also exists but is only present in higher 
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Figure 5.1: Hypothesised influence of histone acetylation/deacetylation pathways on C. glabrata 
virulence. Black band represents DNA, red bands indicate genes. Experimental data shows that the 
deacetylated histone profile is generally associated with gene repression and virulent phenotypes, so 
the acetylated profile is predicted to show transcriptional induction but attenuated virulence. Figure 
represents simplified synthesis of data detailed in Chapters 3 and 4. 
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eukaryotes (Gao et al., 2002). The first of these classes contains members which show 

homology to sc_RPD3 (reduced potassium dependency), these HDACs are generally 

ubiquitously expressed and predominantly show nuclear localisation (Rundlett et al., 

1996; Seto & Yoshida, 2014). The catalytic activity of Class I HDACs is zinc-dependent. 

Class II HDACs similarly contain Zn2+-dependent catalytic domains, but are 

differentiated by additional sequence domains that show no similarity to Class I 

members. Class II members are grouped for their similarity to sc_HDA1, which was 

first described together with sc_RPD3, and they show significant sequence homology 

in their deacetylase domains to that of Hda1p (≥ 50% similarity across all eukaryotes; 

Yang & Gregoire, 2005). The divergence between Class I and II HDACs seems to have 

occurred early in their evolution and interestingly, phylogenetic analyses suggest that 

both classes actually predate histone proteins, raising the possibility they still target 

non-histone substrates (Gregoretti et al., 2004). 

 Class III HDACs, or the sirtuin family, differ structurally and mechanistically 

from the other classes and their activity is NAD+ dependent (Imai et al., 2000; Finnin 

et al., 2001). The founding member and namesake of this class, sc_Sir2p, is a classical 

regulator of silent chromatin (described in Section 1.5.3). The sirtuins are 

evolutionarily ancient, widely distributed by evolution, and also ubiquitously 

expressed (Costantini et al., 2013). The sirtuins can influence a wide range of 

biological processes, can have two distinct enzymatic activities (mono-ADP-

ribosyltransferase or deacetylase activity) and show a variety of subcellular 

localisations among eukaryotes (Seto & Yoshida, 2014; Rack et al., 2015). The sirtuins 

show diversification even within the Candida genus, for example Sir2p in Candida 

lusitaniae has no direct impact on gene expression, whereas in C. albicans and C. 

glabrata an ancestral gene duplicated to produce SIR2 and its paralog HST1 (Froyd et 

al., 2013). The C. glabrata genome encodes three other Hst (homolog of sir two) 

genes, the functions of which have not been verified (Table 5.1). The S. cerevisiae 

orthologs of these genes generally also function in telomere silencing, while sc_HST2 

also has roles in cytoplasmic protein deacetylation and ribosomal DNA silencing 

(Brachmann et al., 1995; Perrod et al., 2001).  
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5.2.2 Inhibitors of histone deacetylases 

 Chemical inhibitors of histone deacetylases were first isolated in the mid-

1970s, when Trichostatin A (TSA) was extracted from the metabolites of gram-

positive Streptomyces hygroscopicus, and described as a fungistatic drug, acting 

against Aspergillus niger and Trichophyton spp. (Tsuji et al., 1976). Over a decade 

later, TSA was found to inhibit mammalian histone deacetylases and primarily came 

under investigation (alongside later developed HDACi drugs) as a potential anti-

cancer and anti-inflammatory agent (Yoshida et al., 1990; Vigushin et al., 2001; 

Adcock, 2007; Hsing et al., 2015). TSA has also been tested against a range of 

pathogenic yeasts (including C. parapsilosis, C. tropicalis, and Cryptococcus 

neoformans) and been found to influence C. albicans phenotypes including azole 

resistance and the rate of yeast-to-hyphae transition (Klar et al., 2001; Smith & 

Table 5.1: HDACs identified in C. glabrata. Each gene has a direct putative function in histone deacetylation. 
Various other C. glabrata genes encode subunits of HDAC complexes and could also be targeted for disruption. 
Unchar. = Uncharacterised. All information on genes is derived from the Candida genome database. Despite 
being listed as uncharacterised, knockout strains are available for all genes (Schwarzmuller et al., 2014). 

Classes C. glabrata ORF 
S. cerevisiae 
orthologue 

ORF status Product description 

I: Rpd3-type 

CAGL0B01441g RPD3 Unchar. 
Ortholog(s) have histone deacetylase activity, 
protein deacetylase activity 

CAGL0D01430g HOS1 Unchar. 
Ortholog(s) have protein deacetylase activity and 
role in histone H4 deacetylation, positive 
regulation of transcription by RNA polymerase II 

CAGL0A03322g HOS2 Unchar. 
Ortholog(s) have histone deacetylase activity (H4-
K16 specific), tubulin deacetylase activity 

II: Hda1-type 

CAGL0J03454g HDA1 Unchar. 
Ortholog(s) have chromatin binding, histone 
deacetylase activity (H3-K14 specific) 

CAGL0J06974g HOS3 Unchar. 

Ortholog(s) have histone deacetylase activity, 
positive regulation of transcription by RNA 
polymerase II, regulation of transcription involved 
in G1/S transition of mitotic cell cycle 

III: Sirtuin 

CAGL0K01463g SIR2 Verified 
Putative NAD+ dependent histone deacetylase of 
the Sirtuin family, involved in subtelomeric 
silencing 

CAGL0C05357g HST1 Verified 
Histone deacetylase; ortholog of S. cerevisiae SIR2; 
sensor of niacin limitation; regulates gene 
expression under niacin-limiting conditions 

CAGL0L08668g HST2 Unchar. 
Ortholog(s) have NAD-dependent histone 
deacetylase activity 

CAGL0H08239g HST3 Unchar. 
Ortholog(s) have NAD-dependent histone 
deacetylase activity 

CAGL0F05621g HST4 Unchar. 
Ortholog(s) have histone deacetylase activity (H4-
K16 specific), tubulin deacetylase activity 



172 | P a g e  
 

Edlind, 2002). The compound is hydroxamic acid based, and acts as a non-selective 

inhibitor of the zinc-dependent Class I and II HDACs; by chelating zinc molecules, TSA 

and inhibitors with similar pharmacophores bind to the catalytic domains of these 

HDACs, thus preventing deacetylase (and potentially non-deacetylase) function 

(Mottamal  et al., 2015). Despite having been studied for over 40 years, TSA has yet 

to be FDA-approved, although the first National Institutes of Health (NIH) listed 

clinical trial of the drug is currently underway (U.S. National Library of Medicine, 

2019). 

A growing number of other HDACis have also been developed and reached 

clinical trial, the vast majority of these drugs are raised to combat non-communicable 

diseases, and bind zinc-containing HDAC catalytic domains (thus targeting the same 

HDAC classes), but vary in their binding specificities and kinetics, inhibition profiles 

and bioavailability. These inhibitors can be classified by the chemical moieties which 

chelate the zinc ion, which include electrophilic ketones and benzamides. Examples 

of some of these second generation HDACis and HDACi moieties are presented in 

Table 5.2. Due to sirtuins being NAD+-dependent, their inhibitors are entirely distinct, 

the best characterised of which is nicotinamide (Bitterman et al., 2002). Nicotinamide 

is a precursor of NAD+ which acts as a non-competitive sirtuin inhibitor, by binding to 

a conserved pocket and effectively reacting with a catalytic intermediate in a way 

that disfavours deacetylase activity (Jackson et al., 2003; Sauve & Schramm, 2003). 

This mode of action means that like zinc-binding HDACis, nicotinamide is a non-

selective inhibitor. Sirtuin inhibition by nicotinamide has been shown to have broad 

antifungal properties, particularly against C. albicans, C. krusei and Aspergillus spp. 

(Wurtele et al., 2010). 

The lack of specificity of classical and second generation HDACis is a double-

edged sword, on the one hand it allows the drugs to broadly act against animal, plant 

and fungal HDACs alike, which potentiates their widespread use in research and 

raises the possibility of these drugs being repurposed to treat a wider variety of 

diseases, or even being applied in plant biotechnology (Gibson & Murphy, 2010; 

Garnaud et al., 2016; Santos et al., 2017; Ueda et al., 2017). This is particularly 

relevant in an era of antimicrobial resistance where drug development can take over 
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Table 5.2: Second generation HDACi compounds and HDACi structures. Blue boxes highlight the active 
zinc-binding groups (ZBGs) in each chemical structure, with the exception of Romidepsin, where the 
yellow box shows the disulphide bond that is reduced in vivo to release the thiol ZBG. 

HDACi drug 
Chemical 

structure/classification 
HDAC 

Selectivity 
Clinical 
status 

Primary clinical use 

Vorinostat/ 
SAHA 

Hydroxamic acid 
 
 
 
 

Class I 
Class II 
Class IV 

First FDA 
approved 
HDACi 

Treatment of advanced 
cutaneous T-cell 
lymphoma 
(Mann et al., 2007) 

Pracinostat 

Hydroxamic acid 
 
 
 
 
 

Class I 
Class II 
Class IV 

Ongoing 
clinical trials 
(phase 3) 

Combination therapy for 
elderly acute myelocytic 
leukaemia patients 
(Garcia-Manero et al., 
2019) 

Entinostat 

Benzamide 
 
 
 
 

Class I 
Class IV 
 

Ongoing 
clinical trials 
(phase 2) 

Combination therapy for 
advanced breast cancer 
(Yeruva et al., 2018) 

Mocetinostat 

Benzamide 
 
 
 
 

Class I 
Class IV 
 

Ongoing 
clinical trials 
(phase 2) 

Treatment of relapsed 
diffuse large B-cell and 
follicular lymphoma 
(Batlevi et al., 2017) 

Romidepsin 

Thiol-releasing prodrug 

Class I 
Second FDA 
approved 
HDACi 

Treatment of relapsed 
cutaneous and peripheral 
T-cell lymphomas 
(Shimony et al., 2019)  

Sodium 
butyrate 

Short-chain aliphatic acid 
 
 
 

Class I 
 

Ongoing 
clinical trials  

Treatment of 
shigellosis/intestinal 
disorders 
(Raqib et al., 2012) 

 

15 years and involve the screening of thousands of unsuitable compounds (see 

Appendix Figure S4.1). On the other hand, the pan-specificity of HDACis makes off-

target effects more likely if they were to be used to treat fungal infections. This, 

combined with the fact that the toxicity of HDACis remains poorly characterised in 

human trials (although their toxicity has not been reported as a major issue), 

highlights the need for these compounds to act with specificity to best treat invasive 
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infections (Mottamal et al., 2015). Fortunately, there is a precedent for the 

development of specific inhibitors, a fungal Hos2p-specific HDACi has been tested 

against a range of fungal pathogens, including Candida species in vitro, and isoform-

specific HDACis have been tested in human cell lines (Pfaller et al., 2009; Pfaller et al., 

2015; Stubbs et al., 2015). 

5.3 Chapter aims 

1. Test the hypothesis that HDAC inhibition attenuates virulence-associated 

phenotypes in WT C. glabrata, using the broad-spectrum HDAC inhibitor TSA. 

2. Determine whether drug synergism exists between HDAC inhibitors and 

common antifungal drugs for treatment of C. glabrata.    

3. Use transcriptome-sequencing of WT C. glabrata to determine the molecular 

bases of any effects observed from TSA treatment, including the 

combinatorial treatment of TSA and fluconazole. 

4. Characterise the effects of a wider range of HDACi compounds on drug 

resistance in C. glabrata to elucidate whether specific HDAC groups 

contribute to this phenotype. 

5. Phenotypically assess existing C. glabrata HDAC deletion mutants to implicate 

specific gene products in the yeast’s virulence. 

5.4 Materials and methods 

 All HDACi experiments detailed in this chapter were carried out as described 

in previous chapters, with the WT C. glabrata strain but modified for the presence of 

HDACi drugs as indicated below. Phenotypic analyses of HDAC deletion strains were 

performed just as detailed in Chapter 3. 

5.4.1 HDACi checkerboard assays 

 Yeast inocula were prepared as described in Section 3.4.1.1 and 10 µl aliquots 

were added to each well of microplates which were prefilled with 90 µl of SC broth 

supplemented with the final concentrations of antifungal and HDACi drugs indicated 

in each figure, from 10X stocks in DMSO. As the activity of most HDACi compounds 

against C. glabrata is uncharacterised, their concentrations were derived from 

twofold serial dilutions of the maximum soluble concentration of drug which could 
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be added while maintaining a DMSO concentration below 2% (v/v) in each well10. 

Each drug was serially diluted in the appropriate concentrations of DMSO to ensure 

an even background distribution of vehicle across the microplate. Microplate 

readings and growth curve analyses were performed as per Section 3.4.1.1, and 

unless otherwise indicated four biological replicates were tested at each 

combinatorial drug concentration. 

 Growth in the presence of NaCl was also performed as per Section 3.4.1.1, 

although wells of the plate were also supplemented with the indicated 

concentrations of TSA or a vehicle blank. 

5.4.2 HDACi biofilm assay 

 Biofilm formation was quantified by crystal-violet staining as described in 

Section 3.4.1.4 with minor modifications. Initial plate inocula were prepared as 

described, but 400 µl aliquots were distributed to each well of 24 well flat-bottom 

microplates, and TSA was added to a final concentration of 3 µg/ml, or an equivalent 

vehicle blank (Corning™, 3526). Each microplate was incubated at 37 °C without 

shaking for 48 hours in total and the YPD media was replaced every 24 hours, 

alongside TSA. Biofilm washing, fixation, staining and solubilisation were performed 

as previously described, but using 400 µl aliquots of PBS and methanol, and 500 µl of 

CV and 30% (v/v) acetic acid. Sample measurement and analysis was performed as 

per Section 3.4.1.4, three technical and four biological replicates were used per 

treatment. 

5.4.3 Galleria mellonella drug efficacy model 

  G. mellonella larvae were maintained, handled and infected with 10 µl of 

OD600 ~16.6 yeast cell suspensions (approx. 5x106 cells/worm) as per Section 3.4.2. 

Prior to injections, TSA or a blank was combined with the yeast cell suspensions. 

Fluconazole, or a blank, was then administered to each batch of worms 30 minutes 

post-infection via a second 10 µl injection into the rear right pro-leg. Fluconazole was 

injected at a dosage of 12 mg/kg, whereas 0.1 mg/kg TSA was added to the cell 

 
10 2% background DMSO was found to be the highest concentration which did not affect C. glabrata 
growth (Appendix Figure S4.2). 
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suspensions. Control samples received a second injection of PBS containing an 

equivalent volume of DMSO. Each strain was assessed in at least two independent 

experimental replicates and data analysis was performed as previously described. For 

HDAC deletion strain-associated experiments, waxworms were purchased from a 

different supplier (Northampton Reptile Centre, UK), but maintained and selected for 

experiments following the specifications outlined in Section 3.4.2. 

5.4.4 RNA-seq of TSA and fluconazole-treated samples. 

 Samples were prepared following the protocol in Section 4.4.1, with the 

exception that TSA was added to a concentration of 3 µg/ml when an OD600 of 0.2 

was reached (instead of ethanol). After an hour of incubation with TSA, the TSA-only 

samples and corresponding untreated control samples were harvested. Sample 

preparation, RNA isolation/sequencing, and bioinformatic analyses otherwise 

proceeded as detailed in Chapter 4. Input sample quality metrics are presented in 

Appendix Figure S4.3 And Table S4.1. 

5.5 Results 

5.5.1 The HDAC inhibitor, Trichostatin A attenuates pathogenic survival strategies 

of C. glabrata.  

 The phenotypic profiles of histone acetylation-associated mutant strains 

prompted the hypothesis that, if inhibiting histone acetyltransferase activity resulted 

in a hypervirulent yeast strain, then the inhibition of deacetylases would attenuate 

pathogenicity-associated phenotypes. Therefore, several phenotypic analyses were 

repeated on WT C. glabrata in the presence of the broad spectrum HDACi TSA. As 

shown in Figure 5.2A and 5.2B, growth profiling at 37 °C indicated that this drug alone 

had no significant (p < 0.05) effect on any C. glabrata growth metrics, with yeast 

grown in the highest concentration of TSA (24 µg/ml) producing an average AUC of 

110.4 ± 4.8, while that of the untreated samples was 106.1 ± 4.2. Additionally, as 

shown in Figure 5.2C, the addition of 3 µg/ml of this HDACi to biofilm assay growth 

media significantly (p < 0.05) reduced the biofilm biomass measured at 48 hours; 

samples exposed to TSA formed 54% as much biofilm as those without, on average.  
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Figure 5.2: Effect of Trichostatin A treatment on fluconazole resistance, biofilm formation and 
osmotic stress tolerance in C. glabrata. (A) shows the average growth profiles of WT C. glabrata in 
the absence of drugs (black), in 24 µg/ml TSA (red), in 96 µg/ml fluconazole (blue), and in the presence 
of both drugs (purple). (B) shows the relative growth of individual replicates in each drug treatment, 
as represented by the AUC, black bars show the mean, and error bars the standard deviation of four 
biological replicates, with the exception of the no drug sample which shows that of three replicates. 
Asterisks indicate significance relative to untreated samples, as determined by one-way ANOVA and 
Tukey’s test (**p < 0.01), (C) shows biofilm biomass produced in the absence and presence of TSA, 
bars indicate mean of four biological and three technical replicates while error bars denote standard 
deviation, asterisk indicates significance as determined by paired t test (*p < 0.05). (D) shows the 
average growth profile of WT C. glabrata in SC media (black circles), SC media supplemented with 1M 
NaCl (black-dashed triangles), SC media with 3 µg/ml TSA (red circles), and SC media supplemented 
with both NaCl and TSA (red-dashed triangles). Data in (D) represents the average of three biological 
and four technical replicates and was collected by Andrew Marshall (Queen’s University Belfast, UK). 
Full checkerboard assay corresponding to parts (A) and (B) included in Appendix Figure S4.3. 
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Auxiliary results also indicated that HDAC inhibition by TSA increased osmotic stress 

tolerance. WT samples showed an average doubling time of 113.7 ± 6.8 minutes in 

the presence of 1 M NaCl, but those exposed to both 3 µg/ml TSA and 1 M NaCl 

doubled significantly (paired T-test p < 0.05) quicker at every 90.9 ± 4.6 minutes 

(Figure 5.2D). 

The most striking result is that in, the presence of 24 µg/ml TSA the extent of 

growth inhibition of C. glabrata by fluconazole increased. At fluconazole 

concentrations of 32 µg/ml and above, the presence of 24 µg/ml TSA caused 

moderate but predominantly statistically insignificant reductions in average AUC 

values, relative to those of the corresponding single drug treatments, which implies 

synergistic antifungal activity (Figure 5.2B, Appendix Figure S4.4). For example, the 

average AUC of samples treated with a combination of 24 µg/ml TSA and 96 µg/ml 

fluconazole (29.5 ± 24.1) was 48.8% of that of cells treated with 96 µg/ml fluconazole 

alone (60.4 ± 37.2) and  26.7% of that of the corresponding TSA-only treatment 

(Figure 5.2B). This augmented growth inhibition was broadly characterised by 

increased doubling times and lengths of lag phase, as well as a reduction in maximum 

OD (Figure 5.2A, Appendix Figure S4.4). At lower concentrations of TSA, there was no 

apparent effect on C. glabrata growth in fluconazole. 

Next we wanted to ascertain whether this drug synergism would exist with 

other classes of antifungal drugs. As such we tested the growth of C. glabrata with 

treated with TSA in conjunction with either caspofungin or amphotericin B (Figure 

5.3). TSA showed a robust effect on amphotericin B tolerance, although 0.5 µg/ml 

amphotericin B alone did not significantly reduce relative growth compared to 

untreated WT samples, combinatorial treatment with 0.5 µg/ml amphotericin B and 

≥ 6 µg/ml TSA significantly (p > 0.05) reduced the average AUCs correlatively with 

increasing TSA concentrations (Figure 5.3A). Similar trends were also observed at the 

immediately higher and lower amphotericin B concentrations (0.25 and 1.0 µg/ml) in 

the remainder of the checkerboard assay (Appendix Figure S4.5). For caspofungin, 

the synergistic anti-fungal effect was less obvious.  We found that in the presence of 

6 and 12 µg/ml TSA in combination with 0.5 µg/ml caspofungin, C. glabrata showed 

modestly more growth inhibition (average AUCs of 23.3 ± 8.1 and 20.0 ± 30.8  
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Figure 5.3: Effect of Trichostatin A treatment on amphotericin B and caspofungin tolerance in C. 
glabrata. (A) shows the relative growth of individual replicates in the presence of amphotericin B, 
varying concentrations of TSA, or a combination of both drugs, as represented by the AUC, black bars 
show the mean, and error bars the standard deviation of biological duplicates. (B) shows the same as 
part (A), but with caspofungin instead of amphotericin B, and the mean and standard deviation 
represent that of four biological replicates per treatment. Asterisks denote significance determined 
by one-way ANOVA and Tukey’s test (***p < 0.001; **p < 0.01; *p < 0.05, compared to the WT, no 
treatment). Full antimicrobial checkerboard assays included in Appendix Figures S4.4 and S4.5. 
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respectively) than 0.5 µg/ml caspofungin alone (average AUC of 36.2 ± 36.3). 

However, when we increased the TSA concentration to 24 µg/ml and maintained a 

caspofungin concentration of 0.5 µg/ml, C. glabrata  showed comparable relative 

growth to those with caspofungin alone (average AUC of 32.8 ± 37.6). Therefore, the   

overall inhibition profile of TSA + caspofungin in the checkerboard showed an 

unexpected concave shape (Figure 5.3B, Appendix Figure S4.6).  

5.5.2 Combinatorial treatment with TSA and fluconazole improves C. glabrata-

infected larval survival in the Galleria mellonella host model 

 The G. mellonella model has been previously shown to be usable for the in 

vivo evaluation of antifungal treatments (Ames et al., 2017). As such, the efficacy of 

TSA, fluconazole, and a combination treatment were tested against infected larvae 

using a double injection protocol. Larvae were initially infected with C. glabrata with 

or without TSA, and 30 minutes later were injected with a subtoxic (in terms of larval 

lethality) concentration of fluconazole before worm survival was monitored over 7 

days. C. glabrata  doses were chosen to produce a baseline level of killing 

corresponding to 50% of larvae surviving 7 days and an associated mean survival time 

(MST) of 5.6 ± 0.28 days. Treatment with C. glabrata  in the presence of 0.1 mg/kg 

TSA alone had a statistically insignificant effect on worm survival, with a modest 

decrease in larval survival to 37.5% at day 7 and an MST of 5.53 ± 0.46 days. Likewise, 

an induced C. glabrata infection followed by a clinically relevant subtoxic dose of 

fluconazole (12 mg/kg) resulted in a comparable terminal larvae survival of 45%, and 

a modest increase in MST to 6.18 ± 0.46 days. Control treatment of uninfected larvae 

with both TSA and fluconazole had no effect on uninfected larval viability or pupation. 

However, the combination of both drugs in conjunction with C. glabrata infection, 

significantly (Log-Rank p < 0.05) improved day 7 larval survival to 70%, with a 

prolonged, albeit non statistically significant, MST of 6.4 ± 0.35 days (Figure 5.4). 
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5.5.3 RNA-seq analysis of TSA treatment, and TSA and fluconazole treatments on 

WT C. glabrata 

5.5.3.1 TSA treatment alone has a negligible effect on the C. glabrata transcriptome 

but influences the C. glabrata fluconazole response. 

 The global transcript profile was assessed using RNA-seq to probe the 

mechanistic bases of the phenotypes observed upon treating C. glabrata with the 

HDACi  TSA. This treatment was coupled with fluconazole, to accompany the datasets 

described in Chapter 4 and detail the WT transcriptomic response to this drug, which 

at the time of writing has yet to be described. The pairwise comparisons which were 

carried out are listed in Table 5.3. The yeast was challenged with two concentrations 

of fluconazole, and showed a slight dose-dependent response, with 10% of the 

genome being differentially expressed in response to the higher drug dose, compared 

to 8% for the lower. Both datasets showed identical directionality in their 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

PBS 

* 

PBS + drugs control 

WT, no treatment 

WT + fluconazole 

WT + TSA 

WT + fluconazole and TSA 

Figure 5.4: Effect of Trichostatin A and fluconazole treatments on survival of C. glabrata-infected 
waxworm larvae. Each larvae was infected with ~5x106 cells. Each Kaplan-Meier curve represents 
percentage survival of 40 larvae in total, obtained from two independent experiments with separate 
biological replicates of WT C. glabrata. Tick marks denote censored data from larvae which pupated 
within the observation time. Asterisks denote significance as calculated by the Log-Rank (Mantel-Cox) 
test (*p < 0.05, compared to the WT, no treatment). 
 



182 | P a g e  
 

transcriptional changes, indicating that their bulk differences are caused by azole 

dose-responsive transcripts (Figure 5.5, Appendix Figure S4.7).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Somewhat surprisingly, TSA treatment alone resulted in virtually no 

substantial transcriptional changes; only 11 genes in total passed the DEG cut-off. 

Even upon expanding the fold change cut-off to ≥ 1.5, only 101 genes, or 1.9% of the 

Table 5.3: Differentially expressed genes in each dataset comparison. Numbers in parentheses 

indicate the percentage of the total C. glabrata ORFs each value corresponds to. Flc = 

fluconazole, unt = untreated. 

Comparison 
Upregulated 

DEGs 

Downregulated 

DEGs 
Total DEGs 

WT + 32 µg/ml flc vs WT unt 225 (4.3%) 200 (3.8%) 425 (8.0%) 

WT + 64 µg/ml flc vs WT unt 277 (5.2%) 253 (4.8%) 530 (10.0%) 

WT + 3 µg/ml TSA vs WT unt (TSA 

control) 
2 (0.04%) 9 (0.2%) 11 (0.2%) 

WT + 3 µg/ml TSA + 64 µg/ml flc vs 

WT unt 
239 (4.5%) 350 (6.6%) 589 (11.1%) 

WT + 3 µg/ml TSA + 64 µg/ml flc vs 

WT + 64 µg/ml flc 
199 (3.8%) 195 (3.7%) 394 (7.4%) 

log2 fold change – 32 µg/ml flc 
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Figure 5.5: Scatter plot showing the similarity in the extent of transcriptional change of genes in 
response to 32 µg/ml and 64 µg/ml fluconazole treatments. ρ = Spearman’s rho. Each dot 
corresponds to one ORF and each dataset is the consensus comparison of a pair of biological 
triplicates. 

ρ = 0.93 
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genome is differentially expressed, with a fairly even split in directionality, with 54.5% 

and 45.5% of these transcripts being up- and downregulated respectively (Table 5.3, 

Figure 5.6). However, a more pronounced transcriptional shift was observed when 

the yeast was exposed to the same concentration of TSA alongside fluconazole. When 

this dataset is compared to untreated yeast, 11.1% of the transcriptome is 

differentially expressed, and there are approximately 1.x5X as many downregulated 

genes as there are upregulated, in a larger transcriptional response than that of the 

tested singular drug treatments (Table 5.3, Figure 5.7A). Additionally, comparing the 

dual drug treatment to the corresponding fluconazole-only dosage shows alternative 

regulation of 7.4% of the genome with an almost even split in directionality (Table 

5.3, Figure 5.9B). Together this shows that although HDACi treatment alone does not 

substantially impact the transcriptome under the conditions tested, the presence of 

TSA has a considerable impact on the transcriptional response to fluconazole, and 

the combinatorial treatment induces a distinct transcriptomic profile. 

  

loge average read counts 
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n = 2 

n = 9 

n = 37 

n = 53 

Figure 5.6: Scatterplot summarising RNA-seq dataset of WT C. glabrata grown in TSA alone. Each 
dot corresponds to one ORF, and the fold change in their expression (y-axis) is plotted against relative 
transcript abundance (as determined by average read counts; x-axis). Green colour indicates 
upregulated DEGs, and pink is downregulated. Orange points are those with an absolute fold change 
≥ 1.5. The dataset is the consensus comparison of sets of biological triplicates. 
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Unsurprisingly, clustering analysis on all samples revealed that the TSA-only 

samples and untreated WT controls grouped together in a major node with 

admixture, reflecting their overall similarity, while both azole treatments and the 

combinatorial treatment made up the other major node. The combinatorial 

treatment samples clustered discretely, indicating their overall difference from the 

azole-only samples (Appendix Figure S4.8). Limiting the clustering analysis to only 

samples treated with fluconazole highlights their disparity even more; while samples 

treated with either azole dosage cluster in a node with some admixture, the dual drug 

treated- and untreated samples cluster discretely in a separate node, which could 

suggest that the presence of TSA dampens or suppresses the azole response to 

produce a transcriptome more akin to that where fluconazole is absent (Figure 5.8). 

As before, a table of the 5 most upregulated and downregulated genes in each 

dataset is included in Appendix Table S4.2. 

  

Figure 5.7: Scatterplot summarising RNA-seq dataset of WT C. glabrata grown in the presence of TSA and 
fluconazole. Each dot corresponds to one ORF, and the fold change in their expression (y-axis) is plotted 
against relative transcript abundance (as determined by average read counts; x-axis). Green colour indicates 
upregulated DEGs, and pink is downregulated. (A) shows results of the combinatorial TSA and fluconazole 
treatment as compared to the untreated WT control and (B) shows the combinatorial TSA and fluconazole 
treatment as compared to samples exposed to 64 µg/ml fluconazole alone. Each dataset is the consensus 
comparison of a pair of biological triplicates. 
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n = 239 

n = 350 

n = 199 

n = 195 
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5.5.3.2 The C. glabrata azole response involves activation of ergosterol biosynthesis 

and the cg_Pdr1p regulon, and the downregulation of various transport and 

metabolic processes. 

 Transcriptome sequencing of fluconazole-treated C. glabrata and enrichment 

analyses identified a number of processes and transcripts that have previously been 

identified as mediators of azole resistance in C. glabrata. As shown in Table 5.4, lipid 

metabolism and more specifically, steroid biosynthesis are among the most 

significantly upregulated biological processes in response to fluconazole. This 

enrichment is most likely driven by the activation of ergosterol biosynthesis, given 

that most members of this pathway are significantly upregulated, and represent 

some of the most induced genes in response to fluconazole (Appendix Table S4.2, 

Appendix Figure S4.9). For example, cg_ERG1 and cg_ERG3 are two of the 15 most 
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Figure 5.8: Clustering analysis of individual azole-treated samples in this study based on whole-
transcriptome expression profiles. Dendrogram shows output of analysis of only samples which 
involved an azole treatment (analysis of total samples is included in Appendix Figure S4.7). Samples 
are clustered by complete linkage hierarchical clustering, using Spearman correlation based on the 
CPM (counts per million) for all genes in each dataset. Height indicates the distance between samples. 
Numbers in parentheses differentiate each biological replicate.  Read count normalisation was 
performed with edgeR (v3.10). 
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upregulated genes in this dataset, with log2-fold changes of 4.24 and 3.24 

respectively. Other upregulated transcript groups include members of the cg_Pdr1p 

regulon and various putative drug efflux pumps (Appendix Figure S4.9). However, the 

transcriptome analysis also indicated many more genes are induced by fluconazole, 

falling into GO categories including drug metabolism, response to stimulus/stress, 

and cell wall organisation (Appendix Figure S4.10). These results largely align with 

those of microarray analyses on fluconazole-treated C. albicans isolates (Rogers & 

Barker, 2002). 

 

The downregulated processes in response to azole treatment were generally 

associated with oxidoreductase activity and the electron transport chain, 

transmembrane transport, and protein folding (Table 5.4, Appendix Figure S4.11). 

The downregulation of transporters could perhaps indicate a transcriptional shift to 

extrude the drug by deficient import, or may result from overlapping GO annotations 

with components of the electron transport chain. Indeed, drug transport is 

downregulated in full GO enrichments of downregulated genes, alongside a myriad 

of metabolic processes associated with phosphorus, purines, and ROS (Appendix 

Figure S4.11). The DEGs in the lower dosage of fluconazole were enriched for highly 

similar functions, and enrichment analyses on the genes that were exclusive to the 

64 µg/ml azole treatment revealed the dose-dependent upregulation of stress 

 Table 5.4: Enriched GO Slim terms and KEGG pathways among upregulated and 

downregulated genes in response to 64 µg/ml fluconazole.  

 
Term 

Enrichment 

source 

Fold 

enrichment 
P value 

U
p

re
g 

Lipid metabolic process GO Slim 2.12 3.11E-03 

Cell wall organisation or biogenesis GO Slim 2.08 7.00E-03 

Locomotion GO Slim 19.12 3.68E-02 

Cell motility GO Slim 19.12 3.68E-02 

Steroid biosynthesis KEGG 7.87 4.33E-05 

D
o

w
n

re
g Oxidoreductase activity GO Slim 2.80 2.20E-07 

Transmembrane transporter activity GO Slim 2.58 3.20E-06 

Unfolded protein binding GO Slim 3.44 3.38E-03 
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response processes, and the further downregulation of oxidoreductase and 

transmembrane transporter activity (data not shown). 

5.5.3.3 HDACi treatment regulates similar processes to those enriched in cg_hat1Δ 

and cg_ahc1Δ knockouts  

In comparing TSA-containing drug treatments to the untreated WT, clustering 

analysis and the apparent transcriptional shift towards gene downregulation in the 

co-treated dataset (Table 5.3) produced the hypothesis that the presence of TSA 

inhibited the normal fluconazole response. However, as shown in Figure 5.9, almost 

half (46.5%) of total DEGs identified in the azole-TSA dual treatment are also 

differentially expressed in azole-only treatments, and almost all of these genes are 

expressed with identical directionality and similar amplitudes. Of the 315 genes that 

are exclusively differentially expressed in the cotreatment, few have a priori links to 

fluconazole tolerance; the ergosterol biosynthesis pathway, cg_Pdr1p regulon and 

other fluconazole effectors are similarly induced in the co-treatment regardless of 

the presence of TSA (Appendix Figure S4.9). Of these 315 genes, the 100 that were 

upregulated were enriched for functions such as biological adhesion, plasma 

membrane organisation, carbohydrate metabolism and nutrient transport (Table 5.5, 

Appendix Figure S4.12). The remaining 215 downregulated genes were enriched for 

processes such as cell envelope biogenesis, nucleosome assembly, cell cycle 

progression, reproduction and secondary metabolite production (Table 5.5,  

 

Table 5.5: Enriched GO Slim terms and KEGG pathways among 315 upregulated 

and downregulated genes identified solely in dual drug-treated C. glabrata.  

 
Term 

Enrichment 

source 

Fold 

enrichment 
P value 

U
p

re
g Cell adhesion GO Slim 2.12 3.11E-03 

Transmembrane transport GO Slim 2.08 7.00E-03 

Carbohydrate metabolic process GO Slim 19.12 3.68E-02 

D
o

w
n

re
g 

Reproduction GO Slim 2.19 1.00E-04 

Translation GO Slim 2.58 1..00E-04 

Cell cycle GO Slim 1.79 2.01E-03 

Cyanoamino acid metabolism KEGG 13.29 1.08E-03 

Biosynthesis of secondary 

metabolites - unclassified 
KEGG 5.54 1.67E-03 
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WT + 32 µg/ml 
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WT + 64 µg/ml 
flc + 3 µg/ml TSA 

Figure 5.9 The overlap and gene expression profiles of DEGs in fluconazole treatments and fluconazole and 
TSA cotreatment, relative to the untreated WT. Venn diagram indicates the commonality between total 
DEGs in each dataset and each heatmap shows the directionality and amplitude of expression change in 
genes in the indicated overlap regions.  Log2 fold change of each gene is relative to the untreated WT control. 
Dendrogram shows the output of complete linkage hierarchical clustering based on the fold change of each 
gene. Percentages above heatmaps are the proportions of DEGs that are expressed with the same 
directionality in each overlap (in case of triple overlap percentage indicates common directionality in all three 
datasets). Labelled genes are those regulated with opposing directionality  across overlap regions. 
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Appendix Figure S4.13). A significant portion of this downregulated subset also 

encode structural constituents of ribosomes (34 genes, 5.07 fold enrichment, p = 

3.01E-13). 

To better characterise the DEGs that were directly attributable to HDAC 

inhibition in the dual TSA and fluconazole treatment, this dataset was compared 

against the fluconazole-only treatment. Interestingly this comparison found that, in 

contrast with the histone acetylation-associated knockout strains (described in 

Chapter 4), the upregulated gene subset was enriched for general processes linked 

to the meiotic cell cycle and developmental processes whereas the downregulated 

genes were involved in membrane organisation and ribosome biogenesis (Table 5.6). 

Additionally, further analysis revealed the downregulation of a number of processes 

that could mechanistically link with the phenotypes observed with TSA treatment, for 

example drug transport, drug metabolism, and the regulation of plasma membrane 

lipid distribution could contribute to the increased antifungal activity of the HDACi 

and azole cotreatment. Likewise, cell and biological adhesion are enriched, which 

could contribute to anti-biofilm properties (Appendix Figure S4.14). These 

enrichments also flagged a number of processes that seem to be inversely regulated 

by the HDACi as they are in the histone acetylation-related deletion strains; for 

example, functions linked with reproduction, the meiotic cell cycle, ribosome 

biogenesis and RNA processing were all among the most significantly enriched in each 

dataset but with opposing directionality (Appendix Figures S4.14, S4.15). However, 

on a whole-transcriptome level, no correlation was observed between global 

expression changes in the dual drug treatment dataset and those of either mutant 

 Table 5.6: Enriched GO Slim terms and KEGG pathways among upregulated and 

downregulated genes which are attributable to the HDACi in dual drug treatments.  

 
Term 

Enrichment 

source 

Fold 

enrichment 
P value 

U
p

re
g Reproduction GO Slim 1.96 9.71E-03 

Anatomical structure formation 

involved in morphogenesis 
GO Slim 2.52 3.24E-02 

D
o

w
n

re
g Plasma membrane organisation GO Slim 8.36 3.80E-02 

Ribosome biogenesis GO Slim 2.02 3.80E-02 

Cell adhesion GO Slim 3.88 4.93E-02 
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(Appendix Figure S4.16). In terms of histone deacetylases, although the sirtuin 

cg_HST2 and fungal specific HDAC complex component cg_SET4 appeared among the 

upregulated DEGs in the drug cotreatment dataset, their differential expression 

appeared to be in response to azole, as they were similarly regulated in the presence 

of only fluconazole. No histone deacetylase appeared to be differentially expressed 

in response to TSA specifically (Appendix Table S4.3). 

5.5.4 Class I HDAC inhibition is sufficient to reduce C. glabrata azole tolerance  

Given that the broad spectrum HDACi TSA showed synergy with fluconazole 

in inhibiting C. glabrata growth, a range of HDACi compounds were tested against C. 

glabrata in checkerboard assays in tandem with fluconazole to narrow the range of 

histone deacetylases which may influence azole tolerance. Whereas the presence of 

the broad spectrum HDACi pracinostat had no effect on fluconazole resistance (data 

not shown), the broad-spectrum HDACi vorinostat/SAHA showed a moderate level of 

synergy with fluconazole. As with TSA, the highest test concentration of SAHA had 
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flc  
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*** *** 

* 

Figure 5.10: Activity of vorinostat/SAHA alone, and in combination with fluconazole, against WT C. 
glabrata. Coloured points show the AUCs of individual biological replicates, whereas black bars show 
the mean, and error bars the standard deviations of the biological replicates. Asterisks denote 
significance determined by one-way ANOVA and Tukey’s test (***p < 0.001; *p < 0.05). Black asterisks 
show significance compared to the untreated sample, whereas grey refer to that between indicated 
treatments. 
c 
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little effect on growth, but when combined with fluconazole, produced greater 

reductions in relative growth than corresponding individual drug treatments (Figure 

5.10). The additional presence of 528 µg/ml SAHA dropped the average AUC of cells 

grown in 96 µg/ml fluconazole (59.4 ± 33.3) by 73.4%, to 15.8 ± 13.5. The same 

concentration of SAHA also significantly (p > 0.05) reduced the survival of cells 

exposed to 64 µg/ml fluconazole, with the combined SAHA and 64 µg/ml fluconazole 

treatment producing an average AUC of 23.7 ± 13.8 (Figure 5.10).  

 

The HDACi mocetinostat, which putatively acts against only Class I HDACs in 

C. glabrata, showed the most robust synergy with fluconazole. Concentrations of this 

drug as low as 6 µg/ml were sufficient to significantly (p > 0.001) sensitise C. glabrata 

to 96 µg/ml fluconazole, causing a 72.6% reduction in relative growth compared to 

the azole-only treatment (Figure 5.11).  Comparable inhibition profiles were observed 
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Figure 5.11: Activity of mocetinostat (moc) alone, and in combination with fluconazole, against WT 
C. glabrata. Coloured points show the AUCs of individual biological replicates, whereas black bars 
show the mean, and error bars the standard deviations of the biological replicates. Asterisks denote 
significance determined by one-way ANOVA and Tukey’s test (***p < 0.001; **p < 0.01). Black 
asterisks show significance compared to the untreated sample, whereas grey refer to that between 
indicated treatments. 
c 
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at higher concentrations of either drug, with mocetinostat ultimately showing a 

similar but stronger ability to synergise with fluconazole treatment than TSA and 

SAHA, suggesting that Class I HDACs may primarily mediate the phenotypes 

associated with broad spectrum HDACi inhibition (Appendix Figure S4.17). 

5.5.5 Phenotypic analyses of HDAC deletion strains implicate cg_RPD3 and cg_HOS2 
as mediators of Class I HDAC effects on C. glabrata virulence 

 Given that knockout strains are available for all HDAC-encoding C. glabrata 

genes, mutants lacking each of the Class I HDACs were obtained and phenotypically 

characterised, alongside outgroup representatives from Class II and Class III. Table 

5.7 shows a summary of these assays, which most notably suggest that the deletions 

of cg_RPD3, cg_HOS2 and cg_HST1 can attenuate a number of C. glabrata’s 

pathogenic phenotypes. The cg_rpd3Δ strain showed significantly (p > 0.01) reduced 

relative growth in the presence of fluconazole, with a mean AUC of 59.2 ± 8.0 

compared to the WT’s 91.8 ± 3.5. An even greater reduction in azole tolerance was 

observed in cg_hos2Δ (64.7% relative to WT, p < 0.001), which showed a mean AUC 

of 32.4 ± 1.1 (Figure 5.12). Surprisingly however, cg_hos2Δ also showed significantly 

increased (p < 0.01) amphotericin B tolerance, in a phenotype shared with cg_hos1Δ, 

both showed robust growth at concentrations as high as 1 µg/ml (Table 5.7, Appendix 

S4.19B). 

 

 

Table 5.7: Summary of phenotypic data on HDAC deletion mutants. N indicates normal 
phenotype (i.e. similar to that observed in the WT). + and - respectively indicate an increase or 
decrease in growth/survival/virulence in each strain, multiple symbols indicate a higher level of 
significance in the statistical deviation from the WT. Class refers to that of the HDAC knocked out 
in each strain. See Figures 5.12, 5.13 and Appendix Figures S4.18 and S4.19 for associated datasets. 

 Class I Class II Class III 

 cg_rpd3Δ cg_hos1Δ cg_hos2Δ cg_hos3Δ cg_hst1Δ 

Growth at 37°C N N N N N 

Growth at 42°C N N N - - - - - - 

Growth in 1 M NaCl N N N N - - 

Fluconazole resistance - - N - - - N N 

Caspofungin resistance N N N N N 

Amphotericin B resistance N + + + + N N 

Biofilm formation  - - - N N Not tested + 

In vivo virulence - - N N N - 
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The cg_rpd3Δ mutant also showed a significant reduction in biofilm 

formation, producing a similar level of viable adherent colonies as strains treated 

with TSA, suggesting that the inhibition of biofilm formation by this drug is the result 

of the suppressed activity of Rpd3p-containing complexes (data not shown, Rachel 

Weild). This strain also showed reduced virulence in vivo, at an infective dose of 5x106 

cells/worm this strain killed significantly less (p > 0.01) worms than the WT, with an 

additional 25% of worms surviving a week post-infection with cg_rpd3Δ. This was 

accompanied with an increase in mean survival time (MST) from the WT’s 3.1 ± 0.44 

days to 4.9 ± 0.4511 days for larvae infected with cg_rpd3Δ; the median survival time 

of these worms also doubled from 2.5 to 5.0 days (Figure 5.13). At a lower infective 

dose of 1x106 cells/worm, those infected with cg_rpd3Δ also showed the greatest 

MST among the tested strains (6.75 ± 0.24, compared to 6.45 ± 0.23 for the WT), 

although insufficient larval killing was observed to establish any clear trend. 

 

 
11 In the case of these in vivo experiments, ± numbers succeeding the mean indicate the standard 
error as opposed to standard deviations between biological replicates. 
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Figure 5.12: Relative growth of WT C. glabrata and HDAC knockout strains in fluconazole tolerance 
assay. Data indicates growth in 64 µg/ml fluconazole. Coloured points show the AUCs of individual 
biological replicates, whereas black bars show the mean, and error bars the standard deviations of the 
biological replicates. Asterisks denote significance, relative to the WT strain as determined by one-
way ANOVA and Tukey’s test (***p < 0.001; **p < 0.01). Each graph shows cumulative data from 
biological duplicates. Collection of azole tolerance data assisted by Rachel Weild (Queen’s University 
Belfast). 
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Experiments on the mutants also revealed a number of phenotypes 

associated with the loss of the Sirtuin cg_HST1. For example, the cg_hst1Δ strain was 

unable to grow at 42°C and showed a moderate but statistically significant (p < 0.01) 

reduction in relative growth in the presence of 1 M NaCl, with a 26.9% lower mean 

AUC than the type strain (Appendix Figures S4.18B, S4.18C). Like cg_rpd3Δ, cg_hst1Δ 

also showed attenuated virulence in vivo, with a significant increase (p < 0.05) in day 

7 larval survival to 20% and an MST of 4.8 ± 0.46 (median survival time of 5 days; 

PBS 

cg_rpd3Δ 

cg_hst1Δ 

WT 

PBS 

cg_rpd3Δ 

cg_hst1Δ 

WT 

cg_hos1Δ 

cg_hos2Δ 

cg_hos3Δ 

cg_hos1Δ 

cg_hos2Δ 

cg_hos3Δ 

(A) (B) 

(C) (D) 

** 
* 

Figure 5.13: Survival of G. mellonella larvae infected with C. glabrata WT and HDAC deletion 
mutants. (A) and (B) show experiments where larvae were infected with approximately 1x106 cells 
of each strain. In (C) and (D) an infective dose of 5x106 was used. Each Kaplan-Meier curve 
represents percentage survival of 20 larvae in total. Tick marks denote censored data from larvae 
which pupated within the observation time. Asterisks denote significance as calculated by the Log-
Rank (Mantel-Cox) test (**p < 0.01; *p < 0.05, compared to the corresponding dose of WT). 
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Figure 5.13). This strain also produced moderately more biofilm C.F.U.s than the 

other tested mutants in the absence of TSA (data not shown, Rachel Weild). 

5.5.6 Trichostatin A inhibits growth of Candida auris alone and in tandem with 

caspofungin 

 The observation that HDAC inhibition could abrogate drug resistance 

phenotypes in C. glabrata prompted us to test the universality of this effect in other 

pathogenic yeast species. We were specifically interested in testing this antifungal 

strategy in the relatively recently (2009) isolated multi-drug resistant yeast species C. 

auris. Currently there is no effective treatment to counter C. auris infections and 

mortality rates for C. auris infections can reach 60% (Satoh et al., 2009; Chowdhary 

et al., 2016). We obtained C. auris clinical isolates from Dr. Alexander Lorenz 

(University of Aberdeen, UK) and tested it in the checkerboard assays. Surprisingly, 

unlike C. glabrata, TSA treatment alone inhibited C. auris growth in a dose-dependent 

manner; TSA concentrations ≥ 1.5 µg/ml significantly reduced relative growth of the 
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Figure 5.14: Inhibition of C. auris clinical isolate VPCI479/P/13 growth in increasing concentrations 
of TSA. Coloured points show the AUCs of individual biological replicates, whereas black bars show 
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significance determined by one-way ANOVA and Tukey’s test (***p < 0.001; **p < 0.01; *p < 0.05, 
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C. auris isolate VPCI479/P/13. The presence of 3 µg/ml TSA in growth media caused 

a 51.1% reduction in average growth whereas 24 µg/ml TSA caused an 88.1% 

decrease (Figure 5.14). A similar inhibition profile was also observed in a secondary 

C. auris isolate (470026) to a lesser extent, with the highest concentration of HDACi 

causing a statistically significant (p <0.05) 60.7% reduction in relative growth 

(Appendix Figure S4.20). 

 As shown in Figure 5.15, TSA treatment may also potentiate caspofungin 

activity against C. auris, although it is unclear whether this is a synergistic or additive 

effect. In support of synergism, while 0.38 µg/ml TSA did not significantly affect 

growth alone, it reinforced the antifungal activity of caspofungin at a range of 

concentrations. For example, although 0.5 µg/ml caspofungin significantly (p < 0.05) 

reduced mean growth by 56.4%, the addition of 0.38 µg/ml HDACi produced a 

significantly (p < 0.01) greater decrease of 78.6% on average. However, results at 

higher TSA concentrations implied an additive effect, wherein the antifungal action 

of combinatorial drug treatments was roughly equivalent to the combined effect of 

each corresponding single drug treatment (Figure 5.15, Appendix Figure S4.21).  
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Figure 5.15: Excerpt of antimicrobial checkerboard assay showing effect of combinatorial 
caspofungin and TSA treatment against Candida auris clinical isolate VPCI479/P/13. Data points 
indicate average of four biological replicates (with the exception of B1 and C1 which represent three 
replicates) while red growth curves are generated by using Growthcurver to fit the logistic equation 
to the data. Red numbers indicate mean and standard deviation of the AUC across replicates, and 
blue background gradient indicates the extent of growth inhibition as determined by the AUCs, 
relative to the untreated samples, darker colouration corresponds to more inhibition. The length of 
each square indicates a 24 hr growth window whereas the height indicates OD600 from an 
approximate range of 0-8. Full range of concentrations shown in Appendix Figure S4.22. 
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5.6 Discussion 

5.6.1 HDAC inhibition reverses histone acetylation-related knockout phenotypes, 
by increasing azole susceptibility while decreasing biofilm formation and in vivo 
virulence in C. glabrata 

 The work detailed in this chapter sought to test the hypothesis that inhibiting 

histone deacetylation would impair C. glabrata virulence traits. The majority of our 

experimental evidence supports this hypothesis, with various forms of HDAC 

inhibition suppressing traits such as azole tolerance and biofilm formation. Although 

the molecular mechanisms underlying the relationship between virulence and 

histone acetylation state are undoubtably more complex than this binary hypothesis 

suggests, HDAC inhibition may nonetheless have potential for ameliorating C. 

glabrata infections. Additionally, RNA-sequencing evidence suggests that the 

biological pathways and functions influenced by HDAC inhibition overlap with those 

enriched in the hypervirulent acetylation-related mutants described in Chapters 3 

and 4. 

 As alluded to in the chapter introduction (Section 5.2), the effects and clinical 

potential of HDAC inhibition have been previously described in several other Candida 

species and fungal genera. As observed for C. glabrata in this study, the majority of 

the literature reports that on their own, HDACi compounds display moderate to no 

anti-Candida activity (Garnaud et al., 2016). However, a combination of TSA and 

fluconazole, or other triazoles, significantly reduces drug tolerance and/or the azole 

MICs of C. albicans, C. parapsilosis and C. tropicalis (Smith & Edlind, 2002; Mai et al., 

2007). In C. albicans, SAHA and other hydroxamic acid-based HDACis similarly 

synergise with fluconazole (Mai et al., 2007). The phenotypes produced by broad 

spectrum HDACi treatment in C. albicans are seemingly mediated by the inhibition of 

the products of ca_RPD3 and/or ca_HDA1, as mutants lacking either gene also show 

increased azole susceptibility (Li X. et al., 2015). Additionally, a ca_hos2Δ mutant 

phenocopies TSA-treated C. albicans by showing a hyperfilamentous phenotype, 

implicating Hos2p as another important HDACi target (Hnisz et al., 2010). TSA 

demonstrably acts against the purified products of the S. cerevisiae orthologues of 

these genes, which strengthens the case for the direct inhibition of these proteins 

influencing Candida spp. azole tolerance (Carmen et al., 1999). The findings of this 
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study suggest that orthologues of these same genes contribute to virulence factors 

in C. glabrata; cg_rpd3Δ broadly phenocopies HDACi-treated C. glabrata in its azole 

susceptibility, biofilm formation and in vivo virulence whereas cg_hos2Δ shares the 

increased azole susceptibility associated with Class I HDAC inhibition.  

  The effects of HDAC inhibition on fungal biofilm formation have not been 

extensively documented so far. However, SAHA has been found to reduce C. albicans 

pathogenicity by reducing the yeast’s adherence to human epithelial cells by ~ 90% 

(Simonetti et al., 2007). Additionally, sodium butyrate has been reported to impede 

biofilm formation by > 65% in Cryptococcus neoformans and C. parapsilosis, and by 

~80% in C. albicans (Nguyen et al., 2011). Given that butyrate predominantly inhibits 

Class I HDACs, this supports a role for one or more of these HDACs in biofilm 

formation and this study implicates cg_RPD3, and potentially its orthologues, as the 

HDACi target underlying anti-biofilm activity (Table 5.2). That said, a number of gene 

products which were not included in this study may equally be affected by HDACi 

compounds to produce such phenotypes.  

 To date, and to the best knowledge of the literature, only three HDACis have 

been tested against Candida spp. in animal models, with conflicting results. The 

sirtuin inhibitor nicotinamide was shown to significantly drop the kidney fungal load 

of C. albicans-infected mice, which was attributed to ca_Hst3p inhibition (Wurtele et 

al., 2010). Another murine study found that a Hos2p inhibitor, MGCD290, synergised 

with fluconazole in an invasive candidiasis (C. albicans) model, and mice treated with 

both drugs showed a significantly lower kidney fungal load, and increased survival 

than those receiving fluconazole alone (Nguyên et al., 2008; Garnaud et al., 2016). 

Inversely, the injection of high doses (200 mg/kg) of the Class I HDACi valproic acid 

almost doubled murine mortality in a similar disseminated C. albicans infection 

model, seemingly by inducing the downregulated of numerous host defence genes 

(Roger et al., 2011). This study reports the first use of a HDACi in an insect model of 

fungal infection, and although TSA alone fails to improve survival, like MGCD290, the 

drug appears to potentiate the antifungal activity of fluconazole in vivo at 

physiologically tolerable doses. However, animal testing of HDACi molecules is clearly 

still in its infancy; the pan-specificity of many of these drugs increases the likelihood 
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of off-target effects while also making the mechanisms behind any in vivo 

antimicrobial activity difficult to decipher12. Additionally, the toxicity and effective 

dosages of these compounds has yet to be widely-characterised. Nonetheless, the 

Galleria model suggests that HDAC inhibition may have potential for the treatment 

of Candida infections, and this study among others, validates the use of the larval 

model for screening novel antifungals. In future, this model could be used for the 

high-throughput screening of HDACi libraries, to discover those with more efficiency 

and further probe the relationship between HDACs and fungal virulence. 

5.6.2 Transcriptomics indicate HDAC inhibition inversely affects similar biological 
functions as cg_hat1Δ or cg_ahc1Δ disruption but the link between expression 
patterns and phenotype remains enigmatic 

 Although this study and others have shown that HDAC inhibition can impair 

Candida virulence and azole tolerance, and implicated specific deacetylases in this 

effect, the regulatory consequences of repressing non-sirtuin HDACs and how these 

effectors influence Candida drug resistance has yet to be described in-depth. Work 

on C. albicans suggests that ca_Rpd3p and ca_Hda1p regulate drug resistance and 

the development thereof through an unresolved mechanism, as their expression 

increases during the acquisition of drug resistance before returning to parental levels 

once stable resistance has formed (Li X. et al., 2015). It has been suggested that both 

these HDACs, as well as ca_Hos2p, contribute to azole tolerance by regulating 

ca_Hsp90p deacetylation, which itself is thought to govern the evolution of antifungal 

resistance as a molecular chaperone and signalling regulator (Cowen & Lindquist, 

2005; Robbins et al., 2012; Li et al., 2017). In support of this, HDAC inactivation 

phenocopies ca_HSP0 inhibition by increasing azole susceptibility (Cowen & 

Lindquist, 2005; Robbins et al., 2012). Of course, another popular hypothesis is that 

HDACs and HDACis influence drug resistance by directly or indirectly modulating the 

expression of antifungal efflux pumps or the transcription factors that regulate drug 

resistance networks (Li X. et al., 2015; Garnaud et al., 2016). In this body of work, 

RNA-seq was used to investigate how broad spectrum HDAC inhibition affects the C. 

 
12 For example, in this study the synergism of TSA and fluconazole could be mediated by a number of 
non-mutually exclusive effects e.g. the inhibition of Galleria HDACs, or the sensitisation of C. 
glabrata to the host immune response without affecting azole susceptibility 
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glabrata azole response, but found little support for either of these aforementioned 

hypotheses, suggesting a different mechanism could be at play in this species. 

 The RNA-seq evidence presented in this study seems to point towards two 

non-mutually exclusive means by which HDAC inhibition sensitises C. glabrata to 

azole prophylaxis. The first of these is that the presence of TSA dampens or 

suppresses components of the normal fluconazole response; in support of this 

combination-treated samples show a greater proportion of downregulated genes 

than single treatments (especially TSA alone), and manifold transport processes 

(including azole transport), stress responses, and pathways involved in membrane 

lipid regulation and antibiotic metabolism are enriched in the downregulated genes 

associated with the presence of TSA. Additionally, as shown in Figure 5.9, a set of 170 

genes which involved in the generic response to fluconazole appear to be suppressed 

in the fluconazole and HDACi cotreatment. On the other hand, the drug could act 

alongside azoles in an entirely indirect manner, processes linked with cell cycle 

progression, development, translation and RNA processing are also significantly 

perturbed in co-treated samples. It may be that the additive biological insult of TSA 

targeting such processes, alongside azole-mediated ergosterol synthesis inhibition, 

causes the observed increase in antifungal activity. Intriguingly, these ‘indirect’ 

processes are also generally regulated with the opposite directionality in the 

fluconazole-resistant cg_hat1Δ and cg_ahc1Δ mutants, which may imply a cryptic 

role for these processes in the azole response. Another point of interest is that in C. 

glabrata, while HDAC inhibition potentiated fluconazole, it did not synergise well 

with other antifungals. Several prior studies on HDACis in Candida spp. also report 

that the drugs synergise most robustly with azoles (although synergy has been 

demonstrated with other drugs in resistant isolates), which perhaps favours a more 

direct mechanism of action against azole resistance, acquired drug resistance or 

plasma membrane synthesis (Smith & Edlind, 2002; Pfaller et al., 2009; Li X. et al., 

2015; Pfaller et al., 2015). 

 The transcriptomic profiles of TSA-treated samples, along with various 

phenotyping experiments also raised a number of questions about the efficiency of 

the HDACi. Although a dosage of 3 µg/ml TSA significantly impacted biofilm formation 
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and in vivo azole susceptibility, higher concentrations were required to affect drug 

tolerance and this concentration of TSA alone had little impact on global gene 

expression. Furthermore, in contrast to the drug’s inhibitory effect on C. auris growth, 

no dosage of any individual HDACi affected C. glabrata’s proliferation. It was 

hypothesised that this partially resulted from the exclusion of these compounds in C. 

glabrata; to test this possibility lyticase was used in a checkerboard with TSA to 

facilitate uptake of the HDACi by weakening the cell wall, as described by 

(Weerasinghe et al., 2010). However, in the presence of lyticase TSA was still not 

found to affect C. glabrata’s growth (Appendix Figure S4.22). Another possibility was 

that a greater timeframe was required for HDAC inhibition to induce the 

accumulation of hyperacetylated histones and their associated gene expression 

profiles and phenotypes, however samples which were pre-treated with TSA for an 

additional 3-4 hours showed no significant alterations in their growth, azole 

susceptibility, or expression of TSA-responsive transcripts (as identified in RNA-

sequencing; Appendix Figure S4.23, expression data not shown). Furthermore, 

immunoblotting analysis suggested that TSA quickly induced an increase in the levels 

of bulk histone H4 acetylation (Appendix Figure S4.24). Taken together, these findings 

suggest that although HDAC inhibition has relatively little impact on steady-state 

transcription and growth in C. glabrata, it does have a pronounced effect during the 

yeast’s virulence-linked transcriptional responses and upheavals, which presumably 

arises from the disruption of the dynamic chromatin landscape. The fact that TSA 

significantly impacts basal growth in C. auris also implies that the drug’s targets have 

functionally diverged between Candida species or perhaps specifically in the C. 

glabrata lineage, which could be an interesting avenue for future research.  

5.6.3 The clinical potential of HDACi inhibitors for Candida infection 

 Although a growing body of evidence has shown the biological and clinical 

importance of HDACs in Candida species, and the beneficial activity of HDACis against 

such pathogens, these results are preliminary and much research on the remains to 

be done. While new compounds are sorely needed to tackle the threat of antifungal 

resistance, and particularly those which target novel cellular functions and 

components, HDACis have numerous unknowns regarding their specificity, antifungal 
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efficiency and toxicity which must be addressed. The fungal Hos2p inhibitor 

MGCD290 exemplifies this. This small-molecule HDACi was developed by 

MethylGene Inc. and reached a phase II clinical trial for the treatment of vulvovaginal 

candidiasis in tandem with fluconazole, following promising in vitro and murine 

model results against drug resistant Candida isolates (Pfaller et al., 2009; Pfaller et al., 

2015). This 2013 trial found that the combination therapy showed no significant 

benefit over fluconazole alone in the treatment of candidiasis (Garnaud et al., 2016). 

Nonetheless, MGCD290 set an important precedent as the first trialled fungal-specific 

HDACi, and the findings of this study suggest that for C. glabrata, a cg_Rpd3p inhibitor 

could show promise if developed, or indeed a broader spectrum fungal specific 

HDACi. Such compounds, or existing drugs like MGCD290 may also have potential 

against untested emergent species such as C. auris, which could be particularly 

important given this yeast’s apparent susceptibility to TSA and dramatic rates of 

antifungal resistance13. On a wider scale, even facing specificity and dosage issues, 

HDACis could have niche clinical uses such as in antibiotic lock therapy, which involves 

eliminating biofilms from catheters by locking high concentration antimicrobial 

solutions in the devices when they are not in use (Justo & Bookstaver, 2014). HDACi 

therapy certainly comes with various theoretical benefits, for example cumulative 

evidence indicates that most of these drugs act by inhibiting the products of multiple 

pleiotropic genes; such a mode-of-action is likely to be refractory to the development 

of drug resistance and functional compensatory mechanisms (compared to classical 

single target antifungals). However, to truly explore these possibilities, a wider range 

of chemicals should be tested and more importantly, against a much greater range 

of isolates than those used in this study, in vitro and in vivo.  

5.6.4 cg_Rpd3p, cg_Hos2p and C. glabrata virulence 

 The primary effectors of C. glabrata’s attenuated virulence in this chapter are 

cg_Rpd3p and cg_Hos2p, but although Rpd3p is the core member and namesake of 

the Class I HDACs, and Hos2p has been specifically targeted by a first-in-class 

 
13 A global study found 93% of isolates to be fluconazole-resistant, 35% to be amphotericin B 
resistant, 7% echinocandin resistant and 41% to be simultaneously resistant to at least two 
antifungal classes (Lockhart et al., 2017). 
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antifungal HDACi, little is known about their function in C. glabrata. However, several 

studies on their orthologues in C. albicans and S. cerevisiae offer means by which 

these enzymes could influence clinically-relevant phenotypes. Although histone 

deacetylation is generally associated with transcriptional repression, sc_Rpd3p plays 

a key role in the activation of manifold stress responsive genes, including those in 

involved in the ESR, DNA damage-inducible genes (a role which sc_Hos2p shares), the 

multidrug efflux pump sc_PDR5 gene and almost all osmo-responsive genes in the 

HOG pathway (Sharma et al., 2007; Borecka-Melkusova et al., 2008; Alejandro-Osorio 

et al., 2009; Ruiz-Roig et al., 2010). Indeed, the sc_Rpd3p HDAC complex is recruited 

to specific promoters in response to heat-shock, peroxide treatment and osmotic 

stress (De Nadal et al., 2004; Alejandro-Osorio et al., 2009; Ruiz-Roig et al., 2010). If 

cg_Rpd3p plays a similar role in cellular stress response induction, then its inhibition 

could well contribute to phenotypes such as the impaired azole tolerance and in vivo 

virulence observed in this study. Unfortunately, whether this is the case for cg_Rpd3p 

is indeterminable from the RNA-seq study, as the use of a broad spectrum inhibitor 

and the additional presence of fluconazole confound the results. Additionally, as 

described in section 5.6.2, C. albicans ca_Rpd3p and ca_Hos2p can influence azole 

resistance by modifying the acetylation state of the non-histone heat shock protein 

ca_Hsp90p, in C. glabrata cg_Hsp90p also plays a known role in drug resistance, but 

whether cg_Rpd3p and/or cg_Hos2p similarly contribute to this mechanism of 

resistance is unknown (Singh-Babak et al., 2012). Such post-translational mechanisms 

of action also cannot be resolved from transcriptome sequencing. 

 Despite being a HDAC, Rpd3p could also act as a positive regulator of C, 

glabrata adhesion and biofilm formation by acting as a limiter of telomeric silencing. 

S. cerevisiae sc_Rpd3p is necessary for the formation of the boundaries that limit SIR 

complex spreading, by effectively competing with sc_Sir2p for acetyl substrates (see 

section 1.5.3). As such, an sc_rpd3Δ mutant shows increased SIR complex spreading 

and subtelomeric gene repression, if the same is true of the cg_rpd3Δ strain then a 

greater majority of the species subtelomeric adhesins should be suppressed, which 

may account for the attenuated biofilm formation associated with this mutant 

(Ehrentraut et al., 2010). This would suggest a mechanism whereby TSA and similar 
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inhibitors can attenuate C. glabrata’s biofilm formation by hindering the HDACs that 

compete with sirtuins, while allowing for SIR complex activity. The expression of 

adhesins such as cg_EPA1, cg_EPA6 and cg_EPA7 is certainly sensitive to the extent 

of sirtuin activity, as demonstrated by the regulation of their expression by the 

presence of nicotinic acid  (Domergue et al., 2005).  

 Aside from its overlapping roles with Rpd3p, relatively little information on 

Hos2p orthologues seems to translate to C. glabrata virulence. In C. albicans, Hos2p 

acts in the ca_Set3 complex as a key activator of white-to-opaque phenotype 

switching, as well as a repressor of filamentation, and through these roles inter alia, 

influences the yeast’s biofilm structure and dispersal (Hnisz et al., 2009; Hnisz et al., 

2010; Nobile et al., 2014). However, both these phenotypic transitions are absent in 

C. glabrata, which is perhaps reflected by the unaltered biofilm formation of 

cg_hos2Δ; in C. glabrata, cg_Hos2p may simply play a functionally redundant role in 

azole tolerance. With this in mind, class-specific HDAC inhibition, as opposed to single 

gene product inhibition may be the most desirable means of targeting Candida 

virulence (given the theoretical trade-off between specificity, efficiency and off-

target effects). 

 Overall, HDACs have been implicated in virulence in a range of fungal 

pathogens, both Rpd3p and Hos2p have been identified as mediators of Cryptococcus 

neoformans virulence, Rpd3p has been recognised as essential for Aspergillus 

fumigatus pathogenicity, and Hos2p-related enzymes have been linked to virulence 

in a wide range of plant-pathogenic fungi, including representatives from the 

Aspergillus, Fusarium, Magnaporthe, Cochliobolus, and Ustilago genera (Baidyaroy et 

al., 2001; Ding et al., 2010; Li et al., 2011; Kawauchi & Iwashita, 2014; Elias-Villalobos 

et al., 2015; Bauer et al., 2016; Brandao et al., 2018). This both attests to the 

importance of these pathways to pathogen biology, and the high potential impact of 

a fungal specific broad-spectrum or Class I-targeting HDACi. Interestingly, in the 

positive-selection analysis that preceded this body of work, which predicted 19 HPR 

genes to be under positive selection, four genes played putative roles in histone 

deacetylation and three of these encode putative members of the cg_Rpd3L complex. 

Together, these findings emphasize the relationship between C. glabrata histone 
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acetylation states and pathogenicity, and further imply that histone acetylation 

modifiers have contributed to the species adaptation to the human host. 
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6.1 Overview 

 The driving force behind this project was to deepen our mechanistic 

understanding of how C. glabrata emerged as a pathogen, specifically by testing the 

hypothesis that mutations in specific histone posttranslational modification-related 

genes influenced the emergence or the regulation of the species virulence-associated 

phenotypes. In effect, ancestral changes in the primary structures of these proteins 

are predicted to have caused a functional shift which gave rise to a gene expression 

profile that promoted fitness in the human host. The rationale behind this 

hypothesis, and existing information about the relationship between histone 

modification states and C. glabrata pathogenicity were detailed in the introductory 

chapter. In chapter 3, three of the HPR genes under putative positive selection were 

investigated by combining phenotypic assays, RT-PCR, immunoblotting and 

comparative genomics. These experiments provided empirical evidence that linked 

these HPR genes to pathogenic phenotypes such as biofilm formation, azole 

resistance, and virulence in an insect infection model. The results of these phenotypic 

assays also suggested a degree of functional overlap between the HPR genes 

cg_HAT1 and cg_AHC1, which putatively encode components of distinct histone 

acetyltransferase complexes. The apparent role of HPR genes as negative regulators 

of C. glabrata virulence-traits, together with auxiliary results from gene expression 

and immunoblotting analyses lent support to the hypothesis that these genes have 

functionally diversified in the C. glabrata lineage. Comparative genomics with a range 

of C. glabrata clinical isolates also revealed that each of the three HPR genes are 

subject to different levels of genetic variation on the strain level, with cg_HAT1 and 

the methyltransferase subunit encoding gene cg_SPP1 showing significantly higher 

levels of sequence conservation than the genomic average, and cg_AHC1 showing 

comparable levels of conservation. 

 Following efforts to characterise HPR gene function, transcriptome 

sequencing was employed in chapter 4 to interrogate the mechanisms by which the 

histone acetylation-related HPR genes cg_HAT1 and cg_AHC1 mediated the observed 

phenotypes, particularly fluconazole resistance. This experiment confirmed the 

functional overlap between cg_HAT1 and cg_AHC1, with each mutant strain showing 
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the alternative regulation of a large set of common genes and highly similar genome-

wide patterns of  DEG localisation. This demonstrated that both gene products 

regulate the expression of the same genomic loci, where cg_Ahc1p has a greater 

impact on gene expression, which concurs with the phenotypic similarities between 

mutants lacking each gene. Comparing the global gene expression profile of cg_hat1Δ 

with information on its orthologues in C. albicans and S. cerevisiae also implied that 

the acetyltransferase has diverged in its role as a transcriptional regulator. In profiling 

the transcriptomic response of WT C. glabrata and each mutant to fluconazole 

treatment, it became clear that the relationship between these histone modifiers and 

transcriptional output was more complex than initially anticipated. Regardless, 

potential mechanisms behind the fluconazole-resistance of the mutants, and the 

expression data in support of each, were discussed. These mechanisms included 

deficient drug import, cryptic influences from processes like ribosome biogenesis, 

transcriptional priming, or a combination thereof. More broadly, this RNA-

sequencing chapter was also included a discussion on the evolution of yeast 

transcriptional networks, gene expression divergence, and how this could relate to 

HPR genes. 

 Given that knocking out components of histone acetyltransferase complexes 

had induced hypervirulence in C. glabrata, chapter 5 detailed work that was carried 

out to attenuate the yeasts virulence, namely by inhibiting histone deacetylation 

pathways. In accordance with prior reports on other Candida species, it was found 

that broad spectrum HDAC inhibition increased azole susceptibility in C. glabrata. The 

presence of the HDACi TSA was also shown to attenuate the yeast’s biofilm formation 

and in vivo virulence. This drug was also tested against the emergent pathogen C. 

auris, and shown to exert antifungal activity alone, and in combination with 

caspofungin. RNA-sequencing was employed once more, to investigate the synergy 

between TSA and fluconazole in C. glabrata. This experiment found that while the 

HDACi alone had a small transcriptional impact, it considerably influenced the global 

response to fluconazole; this altered transcriptional response is proposed to weaken 

the yeast’s ability to tolerate azole treatment by dampening the direct transcriptional 

response to the drug and/or by inhibiting distinct cellular processes and machineries. 
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Follow-up work used a wider range of HDACi compounds and C. glabrata mutants to 

specifically implicate the Class I HDACs cg_Rpd3p and cg_Hos2p as effectors of the C. 

glabrata phenotypes associated with non-sirtuin HDACi treatment. Specifically, both 

genes were identified as mediators of fluconazole resistance, and cg_Rpd3p was also 

shown to influence in vivo virulence and biofilm formation. 

 Together, the findings of this study evoke a model wherein a subset of C. 

glabrata’s histone acetylation modifiers play a role in dictating multiple virulence 

factors, while being dispensable for basal growth and fitness in biologically 

permissive conditions. This model supports the hypothesis driving this project, and 

fits into a growing body of evidence linking histone-modification pathways to C. 

glabrata’s pathogenicity and more broadly, linking protein acetylation to fungal 

pathogenicity (see section 1.5.5; Li et al., 2019). This work builds on the functional 

characterisation of several histone PTM-related genes by linking them to various in 

vitro and in vivo phenotypes, and provides the full transcriptome profile of the 

cg_hat1Δ and cg_ahc1Δ mutants. Additionally, this study presents one of the first 

snapshots of the global transcriptomic response of C. glabrata to fluconazole, and a 

combinatorial azole/HDACi treatment. To the best knowledge of the literature, the 

use of HDACi compounds against C. auris, and against C. glabrata in an experimental 

animal model has yet to be described. However, these experiments, among the 

others, are only the first steps towards understanding the complexity of C. glabrata’s 

evolution as a pathogen and how histone acetylation dynamics have shaped this. 

There are many unanswered questions and unexplored avenues of investigation 

which, if pursued, could strengthen the link between epigenetic effectors and 

adaptive evolution in yeast. 

6.2 Future work 

6.2.1 Characterisation of remaining genes under predicted positive selection 

 Unfortunately, time constrains meant a number of experiments could not be 

carried out, which would have supplemented and expanded on the projects core 

hypotheses. The most obvious of these is the characterisation of a greater proportion 

of the 19 HPR genes which are predicted to contain signatures of positive selection. 
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The remaining 16 genes have yet to be knocked out in C. glabrata, and the functional 

characterisation of these genes could potentially elucidate a number of other 

effectors of the yeast’s virulence attributes. It would also be interesting to uncover 

how many of these genes trend towards inducing hypervirulence, as the initial three 

knockouts did; as previously alluded to, four of the remaining genes under putative 

selection play predicted roles in HDAC complexes, three in HAT complexes, among 

others which function in nucleosome assembly complexes, chromatin remodelling 

complexes and histone ubiquitination. If these genes were to be analysed, they could 

serve to strengthen or reshape our model of how the histone modification state 

dictates C. glabrata virulence. To this end, creating individual HPR gene knockouts 

using the CRISPR-Cas9 system was an ongoing ancillary component of this project. 

The use of this genome-editing strategy was first described in 2016, and offered a 

powerful new molecular tool for the study of C. glabrata, particularly given the 

species preferential usage for non-homologous end joining over homologous 

recombination for double strand DNA break repair (which limited the efficiency of 

prior gene targeting approaches; Cen et al., 2015; Enkler et al., 2016; Vyas et al., 

2018). However, although multiple CRISPR-Cas9 system variants have since been 

described in C. glabrata and validated against the cg_ADE2 reporter gene, virtually 

no studies have reported its use against other genes of interest (Vyas et al., 2018; 

Maroc & Fairhead, 2019).  In continuation of this trend, a modified version of the 

two-plasmid CRISPR-Cas9 system described by Enkler et al. (2016) was designed for 

this study and successfully used to disrupt cg_ADE2, by inducing an insertion and 

subsequent frameshift mutation which produced an opal stop codon in the first 100 

bp of the gene’s coding sequence (Appendix Figures S5.1, S5.2). However, an efficient 

strategy to substitute gRNA sequences in the plasmid and to screen transformants 

for the successful disruption of non-reporter genes proved difficult to establish, and 

limited the systems use in this project. Nonetheless, given time this strategy certainly 

offers a means of generating more HPR deletion strains 

 

.  
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6.2.2 Reinforcing the link between phenotypic and expression divergence and HPR 

gene activity 

 Another crucial experiment to link the modifications catalysed by HPR genes 

to the gene expression and phenotypic differences observed in their associated 

mutants would be chromatin immunoprecipitation sequencing (ChIP-seq). This 

technology examines DNA-protein interactions and allows the genome-wide profiling 

of histone modifications. By integrating such data with RNA-seq, differential gene 

expression could be more confidently attributed to variation in histone modification 

patterns caused by the deletion of HPR genes and, and the relationship between 

various modifications and C. glabrata chromatin states could be better defined (Jiang 

& Mortazavi, 2018). This is particularly important given that the proteins involved in 

these modifications are suggested to show functional divergence. Multiple studies 

have used ChIP-seq to characterise the genomic binding sites of C. glabrata 

transcription factors, including cg_Pdr1p, the cg_CAAT-binding complex, and several 

cg_Yap (yeast AP-1 like) factors (Paul et al., 2014; Merhej et al., 2016; Thiebaut et al., 

2017). However, this technique has yet to be used to map C. glabrata histone 

modifications.  

Originally, using ChIP-seq to map the modifications catalysed by the 

complexes associated with cg_HAT1 and cg_AHC1 was a key aim of this project. 

However, two factors complicated this, firstly immunoblotting analyses failed to 

identify individual histone acetylation marks that were significantly globally altered 

in either mutant, and although a less specific antibody such as α-H4ac4 could be used 

to more broadly profile acetylation patterns, this somewhat discouraged the use of 

such a resource-intensive technique. Secondly, a ChIP protocol for enriching histone-

associated DNA sequences had to be developed and validated for C. glabrata. With 

the help of Dr. Konstantin Panov (Queen’s University Belfast, UK) and Dr. Alastair 

Fleming (Trinity College Dublin, Ireland) a protocol was optimised for crosslinking C. 

glabrata cells and subsequent chromatin isolation and shearing. The sheared 

chromatin was immunoprecipitated with α-H4ac4 and α-H3 antibodies, but 

determining whether the DNA was actually enriched proved challenging; histone-

associated sequences are poorly characterised in C. glabrata, and so ChIP-qPCR 
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validation of the protocol requires a considerable time investment and degree of trial 

and error for primer design. Further work to establish the successful enrichment of 

histone-DNA complexes, and more accurately describe the modifications catalysed 

by HPR complexes would facilitate ChIP-seq analysis of HPR deletion mutants and 

effectively complete an experimental pipeline to assess the contribution of the 

deleted genes to virulence and reinforce the findings of this study. 

To address the predicted evolutionary relevance of HPR genes, techniques 

such as ancestral gene resurrection (AGR) could be applied. This study operated 

under the assumption that the predicted signatures of positive selection are 

associated with protein functional divergence. Despite having been demonstrated in 

previous studies, experimental validation is required to establish a definitive link 

between the two (Levasseur et al., 2006; Huang et al., 2012; Loughran et al., 2012). 

AGR entails the prediction of the primary sequence of the common ancestor of a 

protein between species of interest, often using phylogenetic inference methods not 

unlike those applied in positive selection analysis. The ancestral gene can then be 

synthesised, exogenously expressed and techniques such as site-directed 

mutagenesis applied to interrogate the functional consequences of predicted 

evolutionary substitutions. This could be used to investigate whether and which of 

the putative residues of positive selection in HPR genes could produce functional 

changes. However, this would effectively entail a project in itself given the volume of 

work and innate challenges of molecular cloning in C. glabrata. Nonetheless, such 

work is important to reinforce the evolutionary biology components of the original 

hypothesis, and contribute to the growing body of evidence linking epigenetic 

regulation to evolutionary adaptation. 

6.2.3 Expanded analyses of HDAC inhibition on Candida species 

 Much work remains to truly examine the potential of HDACi compounds 

against Candida. Firstly, a high throughput platform for screening epigenetic 

compound libraries could be established. Such libraries are commercially available, 

and the Structural Genomics Consortium (SGC) has also composed an open access 

collection of chemical probes that target epigenetic effectors (Brown & Muller, 2015). 

By using a combination of microtitre plate-based assays and the Galleria mellonella 
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infection model, these compounds could be assessed for antifungal activity or 

synergy with existing antifungals. Although a continuation of this study would 

naturally focus on their activity against C. glabrata and C. auris, these chemicals 

should also be tested against a broader range of Candida species and possibly mixed 

Candida cultures, to reflect clinical occurrences such as polymicrobial infections. 

Another interesting thread of research would be the further characterisation of C. 

auris HDACs, to unravel why this species is subject to inhibition by TSA. It could be 

that this species expresses a different suite of HDACs to C. glabrata, or that these 

proteins and/or their associated regulatory networks have functionally diverged to 

play a less dispensable role in reproduction. With the increasing annotation and of 

the C. auris genome and development of molecular tools for the species, a similar 

experimental pipeline to that of this study could perhaps be applied to identify novel 

mediators of virulence in this emergent pathogen and inform the development of 

alternative antifungal therapies. In the future, improving our understanding of how 

chromatin structure influences fungal virulence could perhaps be applied in the 

antifungal development pipeline. This could promote the development of novel 

compounds or the repurposing of existing therapies to help combat the pervasive 

threat of invasive fungal infections. 
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Table S1.1 Software and resources used during this study. 

Software Webpage Reference 

Adobe Illustator 
CC (2015.0.0) 

https://www.adobe.com/uk/ 
products/illustrator.html 

N/a 

bcftools (v1.9) https://samtools.github.io/bcftools/bcftools.html N/a 

Bowtie2 (Galaxy 
version 2.1.0) 

http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml 

(Langmead & Salzberg, 
2012) 

Cutadapt (Galaxy 
version 1.2) 

https://cutadapt.readthedocs.io/en/stable/ (Martin, 2011) 

DESeq2 
(v2.1.6.0) 

https://bioconductor.org/packages/release/ 
bioc/html/DESeq2.html 

(Love et al., 2014) 

EdgeR (v3.10) 
https://bioconductor.org/packages/release/ 

bioc/html/edgeR.html 
(Robinson et al., 2010) 

FastQC (v0.11.3) 
https://www.bioinformatics.babraham.ac.uk/ 
projects/fastqc/ 

N/a 

FreeBayes 
(Galaxy version 
0.9.21-19-
sc003c1e) 

https://github.com/ekg/freebayes N/a 

FungiDB (release 
45) 

https://fungidb.org/fungidb/ (Basenko et al., 2018) 

ggplot2 (v3.2.1) 
https://cran.r-project.org/ 
web/packages/ggplot2/index.html 

N/a 

gplots (v3.0.1.1) 
https://cran.r-project.org/ 
web/packages/gplots/index.html 

N/a 

GraphPad Prism 
(v5.04) 

https://www.graphpad.com/ N/a 

Growthcurver 
(v0.3.0) 

https://cran.r-project.org 
/web/packages/growthcurver/index.html 

(Sprouffske & Wagner, 
2016) 

GrowthRates 
(v3.0) 

https://cran.r-project.org/ 
web/packages/growthrates/index.html 

(Hall et al., 2014) 

Htseq-count 
(Galaxy version 
HTSEQ) 

https://buildmedia.readthedocs.org/ 
media/pdf/htseq/latest/htseq.pdf 

(Anders et al., 2015) 

ImageJ (v1.52a) https://imagej.nih.gov/ij/index.html N/a 

https://www.adobe.com/uk/%20products/illustrator.html
https://www.adobe.com/uk/%20products/illustrator.html
https://samtools.github.io/bcftools/bcftools.html
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://cutadapt.readthedocs.io/en/stable/
https://bioconductor.org/packages/release/%20bioc/html/DESeq2.html
https://bioconductor.org/packages/release/%20bioc/html/DESeq2.html
https://bioconductor.org/packages/release/
https://www.bioinformatics.babraham.ac.uk/%20projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/%20projects/fastqc/
https://github.com/ekg/freebayes
https://fungidb.org/fungidb/
https://cran.r-project.org/%20web/packages/ggplot2/index.html
https://cran.r-project.org/%20web/packages/ggplot2/index.html
https://cran.r-project.org/%20web/packages/gplots/index.html
https://cran.r-project.org/%20web/packages/gplots/index.html
https://www.graphpad.com/
https://cran.r-project.org/%20web/packages/growthrates/index.html
https://cran.r-project.org/%20web/packages/growthrates/index.html
https://buildmedia.readthedocs.org/%20media/pdf/htseq/latest/htseq.pdf
https://buildmedia.readthedocs.org/%20media/pdf/htseq/latest/htseq.pdf
https://imagej.nih.gov/ij/index.html
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Interactive 
Genomics 
Viewer (v2.4.14) 

https://software.broadinstitute.org/software/igv/ (Robinson et al., 2011) 

MedCalc (v19.1) https://www.medcalc.org/ N/a 

REVIGO (Jan 
2017 release) 

http://revigo.irb.hr/ (Supek et al., 2011) 

Rstudio 
(v1.1.453) 

https://rstudio.com/ N/a 

SAMtools (v1.9 
and Galaxy 
version 1.2) 

http://samtools.sourceforge.net/ (Li et al., 2009) 

SnpEff (Galaxy 
version 3.6) 

http://snpeff.sourceforge.net/ (Cingolani et al., 2012) 

SnpSift (v4.0) http://snpeff.sourceforge.net/SnpSift.html N/a 

STAR (v2.4.2a) https://github.com/alexdobin/STAR (Dobin et al., 2013) 

Trim Galore! 
(v0.4.3) 

https://www.bioinformatics.babraham.ac.uk/ 
projects/trim_galore/ 

N/a 

   

Figure S1.1: Representative result of standard curve validation for RT-PCR primers. Data shows that 
pertaining to the primers for cg_SPP1 generated in this study. CT value represents the average of three 
technical replicates. 
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WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

Figure S2.1: Growth profiles of individual HPR deletion mutants and WT C. glabrata in SC medium 
supplemented with 0.5 M NaCl at 37 °C. Each line represents the average optical density of three 
biological replicates, and semi-transparent ribbons indicate standard deviations. 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

Figure S2.2: Growth profiles of individual HPR deletion mutants and WT C. glabrata in SC medium 
supplemented with 2 M NaCl at 37 °C. Each line represents the average optical density of three 
biological replicates, and semi-transparent ribbons indicate standard deviations. 



220 | P a g e  
 

  

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

YPD control YPD + 1 mg/ml Congo Red 

Figure  S2.3: Spot assay showing the growth of C. glabrata WT and mutants in the presence of the 
cell wall stressor Congo Red.  Log phase cultures of each strain were serially diluted and spotted onto 
YPD plates with and without Congo Red. Images are representative of experiments carried out on two 
biological replicates of each strain. 
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Caspofungin concentration (µg/ml) 

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

Figure S2.4: Caspofungin and Amphotericin B sensitivity of C. glabrata WT and mutants. Horizontal 
lines indicate relative growth, as indicated by the area under growth curves of each strain at each 
antifungal concentration. Error bars denote standard deviation of biological duplicates. 
 



222 | P a g e  
 

  

WT 

cg_hat1Δ 

cg_ahc1Δ 

cg_spp1Δ 

PBS 
** 

Figure S2.6: Survival of G. mellonella larvae infected with increased dose of C. glabrata WT and 
individual HPR deletion mutants. Each larva was infected with 5x106 cells. Each curve represents 
percentage survival of 40 larvae in total, obtained from two independent experiments with separate 
biological replicates of each C. glabrata strain. Tick marks denote censored data from larvae which 
pupated within the observation time. Asterisks denote significance as calculated by the Log-Rank 
(Mantel-Cox) test (***p < 0.001; **p < 0.01; *p < 0.05, compared to the WT). 
 

 

 

 

PBS 

WT 2.5x106 cells/worm 

WT 5x106 cells/worm 

WT 7.5x106 cells/worm 

Figure S2.5: Survival of G. mellonella larvae infected with varying doses of C. glabrata WT. Each 
curve represents percentage survival of 20 larvae in total. Tick marks denote censored data from 
larvae which pupated within the observation time. Asterisks denote significance as calculated by the 
Log-Rank (Mantel-Cox) test (***p < 0.001, compared to the 2.5x106 cells/worm dosage of WT). 
 

*** 
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Table S2.1: Summary of phenotypic data on HPR deletion mutants. N indicates normal 
phenotype (i.e. similar to that observed in the WT). + and – respectively indicate an 
increase or decrease in growth/survival/virulence in each strain. 

 cg_hat1Δ cg_ahc1Δ cg_spp1Δ 

Growth at 37°C N N N 

Growth at 42°C + + N 

Growth in 0.5 M NaCl N N N 

Growth in 1 M NaCl + N - 

Growth in 2M NaCl + N N 

Survival in 25 mM H2O2 N N - 

Survival in 75 mM H2O2 - - - 

Survival in 150 mM H2O2 - - - 

Growth on 1 mg/ml Congo Red N N N 

Fluconazole resistance + + + 

Caspofungin resistance N N N 

Amphotericin B resistance N N N 

Biofilm formation + + + 

In vivo virulence + + + 
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α-H3 unmodified α-H4ac4 α-H4K12ac 

α-H4K16ac α-H3K9ac α-H3K14ac 

α-H3K4me2 

Figure S2.7: Ponceau stained membranes used in Western blot analyses. Each membrane was 
deemed evenly loaded with protein extract and probed with the indicated antibodies. Results 
presented in Section 3.5.3. 
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Table S2.2: Mapping quality metrics on clinical isolate genome sequencing data. S.D. = 
standard deviation 

 Strain ID Total reads a Estimated 
coverage b 

% reads 
mapped 

% reads 
properly 
paired 

Actual 
mean 

coverage c 

S.D. 
coverage 

 JU530 15032228 152.3 96.4 65.68 139.7 163.34 

 JU727 15242942 154.4 96.6 67.03 141.3 258.97 

 JU739 17852498 180.9 97.0 69.02 161.3 269.17 

 JU754 17186840 174.1 96.6 66.68 162.9 206.26 

 JU756 18638452 188.8 96.9 75.16 170.4 262.63 

 JU1169 17936490 181.7 96.9 71.33 162.8 267.61 

 JU1180 17306660 175.3 97.5 69.51 159.1 238.50 

 JU1185 15237908 154.4 97.8 72.82 140.4 223.33 

 JU2234 16416758 166.3 96.9 72.27 152.2 226.98 

 JU2235 16017248 162.3 97.1 69.79 148.8 205.47 

 JU2257 19819044 200.8 97.7 69.51 182.1 268.84 

 JU2271 17024168 172.5 97.0 66.22 156.7 214.30 

 JU2273 13819030 140.0 97.1 68.82 129.3 160.71 

 JU2275 10939928 110.8 97.9 75.82 102.4 156.08 

 JU2277 16287932 165.0 96.7 66.56 154 191.30 

 JU2279 17847506 180.8 97.0 67.04 171.424 248.83 

 JU2315 20204148 204.7 97.1 66.21 187.6 256.54 

Mean - 16635869.4 168.5 97.0 69.38 154.26 224.64 

S.D. - 2233495.31 22.6 0.4 3.16 20.29 39.27 

Median - 17024168 172.45 97 69.02 156.7 226.98 

 

a Total reads before quality-based trimming. 
b Estimated coverage calculated from (Total reads*read length)/genome size 
c Average coverage per base across whole genome, after pre-processing and aligning reads to C. glabrata 
reference genome. 
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Chromosome 

Figure S2.8: Depth of coverage by chromosome in C. glabrata isolate JU2275. Graph is a bigWig 
format representation of read depth, bars show mean read coverage across segments of each 
chromosome. Dashed line indicates mean read depth of Chromosome E, purple arrow indicates 
genomic location of cg_AHC1. 
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Figure S2.9: Average SNP density by genomic location across C. glabrata clinical isolates. Bars 
indicate average number of variants per each 10 kbp, error bars represent standard deviation across 
17 isolates. Green arrow indicates position of cg_HAT1, purple represents cg_AHC1 and orange shows 
cg_SPP1. Dashed lines indicate SNP density of regions containing HPR genes relative to the rest of 
their respective chromosomes. 
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Figure S2.10: Correlation between genetic variation in clinical isolate genomes, HPR genes and 
fluconazole susceptibility. Graphs indicate relationship between number of SNPs detected in (A) all 
three HPR genes, (B) cg_HAT1 only, (C) cg_AHC1 only, and (D) cg_SPP1 only, plotted against the 
reported fluconazole minimum inhibitory concentration (MIC) of each clinical isolate. (E) shows the  
relationship between genome-wide variant rates and fluconazole MIC. Dashed lines are linear 
trendlines; R2 = coefficient of determination, ρ = Spearman’s rho.  
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  Figure S2.11: Future bioinformatics pipeline to profile variation of HPR genes in isolate sequences 
of C. glabrata. Software and tools indicated in italics. 
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Table S3.1 RNA sample quality metrics for RNA-seq. RQN = RNA quality number, DV200 indicates % of fragments 
larger than 200 bp in each lane. No DV200 value was outputted in fragment analysis of samples 29 and 30. 

Dataset 
WT  

no drug 
WT 

+ drug 
cg_hat1Δ 
 no drug 

cg_hat1Δ 
 + drug 

cg_ahc1Δ  
no drug 

cg_ahc1Δ 
+ drug 

Sample ID 1 2 3 7 8 9 19 20 21 25 26 27 22 23 24 28 29 30 

RQN 9.6 9.8 9.3 9.2 9.5 9.7 8.1 8.8 8.3 9.2 9.8 9.4 8.5 8.5 8.0 9.4 9.1 9.2 

28S/18S 2.0 2 2.2 2 1.9 1.8 2.0 2.1 2.1 2.0 2.0 2.0 2.3 1.9 2.1 2.2 2.0 2.0 

DV200 (%) 82.1 82.8 74.2 81.0 80.5 81.8 61.3 71.8 50.5 71.2 78.3 78.8 59.8 54.9 75.3 68.3 - - 

Sample ID               1     2      3    7     8    9    19   20  21   25  26  27  22   23  24   28  29  30  UHR Ladder 

Dataset                WT no 
drug 

WT + 
drug 

cg_hat1Δ 
no drug 

cg_hat1Δ 
+ drug 

cg_ahc1Δ 
no drug 

cg_ahc1Δ 
+ drug 

Figure S3.1: Fragment analysis of input samples for RNA-seq. UHR is Universal Human Reference 
RNA, used as a quality control. Blue numbering shows fragment size in bp. 
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Table S3.2: Most highly up- and downregulated genes in each RNA-seq dataset. padj indicates Benjamini-
Hochberg adjusted p values. Alternate/common gene names are included in parentheses under each ORF 
ID when present. 

ORF ID 
Log2-fold 
change 

padj Brief product description 

WT + flc vs WT unt    

CAGL0J03916g 4.98 5.14E-249 Ortholog(s) have oxysterol binding, sterol transporter activity 

CAGL0M05401g 4.68 3.09E-100 Ortholog of S. cerevisiae: YBR201C-A 

CAGL0I06644g 4.55 4.89E-45 Putative GPI-linked cell wall protein 

CAGL0I00286g 4.44 2.91E-74 
Has domain(s) with predicted transmembrane transporter activity, 
role in transmembrane transport 

CAGL0A04081g 4.25 2.69E-213 Predicted GPI-linked cell wall protein 

CAGL0G05632g -4.29 1.40E-62 Ortholog of S. cerevisiae: YDL218W 

CAGL0H04939g -4.16 1.31E-21 
Ortholog(s) have role in gluconeogenesis, reactive oxygen species 
metabolic process 

CAGL0I09108g -4.09 3.27E-95 Has domain(s) with predicted role in transmembrane transport 

CAGL0H10076g -3.86 1.52E-16 Ortholog(s) have plasma membrane localization 

CAGL0F07601g 
(cg_CWP1.1) 

  
-3.69 

 
5.86E-96 GPI-linked cell wall protein 

cg_hat1Δ unt vs WT unt 

CAGL0M07293g 2.72 1.08E-19 
Putative ABC transporter of weak organic acids; gene is 
downregulated in azole-resistant strain 

CAGL0K01155g 2.57 9.56E-24 Ortholog of S. cerevisiae: YGR079W 

CAGL0E05456g 2.37 2.22E-08 Has domain(s) with predicted DNA binding activity 

CAGL0I06050g 
(cg_INO1) 

2.20 7.88E-06 
Putative inositol 1-phosphate synthase; regulated by the 
transcriptional activators Ino2p and Ino4p; protein differentially 
expressed in azole resistant strain 

CAGL0A02255g 2.00 5.39E-06 Protein of unknown function 

CAGL0L02937g 
(cg_HIS3) 

-7.04 2.89E-124 Putative imidazoleglycerol-phosphate dehydratase 

CAGL0L09042g 
(cg_HAT1) 

-5.29 2.64E-107 Ortholog(s) have H4 histone acetyltransferase activity 

CAGL0L08547g -4.58 8.93E-38 Unspecified product 

CAGL0F09273g -4.58 4.87E-35 Putative adhesin-like protein; belongs to adhesin cluster V 

CAGL0C02321g 
(cg_PHM8) 

-4.21 2.85E-81 
Ortholog(s) have nucleotidase activity and role in pyrimidine 
nucleobase metabolic process 

cg_ahc1Δ unt vs WT unt 

CAGL0J09944g 
(cg_AQR1) 

5.34 2.69E-86 
Plasma membrane drug:H+ antiporter involved in resistance to drugs 
and acetic acid 

CAGL0E01705g 3.92 3.19E-70 
Ortholog(s) have L-malate dehydrogenase activity, role in 
gluconeogenesis, protein import into peroxisome matrix 

CAGL0M12881g 3.91 2.41E-102 
Ortholog(s) have dihydroorotate oxidase activity, role in 'de novo' 
UMP biosynthetic process 

CAGL0E05456g 3.10 3.40E-16 Has domain(s) with predicted DNA binding activity 

CAGL0F04499g 3.08 3.13E-33 
Ortholog(s) have uridine transmembrane transporter activity, role in 
transmembrane transport 

CAGL0E04488g 
(cg_AHC1) 

-7.99 1.95E-114 Ortholog(s) have histone acetyltransferase activity 

CAGL0I10010g -6.92 6.32E-94 
Ortholog(s) have chaperone binding activity, role in cellular response 
to heat, intracellular protein transport, protein folding, protein 
localization to nucleus and nucleus localization 
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CAGL0L02937g 
(cg_HIS3) 

-6.65 2.08E-118 Putative imidazoleglycerol-phosphate dehydratase 

CAGL0L08547g -5.62 9.79E-79 Unspecified product 

CAGL0F09273g -5.20 2.25E-36 Putative adhesin-like protein; belongs to adhesin cluster V 

cg_hat1Δ + flc vs cg_hat1Δ unt 

CAGL0I00286g 6.75 7.90E-153 
Has domain(s) with predicted substrate-specific transmembrane 
transporter activity 

CAGL0L08547g 6.26 3.64E-35 Unspecified product 

CAGL0J06402g 4.87 2.19E-86 
Has domain(s) with predicted catalytic activity, homocitrate synthase 
activity and role in lysine biosynthetic process  

CAGL0J04158g 
(cg_RCN2) 

4.73 
5.23E-104 

 
Regulator of calcineurin; regulated by the calcineurin-Crz1p pathway  

CAGL0K00715g 
(cg_RTA1) 

4.65 1.21E-98 
Putative protein involved in 7-aminocholesterol resistance; gene is 
upregulated in azole-resistant strain 

CAGL0B00116g -5.75 3.87E-61 Protein of unknown function 

CAGL0A02255g -4.69 1.49E-39 Protein of unknown function 

CAGL0H10076g -4.32 4.00E-41 Has domain(s) with predicted ion channel activity 

CAGL0K07205g -3.52 7.35E-33 Ortholog of S. cerevisiae: YGL117W  

CAGL0E02255g -3.12 1.49E-84 
Ortholog(s) have role in fungal-type cell wall organization and extrinsic 
component of plasma membrane 

cg_ahc1Δ + flc vs cg_ahc1Δ unt 

CAGL0L08547g 8.93 7.27E-222 Unspecified product 

CAGL0I00286g 6.78 3.41E-140 
Has domain(s) with predicted substrate-specific transmembrane 
transporter activity 

CAGL0J03916g 5.80 9.33E-171 Ortholog(s) have oxysterol binding, sterol transporter activity 

CAGL0B00715g 5.54 6.36E-60 Unspecified product 

CAGL0I07249g 5.33 5.90E-161 
Putative GTPase-activating protein involved in cell wall and 
cytoskeleton homeostasis; upregulated in azole-resistant strain 

CAGL0B00116g  -6.04 1.75E-151 Protein of unknown function 

CAGL0J09944g 
(cg_AQR1) 

-5.71 6.00E-35 
Plasma membrane drug:H+ antiporter involved in resistance to drugs 
and acetic acid 

CAGL0H10076g -5.12 3.32E-24 
Has domain(s) with predicted ion channel activity, role in ion transport 
and membrane localization 

CAGL0A02255g -4.56 5.75E-38 Protein of unknown function 

CAGL0E01727g 
(cg_YPS3) 

-4.11 4.02E-15 
Putative aspartic protease; predicted GPI-anchor; member of a YPS 
gene cluster that is required for virulence in mice 

cg_hat1Δ + flc vs  WT + flc 

CAGL0K00583g 1.92 7.29E-20 Ortholog(s) have fatty acid elongase activity 

CAGL0H02491g 1.88 3.13E-15 Ortholog(s) have cytochrome-c oxidase activity 

CAGL0B01875g 1.87 1.21E-10 Ortholog(s) have mitochondrial respiratory chain complex IV 

CAGL0I01408g 
(cg_CYC1) 

1.84 1.17E-19 Ortholog(s) have electron transfer activity 

CAGL0H05137g 1.82 1.17E-11 
Ortholog(s) have aldehyde dehydrogenase [NAD(P)+] activity, role in 
NADPH regeneration, acetate biosynthetic process, response to salt 
stress 

CAGL0L09042g 
(cg_HAT1) 

-7.03 1.00E-250 Ortholog(s) have H4 histone acetyltransferase activity 

CAGL0L02937g 
(cg_HIS3) 

-5.53 8.16E-83 Putative imidazoleglycerol-phosphate dehydratase 

CAGL0D01265g 
(cg_MT-I) 

-4.93 1.75E-211 
Copper-binding metallothionein, involved in sequestration of metal 
ions; inducible by copper and silver; gene used for molecular typing of 
C. glabrata strain isolates 
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CAGL0M14091g -3.42 3.60E-46 
Putative quinone reductase/NADPH dehydrogenase; gene is 
upregulated in azole-resistant strain 

CAGL0L13332g 
(cg_EPA13) 

-2.22 3.13E-15 
Sub-telomerically encoded lectin-like adhesin with a role in cell 
adhesion; predicted GPI-anchor; belongs to adhesin cluster I 

cg_ahc1Δ + flc vs WT + flc 

CAGL0K00121g 2.19 1.05E-17 Unspecified product 

CAGL0I00550g 2.05 5.22E-22 Ortholog(s) have fungal-type vacuole membrane, nucleus localization 

CAGL0H02491g 1.60 1.50E-13 Ortholog(s) have cytochrome-c oxidase activity 

CAGL0I07969g 1.49 1.48E-21 
Ortholog(s) have role in ATP synthesis coupled proton transport, 
protein complex oligomerization 

CAGL0K00869g 1.49 3.27E-23 
Ortholog(s) have ubiquitin binding activity, role in negative regulation 
of protein complex assembly, protein targeting to vacuole and ESCRT I 
complex 

CAGL0E04488g 
(cg_AHC1) 

-6.39 1.37E-207 Ortholog(s) have histone acetyltransferase activity 

CAGL0L02937g 
(cg_HIS3) 

-4.50 1.88E-72 Putative imidazoleglycerol-phosphate dehydratase 

CAGL0M14091g -3.27 2.96E-81 
Putative quinone reductase/NADPH dehydrogenase; gene is 
upregulated in azole-resistant strain 

CAGL0D01265g 
(cg_MT-I) 

-3.00 1.07E-35 
Copper-binding metallothionein, involved in sequestration of metal 
ions; inducible by copper and silver; gene used for molecular typing of 
C. glabrata strain isolates 

CAGL0M14069g 
(cg_PWP6) 

-2.52 2.07E-49 
Adhesin-like protein with similarity to S. cerevisiae flocculins, cell wall 
proteins that mediate adhesion; predicted GPI anchor; belongs to 
adhesin cluster II 

ρ = 0.89 

log2 fold change – cg_hat1Δ 
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Figure S3.2: Scatter plot showing the similarity in the extent of transcriptional change of genes in both 
the cg_hat1Δ and cg_ahc1Δ mutants. ρ = Spearman’s rho. Each dot corresponds to one ORF and each 
dataset is the consensus comparison of a pair of biological triplicates. 
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Figure S3.3: Scatter plot showing summarised enriched GO terms in the genes upregulated in 
cg_hat1Δ. Both axis show semantic space (a measure of how similar each plotted GO term is). Each 
point corresponds to a single summary GO term and circle size corresponds to the associated log10-p 
value (larger size indicates more confidence in the enrichment of that particular GO term) Colour scale 
shows log size of each term, indicating frequency of the GO term in the underlying database (red 
indicates GO term with many associated genes, blue indicates GO term with few associated genes) . 
Annotated GO terms are those determined least dispensable by REVIGO. 
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Figure S3.4: Scatter plot showing summarised enriched GO terms in the genes downregulated in 
cg_hat1Δ. Both axis show semantic space (a measure of how similar each plotted GO term is). Each 
point corresponds to a single summary GO term and circle size corresponds to the associated log10-p 
value (larger size indicates more confidence in the enrichment of that particular GO term) Colour scale 
shows log size of each term, indicating frequency of the GO term in the underlying database (red 
indicates GO term with many associated genes, blue indicates GO term with few associated genes) . 
Annotated GO terms are those determined least dispensable by REVIGO. 



237 | P a g e  
 

 

 

 

 

 

  

  

C
h

rM
 

 

C
h

rL 

C
h

rK
 

C
h

rJ 

C
h

rI 

C
h

rH
 

C
h

rG
 

C
h

rF 

C
h

rE 

C
h

rD
 

C
h

rC
 

C
h

rB
 

C
h

rA
 

C
h

ro
m

o

so
m

e 

6
2

0
 

5
8

2
 

5
6

4
 

5
2

3
 

4
7

0
 

4
6

6
 

4
4

0
 

3
8

7
 

2
8

2
 

2
8

8
 

2
3

5
 

2
2

0
 

2
0

5
 

To
tal 

O
R

Fs 

1
5

 

9
 

4
0

*** 

1
3

 

1
3

 

7
 

8
 

1
1

 

8
 

5
 

3
 

2
 

5
 

U
p

regu
lated

 

D
EG

s 

3
1

 

3
6

 

3
5

 

2
1

 

1
5

 

3
4

* 

1
4

 

2
7

 

1
6

 

8 

1
2

 

2
0

* 

8 

D
o

w
n

regu
lated

 

D
EG

s 

 
      

Figu
re S3

.5
: G

en
o

m
ic lo

catio
n

 o
f D

EG
s in

 cg
_h

a
t1

Δ
. Tab

le in
d

icates th
e to

tal n
u

m
b

er o
f O

R
Fs o

n
 each

 ch
ro

m
o

so
m

e, an
d

 to
tal n

u
m

b
ers o

f u
p

- an
d

 d
o

w
n

regu
lated 

D
EG

s. A
sterisks d

en
o

te
 sign

ifican
t en

rich
m

en
t o

f D
EG

s o
n

 e
ach

 ch
ro

m
o

so
m

e, as d
eterm

in
ed

 b
y tw

o
-tailed

 Fish
er’s exact test (***p

 < 0
.0

01
; *p

 < 0
.0

5). G
rey b

ars 
b

esid
e tab

le ro
w

s rep
resen

t each
 ch

ro
m

o
so

m
e, green

 ticks in
d

icate u
p

regu
lated

 D
EG

s w
h

ereas p
in

k ticks are d
o

w
n

regu
lated

. Ticks ab
o

ve ch
ro

m
o

so
m

e b
ars are 

gen
es lo

cate
d

 o
n

 th
e fo

rw
ard

 stran
d

 w
h

ereas th
o

se b
elo

w
 are o

n
 th

e reverse stran
d

. 



238 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

C
h

rM
 

 

C
h

rL 

C
h

rK
 

C
h

rJ 

C
h

rI 

C
h

rH
 

C
h

rG
 

C
h

rF 

C
h

rE 

C
h

rD
 

C
h

rC
 

C
h

rB
 

C
h

rA
 

C
h

ro
m

o

so
m

e 

6
2

0
 

5
8

2
 

5
6

4
 

5
2

3
 

4
7

0
 

4
6

6
 

4
4

0
 

3
8

7
 

2
8

2
 

2
8

8
 

2
3

5
 

2
2

0
 

2
0

5
 

To
tal 

O
R

Fs 

3
8

 

3
2

 

5
4

*** 

2
2

 

2
9

 

2
6

 

2
1

 

2
7

 

1
8

 

9
 

4
 

7
 

1
2

 

U
p

regu
lated

 

D
EG

s 

6
7

 

5
8

 

6
0

 

3
8

 

3
6

 

4
9

 

3
4

 

4
6

 

2
2

 

2
4

 

2
6

 

2
7

 

1
4

 

D
o

w
n

regu
lated

 

D
EG

s 

 
      

Figu
re S3

.6
: G

en
o

m
ic lo

catio
n

 o
f D

EG
s in

 cg
_a

h
c1

Δ
. Tab

le in
d

icates th
e to

tal n
u

m
b

er o
f O

R
Fs o

n
 each

 ch
ro

m
o

so
m

e, an
d

 to
tal n

u
m

b
ers o

f u
p

- an
d

 d
o

w
n

regu
lated

 
D

EG
s. A

sterisks d
en

o
te sign

ifican
t en

rich
m

en
t o

f D
EG

s o
n

 each
 ch

ro
m

o
so

m
e, as d

eterm
in

ed
 b

y tw
o

-tailed
 Fish

er’s exact test (***
p

 < 0
.0

01
). G

rey b
ars b

esid
e 

tab
le ro

w
s rep

resen
t each

 ch
ro

m
o

so
m

e, green
 ticks in

d
icate u

p
regu

lated
 D

EG
s w

h
ereas p

in
k ticks are d

o
w

n
regu

lated
. Ticks ab

o
ve ch

ro
m

o
so

m
e b

ars are gen
es 

lo
cated

 o
n

 th
e fo

rw
ard

 stran
d

 w
h

ereas th
o

se b
elo

w
 are o

n
 th

e reverse
 stran

d
. 



239 | P a g e  
 

  lo
g size 

Figure S3.7: Scatter plot showing summarised enriched GO terms in total upregulated genes in 
cg_ahc1Δ. Both axis show semantic space (a measure of how similar each plotted GO term is). Each 
point corresponds to a single summary GO term and circle size corresponds to the associated log10-p 
value (larger size indicates more confidence in the enrichment of that particular GO term) Colour scale 
shows log size of each term, indicating frequency of the GO term in the underlying database (red 
indicates GO term with many associated genes, blue indicates GO term with few associated genes) . 
Annotated GO terms are those determined least dispensable by REVIGO. 
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Figure S3.8: Scatter plot showing summarised enriched GO terms in total downregulated genes in 
cg_ahc1Δ. Both axis show semantic space (a measure of how similar each plotted GO term is). Each 
point corresponds to a single summary GO term and circle size corresponds to the associated log10-p 
value (larger size indicates more confidence in the enrichment of that particular GO term) Colour scale 
shows log size of each term, indicating frequency of the GO term in the underlying database (red 
indicates GO term with many associated genes, blue indicates GO term with few associated genes) . 
Annotated GO terms are those determined least dispensable by REVIGO. 
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Table S3.3: Enriched GO slim terms and KEGG pathways in the subset of DEGs that 

were unique to cg_ahc1Δ. 

Term 
Enrichment 

source 

Fold 

enrichment 
P value 

Among genes upregulated exclusively in cg_ahc1Δ 

Ribosome biogenesis GO Slim 5.59 9.58E-28 

Cellular nitrogen compound metabolic 
process 

GO Slim 1.6 3.53E-06 

Generation of precursor metabolites and 
energy 

GO Slim 3.09 2.51E-03 

Nucleocytoplasmic transport GO Slim 2.59 3.05E-02 

Prodigiosin biosynthesis KEGG 4.11 8.94E-04 

Histidine metabolism KEGG 3.86 8.94E-04 

Phenylpropanoid biosynthesis KEGG 3.63 8.94E-04 

Aminobenzoate degradation KEGG 3.86 8.94E-04 

Carbapenem biosynthesis KEGG 3.28 1.67E-03 

Polyketide sugar unit biosynthesis KEGG 3.49 2.12E-03 

Phenylalanine metabolism KEGG 3.8 2.12E-03 

Among genes downregulated exclusively in cg_ahc1Δ 

Reproduction GO Slim 1.75 2.32E-02 

Anatomical structure development GO Slim 2.02 2.32E-02 

Secondary metabolic process GO Slim 5.68 2.32E-02 

Plasma membrane organization GO Slim 6.29 3.59E-02 

Fructose and mannose metabolism KEGG 1.85 4.94E-02 
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(A) 

Figure S3.9: Scatterplots illustrating how cg_hat1Δ and cg_ahc1Δ mutants respond to fluconazole. 
(A) refers to cg_hat1Δ whereas (B) shows cg_ahc1Δ. Each dot corresponds to one ORF, and 
transcriptional response of the mutants to fluconazole (y axis) is plotted against the expression 
differences between each mutant and the WT in the presence of fluconazole (x axis). Green colour 
indicates upregulated DEGs, and pink is downregulated, for y axis datasets. Each dataset is the 
consensus comparison of a pair of biological triplicates. These plots highlight how, when faced with 
azole treatment, both mutant strains undergo a large transcriptional shift (y axis) to realign their global 
expression pattern to be largely similar to that of the WT in fluconazole (x axis).  

cg_HAT1 

cg_AHC1 
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Figure S3.10: Venn diagrams showing the overlap between DEGs that are overregulated by mutants in 
response to fluconazole and the DEGs involved in the WT response to fluconazole. 

cg_hat1Δ + flc 
vs WT + flc 

 

Upregulated 

16 55 20 

1 
0 2 

274 

WT + flc vs WT unt  

cg_ahc1Δ + flc 
vs WT + flc 

 

cg_hat1Δ + flc 
vs WT + flc 

 

Downregulated 

7 48 8 

0 
2 2 

249 

WT + flc vs WT unt  

cg_ahc1Δ + flc 
vs WT + flc 

 

cg_hat1Δ + flc 
vs WT + flc 

 

Total DEGs 

20 37 13 

16 
68 7 

439 

WT + flc vs WT unt  

cg_ahc1Δ + flc 
vs WT + flc 

 



244 | P a g e  
 

 

  

cg_hat1Δ + flc  
vs WT + flc 

CAGL0I00220g/cg_EPA23 

CAGL0I10010g 

CAGL0G03883g WT + flc  
vs WT unt 

-4 -2  0  2  4 

log2-fold change 

Figure S3.11: Heatmap of expression of DEGs that are overregulated by cg_hat1Δ in response to 
fluconazole and also appear in the generic WT fluconazole response. Genes that are regulated with 
the same directionality are labelled. Dendrogram shows the output of complete linkage hierarchical 
clustering based on the fold change of each gene. 
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Table S3.4: Functions of the 14 genes on the left arm of chromosome K that seem constitutively 

upregulated in cg_hat1Δ and cg_ahc1Δ  mutants.  Alternate/common gene names are included in 

parentheses under each ORF ID when present. 

ORF ID/Common 

gene name 
Product description 

CAGL0K00110g 
(cg_AWP2) 

Putative adhesin; identified in cell wall extracts by mass spectrometry; belongs to 
adhesin cluster V; predicted GPI-anchor 

CAGL0K00121g Protein of unknown function 

CAGL0K00429g Has domain(s) with predicted nucleotide binding activity 

CAGL0K00495g 
Ortholog(s) have eukaryotic initiation factor 4E binding activity and role in 
deadenylation-dependent decapping of nuclear-transcribed mRNA, negative 
regulation of translation 

CAGL0K00583g Ortholog(s) have fatty acid elongase activity and role in fatty acid elongation 

CAGL0K00715g 
(cg_RTA1) 

Putative protein involved in 7-aminocholesterol resistance; gene is upregulated in 
azole-resistant strain 

CAGL0K00737g 
Ortholog(s) have N-acetyltransferase activity, role in response to drug and nuclear 
envelope, plasma membrane localization 

CAGL0K00847g Ortholog(s) have mitochondrion localization 

CAGL0K00869g 
Has domain(s) with predicted ubiquitin binding activity, role in endosome transport 
via multivesicular body sorting pathway and ESCRT I complex localization 

CAGL0K00913g 
Ortholog(s) have formate-tetrahydrofolate ligase activity, methenyltetrahydrofolate 
cyclohydrolase activity, methylenetetrahydrofolate dehydrogenase (NADP+) 
activity, single-stranded DNA binding activity 

CAGL0K00957g 
Ortholog(s) have microtubule binding activity, role in protein urmylation, regulation 
of transcription by RNA polymerase II, tRNA wobble uridine modification and 
Elongator holoenzyme complex, cytoplasm, nucleus localization 

CAGL0K01155g Ortholog of S. cerevisiae: YGR079W 

CAGL0K01265g 
Ortholog(s) have role in cellular response to starvation and filamentous growth of a 
population of unicellular organisms in response to biotic stimulus, more 

CAGL0K01331g Ortholog(s) have protein serine/threonine phosphatase activity 
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Figure S3.12: Correlation between the fold change of the 115 common DEGs between untreated 
cg_hat1Δ, untreated cg_ahc1Δ, and fluconazole-treated WT. Colour scale of points from black to red 
emphasizes distance along the z axis (black = higher value), while dashed lines highlight the height of 
each point. Red polygon shows the regression plane, which indicates the strong correlation between 
the cg_hat1Δ and cg_ahc1Δ datasets, and weaker correlation between these and the WT + flc dataset. 
Plot generated using the scatterplot3d R package by Ligges & Muller (2003). 
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Figure S3.13: Alternate angle of graph shown in Appendix S3.12. Data is as described as per 
Appendix S3.13 with the scatter plot having been rotated 90° clockwise on the horizontal plane. 
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(A) No regulation change, altered basal expression level 
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(C) Changes in gene regulation 
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(D) Changes in transcription which are not resolvable from endpoint RNA-seq 
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Figure S3.14: Hypothetical gene expression changes in cg_hat1Δ and cg_ahc1Δ mutant strains. Red 
dashed line indicates the genes expression in the mutants. The x axis indicates time in the presence 
of the inducer on a biological/physiological timescale. Expression changes in (A-C) are shown as linear 
but need not be, as shown in (D) nonlinear changes cannot be resolved in this study. Various other 
changes in gene expression are possible, as well as combinations of changes. Note that the RNA-seq 
“endpoint” in this study could theoretically be at any point along the x axis.  
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Figure S4.1: The current drug discovery and development timeline. It can take approximately 15 
years for a drug to reach the market, with research and development costs of up to $1 billion (including 
failed drugs). Information on the development pipeline is derived from Matthews et al. (2016). 

0

20

40

60

80

100

120

0 1 2 3 4 5

Figure S4.2: The effect of DMSO on C. glabrata growth. Horizontal bars represent mean of biological 
duplicates whereas error bars denote standard deviations. Grey points indicate each biological 
replicate. Relative growth determined by comparing the AUC to that of C. glabrata without DMSO. 
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Table S4.1 RNA sample quality metrics for RNA-seq. RQN = RNA quality number, DV200 indicates % of fragments 
larger than 200 bp in each lane. No DV200 value was outputted in fragment analysis of samples 29 and 30. 

Dataset 
WT  

no drug 

WT no drug (TSA 
control) 

WT + 64 µg/ml 
flc 

WT +TSA 
WT + 64 µg/ml 

flc + TSA 
WT + 32 µg/ml 

flc 

Sample ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

RQN 9.6 9.8 9.3 9.8 10.0 9.9 9.2 9.5 9.7 10.0 9.8 10.0 9.6 9.4 9.9 9.7 9.6 9.6 

28S/18S 2.0 2 2.2 1.7 1.8 1.8 2 1.9 1.8 1.8 1.9 1.8 2.0 2.1 1.9 1.9 1.8 2.0 

DV200 (%) 82.1 82.8 74.2 90.0 92.0 89.0 81.0 80.5 81.8 91.0 91.0 91.0 81.0 71.0 81.0 82.1 81.0 79.8 

Sample ID               1     2     3     4     5     6     7   8    9     10   11  12   13  14  15  16  17  18 UHR Ladder 

Dataset                WT no 
drug 

WT no 
drug (TSA 
control) WT + TSA 

WT + 64 
µg/ml flc 

+ TSA 

Figure S4.3: Fragment analysis of input samples for RNA-seq. UHR is Universal Human Reference 
RNA, used as a quality control. Blue numbering shows fragment size in bp. 

WT + 64 
µg/ml 

flc 

WT + 32 
µg/ml 

flc 
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Figure S4.4: Antimicrobial checkerboard assay showing effect of combinatorial fluconazole and TSA 
treatment against WT C. glabrata. Data points indicate average of four biological replicates while red 
growth curves are generated by using Growthcurver to fit the logistic equation to the data. Blue 
background gradient indicates the extent of growth inhibition as determined by the AUCs, relative to 
the untreated samples, darker colouration corresponds to more inhibition. The length of each square 
indicates a 24 hr growth window whereas the height indicates OD600 from an approximate range of 0-
8. 
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Figure S4.5: Antimicrobial checkerboard assay showing effect of combinatorial amphotericin B and 
TSA treatment against WT C. glabrata. Data points indicate average of two biological replicates while 
red growth curves are generated by using Growthcurver to fit the logistic equation to the data. Blue 
background gradient indicates the extent of growth inhibition as determined by the AUCs, relative to 
the untreated samples, darker colouration corresponds to more inhibition. The length of each square 
indicates a 24 hr growth window whereas the height indicates OD600 from an approximate range of 0-
8.  
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Figure S4.6: Antimicrobial checkerboard assay showing effect of combinatorial caspofungin and TSA 
treatment against WT C. glabrata. Data points indicate average of four biological replicates while red 
growth curves are generated by using Growthcurver to fit the logistic equation to the data. Blue 
background gradient indicates the extent of growth inhibition as determined by the AUCs, relative to 
the untreated samples, darker colouration corresponds to more inhibition. The length of each square 
indicates a 24 hr growth window whereas the height indicates OD600 from an approximate range of 0-
8. 
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  WT + 64 
µg/ml flc 

 

WT + 32 
µg/ml flc 

 

Total DEGs 

385 145 40 

WT + 64 
µg/ml flc 

 

WT + 32 
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Upregulated 

214 63 11 

WT + 64 
µg/ml flc 

WT + 32 
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Downregulated 

171 82 29 

Figure S4.7: Venn diagrams showing the overlap between DEGs in WT samples treated with 32 
µg/ml, and 64 µg/ml fluconazole. 
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Figure S4.8: Clustering analysis of individual samples in this study based on whole-transcriptome 
expression profiles. Dendrogram shows output of analysis on all samples. Samples are clustered by 
complete linkage hierarchical clustering, using Spearman correlation based on the CPM (counts per 
million) for all genes in each dataset. Height indicates the distance between samples. Numbers in 
parentheses differentiate each biological replicate.  Read count normalisation was performed with 
edgeR (v3.10). 
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Table S4.2: Most highly up- and downregulated genes in each RNA-seq dataset. padj indicates Benjamini-
Hochberg adjusted p values. Alternate/common gene names are included in parentheses under each ORF 
ID when present. 

ORF ID 
Log2-fold 
change 

padj Brief product description 

WT + 32 µg/ml flc vs WT unt    

CAGL0I00286g 4.79 3.95E-190 Has domain(s) with predicted transmembrane transporter activity 

CAGL0J03916g 4.23 3.85E-243 
Ortholog(s) have oxysterol binding, sterol transporter activity and role 
in endocytosis, exocytosis, maintenance of cell polarity 

CAGL0D05940g 
(cg_ERG1) 

3.90 1.48E-193 
Squalene epoxidase with a role in ergosterol synthesis; involved in 
growth under conditions of low oxygen tension 

CAGL0I06644g 3.65 2.95E-23 Putative GPI-linked cell wall protein 

CAGL0A04081g 3.64 9.63E-45 Predicted GPI-linked cell wall protein 

CAGL0G05632g -4.06 8.15E-51 Ortholog of S. cerevisiae: YDL218W (Unknown function) 

CAGL0F07601g 
(cg_CWP1.1) 

-3.16 3.86E-57 GPI-linked cell wall protein 

CAGL0G02189g -3.02 2.83E-24 
Putative methylenetetrahydrofolate dehydrogenase (NAD+); protein 
abundance increased in ace2 mutant cells 

CAGL0G05566g 
-2.97 1.72E-37 

Ortholog(s) have role in ascospore formation, cellular response to 
drug, fungal-type cell wall organization and cell cortex 

CAGL0I09108g -2.96 3.45E-18 
Has domain(s) with predicted role in transmembrane transport and 
integral component of membrane localization 

WT + 3 µg/ml TSA vs WT unt (TSA control) 

CAGL0H08844g 1.66 2.70E-29 Putative adhesin-like protein 

CAGL0J03212g 
(cg_ALD5) 

1.26 2.28E-14 
Putative mitochondrial aldehyde dehydrogenase (NAD+); protein 
abundance increased in ace2 mutant cells 

CAGL0A02321g 
(cg_HXT3) 

0.99 5.96E-07 
Ortholog(s) have fructose transmembrane transporter activity, 
glucose transmembrane transporter activity, mannose 
transmembrane transporter activity 

CAGL0D04752g 0.98 1.27E-10 
Ortholog(s) have pyridoxine:NADP 4-dehydrogenase activity and role 
in pyridoxal biosynthetic process  

CAGL0E05456g 0.97 2.49E-05 Ortholog of S. cerevisiae: YOR338W 

CAGL0E03630g -1.16 3.91E-07 
Ortholog(s) have RNA binding activity and role in premeiotic DNA 
replication 

CAGL0M02717g -1.14 8.84E-11 Predicted GPI-linked cell wall protein 

CAGL0F08371g 
(cg_TNA1) 

-1.12 2.80E-15 
High-affinity nicotinic acid transporter; strongly induced under niacin-
limiting conditions 

CAGL0L11286g -1.10 6.45E-07 
Ortholog(s) have role in spore membrane bending pathway and 
cytoplasm, prospore membrane localization 

CAGL0M12815g -1.10 2.35E-06 
Ortholog(s) have role in positive regulation of protein sumoylation, 
regulation of synaptonemal complex assembly and condensed nuclear 
chromosome localization 

WT + 3 µg/ml TSA + 64 µg/ml flc vs WT unt 

CAGL0I00286g 4.24 1.96E-128 
Has domain(s) with predicted transmembrane transporter activity, 
role in transmembrane transport 

CAGL0J03916g 4.03 8.34E-208 
Ortholog(s) have oxysterol binding, sterol transporter activity and role 
in endocytosis, exocytosis, maintenance of cell polarity 

CAGL0M05401g 3.77 9.53E-54 Ortholog of S. cerevisiae: YBR201C-A 

CAGL0D05940g 
(cg_ERG1) 

3.52 2.01E-88 
Squalene epoxidase with a role in ergosterol synthesis; involved in 
growth under conditions of low oxygen tension 

CAGL0A04081g 3.06 2.65E-52 Predicted GPI-linked cell wall protein 

CAGL0L11286g -4.01 5.86E-23 
Ortholog(s) have role in spore membrane bending pathway and 
cytoplasm, prospore membrane localization 
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CAGL0G05632g -3.70 6.52E-42 Ortholog of S. cerevisiae: YDL218W (Unknown function) 

CAGL0M02717g -3.52 9.22E-30 Predicted GPI-linked cell wall protein 

CAGL0I03168g -3.46 1.04E-13 Ortholog of S. cerevisiae: YEL023C 

CAGL0D06380g -3.43 6.48E-19 Protein of unknown function 

WT + 3 µg/ml TSA + 64 µg/ml flc vs WT + 64 µg/ml flc 

CAGL0D01265g 
(cg_MT-I) 

5.29 7.30E-154 
Copper-binding metallothionein, involved in sequestration of metal 
ions; inducible by copper and silver; gene used for molecular typing of 
C. glabrata strain isolates 

CAGL0I06644g 3.45 9.54E-104 Ortholog(s) have role in reciprocal meiotic recombination 

CAGL0M13365g 2.75 1.35E-13 
Ortholog(s) have role in ascospore wall assembly, ascospore-type 
prospore membrane assembly and prospore membrane leading edge 
localization 

CAGL0E01705g 2.67 8.98E-22 
Ortholog(s) have L-malate dehydrogenase activity, role in 
gluconeogenesis, protein import into peroxisome matrix and cytosol 

CAGL0I03586g 2.35 3.48E-08 Putative GPI-linked cell wall protein 

CAGL0I09702g -3.85 2.31E-26 
Ortholog(s) have riboflavin transmembrane transporter activity, role 
in riboflavin transport and plasma membrane localization 

CAGL0I09724g -3.56 5.32E-27 
Has domain(s) with predicted role in transmembrane transport and 
integral component of membrane localization 

CAGL0H00143g -3.42 8.98E-22 Protein of unknown function 

CAGL0M06963g -3.23 1.38E-27 
Ortholog(s) have role in tRNA export from nucleus and cytosol 
localization 

CAGL0G04433g -3.15 1.90E-65 Ortholog of S. cerevisiae: PRM10 
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Figure S4.9: Gene expression profiles of genes implicated in azole resistance in C. glabrata and ergosterol 
biosynthesis in fluconazole and TSA treated datasets. (A) shows ergosterol biosynthesis genes, (B) shows 
members of the Pdr1p regulon, and (C) shows genes implicated in azole-resistance from various reverse-
genetics studies. Dendrograms shows the output of complete linkage hierarchical clustering based on the 
fold change of each gene.  



259 | P a g e  
 

  

 

lo
g size 

Figure S4.10: Scatter plot showing summarised enriched GO terms in total upregulated genes in C. 
glabrata treated with 64 µg/ml fluconazole. Both axis show semantic space (a measure of how similar 
each plotted GO term is). Each point corresponds to a single summary GO term and circle size 
corresponds to the associated log10-p value (larger size indicates more confidence in the enrichment 
of that particular GO term) Colour scale shows log size of each term, indicating frequency of the GO 
term in the underlying database (red indicates GO term with many associated genes, blue indicates 
GO term with few associated genes) . Annotated GO terms are those determined least dispensable by 
REVIGO. 
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Figure S4.11: Scatter plot showing summarised enriched GO terms in total downregulated genes in 
C. glabrata treated with 64 µg/ml fluconazole. Both axis show semantic space (a measure of how 
similar each plotted GO term is). Each point corresponds to a single summary GO term and circle size 
corresponds to the associated log10-p value (larger size indicates more confidence in the enrichment 
of that particular GO term) Colour scale shows log size of each term, indicating frequency of the GO 
term in the underlying database (red indicates GO term with many associated genes, blue indicates 
GO term with few associated genes) . Annotated GO terms are those determined least dispensable by 
REVIGO. 
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Figure S4.12: Scatter plot showing summarised enriched GO terms in upregulated genes that were 
unique to C. glabrata treated with 64 µg/ml fluconazole and 3 µg/ml TSA, relative to the untreated 
dataset. Both axis show semantic space (a measure of how similar each plotted GO term is). Each 
point corresponds to a single summary GO term and circle size corresponds to the associated log10-p 
value (larger size indicates more confidence in the enrichment of that particular GO term) Colour scale 
shows log size of each term, indicating frequency of the GO term in the underlying database (red 
indicates GO term with many associated genes, blue indicates GO term with few associated genes) . 
Annotated GO terms are those determined least dispensable by REVIGO. 
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Figure S4.13: Scatter plot showing summarised enriched GO terms in downregulated genes that 
were unique to C. glabrata treated with 64 µg/ml fluconazole and 3 µg/ml TSA, relative to the 
untreated dataset. Both axis show semantic space (a measure of how similar each plotted GO term 
is). Each point corresponds to a single summary GO term and circle size corresponds to the associated 
log10-p value (larger size indicates more confidence in the enrichment of that particular GO term) 
Colour scale shows log size of each term, indicating frequency of the GO term in the underlying 
database (red indicates GO term with many associated genes, blue indicates GO term with few 
associated genes) . Annotated GO terms are those determined least dispensable by REVIGO. 
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Figure S4.14: Scatter plot showing summarised enriched GO terms in downregulated genes when C. 
glabrata treated with 64 µg/ml fluconazole and 3 µg/ml TSA is compared to relative to the azole-
treated dataset. Both axis show semantic space (a measure of how similar each plotted GO term is). 
Each point corresponds to a single summary GO term and circle size corresponds to the associated 
log10-p value (larger size indicates more confidence in the enrichment of that particular GO term) 
Colour scale shows log size of each term, indicating frequency of the GO term in the underlying 
database (red indicates GO term with many associated genes, blue indicates GO term with few 
associated genes) . Annotated GO terms are those determined least dispensable by REVIGO. 
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Figure S4.15: Scatter plot showing summarised enriched GO terms in upregulated genes when C. 
glabrata treated with 64 µg/ml fluconazole and 3 µg/ml TSA is compared to relative to the azole-
treated dataset. Both axis show semantic space (a measure of how similar each plotted GO term is). 
Each point corresponds to a single summary GO term and circle size corresponds to the associated 
log10-p value (larger size indicates more confidence in the enrichment of that particular GO term) 
Colour scale shows log size of each term, indicating frequency of the GO term in the underlying 
database (red indicates GO term with many associated genes, blue indicates GO term with few 
associated genes) . Annotated GO terms are those determined least dispensable by REVIGO. 
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log2 fold change – TSA and fluconazole cotreatment vs fluconazole only 

log2 fold change – TSA and fluconazole cotreatment vs fluconazole only 

ρ = -0.11 

ρ = -0.02 

Figure S4.16: Scatter plots showing the correlation between the transcriptional change of each gene 
in the cg_hat1Δ and cg_ahc1Δ mutant strains and in response to HDAC inhibition. (A) shows TSA 
associated fold change plotted against that of the cg_hat1Δ strain whereas (B) shows the same with 
the cg_ahc1Δ strain instead. ρ = Spearman’s rho. Each point corresponds to one ORF and each dataset 
is the consensus comparison of a pair of biological triplicates.  
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Table S4.3: Fold-change of HDACs in response to drug treatments in C. glabrata. F.C. = fold change, 
F.O. = fungi only. Fold change values marked with an asterisk were those with an adjusted p value < 
0.001. 

Class 
C. glabrata 

ORF 
S. cerevisiae 
orthologue 

Log2-F.C. (TSA and 
azole cotreatment 

vs untreated) 

Log2-F.C. (Azole-
only vs 

untreated) 

Log2-F.C. (TSA and 
azole cotreatment 

vs azole-only) 

I 

CAGL0B01441g RPD3 -0.18 0.17 0.33 

CAGL0D01430g HOS1 0.41 0.91* 0.48 

CAGL0A03322g HOS2 0.27 0.02 -0.25 

II 
CAGL0J03454g HDA1 0.09 -0.15 -0.26 

CAGL0J06974g HOS3 -0.49* -0.58* -0.11 

III 

CAGL0K01463g SIR2 -0.59* -0.20 0.37 

CAGL0C05357g HST1 -0.17 -0.08 0.08 

CAGL0L08668g HST2 1.22* 0.90* -0.34 

CAGL0H08239g HST3 -0.17 0.11 0.27 

CAGL0F05621g HST4 0.64* -0.02 -0.67* 

F.O. CAGL0G04499g SET4 1.30* 1.34* 0.05 
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Figure S4.17: Antimicrobial checkerboard assay showing effect of combinatorial fluconazole and 
mocetinostat treatment against WT C. glabrata. Data points indicate average of four biological 
replicates while red growth curves are generated by using Growthcurver to fit the logistic equation to 
the data. Blue background gradient indicates the extent of growth inhibition as determined by the 
AUCs, relative to the untreated samples, darker colouration corresponds to more inhibition. The 
length of each square indicates a 24 hr growth window whereas the height indicates OD600 from an 
approximate range of 0-8. 
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Figure S4.18: Relative growth of WT C. glabrata and HDAC knockout strains in microplate growth 
assays. (A) indicates growth at 37°C, (B) shows growth at 42°C, and (C) shows relative growth in media 
supplemented with 1M NaCl. Coloured points show the AUCs of individual biological replicates, 
whereas black bars show the mean, and error bars the standard deviations of the biological replicates. 
Asterisks denote significance, relative to the WT strain as determined by one-way ANOVA and Tukey’s 
test (***p < 0.001; **p < 0.01). With the exception of part (B) which shows the results of biological 
triplicates, each graph shows cumulative data from biological duplicates. Collection of NaCl tolerance 
data assisted by Rachel Weild (Queen’s University Belfast). 
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Figure S4.19: Relative growth of WT C. glabrata and HDAC knockout strains in microplate antifungal 
tolerance assays. (A) shows growth in 0.5 µg/ml caspofungin and (B) shows that in 1.0 µg/ml 
amphotericin B. Coloured points show the AUCs of individual biological replicates, whereas black bars 
show the mean, and error bars the standard deviations of the biological replicates. Asterisks denote 
significance, relative to the WT strain as determined by one-way ANOVA and Tukey’s test (***p < 
0.001; **p < 0.01). Each graph shows cumulative data from biological duplicates. Collection of drug 
tolerance data assisted by Rachel Weild (Queen’s University Belfast). 
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Figure S4.20: Inhibition of C. auris clinical isolate 470026 growth in increasing concentrations of 
TSA. Coloured points show the AUCs of individual biological replicates, whereas black bars show the 
mean, and error bars the standard deviations of the biological duplicates. Asterisks denote 
significance determined by one-way ANOVA and Tukey’s test (**p < 0.01; *p < 0.05, compared to 
the untreated sample). 
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Figure S4.21: Antimicrobial checkerboard assay showing effect of combinatorial caspofungin and 
TSA treatment against Candida auris clinical isolate VPCI479/P/13. Data points indicate average of 
four biological replicates while red growth curves are generated by using Growthcurver to fit the 
logistic equation to the data. Blue background gradient indicates the extent of growth inhibition as 
determined by the AUCs, relative to the untreated samples, darker colouration corresponds to more 
inhibition. The length of each square indicates a 24 hr growth window whereas the height indicates 
OD600 from an approximate range of 0-8. 
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Figure S4.22: The effect of TSA on C. glabrata growth in the presence of increasing concentrations 
of lyticase. Each data point shows relative growth as indicated by the AUC, and series indicate 
increasing concentrations of TSA. 
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Figure S4.23: Comparison of checkerboard inhibition profiles of C. glabrata cells with, and without 
a TSA pre-treatment. Blue shaded cells show effects of combinatorial treatment on WT cells prepared 
in SC media as per Appendix Figure S4.4, whereas orange shaded shows cells that were exponentially 
grown in the presence of 3 µg/ml TSA before being seeded into the microplate. Data points indicate 
average of four biological replicates while red growth curves are generated by using Growthcurver to 
fit the logistic equation to the data. Background gradients indicate the extent of growth inhibition as 
determined by the AUCs, relative to the untreated samples (not shown), darker colouration 
corresponds to more inhibition. The length of each square indicates a 24 hr growth window whereas 
the height indicates OD600 from an approximate range of 0-8. 
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Figure S4.24: Western blotting analysis of bulk histone H4 acetylation marks in TSA-treated C. 
glabrata. Graph represents the relative intensity of signal for each antibody in each strain, as 
determined by densitometry analysis with ImageJ, relative to the pre-treatment sample. Error bars 
represent standard deviation of biological replicates. Ponceau stain shows loading of protein samples 
on the blotting membrane. 
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Figure S5.1: Overview of the CRISPR-Cas9 mediated deletion of the cg_ADE2 reporter. (A) shows the 
two plasmids used to target the gene, a sequential transformation of the gRNA plasmid, followed by 
the Cas9 plasmid into the triple auxotroph HTL strain was used. As described by Enkler et al. (2016) 
the gRNA module was expressed under the C. glabrata cg_RNAH1 promoter and cg_TY2 terminator. 
The gRNA plasmid was synthesized by GENEWIZ and the Cas9 plasmid was kindly provided by Neta 
Agmon (NYU Langone Health, USA). (B) shows the development of the red colony phenotype 
indicative of a cg_ade2Δ strain. No red coloration is immediately apparent in colonies harbouring both 
plasmids, after approximately 6 days of incubation at 37 °C red sectors formed in successful knockouts 
(approximately 50-60% of double transformants developed red sectors). Re-plating an entire colony 
containing a red sector onto a fresh selective plate produced approximately 93% colonies showing a 
robust red coloration phenotype. The gene disruption pipeline was developed as part of this project, 
but successfully implemented by Megan Tweedie (Queen’s University Belfast, UK), who also 
determined the efficiency and stability of cg_ADE2 disruption. 

pRS413-TEF1p-Cas9-CYC1t 

9647 bp 

pRS315-cgRNAH1p-ADE2gRNA-cgTY2t 

6296 bp 

(A) 

(B) 
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Figure S5.2: Sequences of the gRNA used to target cg_ADE2 and the cg_ADE2 target region in the 
WT strain, CRISPR-Cas9 recipient strain and successful cg_ade2Δ knockouts. Grey highlighted bold 
portions of the sequence indicate the gRNA target. Purple coloration indicates the PAM (protospacer 
adjacent motif) targeted by this gRNA. Three distinct red colonies were sequenced, finding two distinct 
Cas9-induced mutations. In the HTLΔ strain sequence the three bases lost in red colony (1), that 
resulted in the loss of a valine and a silent mutation in the preceding isoleucine codon, are underlined. 
The red thymine that induced the frameshift mutation observed in the other two colonies is 
highlighted in red, and the subsequent early stop codon is in bold. The gRNA sequence was designed 
using CHOPCHOP v2 and double-checked with Breaking-Cas (Labun et al., 2016; Oliveros et al., 2016). 
Guide sequences targeting the first 25% of the coding sequence were highly prioritised. DNA 
extraction and amplification of the cg_ADE2 locus were carried out by Megan Tweedie (Queen’s 
University Belfast, UK), and samples were sent to Eurofins Genomics (Kӧln, Germany) for Sanger 
sequencing. 
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