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Abstract 

Candida albicans is the most prevalent fungal pathogen causing both superficial 

and invasive fungal infections leading to various challenges on healthcare 

systems. Normally, C. albicans is a harmless commensal of the human body, but 

under certain conditions of stress, it can express virulence traits leading to 

disease. It causes a wide range of infections starting from superficial infections 

such as oropharyngeal candidiasis to systemic infections such as Candidemia. 

Biofilm formation is an important feature of C. albicans pathogenesis. There are 

several factors in C. albicans which contribute to this trait, such as 

morphological transition, expression of virulence factors, metabolic flexibility, 

and stress response machinery. Understanding the complexity of the pathways 

behind the virulence traits of C. albicans is essential for developing effective 

therapeutic strategies to combat superficial and life threatening systemic 

infections. 

In this research, we present a novel antifungal activity of pilocarpine 

hydrochloride against C. albicans biofilms. We hypothesize that C. albicans may 

possess muscarinic like receptor(s) that mediate the ability of pilocarpine 

hydrochloride to inhibit biofilm formation. Pilocarpine hydrochloride reduced 

filamentation and biofilm formation significantly in a dose dependent manner in 

both the wild type strain and clinical isolates. The M5 allosteric modulator, 

similarly, inhibited the biofilm formation significantly in a dose dependent 

manner. Moreover, pilocarpine hydrochloride reduced the damage and inhibited 

the innate immune response stimulated by C. albicans infection in both TR146 

cells and a three-dimensional human oral tissue model. The transcriptomic 

profile of C. albicans upon treatment with pilocarpine hydrochloride and 

acetylcholine revealed differential expression among crucial genes that play a 

vital role in C. albicans pathogenesis such as downregulation of hyphal specific 

genes; HWP1, ECE1, and IHD1. RNAseq data also revealed a considerable number 

of unannotated genes that may play a role in the cholinergic modulation of C. 

albicans biofilm formation by acetylcholine and pilocarpine hydrochloride.  

The data generated herein suggest that C. albicans may possess a cholinergic 

receptor or receptors mediating C. albicans virulence factors. This research 
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provides a foundation to explore further cholinergic pathways in fungal 

pathogens and their involvement in pathogenicity. It also reveals potential novel 

effective antifungal therapeutic targets in C. albicans. Furthermore, it 

emphasizes the feasibility and effectiveness of repurposing known licensed 

drugs, used for treatment of other conditions, to treat C. albicans infections 

singularly or as an adjunctive therapy. In the light of the global increased 

resistance to antifungal and antimicrobial therapies, this work may contribute to 

the development of more effective therapeutic strategies. 

  



IV 

Table of Contents 

ABSTRACT .................................................................................. II 

TABLE OF CONTENTS .................................................................... IV 

LIST OF TABLES ......................................................................... VIII 

LIST OF FIGURES .......................................................................... IX 

LIST OF ACCOMPANYING MATERIAL ................................................... XI 

APPENDICES ............................................................................... XI 

ACKNOWLEDGEMENT ................................................................... XII 

AUTHOR’S DECLARATION ............................................................. XIII 

ABBREVIATIONS ......................................................................... XIV 

1 GENERAL INTRODUCTION ........................................................... 1 

1.1 Candida albicans ................................................................................... 2 

1.2 Epidemiology ........................................................................................ 6 

1.3 Pathogenicity ........................................................................................ 9 
1.3.1 Fitness traits ...................................................................................... 9 

1.3.1.1 Metabolic flexibility ....................................................................... 9 
1.3.1.2 Key stress responses in C. albicans ..................................................... 10 

1.3.2 Virulence factors ................................................................................ 12 
1.3.2.1 Biofilm formation ......................................................................... 12 
1.3.2.2 Expressions of adhesins and invasins ................................................... 14 

1.3.3 Morphological transition ........................................................................ 16 
1.3.3.1 Cell wall plasticity ........................................................................ 16 
1.3.3.2 Environmental triggers of morphogenesis ............................................. 19 

1.3.4 Signalling pathways ............................................................................. 22 
1.3.4.1 Mitogen-activated protein kinase pathways. .......................................... 22 
1.3.4.2 Cyclic Adenosine Monophosphate-Protein Kinase A pathway. ...................... 24 

1.4 Host response to Candida albicans infections ............................................... 25 

1.5 Antifungals, their mechanism of action and antifungal resistance ....................... 28 

1.6 Current treatments and conventional antifungal limitations .............................. 30 

1.7 Challenges in treating biofilm infections ...................................................... 32 

1.8 Molecular studies of Candida albicans to identify new therapeutic targets ........... 34 

1.9 Acetylcholine and cholinergic signaling ....................................................... 36 

1.10 Acetylcholine and fungi .......................................................................... 37 



V 

1.11 Summary ............................................................................................ 42 

1.12 Hypothesis and Aims .............................................................................. 43 

2 CHOLINERGIC INTERACTIONS AND BIOFILM FORMATION IN CANDIDA 
ALBICANS INFECTIONS .................................................................. 44 

2.1 Introduction ........................................................................................ 45 

2.2 Materials and Methods ............................................................................ 47 
2.2.1 Strains and reagents ............................................................................ 47 
2.2.2 Candida albicans culture ....................................................................... 51 
2.2.3 In vitro biofilm formation in the presence and absence of cholinergic pharmacological 
agonists, antagonists, or signaling pathways inhibitors .............................................. 52 
2.2.4 2,3-bis (2-Methoxy-4-nitro-5-sulfo-phenyl)-2 H-tetrazolium-5-carboxanilide reduction 
assays 52 
2.2.5 Crystal violet assay.............................................................................. 53 
2.2.6 Microscopic analysis............................................................................. 53 

2.2.6.1 Light microscopy .......................................................................... 53 
2.2.6.2 Fluorescent microscopy .................................................................. 53 
2.2.6.3 Scanning electron microscopy ........................................................... 54 

2.2.7 Propidium iodide uptake assay ................................................................ 55 
2.2.8 Adenosine 5′-triphosphate bioluminescent assay ........................................... 55 
2.2.9 The xCELLigence real time analysis of cellular impedance ................................ 56 
2.2.10 Statistical analysis. .......................................................................... 56 

2.3 Results ............................................................................................... 57 
2.3.1 Pilocarpine hydrochloride specifically inhibits Candida albicans biofilm formation ... 57 
2.3.2 Pilocarpine hydrochloride has no cytotoxic effects on Candida albicans ................ 60 
2.3.3 Effect of pilocarpine hydrochloride on Candida albicans morphogenesis and biofilm 
formation. ................................................................................................. 61 
2.3.4 Pharmacological characterisation of putative Candida albicans muscarinic receptor . 64 
2.3.5 Characterisation of a G protein subtype coupled to acetylcholine muscarinic 

receptor 70 
2.3.6 Effect of U73122, the phospholipase C inhibitor on PLC signaling ........................ 73 
2.3.7 Effect of pilocarpine hydrochloride on the total biofilm biomass of Candida albicans 
clinical isolates ............................................................................................ 74 
2.3.8 Effect of pilocarpine hydrochloride, caspofungin, and amphotericin B on cell 
proliferation, viability, and morphology of Candida albicans....................................... 76 

2.4 Discussion ........................................................................................... 79 

3 CANDIDA ALBICANS INFECTION AND HOST INNATE IMMUNE RESPONSE ... 85 

3.1 Introduction ........................................................................................ 86 

3.2 Materials and Methods ............................................................................ 92 
3.2.1 TR146 cell line growth and maintenance .................................................... 92 
3.2.2 Human oral epithelium tissue maintenance ................................................. 93 
3.2.3 Candida albicans preparation for stimulation experiments ............................... 93 
3.2.4 TR146 cell line stimulation experiments ..................................................... 94 
3.2.5 Human oral epithelium tissue stimulation experiments ................................... 95 
3.2.6 Human oral epithelium histological analysis................................................. 95 
3.2.7 Enzyme-linked immunosorbent assay. ........................................................ 96 
3.2.8 Lactate dehydrogenase activity assay ........................................................ 98 
3.2.9 RNA extraction and quantification ............................................................ 98 
3.2.10 Reverse transcription ....................................................................... 100 
3.2.11 Gene Expression Analysis .................................................................. 100 
3.2.12 Statistical Analysis. ......................................................................... 104 



VI 

3.3 Results ............................................................................................. 106 
3.3.1 Optimisation of an in vitro Candida albicans stimulation methodology using TR146 cell 
monolayers ............................................................................................... 106 
3.3.2 The effect of PHCl on Candida albicans induced expression of chemokines and 
cytokines by TR146 cell monolayers ................................................................... 110 
3.3.3 The effect of PHCl on Candida albicans infection of a 3D human oral epithelium tissue 
model 114 

3.4 Discussion ......................................................................................... 122 

4 MOLECULAR REGULATION OF CANDIDA ALBICANS VIRULENCE FACTORS 131 

4.1 Introduction ...................................................................................... 132 

4.2 Materials and Methods .......................................................................... 135 
4.2.1 Biofilm growth and experiment set up ...................................................... 135 
4.2.2 RNA extraction.................................................................................. 135 
4.2.3 RNA sequencing ................................................................................. 137 
4.2.4 Statistical analysis ............................................................................. 138 

4.3 Results ............................................................................................. 139 
4.3.1 Principal component analysis ................................................................. 139 
4.3.2 Differential expression in response to PHCl treatment ................................... 141 
4.3.3 Differences in gene regulation and influenced pathways in presence and absence of 5 
mM PHCl at 4 hours of biofilm formation ............................................................. 144 
4.3.4 Differences in gene regulation and influenced pathways in presence and absence of 25 
mM PHCl at 4 hours of biofilm formation ............................................................. 151 
4.3.5 Differences in gene regulation and influenced pathways in presence and absence of 5 
mM PHCl at 24 hours of biofilm formation ........................................................... 158 
4.3.6 Differences in gene regulation and influenced pathways in presence and absence of 25 
mM PHCl at 24 hours of biofilm formation ........................................................... 164 
4.3.7 Differential expression in response to ACh treatment .................................... 172 
4.3.8 Differences in gene regulation and influenced pathways in presence and absence of 5 
mM ACh at 4 hours of biofilm formation .............................................................. 175 
4.3.9 Differences in gene regulation and influenced pathways in presence and absence of 25 
mM ACh at 4 hours of biofilm formation .............................................................. 183 
4.3.10 Differences in gene regulation and influenced pathways in presence and absence of 
5 mM ACh at 24 hours of biofilm formation .......................................................... 192 
4.3.11 Differences in gene regulation and influenced pathways in presence and absence of 
25 mM ACh at 24 hours of biofilm formation ......................................................... 200 
4.3.12 Overlap in genes regulation between Candida albicans exposure to ACh and PHCl206 

4.4 Discussion ......................................................................................... 213 
4.4.1 Genes upregulated by PHCl at 4 hours of biofilm formation ............................. 213 
4.4.2 Genes downregulated by PHCl at 4 hours of biofilm formation .......................... 218 
4.4.3 Genes upregulated by PHCl at 24 hours of biofilm formation ............................ 222 
4.4.4 Genes downregulated by PHCl at 24 hours of biofilm formation ........................ 223 
4.4.5 Genes upregulated by ACh treatment ....................................................... 224 
4.4.6 Genes downregulated by ACh treatment.................................................... 225 
4.4.7 Gene regulation overlapping between PHCl and ACh ..................................... 227 

5 GENERAL DISCUSSION ............................................................ 230 

5.1 Summary .......................................................................................... 231 

5.2 Challenges in combating Candida albicans infections .................................... 231 

5.3 Cholinergic receptors characterization ..................................................... 232 

5.4 Limitation in muscarinic receptors characterization ..................................... 234 



VII 

5.5 Molecular basis behind PHCl inhibitory effect ............................................. 235 

5.6 PHCl as an adjunctive therapy ................................................................ 236 

5.7 PHCl in Candida albicans host pathogen interactions .................................... 237 

5.8 Future work and conclusion ................................................................... 238 

APPENDICES ............................................................................. 240 

APPENDIX I: CLINICAL ISOLATES GROWTH CURVE PROFILE IN PRESENCE AND 
ABSENCE OF 50 MM PHCL. ............................................................ 240 

APPENDIX II: CLINICAL ISOLATES GROWTH CURVE PROFILE TREATED WITH 
CASPOFUNGIN ANTIFUNGAL IN PRESENCE AND ABSENCE OF PHCL. ........... 245 

APPENDIX III: CLINICAL ISOLATES GROWTH CURVE PROFILE TREATED WITH 
AMPHOETRICIN B IN PRESENCE AND ABSENCE OF PHCL. ........................ 248 

APPENDIX IV: GENE REGULATION IN PRESENCE AND ABSENCE OF PHCL. ..... 250 

APPENDIX V: GENE REGULATION IN PRESENCE AND ABSENCE OF ACH. ....... 269 
  



VIII 

List of Tables 

TABLE 1.1 CHARACTERISTICS OF C. ALBICANS ASSOCIATED BLOODSTREAM INFECTION CASES. ..... 4 
TABLE 1.2 RISK FACTORS OF C. ALBICANS ASSOCIATED BLOODSTREAM INFECTION CASES. ......... 5 
TABLE 2.1 C. ALBICANS LOW BIOFILM FORMING ISOLATES. ............................................. 48 
TABLE 2.2 C. ALBICANS HIGH BIOFILM FORMING ISOLATES. ............................................ 49 
TABLE 2.3 DIFFERENT CHOLINERGIC COMPOUNDS AND SIGNALING PATHWAY INHIBITORS USED IN 

THE STUDY TO INVESTIGATE THE SUBTYPE OF ACHRS. ........................................... 50 
TABLE 3.1 VARIATIONS IN THE ELISA PROCEDURES ACCORDING TO THE DIFFERENT 

MANUFACTURERS. ..................................................................................... 97 
TABLE 3.2 VOLUMES USED FROM EACH COMPONENT TO PREPARE THE MASTER MIX FOR THE CDNA 

SYNTHESIS. ............................................................................................ 100 
TABLE 3.3 PRIMER SEQUENCES FOR THE GENES ANALYSED USING SINGLE-PLEX PCR GENE 

EXPRESSION ANALYSIS. ............................................................................... 102 
TABLE 3.4 LIST OF GENES ASSESSED FOR EXPRESSION IN HOE TISSUE SAMPLES USING A CUSTOM 

DESIGNED MULTIPLEX RT2 PROFILER PCR ARRAY. ................................................ 104 
TABLE 4.1 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 5 MM PHCL TREATMENT AT 4 

HOURS INCUBATION. ................................................................................. 145 
TABLE 4.2 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 25 MM PHCL TREATMENT AT 4 

HOURS INCUBATION. ................................................................................. 152 
TABLE 4.3 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 5 MM PHCL TREATMENT AT 24 

HOURS INCUBATION. ................................................................................. 159 
TABLE 4.4 TOP 10 UP AND TOP 10 DOWN REGULATED GENES IN RESPONSE TO 25 MM PHCL 

TREATMENT AT 24 HOURS. .......................................................................... 165 
TABLE 4.5 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 5 MM ACH TREATMENT AT 4 

HOURS INCUBATION. ................................................................................. 176 
TABLE 4.6 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 25 MM ACH TREATMENT AT 4 

HOURS INCUBATION. ................................................................................. 184 
TABLE 4.7 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 5 MM ACH TREATMENT AT 24 

HOURS INCUBATION. ................................................................................. 193 
TABLE 4.8 TOP 10 UP AND TOP 10 DOWN REGULATED GENES BY 25 MM ACH TREATMENT AT 24 

HOURS INCUBATION. ................................................................................. 201 
TABLE 4.9 LIST OF REGULATED GENES OVERLAPPING BETWEEN BOTH TREATMENTS AT DIFFERENT 

BIOFILM FORMATION STAGES AND CONCENTRATIONS. ........................................... 212 

  



IX 

List of Figures 

FIGURE 1.1 C. ALBICANS MORPHOLOGY. ................................................................... 2 
FIGURE 1.2 BIOFILM FORMATION STAGES. ................................................................ 13 
FIGURE 1.3 CIRCUIT OF TRANSCRIPTION FACTORS CONTROLLING VIRULENCE TRAITS. ............. 16 
FIGURE 1.4 CELL WALL STRUCTURE. ................................................................... 18 
FIGURE 1.5 SIGNALING PATHWAYS REGULATING MORPHOGENESIS IN C. ALBICANS. ................ 25 
FIGURE 1.6 G-PROTEIN COUPLED RECEPTOR ACTIVATION. ............................................. 39 
FIGURE 1.7 MUSCARINIC AND NICOTINIC RECEPTOR’S STRUCTURE. ................................... 40 
FIGURE 2.1 PILOCARPINE HYDROCHLORIDE INHIBITS C. ALBICANS BIOFILM FORMATION. .......... 58 
FIGURE 2.2 THE INHIBITORY EFFECT OF PILOCARPINE HYDROCHLORIDE WAS MEDIATED 

SPECIFICALLY THROUGH MUSCARINIC LIKE RECEPTORS........................................... 59 
FIGURE 2.3 PILOCARPINE HYDROCHLORIDE DOES NOT AFFECT C. ALBICANS SC5314 VIABILITY OR 

CELL WALL INTEGRITY. ............................................................................... 60 
FIGURE 2.4 MORPHOLOGICAL CHANGES IN C. ALBICANS SC5314 INDUCED BY PILOCARPINE 

HYDROCHLORIDE. ...................................................................................... 62 
FIGURE 2.5 EFFECT OF M1ACHR AGONIST C-CHL ON C. ALBICANS BIOFILM FORMATION AND 

METABOLIC ACTIVITY. ................................................................................. 65 
FIGURE 2.6 EFFECT OF M2ACHR AGONIST APE ON C. ALBICANS BIOFILM FORMATION AND 

METABOLIC ACTIVITY. ................................................................................. 66 
FIGURE 2.7 EFFECT OF M3ACHR ANTAGONIST JF ON C. ALBICANS BIOFILM FORMATION AND 

METABOLIC ACTIVITY. ................................................................................. 67 
FIGURE 2.8 EFFECT OF M4ACHR ANTAGONIST PD ON C. ALBICANS BIOFILM FORMATION AND 

METABOLIC ACTIVITY. ................................................................................. 68 
FIGURE 2.9 EFFECT OF VU 0238429, M5ACHR ALLOSTERIC MODULATOR ON C. ALBICANS BIOFILM 

FORMATION AND METABOLIC ACTIVITY. ............................................................ 69 
FIGURE 2.10 EFFECT OF YM 254890 (GQ PROTEIN INHIBITOR) ON C. ALBICANS BIOFILM FORMATION 

AND METABOLIC ACTIVITY. ........................................................................... 71 
FIGURE 2.11 EFFECT OF PTX (GI PROTEIN INHIBITOR) ON C. ALBICANS BIOFILM FORMATION AND 

METABOLIC ACTIVITY. ................................................................................. 72 
FIGURE 2.12 SMALL MOLECULE INHIBITORS RESCUED BIOFILM FORMATION IN PRESENCE OF PHCL.

 ........................................................................................................... 73 
FIGURE 2.13 THE EFFECT OF PILOCARPINE HYDROCHLORIDE ON THE BIOFILM BIOMASS OF 

CLINICAL C. ALBICANS ISOLATES. .................................................................... 75 
FIGURE 2.14 ELECTRICAL IMPEDANCE PROFILE OF C. ALBICANS CULTURED IN THE PRESENCE AND 

ABSENCE OF PILOCARPINE HYDROCHLORIDE. ...................................................... 77 
FIGURE 2.15 ELECTRICAL IMPEDANCE PROFILE OF C. ALBICANS CULTURED WITH ANTIFUNGALS IN 

THE PRESENCE AND ABSENCE OF PILOCARPINE HYDROCHLORIDE. .............................. 78 
FIGURE 3.1 C. ALBICANS DAMAGE RESPONSE FRAMEWORK WITH AN ASSOCIATED ANATOMICAL SITE 

OF INFECTION AND HOST IMMUNE RESPONSE. ..................................................... 88 
FIGURE 3.2 LACTATE DEHYDROGENASE RELEASE BY TR146 CELLS AFTER STIMULATION WITH LIVE 

AND HEAT-KILLED C. ALBICANS OVER 4 HOURS AND 24 HOURS. ................................ 106 
FIGURE 3.3 EXPRESSION AND RELEASE OF IL-8 BY TR146 CELLS IN RESPONSE TO STIMULATION 

WITH LIVE AND HEAT-KILLED C. ALBICANS. ....................................................... 107 
FIGURE 3.4 EXPRESSION AND RELEASE OF IL-6 AND IL-1 BY TR146 CELLS IN RESPONSE TO 

STIMULATION WITH LIVE C. ALBICANS. ............................................................ 109 
FIGURE 3.5 LDH RELEASE BY TR146 CELLS AFTER STIMULATION WITH LIVE C. ALBICANS IN THE 

PRESENCE AND ABSENCE OF PHCL OVER 24 HOURS. ............................................. 110 
FIGURE 3.6 MODULATION OF C. ALBICANS INDUCED TR146 CELL EXPRESSION AND RELEASE OF IL-8 

BY PHCL. ............................................................................................... 111 
FIGURE 3.7 MODULATION OF C. ALBICANS-INDUCED TR146 CELL EXPRESSION AND RELEASE OF IL-6 

BY PHCL. ............................................................................................... 112 
FIGURE 3.8 MODULATION OF C. ALBICANS INDUCED TR146 CELL EXPRESSION AND RELEASE OF IL-

1Α BY PHCL. ........................................................................................... 113 
FIGURE 3.9 LDH RELEASE BY HUMAN ORAL EPITHELIAL TISSUE AFTER STIMULATION WITH LIVE C. 

ALBICANS IN THE PRESENCE AND ABSENCE OF PHCL OVER 24 HOURS. ........................ 114 
FIGURE 3.10 A HEAT MAP SHOWING THE DIFFERENTIAL EXPRESSION OF GENES INVOLVED IN THE 

INNATE IMMUNE RESPONSE TO C. ALBICANS INFECTION BY HUMAN ORAL EPITHELIAL TISSUE 
AFTER STIMULATION WITH C. ALBICANS IN THE PRESENCE AND ABSENCE OF PHCL. ........ 115 



X 

FIGURE 3.11 FOLD INDUCTION CHANGES IN THE EXPRESSION OF GENES INVOLVED IN THE INNATE 
IMMUNE RESPONSE TO C. ALBICANS INFECTION BY THE HOE TISSUE AFTER STIMULATION 
WITH C. ALBICANS IN THE PRESENCE AND ABSENCE OF PHCL. ................................. 116 

FIGURE 3.12 MODULATION OF C. ALBICANS-INDUCED HOE RELEASE OF IL-8 AND IL-6 BY PHCL. . 118 
FIGURE 3.13 H&E STAINING OF C. ALBICANS-INFECTED HOE TREATED WITH PHCL. ............... 120 
FIGURE 3.14 PAS STAINING OF C. ALBICANS-INFECTED HOE TREATED WITH PHCL. ................ 121 
FIGURE 4.1 EXPERIMENTAL PIPELINE. .................................................................... 137 
FIGURE 4.2 BIOINFORMATIC ANALYSIS PIPELINE. ........................................................ 138 
FIGURE 4.3 PRINCIPAL COMPONENT ANALYSIS. ......................................................... 140 
FIGURE 4.4 VOLCANO PLOTS SHOWING GENE EXPRESSION AT DIFFERENT TIMES IN THE PRESENCE 

OF PHCL TREATMENT. ................................................................................ 141 
FIGURE 4.5 HEATMAPS SHOWING LEVELS OF RELATIVE GENE EXPRESSION AT DIFFERENT TIMES 

DURING TREATMENT OF C. ALBICANS WITH DIFFERENT CONCENTRATIONS OF PHCL. ....... 143 
FIGURE 4.6 . CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 4 HOURS BY 5 MM PHCL. ......................................................................... 150 
FIGURE 4.7 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 4 HOURS BY 25 MM PHCL. ........................................................................ 157 
FIGURE 4.8 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 24 HOURS BY 5 MM PHCL. ........................................................................ 163 
FIGURE 4.9 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

IN RESPONSE TO 25 MM PHCL AFTER 24 HOURS................................................... 171 
FIGURE 4.10 VOLCANO PLOTS SHOWING CHANGES OF GENES EXPRESSION AT DIFFERENT TIME 

POINTS AFTER INCUBATION WITH DIFFERENT CONCENTRATIONS OF ACH. .................... 172 
FIGURE 4.11 HEATMAPS SHOWING LEVELS OF RELATIVE GENES EXPRESSION AT DIFFERENT TIMES 

DURING TREATMENT OF C. ALBICANS WITH DIFFERENT CONCENTRATIONS OF ACH. ........ 173 
FIGURE 4.12 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 4 HOURS BY 5 MM ACH. .......................................................................... 182 
FIGURE 4.13 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 4 HOURS BY 25 MM ACH. ......................................................................... 190 
FIGURE 4.14 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 4 HOURS BY 25 MM ACH. ......................................................................... 199 
FIGURE 4.15 CLUEGO ANALYSIS OF DIFFERENTIAL EXPRESSED GENES AND INFLUENCED PATHWAYS 

AT 24 HOURS BY 25 MM ACH......................................................................... 205 
FIGURE 4.16 VENN DIAGRAM INDICATING NUMBER OF GENES DIFFERENTIALLY EXPRESSED BY PHCL 

TREATMENT. ........................................................................................... 207 
FIGURE 4.17 VENN DIAGRAM INDICATING NUMBER OF GENES DIFFERENTIALLY EXPRESSED BY ACH 

TREATMENT. ........................................................................................... 208 
FIGURE 4.18 VENN DIAGRAM INDICATING NUMBER OF GENES DIFFERENTIALLY EXPRESSED BY PHCL 

TREATMENT. ........................................................................................... 209 
FIGURE 4.19 VENN DIAGRAM INDICATING NUMBER OF GENES DIFFERENTIALLY EXPRESSED BY ACH 

TREATMENT. ........................................................................................... 210 
FIGURE 4.20 VENN DIAGRAM INDICATING NUMBER OF GENES DIFFERENTIALLY EXPRESSED BY PHCL 

AND ACH TREATMENT. ............................................................................... 211 
  



XI 

List of Accompanying Material 

Appendices 

I. Growth curve profile of clinical Candida albicans isolates cultured in the 

presence and absence of 50 mM pilocarpine hydrocholoride.  

II. Growth curve profile of clinical Candida albicans isolates treated with 

caspofungin in the presence and absence of pilocarpine hydrocholoride. 

III. Growth curve profile of clinical Candida albicans isolates treated with 

amphoetricin B in the presence and absence of pilocarpine hydrochloride. 

IV. Candida albicans gene regulation in the presence and absence of 

pilocarpine hydrochloride. 

V. Candida albicans gene regulation in the presence and absence of 

acetylcholine. 

  



XII 

Acknowledgement 

All praises and thanks be to Allah Almighty for blessing me with patience, 

strength, and people who supported me through my PhD journey. I would like to 

begin my sincere thanks to my supervisors; Dr. Christopher Nile and Professor 

Gordon Ramage for their invaluable guidance and support throughout my 

studies. Without your support, I would not have been able to achieve my goals.  

I would also like to thank those who helped me during my studies and lab work, 

Dr. Jason Brown, Dr. Christopher Delaney, and Mr. Steven Milligan. Many thanks 

to my colleagues who made this journey a pleasure, including Bryn Short, Mark 

Butcher, Tracy Young, Om Alkhir Alshanta, William Johnston, Emily McKloud, 

Saeed Alqahtani and Sumaya Abusrewil. Khawlah Albashaireh, thank you for all 

the laughs and arguments that happened in the lab and at our dining tables. You 

made the heavy work in the immunology lab bearable.  

My extreme gratitude to Al-Baha University and the Saudi Arabian Cultural 

Bureau for the financial support during my PhD years. 

I am profoundly grateful to my husband Sahman for his encouragement and 

understanding during difficult times. There are no words can describe my 

heartfelt thanks. A big thank to my children, Mohammed and Abdullah for 

tolerating me despite my absence. This work is dedicated for you. 

I would also like to thank my parents, brothers, and sisters for their 

unconditional love and support. I would also like to extend my deepest thanks to 

my friends, Haneen, Mariyam, Sarah, Jawhara, Ghada, Ebtihal, Rawaa, Sumaya, 

and Afnan. They made my days joyful and cheerful, and made sure I never forget 

that there is a life to be lived outside the lab. 

  



XIII 

Author’s Declaration 

I declare that I have carried out the work described in this thesis unless 

otherwise acknowledged or cited, under the supervision of Dr Christopher Nile 

and Professor Gordon Ramage. I further declare that this thesis has not been 

submitted for any other degree at the University of Glasgow or any other 

institution.  

 

Abeer M Alghamdi 

February 2022 

  



XIV 

Abbreviations 

ABC: ATP-binding cassette  

ACB1: Acyl- coenzyme – A – binding (ACB1) 

ACh: Acetylcholine 

ALS: Agglutinin-like sequences 

AMB: Amphotericin B  

APE: Arecaidine propargyl ester tosylate 

ART: Antiretroviral therapy  

ATP: Adenosine 5′-triphosphate  

BEC: Buccal epithelial cells  

BPE: Bovine pituitary extract 

BSA: Bovine serum albumin  

BSI: Bloodstream infection  

C-HCL: Cevimeline hydrochloride 

C. albicans: Candida albicans  

cAMP-PKA: Cyclic Adenosine Monophosphate-Protein Kinase A 

CAMP/ LL-37: Cathelicidin antimicrobial peptides  

CC: Cellular component 

CCL: Chemokine C-C motif ligand  



XV 

cDNA: complementary DNA 

CFU: Colony forming units  

CFW: Calcofluor white  

CGD: Candida genome database  

ChAT: Choline acetyltransferase  

CHX: Chlorhexidine  

CLEC7A: C-type lectin domain family 7 member A 

CLRs: C-type lectin receptors 

COPD: Chronic obstructive pulmonary disease 

CR: Complementary receptors  

CrAT: Carnitine acetyltransferase  

CREB: cAMP response element-binding protein  

CRISPR: Clustered regularly interspaced short palindromic repeats 

CSP: Caspofungin  

CV: Crystal violet  

CXCL8: Chemokine IL-8 

DAG: Diacylglycerol  

DC: Dendritic cell 

DE: Differential expression  



XVI 

DMEM: Dulbecco’s modified eagle’s medium 

DMSO: Dimethyl sulfoxide  

DPBS: Dulbeco’s phosphate buffered saline  

DRF: Damage response framework  

DS: Denture stomatitis 

DSC: Deep seated candidiasis  

ECM: Extra cellular matrix  

eDNA: Extracellular DNA  

EGF: Epithelial growth factor  

EIP: Electrical impedance profile  

ELISA: Enzyme linked immunosorbent assay 

FA: Fulvic Acid 

FBS: Fetal bovine serum 

FM: Fluorescent microscopy  

G-CSF/CSF3: Granulocyte-colony stimulating factor  

G-proteins: Guanine nucleotide binding proteins 

G. mellonella: Galleria mellonella 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GCN: General amino acid control system 



XVII 

gDNA: Genomic DNA 

GDP: Guanosine diphosphate  

GM-CSF/CSF2: Granulocyte macrophage colony stimulating factor  

GO: Gene ontology  

GPA2: Guanine nucleotide-binding protein alpha-2  

GPCR: G-protein coupled receptors 

 GPI: Glycosylphosphatiylinositol  

GPR1: G protein-coupled receptor 1  

GTP: Guanosine triphosphate 

H & E: Haematoxylin and eosin stain 

HBF: High biofilm former  

HDC: Hematogenously disseminated candidiasis  

Hgc1: Hyphal G1 cyclin  

HIV: Human immunodeficiency virus 

HK: Heat killed  

HMDS: Hexamethyldisilazane  

HOE: Human oral epithelium  

IAC: Intraabdominal candidiasis  

ICL1: Isocitrate lyase  



XVIII 

IFN-y: Interferon gamma 

IgG: Immunglobulin G 

IL- β: Interleukin-β  

IL-1α: Interlukin-1α  

IL-1β: Interleukin-1β 

IL-2: Interleukin-2 

IL-6: Interlukin-6  

IL-8: Interlukin-8  

iNOS: Inducible nitric oxide synthase 

IP3: Inositol triphosphate  

JF: J 104129 fumarate  

KSFM: Keratinocyte serum-free medium 

LBF: Low biofilm former  

LCMV: Lymphocytic choriomeningitis virus  

LDH: Lactate dehydrogenase  

LIP: Secreted lipase 

mAChR: Muscarinic acetylcholine receptor 

MAPK: Mitogen-activated protein kinase  

MCP-1: Monocyte chemoattractant protein 1  



XIX 

MF: Molecular function 

MOI: Multiplicity of infection 

mRNA: Messenger RNA 

nAChR: Nicotinic acetylcholine receptor 

NO: Nitric oxide 

nTARs: Novel transcriptionally active regions 

OPC: Oropharyngeal candidiasis  

OVA: Ovalbumin  

PAMP: Pathogen-associated molecular pattern 

PAS: Periodic acid schiff  

PBS: Phosphate Buffer saline  

PCA: Principal component analysis 

PCR: Polymerase chain reaction 

PD: PD 102807  

PHCl: Pilocarpine hydrochloride 

PHO: Phosphate responsive signaling pathway  

PI: Propidium iodide  

PKC: Protein kinase C  

PLB: Phospholipase B  



XX 

PLC: Phospholipase C 

PMA: Phorbol 12-myristate 13-acetate 

PMBCs: Peripheral blood mononuclear cells 

PMN: Polymorphonuclear neutrophil 

PRRs: Pattern recognition receptors 

PTX: Pertussis toxin  

QS: Quorum sensing 

RHE: Reconstituted human epithelium  

RNA-Seq: RNA sequencing 

ROS: Reactive oxygen species 

RPMI1640 media: Roswell Park Memorial Institute-1640 media  

RT: Room temperature  

S. cerevisiae: Saccharomyces cerevisiae 

SAP: Secreted aspartic protease  

SCF: Skp1-cullin-F-box  

SCP: Scopolamine  

SDA: Sabouraud dextrose agar  

SEM: Scanning electron microscopy  

SIB: SIB 1508Y Maleate  



XXI 

SOD: Superoxide dismutase 

SSA1: Stress-Seventy subfamily A1  

TLR: Toll-like receptor  

TMB: 3,3',5,5'-tetramethylbenzidine 

TNF-α: Tumor necrosis factor alpha 

TPRC1: Target of rapamycin complex 1 

UBI4: Polyubiquitin 

VSV: Vesicular stomatitis virus  

Vu: Vu 0238429  

VVC: Vulvovaginal candidiasis  

XTT: 2,3-bis (2-Methoxy-4-nitro-5-sulfo-phenyl)-2 H-tetrazolium-5-carboxanilide  

YM: YM 254890  

YPD: Yeast extract peptone dextrose 

 



 

 

1 General introduction 

  



Chapter 1: General introduction 2 

1.1 Candida albicans 

Candida albicans (C. albicans) is a member of the normal microbiome in human 

body. It belongs to the Kingdom Fungi, Subkingdom Dikarya, Phylum Ascomycota, 

Subphylum Saccharomycotina, Class Saccharomycetes, Subclass 

Saccharomycetidae, Order Saccharomycetales, family Metschnikowiaceae, genus 

Candida, and species albicans (Gow and Yadav, 2017, Ali et al., 2018, Mayer et al., 

2013). The genus Candida is made up of approximately 154 species, with C. 

albicans considered as the most abundant and significant species. It is a 

pleiomorphic opportunistic fungal pathogen that grows in variable morphological 

forms; either as a unicellular budding yeast cell, an elongated bud daughter cell 

(pseudohyphae) or as true hyphae (Figure1.1) (Sudbery et al., 2004, Sardi et al., 

2013). 

 

Figure 1.1 C. albicans morphology.  Schematic of each morphology. Adapted from (Thompson et 

al., 2011). 

C. albicans is adapted for commensalism at different mucosal surfaces of the 

human body such as the urinary tract, the gastrointestinal tract, the oesophagus, 

the vagina, the oral cavity, and the skin (Sardi et al., 2013, da Silva Dantas et al., 

2016). However, C. albicans capable of causing serious infections such 

disseminated disease which is a clear indication of it’s property as a pathogen 

Yeast

Pseudohyphae

Hyphae
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(Dadar et al., 2018). C. albicans is considered to be the most common pathogen 

among the 15 infectious agents of the Candida species and a major cause of 

invasive candidiasis (Prasad, 2017, Sardi et al., 2013, Yapar, 2014). C. albicans 

possesses several virulence factors that manifest in immunocompromised 

individuals such as intensive care unit patients and human immunodeficiency virus 

(HIV) patients (Kurzai, 2013).  

Understanding the clinical risk factors for invasive candidiasis may aid in the 

prevention of mortality associated with those infections. Several risk factors can 

increase the risk of Candida species associated candidiasis which can be divided 

into two groups: health care associated factors such as wide spectrum antibiotics 

utilization, organ transplantation, and internal prosthetic devices and catheters. 

The other group is host related factors including age, chemotherapy, malignancies, 

and immunosuppressive diseases (Yapar, 2014). For example, research conducted 

by Cheng et al. (2005) investigated the risk factors of candidemia cases at 

Veterans General Hospital-Taipei, they found that age, intensive care surgeries, 

and an acute sepsis were the most important risk factors (Table 1.1). Another 

study by Shigemura et al. (2014) showed that postoperative status and 

cardiovascular diseases were the significant risk factors in C. albicans associated 

candidemia cases compared to other risk factors such as chemotherapy and cancer 

(Table 1.2). Overgrowth of C. albicans causes a broad spectrum of diseases, 

ranging from superficial mild infections such as oropharyngeal candidiasis (OPC) 

and vulvovaginal candidiasis (VVC), to severe invasive infections such as 

bloodstream infections (BSIs) (Yapar, 2014, Prasad, 2017). 
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Table 1.1 Characteristics of C. albicans associated bloodstream infection cases.  Adapted from (Cheng et al., 2005). 

Patient characteristics Numbers (68) % P- Value 

Central venus catheter 57 83.8 0.025 

Age ≥ 65 years old  56 82.4 0.004 

Sepsis/leukocytosis 

White blood cells count: 

≤ 3000/mm3  

 3000/mm3 to 5000/mm3  

 > 15000/mm3  

Total= 67 

 

4 

35 

28 

 

 

6 

52.2 

41.8 

0.0004 

Bacterial urinary tract infection  23 33.8 0.026 

Parenteral nutrition 50 73.5 0.029 
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Table 1.2 Risk factors of C. albicans associated bloodstream infection cases. Adapted from (Shigemura et al., 2014). 

Patient characteristics Numbers (61) % P- Value 

Postoperative status  (-) 

(+) 

27 

34 

44.3 

55.7 

0.012 

Cardiovascular diseases 

 

(-) 

(+) 

43 

18 

70.5 

29.5 

0.018 

Chemotherapy 

 

(-) 

(+) 

58 

3 

95.1 

4.9 

0.032 

Cancer 

 

(-) 

(+) 

44 

17 

72.1 

27.9 

0.047 

Age ≤ 70 

> 70 

23 

38 

37.7 

62.3 

0.048 
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1.2 Epidemiology 

C. albicans is the causal agent of candidiasis which can be classified depending 

on the main site of infection such as vaginal candidiasis, oropharyngeal 

candidiasis, and the invasive candidiasis (Antinori et al., 2016, [CDC], 2021). 

Vulvovaginal candidiasis (VVC) is one of the most common types of genitourinary 

candidiasis that affects healthy women, and the second most common genital 

infection (Prasad, 2017). Vaginal candidiasis is responsible for at least 1.4 

million outpatient visits annually in the USA ([CDC], 2021). Normally, C. albicans 

inhabits the vaginal lumen asymptomatically. Yet, fungal overgrowth and 

epithelial invasion can result in symptomatic infection with the following 

symptoms: vaginal burning, redness, pain, and itching, which is often 

accompanied with vaginal discharge (Willems et al., 2020). The severity of VVC 

ranges from sporadic mild infections to recurrent severe infections where the 

latter may cause anxiety, low self-esteem and depression, affecting the 

sufferer’s psychosocial life considerably (Brocklebank and Maraj, 2013). Although 

it is difficult to conclude the prevalence of VVC due to women’s tendency to 

self-medicate, in the primary care setting about 40% of genital complaints are 

diagnosed as VVC infections. Furthermore, about 75% of all women have had VVC 

at least once during their reproductive age of 20 – 40 years, and 5 – 8% may 

suffer from recurrent infections (Brocklebank and Maraj, 2013, Prasad, 2017). 

Under normal conditions, C. albicans represents part of the normal flora in 20% 

of women. However, 90% of VVC infections are caused by C. albicans, and 

susceptibility to VVC is influenced by several risk factors such as use of drugs 

(contraceptives and antibiotics), diabetes and pregnancy (Brocklebank and 

Maraj, 2013, Sobel et al., 1998). 

Oropharyngeal candidiasis (OPC) is another common type of mucocutaneous 

candidiasis infection that is primarily caused by C. albicans invading the oral 

epithelium (Laudenbach and Epstein, 2009, Swidergall and Filler, 2017). A lack 

of specific epidemiological surveillance studies of candida infections of the 

mouth and throat make it difficult to determine the exact number of people 

affected in the United States ([CDC], 2021). Nonetheless, the risk of these 

infections is heightened in patients with pre-existing medical conditions. For 
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instance, candidal infection of the mouth and throat is common in individuals 

with advanced HIV/AIDS, with evidence reporting that 99 of 122 AIDS patients 

using antiretroviral therapy (ART) in Texas (81.1%) were identified with oral 

yeast colonization and (33.3%) of these patients had symptomatic infection 

(Thompson et al., 2010). Similarly, different incidents of oral candidiasis were 

reported in AIDS patients such as; 43/55 (83%) in Brazil, 227/286 (79.4%) in Cote 

d’Ivoire, 27/141 (19.1%) in India, and 38/50 (76%) in Lebanon (Patil et al., 2018). 

Although OPC is considered to be a superficial fungal infection, infected patients 

suffer from significant morbidity which is presented as erythema, oral thrush and 

oedema (Laudenbach and Epstein, 2009, Kurzai, 2013). In immunosuppressed 

individuals, untreated OPC may lead to systemic candidiasis that causes a high 

mortality rate. Furthermore, it may initiate the dissemination of the infection 

from the oropharynx to the oesophagus, which may affect food consumption 

causing weight loss (Laudenbach and Epstein, 2009, de Repentigny et al., 2004).  

C. albicans on mucosal surfaces can shift from being commensal to pathogenic 

when an individual is predisposed to several risk factors, which include local 

factors (hypofunction of the salivary gland and smoking cigarettes), systemic 

factors (immunosuppressed patients and diabetics), and medical management 

factors (use of wide spectrum antibiotics and cancer chemotherapy) 

(Laudenbach and Epstein, 2009, Samaranayake et al., 2009). Invasive candidiasis 

is a life-threatening infection in which C. albicans disseminates from the original 

infection site to colonise different parts of the human body, such as the eye, 

brain, cardiac tissue, kidneys, and bone among other parts of the body ([CDC], 

2021, Kullberg and Arendrup, 2015, Nobile and Johnson, 2015, Kaufman et al., 

2019). C. albicans is found to be the leading cause of invasive candidiasis in 

hospitalised individuals, the fifth highest hospital-acquired pathogen, and the 

fourth most frequent pathogen causing BSIs (Zaoutis et al., 2005, Yapar, 2014). 

In the United States, a study was conducted in 2000 to assess mortality outcomes 

of candidemia among pediatric and adult patients, and it revealed a mortality 

rate of 10.1% and 14.5% in children and adults, respectively (Zaoutis et al., 

2005). Moreover, the estimated life-threatening C. albicans invasive infections 

per year worldwide was > 400,000 with mortality rates of 46% – 75% (Brown et 

al., 2012). 
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Similarly, a case-control study investigated mortality excess, length of 

hospitalization and treatment costs in the candidemia population found an 

overall high mortality rate of 19% – 24%, a crude mortality rate of 39% – 42%, 

total hospital charges of $ 6,000 to $ 29,000, hospitalization costs of $ 3,000 to $ 

22,000 and hospitalization length of 3 – 13 days (Morgan et al., 2005). Invasive 

candidiasis has been reported to have 20 – 30 times higher prevalence in South 

Asian countries as compared to the western world. The highest incidence of 

candidemia (8.91/1000 admissions) was found in North India, and the lowest 

(3.61/1000 admissions) in South India. This was due to the low quality of hospital 

care practice in public hospitals where there are high numbers of patients, 

inadequate potentials to provide disposables, and high rates of yeast carriage 

(46 – 82%) by health care providers (Prasad, 2017). Globally, invasive candidiasis 

affects at least 250,000 people around the globe annually and leads to a 

minimum of 50,000 deaths (Ksiezopolska and Gabaldón, 2018, Kullberg and 

Arendrup, 2015). In addition, it is the infection that is commonly reported 

among the critically ill patients admitted to intensive care units with up to 50% 

morbidity and mortality rates (Rajendran et al., 2016a, Cortés and Corrales, 

2018, Zhang et al., 2020). In the USA, the ([CDC], 2021) reported that at least 9 

in every 100,000 people were diagnosed with invasive candidiasis between 2013 

and 2017, and that there are approximately 25,000 cases of candidemia every 

year.  

The most common form of invasive candidiasis is candidemia, in which the 

organism invades the bloodstream. The key patient groups at risk of invasive 

candidiasis include those who undergo stem cell and organ transplant, patients 

with granulocytopenia, patients on aggressive chemotherapy, patients who 

require central venous catheterization and patients who require lengthy stays in 

the intensive care units (ICU) and advanced life support ([CDC], 2021, Cortés and 

Corrales, 2018, Tsui et al., 2016). C. albicans is the main cause of the invasive 

fungal infections and acknowledged as a significant public health problem linked 

with cumulative economic and medical implications because of it’s high cost of 

care and high mortality rates. It is known to be responsible for 50% of invasive 

candidiasis infections and results in high mortality rates (40 – 60%) (Quindós et 

al., 2018, Pfaller and Diekema, 2007, Prasad, 2017). In North American centres, 

an evaluation of the epidemiology of candidemia revealed that 45.6% of 



Chapter 1: General introduction 9 

candidemia incidents were due to C. albicans infections, with an overall 35.2% 

crude mortality rate (Horn et al., 2009). 

1.3 Pathogenicity 

Pathogenicity of C. albicans is attributed to several fitness characteristics and 

virulence factors that enable C. albicans to resist antifungal treatments, adapt 

to environmental stress, and circumvent the host immune system (Kurzai, 2013, 

da Silva Dantas et al., 2016). Fitness traits include metabolic flexibility, rapid 

adaptation to fluctuations in environmental pH, and powerful nutrient 

acquisition systems. Virulence factors include the morphological transition 

between yeast and hyphal forms (phenotypic switching), filamentation, biofilm 

formation and the expression of adhesins and invasins (Kurzai, 2013, Ene et al., 

2012).  

1.3.1 Fitness traits 

1.3.1.1 Metabolic flexibility  

C. albicans is metabolically flexible as indicated by it’s adaptation to limitations 

in nutrient availability during the infection process and it’s capacity for 

exploiting the host’s sources of nutrition to survive. For instance, when C. 

albicans is engulfed by a phagosome it is exposed to an environment with 

inadequate nutrients, and the fungus therefore transitions from glycolysis to 

gluconeogenesis, activating the glyoxylate cycle, which plays a vital role in C. 

albicans pathogenicity (Kurzai, 2013, Ene et al., 2012). The ideal source of 

carbon for C. albicans is glucose, however, in niches that are glucose starved the 

fungus still can survive due it’s ability to utilize other available host elements as 

non-glucose carbon sources through the secretion of extracellular enzymes. 

Secreted enzymes, for example, lipases and phospholipase B (PLBs), can degrade 

host lipids and phospholipids to obtain carbon. In addition, secreted aspartic 

proteases (SAPs) hydrolyse host proteins to provide sources of carbon and 

nitrogen by releasing peptides and amino acids (Kurzai, 2013).  

The flexibility of C. albicans in growing on alternative sources of carbon instead 

of glucose, for example, oleic acid, galactose or pyruvate, influences it’s 
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virulence by increasing it’s resistance to antifungal treatments and 

environmental stress (osmotic and cell wall stress). This effect is due to 

alterations in the cell wall construction resulting in a smaller cell volume and a 

more rigorous cell wall, thus leading to osmotic stress endurance. However, it 

does depend on the infection site, for instance growth on oleic acid as a carbon 

source increases it’s virulence in vaginal infections but reduces virulence in 

systemic infections. Furthermore, growth on lactate and subsequent cell wall 

remodelling increases it’s resistance to antifungal drugs (Kurzai, 2013, Ene et 

al., 2012).  

1.3.1.2 Key stress responses in C. albicans 

C. albicans has adapted several mechanisms through which stress responses to 

key stressors were tuned to host surrounding environment. Heat shock response 

is regulated by the heat shock transcription factor Hsf1, which is important for 

viability. C. albicans responds to acute heat shock by Hsf1 phosphorylation and 

heat shock protein (HSP) genes expression, which leads to targeting proteins for 

refolding or degradation. In response to heat shock stress, other genes involved 

are polyubiquitin (UBI4) expression, which is required for resistance to thermal 

stress. In addition, the expression of HSP90 gene in an Hsf1-dependent fashion, 

which modulates interacts with Hsf1 and downregulate the heat shock response 

after adaptation (Brown et al., 2014a).  

Another pathway regulates stress responses such as osmotic and cationic stresses 

in C. albicans is Hog1. C. albicans exposure to osmotic and cationic stress may 

lead to cell size reduction due to water loss. This stress triggers the 

phosphorylation and accumulation of the stress-activated protein kinase (SAPK) 

Hog1. Hog1 pathway is a component of the mitogen-activated protein (MAP) 

kinase pathways. In C. albicans, activation of the (MAPK) is mediated by the MAP 

kinase kinase (MAPKK) Pbs2, which is activated by MAP kinase kinase kinase 

(MAPKKK), Ssk2. The Hog1 pathway is involved in cell wall functionality, 

adaptation to other stresses, and modulating cellular morphogenesis (Brown et 

al., 2014a).  
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C. albicans cell wall is an important component as being the first to encounter 

different stresses in the host niches, for instance, chemicals such as Calcofluor 

White, and antifungals such as caspofungin. C. albicans is equipped with 

different pathways that contribute to cell wall stress resistance and adaptation. 

The Hog1 pathway contributes to cell wall stress and regulates chitin 

biosynthetic functions. In addition, the cell integrity pathway (MAPK Mkc1 

pathway), and the morphogenetic pathway (MAPK Cek1 pathway). The activation 

of Mkc1 is mediated via protein kinase C (Pkc1) signalling, and it’s disruption 

results in cell wall stresses sensitivity. The activation of Cek1 pathway is 

mediated in response to cell wall damage via the cell surface sensor Msb2. The 

inactivation of Cek1 pathway components can inhibit filamentation and results in 

cell wall stresses sensitivity (Brown et al., 2014a). 

C. albicans resistance to reactive oxygen species (ROS), is dependent on 

transcription factor Cap1, which targets detoxification of oxidative stress genes 

such as catalase and superoxide dismutase: CAT1 and SOD1, glutathione 

synthesis genes such as gamma-glutamylcysteine synthetase: GCS1, redox 

homeostasis and oxidative damage repair genes such as glutathione reductase 

and thioredoxin: GLR1 and TRX1. Those genes involved in detoxifying ROS and 

mediating stress response. The Hog1 MAPK pathway was also found to be 

involved in oxidative stress resistance since inactivation of Hog1 and the 

upstream key regulators rendered C. albicans sensitive to oxidative stress. 

Furthermore, inactivation of ROS detoxification genes attenuated the C. albicans 

virulence, and cap1Δ and hog1Δ mutants led to killing the fungus more 

effectively by phagocytes. Furthermore, C. albicans exposure to reactive 

nitrogen species (RNS) may lead to molecular damage, and the fungus responses 

to this stress by activating oxidative stress functions genes such as catalase 

(CAT1), glutathione-conjugating and -modifying enzymes, NADPH 

oxidoreductases and dehydrogenases, and YHB1 expression YHB1 gene encodes 

major nitric oxide dioxygenase which is responsible for nitric oxide 

detoxification (Brown et al., 2014a).  
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1.3.2 Virulence factors 

1.3.2.1 Biofilm formation 

Biofilm formation is an important process during the pathogenesis of C. albicans 

and a key virulent trait of the microorganism. The majority of the diseases 

resulting from C. albicans infections are associated with it’s ability to form 

biofilms, and it is the most prolific of all species to form biofilms.  

A biofilm can be defined as an organized three-dimensional complex microbial 

community embedded in an extracellular matrix (ECM) and attached to a biotic 

or abiotic surface (Andes et al., 2004). C. albicans biofilms consists of a basal 

layer for attachment, spheroid yeast cells, pseudohyphae (which are wide 

filaments with constrictions at the septal junction, mother bud neck, and no 

parallel sides) and true hyphae (long branching filaments of tubular cells with 

parallel walls and no constrictions at the septal junction). Another component of 

the biofilm matrix is extracellular DNA (eDNA), which plays a significant role in 

biofilm integrity and antifungal resistance by supporting the heterogeneity of 

the biofilm (Rajendran et al., 2014, Prasad, 2017, Martín and Di Pietro, 2012, 

Ghannoum et al., 2015).  

Biofilm formation in C. albicans often takes place in a sequential manner over a 

period of 24 - 48 hours (Wall et al., 2019, Tsui et al., 2016). There are several 

stages in biofilm formation, summarized in (Figure 1.2), each stage making a 

contribution to virulence and disease establishment. First is the adherence step, 

in which single yeast cells adhere to abiotic or biotic surfaces forming the basal 

layer of yeast cells. Second is the initiation step, in which successful yeast cell 

adhesion would then induce cell proliferation and filamentation; whereby the 

attached cells develop into elongated projections. This process results in the 

formation of filamentous hyphal forms that penetrate the host epithelial tissues 

through two processes: endocytosis and active penetration. Endocytosis is a 

host-driven process, where the hyphal invasion triggers the host’s immune 

system causing hyphae endocytosis into the host cells; this process does not 

require viable hyphae as even killed hyphae can be endocytosed. In contrast, 

active penetration is a fungal-driven process that requires viable fungal hyphae. 

The third step is the maturation stage: this stage involves the biofilm’s 
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maturation and the production of an extracellular polysaccharide matrix. 

Finally, in the dispersal step, non-adherent yeast cells would disperse from the 

biofilm into the surrounding environment and colonize new surfaces (Tsui et al., 

2016, Kurzai, 2013, Martín and Di Pietro, 2012, Gow et al., 2017). Therefore, the 

yeast form of the species allows for it’s successful initial attachment and 

dissemination whereas the filamentous hyphal state allows C. albicans to 

successfully invade host tissues.  

 

Figure 1.2 Biofilm formation stages. 1-Yeast cells adherence to the surface. 2- Cell proliferation 
and filamentation initiation. 3- Filamentation, biofilm formation maturation and extracellular 
matrix production. 4- Yeast cells release and dispersal from the biofilm to seed new surfaces. 
Adapted from (Nobile and Johnson, 2015). 

The extracellular matrix in C. albicans biofilm is often complex with a large 

percentage of it’s polysaccharide constituents being β-1,6 glucan, α-mannan and 

the β-1,3 glucan (Tsui et al., 2016, Zarnowski et al., 2014, Mathé and Van Dijck, 

2013). Previous studies have associated the β-1,3 glucan with the increased 

cases of antimicrobial resistance in C. albicans (Mathé and Van Dijck, 2013, Nett 

et al., 2007, Lima et al., 2019). Another important phenomenon that plays a 

central role in biofilm formation is cell-to-cell communication or quorum 

sensing, which also contributes to antifungal resistance. The phenomenon is 

associated with the postulation that the microbial responses or behaviours 

within the biofilm are overseen by the cell density, which is primarily mediated 

through the secretion of signaling molecules such as farnesol. Farnesol is an 

1-Adherence

3-Biofilm Maturation

2- initiation3- Dispersion
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extracellularly produced molecule, accumulates in maturing biofilms, and 

inhibits filamentation (Ramage et al., 2002, Yu et al., 2012, Kovács and Majoros, 

2020). 

Contributory factors, such as pH levels, serum, accessibility of amino acids, 

temperature and the presence of carbon dioxide, have been determined to help 

in triggering the occurrence of hyphal morphogenesis and biofilm formation, 

which is a key process that protects the C. albicans from being destroyed by the 

host phagocytic cells (Mba and Nweze, 2020).  

1.3.2.2 Expressions of adhesins and invasins  

During the process of colonization and biofilm formation, several virulence 

factors are employed by the fungus to facilitate infection. These enzymes are 

crucial elements in the invasion stage as they are involved in the damage and 

degradation of host tissue and nutrient acquisition (Schaller et al., 2005, Pandey 

et al., 2018).  

Notably, Candidalysin, a cytolytic 31 amino acid peptide toxin that is derived 

from the gene ECE1, is a hyphal-specific protein and is the first toxin found in 

this human fungal pathogen. It is crucial for mucosal infection, fungal invasion, 

host cell damage, systemic infection, and epithelial immune cell response 

(Talapko et al., 2021, Chen et al., 2021, Naglik et al., 2019). At the interface 

with the epithelial cell membrane, the interaction with the candidalysin results 

in inflammation, membrane damage, and eventual destruction of the host 

tissue. Candidalysin can invade the epithelial membrane through creating pores 

and leading to the release of lactate dehydrogenase (LDH) and calcium influx. 

Thus, inducing the host immune response and activating chemokine and cytokine 

secretion (Swidergall et al., 2019, Chen et al., 2021). This toxin also facilitates 

the ability for the fungus to evade killing by macrophage phagocytosis. It plays a 

role in the activation of the NLRP3 inflammasome, and mediating interleukin-β 

(IL-1β) maturation and secretion in a caspase-1–dependent manner. This 

characteristic confers candidalysin as a characteristic of immunomodulatory 

molecule (Kasper et al., 2018). 
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Another virulence factor are adhesins and the increased expression and 

activation of transcription factors which control the expression of genes involved 

in filamentation, such as the hyphal G1 cyclin (HGC1). The capacity of C. 

albicans to produce a family of cell-wall adhesins called agglutinin-like 

sequences (ALS) allows for it’s attachment to host tissues. For instance, ALS3, 

the hyphae-associated adhesion, is responsible for C. albicans’ adherence to 

host surfaces or bacterial cells in mixed species microbial communities. Hyphal 

wall protein 1 (Hwp1) is another important adhesin that is expressed during the 

filamentation process and facilitates the attachment of C. albicans in the initial 

stages of biofilm formation. Other transcription factors are: Efg1, Tec1, Bcr1, 

Ndt80, Rob1 and Brg; which are involved in adhesion, biofilm formation 

regulation, ECM production and biofilm antimicrobial resistance. These roles are 

mediated by a circuit of transcription factors controlling the expression of each 

other and activating or suppressing pertinent target genes (Figure 1.3) (Prasad, 

2017, da Silva Dantas et al., 2016, Tsui et al., 2016, Kurzai, 2013, Martín and Di 

Pietro, 2012). 
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Figure 1.3 Circuit of transcription factors controlling virulence traits. The figure highlights 
the transcriptional factors involved in adhesion, filamentation, and biofilm formation. Green 
triangles indicate activators and red triangles indicate repressors. Arrows indicate the 
correspondence and participation of the transcription factor to the virulence trait. Adapted 

from (Cavalheiro and Teixeira, 2018). 

1.3.3 Morphological transition  

1.3.3.1 Cell wall plasticity  

Morphogenesis in C. albicans includes the transition from white to opaque cells 

and the transition from yeast cells to pseudo-hyphae or true hyphae (Martín and 

Di Pietro, 2012). Yeast-hyphae switching in C. albicans is a key virulence factor 

that contributes to the fungal fitness and pathogenicity, and promotes biofilm 

formation. In order to facilitate phenotypic switching C. albicans demonstrates 

cell wall plasticity.  

The C. albicans cell wall constitutes 30 - 50% of the cell dry weight and is an 

essential structure of the cell for several reasons: (1) it provides contact with 

the surrounding environment, (2) it provides protection, shape, integrity, and 

stability to the cell, and (3) it plays a critical role in commensalism and 

pathogenicity of the fungus since it contains the adhesins and molecules that are 

required for both lifestyles and for immune recognition by the host. C. albicans 

cell wall components are unique and not present in human cells, which confers 
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the cell wall additional importance as a putative therapeutic target for novel 

drug development (Kurzai, 2013, Gow et al., 2017) 

C. albicans does not have a static structured cell wall, but a dynamic one that 

allows it to undergo compositional remodelling in order to adapt to the 

surrounding environment (Ikezaki et al., 2019, Reyna-Beltrán et al., 2019). The 

elasticity of the C. albicans is mainly influenced by the presence of fibrous and 

gel-like carbohydrate polymers which form a tensile and robust core framework 

onto which proteins and superficial components are added to make it stronger 

and flexible (Lima et al., 2019).  

Biosynthesis of cell wall components in C. albicans vary depending on growth 

form, stage, and condition with most variability in the outermost layer 

(Calderone and Braun, 1991, Gow et al., 2017). Generally, the C. albicans cell 

wall comprises of 10% protein and 90% polysaccharide, which includes O-linked 

and N-linked mannosylated glycoproteins (mannoproteins), ß- 1,3 and 1,6 

glucans, and chitin. These key components have been primary targets for 

discovering and developing new drugs in recent years (Ikezaki et al., 2019, 

Reyna-Beltrán et al., 2019). Overall, two different layers of the C. albicans cell 

wall can be distinguished by electron microscopy. The outer layer of the C. 

albicans cell wall was determined to be around 150 nm in width. The internal 

layer is of a similar size and primarily composed of chitin and polysaccharide 

matrix and is highly electron translucent compared to the outer layer, which is 

mainly enriched with mannoproteins. This layer is composed of additional thin 

electron-dense layer which is placed next to the cell membrane (Gow et al., 

2017, Reyna-Beltrán et al., 2019, Chaffin, 2008). In terms of the structure, the 

outer layer of the cell wall always has vertically aligned fibrils of different 

lengths with surface hydrophobicity. The organization of the cell wall into 

different layers is important for it’s integrity and promotes it’s ability to protect 

the internal components (Chaffin, 2008, Reyna-Beltrán et al., 2019) (Figure 1.4). 
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Figure 1.4 Cell wall structure. The outer layer enriched with mannoproteins, and the inner layer 
composes of polysaccharides and chitin. Adapted from (Anwar et al., 2017). 

The inner layer of the C. albicans cell wall is made up of the structural skeleton 

while the outer layer is considerably heterogeneous and structured to meet the 

physiological needs of the microorganism. The inner layer of C. albicans cell wall 

is comprised of expediently attached β-1,3 glucan with between 3 - 4% 

interchain and chitin. In this layer, β-1,3-glucans are the most abundant 

molecule in C. albicans, which is linked to β-1,6-glucans connecting the inner 

and outer cell wall. The outer wall mainly repleted with mannoproteins, which 

correspond to about 40% of the C. albicans cell wall contents and consider to be 

important in immune evasion as it is the first defense line interacting with host 

immune system (Reyna-Beltrán et al., 2019, Garcia-Rubio et al., 2020). 

Embedded within the C. albicans cell wall is a host of different virulence factors 

that enhance adherence, cell damage and invasion, and which it also uses for 

sensing and evading the host immune system (Reyna-Beltrán et al., 2019, Gow 

and Hube, 2012). 

Key cell wall proteins include Glycosylphosphatidylinositol (GPI) anchored cell 

wall proteins, transglycosidases, yapsins, adhesins and the hydrophobins. 

Adhesins facilitate the attachment of C. albicans to host tissues. Yapsins 

facilitate remodelling of the cell wall and maintenance of shape. Hydrophobins 

have the ability to self-assemble to form rodlets and generate a hydrophobic 
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interface between C. albicans and it’s environment. The cell wall also contains 

proteins that cross-link other cell wall proteins to each other. The main cross 

linkers of cell wall components are Phr family members. Namely, C. albicans has 

five genes encoding members of this family: PHR1, PHR2, PHR3, PGA4, and PGA5 

genes. In addition, the protein ß-1,3 glucanases acts as linker molecules, cross 

linking β-1,3- glucan and β-1,6-glucan (Reyna-Beltrán et al., 2019, Gow et al., 

2017). 

1.3.3.2 Environmental triggers of morphogenesis 

All of the organisms, including higher eukaryotes, bacteria and yeast, have 

different strategies that they use to respond to the changes within their 

environments (Biswas et al., 2007). Host environmental niches expose C. 

albicans to a variety of different stressors. C. albicans has, therefore, developed 

robust mechanisms for coping with environmental stress. One crucial 

characteristic of C. albicans pathogenesis is it’s evolution of environmental 

stress adaptation, this characteristic enabled the fungus to compensate for 

different limitations and survive host niches. Thus, C. albicans has developed 

stress response machinery to overcome environmental stresses, and in response 

to that the fungus undergo morphogenesis. A large range of environmental cues 

can affect C. albicans morphogenesis and promote hyphae formation or maintain 

the yeast form, such as nutrient availability, amino acids depletion, CO2, 

temperature, oxidative stress, pH levels, and metals availability (e.g. iron) 

(Mayer et al., 2013, Brown et al., 2014b). 

Amino acids act as an alternative source of carbon, a key source of nitrogen, and 

as a ligand for the membrane receptors regulating the virulence and cellular 

morphology in C. albicans (Biswas et al., 2007, Garbe and Vylkova, 2019, Brown 

et al., 2014a). C. albicans growth on amino acids as a carbon source confers the 

fungus more resistance to environmental stresses and increases it’s virulence 

(Kurzai, 2013). The fungus has several sources of amino acids within the host, 

and C. albicans is equipped with hydrolase enzymes (secreted aspartyl 

proteinase gene family) to convert and break proteins into peptides and amino 

acids, which can be taken up by peptide transporters and amino acid permeases 

(Kraidlova et al., 2016). Extracellular amino acids can be sensed by C. albicans 
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through different systems, such as Csy1 sensor, a homolog of the yeast protein 

Ssy1; the general amino acid permease Gap1, which has dual roles as sensor and 

transporter; the GPCR Gpr1, which plays a role in sensing methionine; and Mep2 

which acts as protein transceptor and ammonium sensor and transporter (Biswas 

et al., 2007). 

In amino acid depleted niches, C. albicans will be stressed by deficiency in 

nitrogen uptake, which is important in growth and morphogenesis. A study by 

Han et al. (2019), revealed that in single gene knock out mutants of gdh2Δ and 

gdh3Δ, glutamate dehydrogenases involved in nitrogen metabolic pathways 

resulted in yeast morphology in proline medium as the sole carbon and nitrogen 

source. In addition, the gdh2/gdh2Δ mutant revealed to be unable to grow on 

arginine or proline as the sole carbon and nitrogen source. In cases of amino 

acids starvation, C. albicans stimulates morphogenesis and general amino acid 

control system like response (GCN) such as in Saccharomyces cerevisiae. These 

responses are regulated by, Gcn4, a general amino acid control involved in 

amino acid metabolism and filamentation regulation (Biswas et al., 2007). On 

the other hand, cyclin PCL5 in C. albicans, which is PHO85 cyclin homolog in 

Saccharomyces cerevisiae, plays a role in modulating C. albicans filamentation in 

amino acid rich media (Gildor et al., 2005). This study showed that PCL5 plays a 

role in Gcn4 degradation and a pcl5Δ mutant exhibited strongly reduced 

filamentation with shorter and less efficient hyphae. 

In C. albicans, it is believed that the loss of Csy1, an amino acid sensor, may 

negatively impact the amino acid-mediated activation and inadequate induction 

of the transcription of particular amino acid permease genes; hence limiting the 

success of morphogenesis. In addition to being an essential functional homolog 

for the budding yeast genes, C. albicans Gap1 transporter, an amino acid 

permease, may also initiate the signaling of the transduction pathways which 

would eventually lead to the morphogenesis and virulence of C. albicans. 

Ammonium permeases Mep1 and Mep2, mediate the ammonium transportation in 

C. albicans. In addition, Mep2 functions as a receptor mediating hyphal growth 

under nitrogen starvation condition (Biswas et al., 2007). Therefore, the changes 

that take place in the C. albicans genome as a result of either presence or 
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absence of amino acids can be used to formulate antifungals targeting such 

regions. 

A key example of such environmental factors is carbon dioxide. Within the 

human body, C. albicans, is often found in areas with higher concentrations of 

carbon dioxide which enhances filamentous growth. Therefore, the C. albicans 

cells that grow on the skin are likely to be deprived of adequate carbon dioxide 

compared to those that grow in the blood and intestine. The presence of at least 

5% carbon dioxide would influence the development of pseudo-hyphae as well as 

the invasion, which is an important response that can successfully take place in 

the presence of a catalytic domain of the adenylate cyclase (Kadosh and Lopez-

Ribot, 2013, Pentland et al., 2020, Ciurea et al., 2020, Klengel et al., 2005, Hall 

et al., 2010).  

Another fitness attribute of C. albicans is it’s ability to sense and adapt to the 

ambient pH in the environment. This can range from alkaline to acidic levels 

depending on the host niches. Alterations in pH levels can affect C. albicans 

morphology. For example, C. albicans maintain growth in yeast form at low pH 

levels (< 6), while higher levels of pH (> 7) induce hyphal growth. The latter 

level of pH causes a stress on C. albicans because it impairs pH sensitive proteins 

and nutrient acquisition. Furthermore, C. albicans growth in an acidic 

environment resulted in cell wall remodelling and unmasking chitin and β-glucan 

(Sherrington et al., 2017, Mayer et al., 2013). Therefore, C. albicans developed 

a mechanism by which it can sense and adapt to a fluctuation in pH levels via 

the Rim101 signal transduction pathway. Activating this pathway induces a 

signaling cascade which in turn leads to Rim101 transcriptional factor activation 

and thus mediating a pH dependent response. There are different proteins 

involved in pH change induced adaptation among them are cell wall β-

glycosidases Phr1, expressed in alkaline and neutral pH conditions, and Phr2, 

expressed in acidic pH conditions. In addition, C. albicans can modulate the 

extracellular pH. For example, in instances of nutrient starvation, such as 

glucose absence or an acidic environment, C. albicans can uptake and 

breakdown amino acids to produce ammonia and alkalize the surrounding 

environment. This mechanism promotes C. albicans filamentation (Mayer et al., 

2013, Du and Huang, 2016). Additionally, C. albicans growth on the sugar N-
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acetylglucosamine (GlcNAc) neutralizes the acidic media and induces hyphal 

formation. A recent study by Danhof et al. (2016), revealed a novel phenomenon 

through which C. albicans can alkalinize an acidic environment by utilizing 

carboxylic acids without generating ammonia or inducing hyphal formation. 

Cell-to-cell signaling and communication in C. albicans occurs through quorum 

sensing (QS) mechanisms. Quorum sensing is a phenomenon that contributes to 

C. albicans morphogenesis regulation and it is known to play a role in hyphal 

growth regulation and biofilm formation (Kruppa, 2009). An example of a QS 

molecule is farnesol which has been shown to inhibit the yeast to hyphae 

transition and is produced during planktonic growth. Another QS molecule is 

tyrosol, which is produced in both forms of growth planktonic and biofilm, and 

controls physiological activities in C. albicans. Both molecules play vital roles in 

regulating biofilm formation. While farnesol inhibits filamentation at later stages 

of biofilm formation to allow yeast cells dispersal, tyrosol promotes 

filamentation at early stages. Moreover, farnesol prevents germ tube formation 

when the cell density is high, and tyrosol promotes growth and germ tube 

formation when the cell density is low. The accumulation of these molecules can 

result in a resistant biofilm phenotype. The QS mechanisms indicate that a C. 

albicans biofilm is an organized community of cells (Figure 1.5) (Chauhan and 

Mohan Karuppayil, 2021, Ramage et al., 2002, Sandai et al., 2016). 

1.3.4 Signalling pathways 

Morphogenesis in C. albicans is controlled by transcription factors, such as Efg1, 

Tup1, Tec1, Ume6, Rbf1 among others, which are either activated by various 

signaling pathways. Those pathways along with fitness aspects of C. albicans 

contribute crucially to filamentation and biofilm formation  (Villa et al., 2020, 

Kornitzer, 2019). Various environmental cues can activate C. albicans 

filamentation through Mitogen-activated protein kinase pathways and Cyclic 

adenosine monophosphate-protein kinase A pathway.  

1.3.4.1 Mitogen-activated protein kinase pathways. 

There are three major Mitogen-activated protein kinase (MAPK) pathways that 

are activated in C. albicans: Hog1, Cek1, and Mkc1, and each pathway is a series 
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of phosphorylation and transcription factor activation events (Hall et al., 2009). 

The Mkc1 pathway is responsible for cell wall salvage, biogenesis, and cell wall 

integrity. The Cek1 pathway facilitates filamentation and mating. The Hog1 

pathway plays a role in cell wall formation, thermal stress responses and 

morphogenesis, which are crucial factors in influencing virulence. These 

pathways are considered to be key signaling pathways that are involved in 

thermo-tolerance, cell wall remodeling and subsequently regulation of the 

morphological changes in C. albicans and biofilm formation positively or 

negatively (Kurzai, 2013, Leach et al., 2012).  

The Cek1-mediated MAPK pathway plays an important role in filamentation 

through activating the downstream transcription factor Cph1, which in turn 

positively regulates filamentation. Cek1 signaling pathway can be activated by 

several factors such as cell wall damage, low N2, osmotic stress, and embedding 

matrix. In low N2 Ras1regulates C. albicans morphogenesis through MAPK 

signaling pathways via the sensor Mep2. Ras1 interacts with Cdc24, leading to 

Cdc42 activation. Upon Cdc42 activation, series of activation and 

phosphorylation of the Ste11 (MAPKKK), Hst7 (MAPKK), and Cek1 (MAPK) are 

triggered resulting in Cph1 activator stimulating hyphal growth. Under cell wall 

damage or osmotic stress conditions, the Cek1-mediated MAPK pathway can be 

activated through the upstream transmembrane proteins, Sho1, Opy2, and Msb2. 

These proteins form a complex that interacts with Cdc42 and Cst20, which 

triggers Cek1 phosphorylation. Embedded matrix condition can also activate 

Cph1 via Cek1 through the Cek1-mediated MAPK pathway (Figure 1.5) (Chow et 

al., 2021).  

Under osmotic and nutritional stress, the protein kinase C (PKC) MAPK pathway is 

activated. commonly known as the cell wall integrity pathway. Pkc1 activation 

instigates a series of MAPK activation of Bck1 (MAPKKK), Mkk1 (MAPKK), and 

Mkc1 (MAPK). The PKC MAPK pathway co-regulate cAMP signaling pathway 

leading to C. albicans filamentation stimulation. Rho1 is a master regulator 

involved in this pathway, activated by Rom2 and inactivated by Lrg1. Rho1 

regulates filamentation through Pkc1, which is involved in adenylyl cyclase Cyr1 

regulation (Figure 1.5) (Chow et al., 2021). 
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1.3.4.2 Cyclic Adenosine Monophosphate-Protein Kinase A pathway. 

 
The Cyclic Adenosine Monophosphate-Protein Kinase A (cAMP-PKA) pathway is a 

significant element in the filamentous growth of C. albicans and other 

microorganisms such as S. cerevisiae. For example, the starvation of nitrogen in 

S. cerevisiae would influence the development of the elongated buds known as 

pseudo-hyphae, a process that is fully achieved following the instigation of the 

cAMP-PKA pathway. Correspondingly, high levels of cAMP influence the 

occurrence of yeast-to-hypha transition, which the induction of this transition 

can be achieved by inhibiting the cAMP phosphodiesterase (Biswas et al., 2007). 

It was established that the addition of serum would result in rapid responses, 

similar to the results observed with glucose. Therefore, it is important to note 

that glucose is a key factor in serum that may impact the morphogenesis process 

in C. albicans (Lin and Chen, 2018, Antonini and Sudbery, 2004, Huang et al., 

2019, Brown et al., 2014b).  

The cAMP-PKA pathway can either directly triggered through the adenylyl 

cyclase Cyr1 or via Ras1, depending on the surrounding environmental cue 

activating filamentation. Cyr1 drives the conversion of ATP to cAMP, which binds 

the homodimer regulatory subunit Bcy1. Upon binding, PKA holoenzyme is 

activated which then release the two catalytic subunits, Tpk1 and Tpk2. The 

latter subunits lead to downstream activation of target proteins or genes and 

thus leading to activators such as Efg1, Ume6, and Tec1 to regulate hypha-

associated genes and induce hyphal growth. Tpk1 and Tpk2 are required for 

hyphal formation on solid media, and in liquid media and invasive growth into 

solid media, respectively. Levels of cAMP are negatively regulated by Pde1 and 

Pde2 through cAMP degradation. This pathway can be activated by several cues 

such as Co2 concentrations. In addition, can be activated by amino acids and low 

glucose via the activation of the heterotrimeric G-protein α subunit Gpa2 by the 

G-protein-coupled receptor Gpr1 and binding to Cyr1.Indirect activation of 

cAMP-PKA pathway via Ras1 can be due to encountering various environmental 

cues such as serum and low N2. Upon Ras1 Activation, Ras1 directly interacts 

with Cyr1, transduces extracellular signals to Cyr1, and stimulates cAMP 

production. Serum can stimulate morphogenesis through cAMP-PKA activation via 
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Ras1. Glucose also induces cAMP synthesis through Cds25-Ras1 interaction. On 

the other hand, temperature elevation and Quorum sensing molecules such as 

farnesol can block the hyphal growth by inhibiting the activity of Cyr1 (Figure 

1.5). 

 

Figure 1.5 Signaling pathways regulating morphogenesis in C. albicans.Various environmental 
cues and signal transduction pathways activate filamentation; the cAMP-PKA pathway, the Cek1-

mediated pathway, and the PKC pathway. Adapted from (Chow et al., 2021).  

1.4 Host response to Candida albicans infections 

The first line of protection against any type of invasive pathogen, including C. 

albicans, is the innate immune system. The morphological shift of C. albicans 

from the yeast form to the hyphal form enables it to invade host mucosal 

barriers and access the underlying host tissues (Qin et al., 2016, Weindl et al., 

2010). After successful adhesion of the C. albicans onto the host tissues, the 

interaction is initially realized through the detection of the fungal cell wall 

components such as the proteins and carbohydrate polymers (Tronchin et al., 

1991, Wächtler et al., 2012, Chaffin et al., 1998). Due to the presence of 

mannoproteins in the outer layer, both β-1,3- and β-1,6-glucans in the inner 

layer and chitin in the innermost layer, the host immune system specifically 

relies on the pattern recognition receptors (PRRs) in order to recognize these 

pathogen-associated molecular patterns (PAMPs) (Agustinho et al., 2017). This 
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recognition is important in triggering the signaling pathways and activating the 

innate immune response and facilitating the development of adaptive immunity.  

The PRRs that play a central role in fungal identification are Toll-like receptors 

(TLRs) and the C-type lectin receptors (CLRs). TLR2 and TLR4 are primarily 

involved in the recognition of phospholipomannan, O-bound mannan, and α-

linked mannose structures, respectively. Successful recognition by TLRs leads to 

the activation of various intracellular signaling pathways, influencing the 

expression of chemokines and cytokines. The CLRs that help in C. albicans 

recognition include dectin-1, -2 and -3, mannose receptors, MINCLE and DC-SIGN 

(Dendritic cell specific). Like TLRs, CLR activation leads to intracellular signaling 

and expression of chemokines and cytokines. It has been observed that the 

ability of these receptors to recognize C. albicans cells is compromised in 

immunocompromised individuals (Qin et al., 2016, Yadav et al., 2020, Zheng et 

al., 2015, Tang et al., 2018, Goyal et al., 2018).  

Dectin-1 recognises β glucans, whilst dectin-2 and -3 are responsible for 

recognizing the α-mannan and high-mannose structures in hyphae. MINCLE may 

also recognize C. albicans α-mannose residues, and it’s primary function is 

thought to improve host defense against the yeast form of C. albicans. Even 

though the intracellular signaling motifs have not been identified in the mannose 

receptors at the cytoplasmic tail, they are essential for pro-inflammatory and 

anti-inflammatory cytokine production. Their key roles include performing 

endocytosis, mediating internalization of the ligands, and influencing the 

antigen presentation. The epithelium plays a central role in limiting the 

dissemination of C. albicans by initiating activation of pathways inducing the 

production of cytokines and chemokines which are responsible for recruiting and 

activating host immune cells. However, these fungal cells often attack the host 

cells in large numbers, hence overwhelming the host and reducing the chances 

of the epithelial cells preventing their invasion (Verma et al., 2017, Naglik, 

2014, Carpino et al., 2017, Gazi and Martinez-Pomares, 2009, Martinez-Pomares, 

2012, Qin et al., 2016, Zheng et al., 2015) 

Generally, fungal infections caused by C. albicans are categorized based on their 

site of infection. The mucosal epithelial cells have been identified to be the first 
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line of defense after the C. albicans invasion of the host cells. There are two 

approaches that C. albicans may use to invade the epithelium; active 

penetration and induced endocytosis, and the type of mechanism often depends 

on the type of epithelium. For example, C. albicans uses active penetration to 

invade the oral, stomach and intestine epithelium. The interaction between 

PRRs and PAMPs is necessary for recognizing the fungal infections and both the 

TLRs and CLRs play an important role in detecting C. albicans. TLR2, TLR4, 

TLR6, and TLR9 are expressed in the oral epithelium whilst TLR4 is actively 

involved in promoting an immune response against C. albicans by vaginal 

epithelial cells (Dreschers et al., 2016, Qin et al., 2016, Yang et al., 2014, Zheng 

et al., 2015).  

C. albicans can spread and migrate from tissues into the circulation and 

influence the occurrence of widespread organ damage and systematic 

candidiasis among immunocompromised individuals (Quindós et al., 2018, Zhang 

et al., 2020). The blood-borne C. albicans which have not been destroyed 

through phagocytosis must first adhere and infiltrate into the endothelial cells 

prior to dissemination into deep tissue organs (Tsui et al., 2016). However, the 

endothelium often acts as a barrier to inhibit dissemination of C. albicans. The 

PRRs mediate adhesion of the C. albicans onto the endothelial cells, a process 

that leads to the activation of both TLR2 and TLR4. Additionally, the N-cadherin 

which is expressed on the endothelium binds to the agglutinin-like protein 3 

(Als3) and Stress-Seventy subfamily A1 (Ssa1) of the C. albicans, a process that 

activates the endothelial cell microfilaments leading to the production of 

pseudopods that engulf the pathogen (Dreschers et al., 2016, Phan et al., 2007, 

Sun et al., 2010).  

Despite the different immune response mechanisms that endothelial cells 

employ, C. albicans still have developed strategies to evade destruction. After 

being phagocytosed, C. albicans physically burst out of macrophages or initiate 

pyroptotic cell death by hyphae to escape phagocytosis. In addition, C. albicans 

encodes superoxide dismutases (SODs), which helps the pathogen to purify 

reactive oxygen species (ROS). Another mechanism enables C. albicans to evade 

host immunity is inducible nitric oxide synthase (iNOS) secretion which is a 

mediator that actively block nitric oxide (NO) production by macrophages (Qin et 
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al., 2016, Liu and Filler, 2011, Grubb et al., 2008, Tsui et al., 2016). The C. 

albicans cell wall also can act as an evasion mechanism by shielding β-glucan in 

the outer mannoprotein layers which is the recognition sites by the host immune 

system. Moreover, when C. albicans is phagocytosed, it can face different 

challenges such as ROS or nutrient limitation. However, the fungus adapts to this 

stress by shifting to gluconeogenesis by using amino acids. Thus, leading to 

alkalinization of the environment and help escaping the phagocytosis by 

damaging the macrophage phagosome (Ciurea et al., 2020). 

Within the innate cellular immune system in the host defense, the 

polymorphonuclear leukocytes (PMNs), such as neutrophils, are the principal 

phagocytes providing the first line of protection through engulfing C. albicans. 

Different types of pro-inflammatory cytokines influence the relocation of PMNs 

to the sites of C. albicans infections, such as interleukin 6, 8 and 17 as well as 

tumor necrosis factor alpha (TNF-α). PMNs play a key role in the phagocytosis of 

C. albicans as well as acting as modulators during inflammation. Indeed, in 

addition to promoting proinflammatory responses to C. albicans infection they 

can also weaken the response following effective C. albicans clearance by 

producing proteases that promote degradation and inactivation of cytokines, 

such as interleukin-1β (IL-1β) and TNF-α (Gresnigt et al., 2012, Qin et al., 2016). 

1.5 Antifungals, their mechanism of action and 
antifungal resistance 

The development of new and effective antifungals is an important goal that the 

global pharmaceutical industry is striving to achieve (Roemer and Krysan, 2014, 

Pianalto and Alspaugh, 2016, Mroczyńska and Brillowska-Dąbrowska, 2020). 

Caspofungin, which acts by inhibiting fungal β-1,3 glucan synthesis, was 

approved by the United States Food and Drug Administration, and it belongs to 

the echinocandins antifungal class (Akins and Sobel, 2009). Clinical trials have 

shown that the drug has the ability to treat both mucosal and invasive 

candidiasis (Saravolatz et al., 2003, Ben-Ami, 2018). Nonetheless, 

Vatanshenassan et al. (2018) reported that C. albicans acquires mutations which 

enable it to develop resistance to caspofungin. Specifically, FKS1 gene 

mutations, which is located on the chromosome 1, and encodes the catalytic 
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subunit of the drug target 1,3-β-glucan synthase (Akins and Sobel, 2009). 

Therefore, C. albicans can develop resistance, not only to caspofungin, but also 

other echinocandins.  

Fluconazole is another key antifungal agent for managing C. albicans and other 

non-albicans fungal infections (Morio et al., 2017). Fluconazole belongs to the 

azole antifungal class and acts by interrupting the conversion of lanosterol to 

ergosterol through binding to cytochrome P450. The process leads to the 

eventual disruption of the fungal cell wall and cell membrane integrity (Gintjee 

et al., 2020, Moosa et al., 2004). With reference to the fact that fluconazole is 

fungistatic, it’s treatment influences the development of acquired resistance, 

especially by C. albicans (Akins and Sobel, 2009, Morio et al., 2017). The 

mechanism that enables C. albicans to become resistant to fluconazole is by the 

occurrence of genome rearrangements which lead to the concurrent loss of the 

heterozygosity for the mutated allele and the mating type locus. The mechanism 

allows the drug-resistant C. albicans cells to switch to the mating-competent 

opaque morphology and mate with each other, hence leading to the combination 

of the individually acquired resistance traits (Hampe et al., 2017, Morio et al., 

2017, Popp et al., 2019, Shapiro et al., 2011). 

Voriconazole is often used in treating serious fungal infections, such as invasive 

candidiasis, emerging fungal infections, and invasive aspergillosis, that mainly 

affect patients who are immunocompromised (Greer, 2003). Being a member of 

the azole antifungal class, voriconazole acts by hindering the fungal cytochrome 

P450 dependent enzyme, leading to the reduced production of ergosterol; hence 

interfering with cell membrane formation (Ghannoum and Rice, 1999, Morio et 

al., 2017). Therefore, C. albicans may also use the same mechanism to develop 

resistance against the activities by both voriconazole and fluconazole.  

Amphotericin B is a broad-spectrum antifungal agent that is used for managing 

serious fungal infections such as candidiasis, cryptococcosis and 

coccidioidomycosis (Chandrasekar, 2008, Chang et al., 2017, Sugar, 1995). 

Amphotericin B’s mechanism of action involves binding with the ergosterol and 

causing pore formation on the cell membrane resulting in the leakage of 

monovalent ions such as K+, Na+, H+ and Cl− that eventually cause cell death 
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(Carolus et al., 2020, Bhattacharya et al., 2020). Different studies have provided 

substantial evidence to demonstrate antifungal resistance to amphotericin B 

(Ellis, 2002, Spampinato and Leonardi, 2013, Sterling and Merz, 1998). The 

increased cases of invasive infections due to antifungal resistance to 

amphotericin B are associated with the rising number of non-albicans Candida 

species. For example, a study by Kalantar et al. (2014), showed that non-

albicans Candida species were the predominant isolate species in blood samples 

from cancer patients with candidemia, and among all these isolates, high 

resistance to amphotericin B was observed. Some of those species showed 

intrinsic resistance such as Candida lusitaniae, and some showed acquired 

resistance such as C. albicans. The mechanism behind amphotericin B resistance 

was found to be an alteration or a reduction in the sterol composition in the cell 

membrane (Carolus et al., 2020, Eliopoulos et al., 2002, Kalantar et al., 2014).  

1.6 Current treatments and conventional antifungal 
limitations 

In comparison with the antibacterial agents, the obtainability of antifungal 

agents to facilitate the management of fungal infections, such as those caused 

by the C. albicans, is significantly lower. The main factor for such a low arsenal 

of antifungal agents is the fact that fungi are eukaryotes. This makes 

identification of drug targets, that have the ability of selectively killing the 

fungal pathogens without causing toxicity effects on the host, challenging 

(LeBlanc et al., 2020, Rauseo et al., 2020). The classification of the antifungals 

is often based on their cellular targets and the mode of action (Ghannoum and 

Rice, 1999, Polak, 2004). Despite the increasing cases of fungal infections, there 

are only five classes of drugs which are available for the treatment of fungal 

infections, and they include azoles, echinocandins, polyenes, allylamines and 

the antimetabolites (Gintjee et al., 2020). The limited number of antifungals 

may also be one factor that has contributed to the increasing incidences of C. 

albicans infections, as there are higher chances that the fungus has developed 

resistance against almost all the available drugs.  

Each class of antifungal drug has specific advantages and limitations associated 

with it’s mode of action and the spectrum of activity. C. albicans biofilms are 
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characteristically tolerant to therapy and there is still low susceptibility of the 

C. albicans biofilms to the existing therapeutic agents, with the exclusion of the 

echinocandins (Gulati and Nobile, 2016, Pereira et al., 2020). The polyenes, 

which act by directly biding to ergosterol located within the cell membrane of 

the fungi, are not widely used because they can cause partial nephrotoxicity. 

This is a result of the resemblance between the fungal cell ergosterol and 

cholesterol, which is the equivalent sterol in the mammalian cell membrane 

(Bodge and Cumpston, 2019, Ghannoum and Rice, 1999). On the other hand, the 

incorporation of liposomal formulations for amphotericin B delivery has helped 

in reducing the possibility of such toxicity. Yet, the prohibitive cost of this 

method of formulation for amphotericin B and other echinocandins has limited 

it's application in the treatment of fungal infections (Adler-Moore and Proffitt, 

2002, Stone et al., 2016). Therefore, each of the available antifungal 

medications have both strengths and limitations which must be comprehensively 

assessed before making a decision about the one to use.  

The azole antifungals were mainly developed in order to help in addressing the 

issues previously experienced during the production and usage of echinocandins 

and polyenes (Neville et al., 2015). The azoles exhibit improved bioavailability, 

wide range of action against different types of fungal pathogens as well as 

reduced cost of production. Moreover, the azoles are fungistatic. However, 

overuse of azole-based antifungals, such as fluconazole, may influence the 

establishment of resistant strains, especially among people with HIV/AIDS 

because of high cases of oral candidiasis among individuals in this population 

(Campoy and Adrio, 2017, Gintjee et al., 2020, Owotade et al., 2016, Singh et 

al., 2014). In recent years, there are different types of echinocandin-based 

antifungals, such as micafungin and anidulafungin, which have been developed 

to act as alternatives to the polyenes and azoles. Therefore, the echinocandin-

based antifungals primarily act by inhibiting the activities of β-1,3-glucan 

synthase enzyme which is required for the biosynthesis of glucan components 

within the fungal cell walls; hence leading to the disruption of their integrity 

(Antinori et al., 2016, Vardanyan and Hruby, 2016). 
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1.7 Challenges in treating biofilm infections  

A biofilm always shows different characteristics compared to planktonic cells, 

which are important survival strategies for any microorganism capable of biofilm 

formation. General characteristics includes the three-dimensional structure, 

ability to adhere to each other and onto different types of surfaces and ability to 

decrease the antimicrobial susceptibility and host defense system (Cavalheiro 

and Teixeira, 2018). Based on the fact that the formation of C. albicans biofilms 

is a multifaceted process, the end product is a complex structure whose primary 

function is to help the microorganism survive under different environmental 

conditions (Kabir et al., 2012, Rapala-Kozik et al., 2018). For example, the 

attached C. albicans often produce the extracellular polymeric substances that 

influence the maturation of a three-dimensional biofilm structure; hence making 

it's treatment with antimicrobial agents challenging. C. albicans biofilm 

formation in vivo was found to be quicker compared to in vitro with several 

yeast cell layers and hyphae observed after just 8 hours. Thus, the 

transformation of C. albicans from the yeast form to the hyphal state within the 

shortest time possible limits the ability of the already developed antifungals to 

eliminate them from infected tissues (Cavalheiro and Teixeira, 2018, Jadhav and 

Karuppayil, 2017). 

Similarly, in a study conducted by Cavalheiro and Teixeira (2018), it was 

observed that the C. albicans biofilm maturation within a rat central venous 

catheter took place after 24 hours compared to between 36 hours and 72 hours 

in an in vitro setting. Therefore, the short period for the C. albicans cells to 

transform from the ordinary yeast cells to the hyphae state pose an important 

challenge to C. albicans infection treatment as it results in rapid transformation 

into thick layered biofilms. Furthermore, most of the adhesins found in C. 

albicans biofilms belong to the agglutinin-like sequence family, which are known 

to have the ability to bind to several proteins through their C-terminal regions 

and are associated with severe biofilm defects compared to the wild-type 

parental strains (Cota and Hoyer, 2015, McCall et al., 2019). Unfortunately, 

locating, treating and deleting these adhesins from C. albicans biofilms might be 

very challenging because of their thick-layered cell walls.  
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Successful adhesion of the C. albicans cells onto a surface influences the 

continuation of biofilm formation through morphologic modifications, such as 

increase in the number of cells and the production of extracellular polymeric 

substances. C. albicans biofilms do often present highly diverse morphological 

forms compared to the other Candida spp. For example, the oval budding, the 

continuous separate hyphae and pseudo-hyphae. Moreover, mature biofilms 

depend on the extracellular polymeric substances production for it’s structural 

orientation. The extracellular polymeric substances give the C. albicans biofilms 

the gel-like hydrated three-dimensional structure within which the cells are 

partially immobilized (Cavalheiro and Teixeira, 2018, Sandai et al., 2016, Tsui et 

al., 2016, Jadhav and Karuppayil, 2017). Correspondingly, other key roles of the 

extracellular matrix in the C. albicans biofilm identified by Dewasthale et al. 

(2018), which include offering protection against phagocytosis, providing 

scaffold necessary for ensuring biofilm integrity as well as prevention of drug 

diffusion into the internal structures of the biofilms. The previous information 

clarifies the difficulty to eliminate C. albicans from the host after biofilm 

formation and highlights the need to develop new strategies which specifically 

target biofilms for successful management of the associated infections.  

The characteristic of biofilm formation impacts clinical outcomes negatively. For 

instance, biofilm formation on medical devices provides a reservoir for constant 

frequent infections, increases the resistance to conventional antifungals and 

protects from the host immune system. Additionally, patients with biofilm 

forming isolates are more vulnerable to longer hospital stay and mortality, and 

economically cost more to treat (Martín and Di Pietro, 2012, Rajendran et al., 

2016a, Ramage et al., 2002, Tsui et al., 2016). The fact that C. albicans is 

classified as a eukaryote poses a challenge in terms of finding an optimal 

antifungal that targets the fungus for eradication or disables it’s pathogenicity 

while not causing toxicity or collateral damage to host cells; and this 

exacerbates the problem of treatment resistance (Ghannoum et al., 2015, Tsui 

et al., 2016). Recent studies have explained some of the mechanisms that 

contribute to the antifungal resistance of C. albicans biofilms such as cell 

density, gene expression alteration, persister cells, efflux pump activity and the 

formation of an extracellular matrix (ECM) (Tsui et al., 2016).  
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A study investigating the role of cell density on biofilm resistance revealed that 

high cell density plays a role in the phenotypic resistance of C. albicans biofilms 

(Tsui et al., 2016, Perumal et al., 2007). Another study revealed a significant 

increase in ergosterol biosynthesis gene expression (ERG1, ERG3, ERG11 and 

ERG25) following treatment of the biofilm with an azole, which elucidates the 

resistance of the biofilm to the drug since ergosterol is a component of the 

fungal cell membrane. Moreover, mutations in the genes ERG3, ERG5 and ERG11 

result in an alteration in the targeted substrate that may hinder the drug’s 

function. Persister cells are dormant cells embedded deep in the biofilm and 

resistant to drugs. These cells have the ability to transform from being dormant 

to being metabolically active and form biofilms after treatment. The efflux 

pump is another mechanism through which the drug is transported 

extracellularly instead of being dispersed intracellularly. The extracellular 

matrix provides the protection, stability and attachment for the biofilm (Tsui et 

al., 2016).  

1.8 Molecular studies of Candida albicans to identify 
new therapeutic targets 

Gene expression studies conducted using the hybridization-based microarrays 

provided valuable insight into gene expression of key regulators during 

morphogenesis and biofilm formation. However this technology has now been 

largely replaced by RNA-Seq technology due to issues such as the poor 

quantification of highly and lowly expressed genes, occurrence of cross-

hybridization artifacts, and microarray analysis required prior knowledge of the 

sequence (Basso et al., 2018, Lowe et al., 2017). As a result of the high rate of 

genetic mutation in C. albicans, there has been a need to develop a technique 

that can track such changes. In contrast to microarray analysis, RNA-seq 

technology can accurately quantify expression levels, capture transcriptomic 

dynamics across different conditions and during development and normal 

physiological changes, and identify novel transcribed regions (Wang et al., 

2009). 

Whole transcriptome or RNA sequencing (RNA-Seq) is an important technology-

based sequencing technique that utilizes next-generation sequencing in order to 
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determine the existence and quality of RNA within a genetic sample, by 

analyzing the continuously transforming cellular transcriptome (Wang et al., 

2009). RNA-Seq is specifically used for assessing the alternative gene spliced 

transcripts, gene fusion, mutations or the transformation in gene expressions in 

diverse groups or treatments. RNA-Seq may also be used for evaluating the 

different populations of RNAs and mRNAs in order to include small RNA such as 

miRNA, ribosomal profiling and tRNA (Han et al., 2015).  

RNA-Seq has been widely used for the purpose of investigating and 

characterizing the C. albicans transcriptomes under different types of growth 

conditions, for example hyphal induction, oxidative stress, pH stress, and 

inductive cell wall damage (Cottier et al., 2015, Hovhannisyan and Gabaldón, 

2018, Romo et al., 2019, Wang et al., 2017, Yang et al., 2016). Such analyses 

have facilitated the generation of new knowledge necessary for updating the 

existing gene annotations as well as helping in the characterization of 602 novel 

transcriptionally active regions (nTARs) which may successfully present the non-

coding or the regulatory RNAs. Furthermore, RNA-Seq has been successfully 

used, together with microarray analysis, to expand the identification of the 

nTARs as well as the characterization of the regulatory network that is needed 

for C. albicans biofilm formation (Giosa et al., 2017, Riccombeni and Butler, 

2012). In the study by Nobile et al. (2012) six important transcription factors 

were identified to be involved in C. albicans biofilm formation, namely Bcr1, 

Tec1, Efg1, Ndt80, Rob1 and Brg1. Similarly, Chong et al. (2018) revealed that a 

combination between the chromatin immunoprecipitations and the 

transcriptional profiling factors and their targets belong to a single network 

which is involved in the moderation of the biofilm development. Therefore, the 

application of RNA-Seq has helped in the identification of specific regions within 

the C. albicans genome that can be targeted by antifungals in order to facilitate 

improved outcomes. Understanding the molecular mechanisms that confer C. 

albicans pathogenesis may aid in combating C. albicans infections and therapy 

development (Prasad, 2017, Tsui et al., 2016).  
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1.9 Acetylcholine and cholinergic signaling 

A recent study aimed to investigate the effect of acetylcholine (ACh) on biofilm 

formation and the host immune response to C. albicans infection using the 

Galleria mellonella infection model. This study revealed that ACh inhibits C. 

albicans transition from the yeast to the hyphae form and biofilm formation. In 

addition, the authors demonstrated that ACh could modulate the host’s innate 

immune system to promote an effective haemocyte response resulting in 

clearance of the pathogenic threat with limited bystander damage (Rajendran et 

al., 2015).  

Acetylcholine is synthesised by both eukaryotic and prokaryotic cells. Signal 

transduction is mediated by cholinergic receptors within both the somatic and 

autonomic nervous system. In eukaryotes, neuronal ACh, released from the 

efferent vagus nerve terminals, and non-neuronal ACh, released from various 

cells outside of the neural network, play a crucial role in host-pathogen 

interactions, immune system regulation and determination of infection 

outcomes. ACh signaling is mediated through two types of cholinergic receptor: 

the ionotropic cationic nicotinic acetylcholine receptors (nAChRs) and the 

metabotropic muscarinic acetylcholine receptors (mAChRs). Both types of 

receptors are expressed in both neuronal and non-neuronal mammalian cells 

(Albuquerque et al., 2009, Carlson and Kraus, 2020, Pavlov and Tracey, 2005, 

Rajendran et al., 2015).  

Muscarinic receptor expression has been detected in various cells of the body 

including muscle fibers, endothelial cells, epithelial cells, and immune cells (Liu 

et al., 2007). Different types of mAChRs found to be expressed in lymphocytes 

and leukocytes. In addition, muscarinic receptors have also been shown to 

modulate immune responses functions to pathogens (Darby et al., 2015, Fryer et 

al., 2012, Verbout and Jacoby, 2012). For example, activation of M1 and M2 

muscarinic receptor by ACh, enhances the production of interleukin-2 (IL-2), 

(Reale and Costantini, 2021). Furthermore, a study by Razani-Boroujerdi et al. 

(2008) revealed that oxotremorine, a selective mAChRs agonist, stimulated T-

cell proliferation which was inhibited by atropine, an mAChRs antagonist. 

Atropine also inhibited tissue injury and leukocyte chemotaxis. Muscarinic 
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signaling in epithelial cells also resulted in Wnt pathway downstream induction 

leading to C-type lectin and lysozyme genes expression and enhanced the host 

immune response to Caenorhabditis elegans (Labed et al., 2018). 

Acetylcholine signaling has been identified in primitive organisms lacking a 

nervous system such as, primitive plants, algae, sponge, protozoa, bacteria, and 

fungi (Radu et al., 2017, Wessler and Kirkpatrick, 2008). These organisms release 

acetylcholine which binds to muscarinic receptors to regulate phenotypic cell 

functions. For example, Urtica dioica plant developed binding sites for 

acetylcholine and uses cholinergic signaling to regulate phenotypic functions. 

Morphological changes in their leaves were observed using 1 mM atropine, where 

leaves became dry. This effect was blocked by adding acetylcholine. Also 

blocking the binding sites resulted in water homeostasis failure and 

photosynthesis changes. Another example is the reduction in motility of two 

photosynthetic bacteria, Rhodospirillum rubrum and Thiospirillium jenense, by 

atropine and other cholinesterase inhibitors such as physostigmine (Wessler and 

Kirkpatrick, 2012). These examples indicate the role of non-neuronal cholinergic 

signaling in primitive organisms. 

1.10 Acetylcholine and fungi 

There is enormous evidence indicating the capability of fungi to produce and 

degrade ACh. Initially, ACh was discovered in the fungus Claviceps purpurea and 

has also been found to be synthesized by S. cerevisiae. Yet, ACh produced by S. 

cerevisiae was not inhibited by selective CarAT and ChAt inhibitors (Horiuchi et 

al., 2003). Hence, this suggests that ACh is synthesised by alternative routes. 

Furthermore, it was found that Candida rugosa and Geotrichium candidum fungi 

have a lipase that shows 25% similarity with human acetylcholinesterase, which 

indicates that fungi are also capable of ACh degradation (Grochulski et al., 

1993). Additionally, a lipase with functional activity of cholinesterase was found 

to be possessed by Candida anatartica (Googheri et al., 2014, Grochulski et al., 

1993, Sadeghi Googheri et al., 2015, Schwarz et al., 2014). Yet, the precise 

mechanisms and functions of cholinergic systems and their importance in fungal 

species are not adequately explored and explained.  
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Current evidence has revealed that fungi are responsive to ACh interactions, 

specifically, C. albicans. A recent study revealed that acetylcholine stimulates 

hyphal formation in C. albicans through a cAMP pathway. Intriguingly, 

dicyclomine, a human M1 receptor antagonist was found to inhibit 

morphogenesis induced by ACh. The molecular inhibitory mechanism carried out 

by dicyclomine via downregulating genes involved in cAMP signaling pathway 

such as UME6, ECE1, and PDE2 and upregulating the gene responsible for 

negative regulation of filamentation tUP1 (Ali et al., 2018). Analysis using in 

silico techniques also revealed that the RRP9 gene in C. albicans, which is the 

potential target for interaction with dicyclomine, exhibited homology to the  

human M1 protein with 71% similarity and 54% identity (Ali et al., 2017). On the 

contrary, ACh inhibited filamentation and biofilm formation in vitro and in vivo 

using Galleria mellonella infection model (Greetham et al., 2017, Rajendran et 

al., 2015). Furthermore, a decrease in the fungal burden and expression of 

important genes involved in biofilm formation such as, ALS3 and HWP1 were 

observed in association with biofilm formation inhibition (Rajendran et al., 

2015). This inhibitory effect of ACh is not due to cytotoxicity, yet further 

investigations need to be conducted to explore the inhibitory mechanism. 

Additionally, pilocarpine hydrochloride (PHCl), a general muscarinic receptor 

agonist, inhibited C. albicans biofilm formation in vitro, while SIB 1508Y 

maleate, the general nicotinic receptor agonist has no effect on morphogenesis 

and biofilm formation. Similarly, to the ACh inhibitory effect, the mechanism by 

which PHCl carry out the inhibitory effect remains still to be investigated. 

However, the authors proposed that the inhibitory effect is mediated via an 

unknown receptor since scopolamine, a general muscarinic receptor antagonist 

blocked the inhibitory effect of PHCl (Nile et al., 2019). Although findings from 

studies mentioned above are conflicting, they highlight the suggestion that C. 

albicans has an uncharacterized cholinergic receptor similar to human 

muscarinic receptors that is involved in filamentation and biofilm formation 

regulation. 

Muscarinic receptors are G protein coupled receptors (GPCRs). The GPCRs are 

the largest family of transmembrane receptors that are involved in the 

transduction of the extracellular signals to promote the occurrence of 

intracellular signals, which principally involve the complex intracellular-signaling 



Chapter 1: General introduction 39 

networks (Brown et al., 2018, Rosenbaum et al., 2009). The GPCRs consist of 

seven segments of the transmembrane domain. The G proteins are 

heterotrimeric containing three subunits, the alpha, gamma and beta, and they 

are specialized to bind the nucleotides guanosine triphosphate (GTP) in active 

form, or guanosine diphosphate (GDP) in inactive form. In the absence of a 

ligand, e.g., an agonist, the GDP attaches the alpha subunit, and the G-protein-

GDP complex binds the GPCR. However, in the presence of the ligand, GTP binds 

to the alpha subunit forming a complex of GTP–α that detaches from the β and γ 

subunits, which form the β-γ dimer and mediate the signal’s transduction (Figure 

1.6) (Li et al., 2002). 

 

Figure 1.6 G-protein coupled receptor activation. In inactive form the GDP molecule binds the 
alpha subunit constituting a complex which in turn binds the GPCR. Upon receptor stimulation by 
a ligand or agonist, the GTP molecule attaches with alpha subunit forming a complex that detaches 

from β and γ subunits dimer, thus mediating signaling transduction. Adapted from (Li et al., 2002). 

In the human genome, there are 27 α, 5 β, and 14 γ subunit isoforms, which 

means that the muscarinic receptors can activate different signaling pathways. 

Generally the main signaling mechanisms of the muscarinic receptors are in two 

classes: first, the subtypes of M1, M3, and M5 are coupled to the Gq and G11 

proteins, and the stimulation of these subtypes activates PLC, resulting in the 

production of inositol triphosphate (IP3) and diacylglycerol (DAG), thus leading to 

an increment in intracellular [Ca2+] and protein kinase C (PKC) activation. 

Second, in contrast, the muscarinic subtypes of M2 and M4 are coupled to Gi and 
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Go proteins, and the stimulation of theses subtypes decreases the synthesis of 

cAMP through adenylyl cyclase inhibition and potassium conductivity activation 

(Figure 1.7) (Kawashima et al., 2012, Ockenga et al., 2013).  

 

Figure 1.7 Muscarinic and Nicotinic receptor’s structure. Muscarinic receptors are seven 
transmembrane proteins. The M1, M3, and M5 mAChRs selectively couple to the Gq/G11- proteins. 
The M2 and M4 mAChRs preferentially couple to Gi/Go- proteins. Nicotinic receptors are ligand-

gated ion channels. Adapted from (Jones et al., 2012). 

C. albicans contains significant number of GPCRs encoding genes within it’s 

genome which play a significant number of roles in promoting morphogenesis, 

virulence and mating. Generally, fungi comprise two types of GPCRs; the 

pheromone receptors and the nutrient sensing receptors. Successful binding of 

the pheromones influences the occurrence of conformational changes in the 

pheromone receptors and the activation of the signaling cascades promoting to 

growth arrest and mating, specifically within the D receptors Ste2 and Ste3 of C. 

albicans. In addition, the primary function of nutrient sensing GPCRs is to detect 

the presence or absence of nutrients (Dijck, 2009, El-Defrawy and Hesham, 

2020, Xue et al., 2008). Therefore, successfully targeting C. albicans GPCRs by 

antifungals may influence the induction of signaling pathways which help in 

controlling processes such as morphogenesis, virulence and metabolism.  

The G protein-coupled receptor 1 (Gpr1) which encodes for putative GPCR and 

the guanine nucleotide-binding protein alpha-2 (Gpa2) which encodes for the G-

Muscarinic Nicotinic 
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alpha subunit, are needed for the formation of hypha and morphogenesis in C. 

albicans. Hence, the mutants that lack either gpr1Δ or gpa2Δ are often defective 

during the formation of hypha as well as morphogenesis on the solid hypha-

inducing media. Furthermore, deletion of gpr1Δ from the C. albicans genome 

interfered with the effectiveness of other components of cAMP-PKA pathway, 

such as Cdc35 and Ras1; therefore, severely impacting the virulence of the fungi 

(Brown et al., 2018, Van Ende et al., 2019, Villa et al., 2020). A study by Miwa et 

al. (2004) revealed that deletion of the gpr1Δ may slightly affect virulence of 

the fungi, but both GPR1 and GPA2 are not necessary during the morphogenesis 

process in C. albicans, especially when the microorganism is grown in a liquid 

fetal bovine serum (FBS) medium. There are other alternative pathways that 

would be induced to facilitate C. albicans morphogenesis through the detection 

of various external signals (Biswas et al., 2007, Maidan et al., 2005, Miwa et al., 

2004). Yet, there is need for further research in this area in order to identify it’s 

precise role, especially in C. albicans morphogenesis.  

There is no concrete evidence that shows that the function of Gpr1 receptors in 

C. albicans is associated with the function of the homologous receptors in S. 

cerevisiae, whose deletion leads to limited or total absence of cAMP. In C. 

albicans, deletion of gpr1Δ influences normal signaling of cAMP following the 

addition of glucose. However, accumulation of downstream constituents of 

cAMP-PKA pathway and the accumulation of cAMP have the ability of limiting the 

morphogenesis phenotypes that are often observed following the elimination of 

GPR1 from the C. albicans genome. C. albicans GPA2 is actively involved in 

influencing the mating pathway; this is in addition to it’s function in the cAMP 

pathway (Biswas et al., 2007, Brown et al., 2018, Dijck, 2009, Maidan et al., 

2005, Miwa et al., 2004, Xue et al., 2008). The significant roles played by the 

GPA2 and GPR1 in the virulence and mating of C. albicans, highlights that there 

are higher chances that developing drugs that specifically target such regions 

may lead to management of C. albicans infections. 
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1.11 Summary  

In this chapter, detailed information about C. albicans has been provided as a 

commensal in the human body and a pathogen. C. albicans is a leading cause of 

bloodstream infections, increasing the morbidity and mortality due to organ 

damage. C. albicans known to be a commensal which resides upon mucosal 

surfaces. However, it possesses a unique array of virulence factors that 

contribute to it’s pathogenicity, such as the morphological transformation from 

yeast to hyphae and biofilm formation. Although there are different types of 

immune responses that are employed by the host following the invasion by C. 

albicans, biofilm formation provides a lot of challenges during infection and 

hinders treatment with antifungals. The evidence suggests an effective role of 

acetylcholine in suppressing C. albicans pathogenicity and promoting the host 

immune response. This suggests that ACh can modulate C. albicans virulence, by 

an uncharacterized mechanism. Acetylcholine plays a crucial role in host innate 

immune system regulation during infections through the cholinergic anti-

inflammatory pathway. C. albicans genomic sequencing and initial 

pharmacological investigations suggests that C. albicans possesses a putative 

cholinergic receptor with homology to human nicotinic and/or muscarinic 

receptors. Therefore, understanding the molecular basis of C. albicans infection 

and biofilm formation by cholinergic systems may lead to the discovery of new 

therapeutic targets and novel therapeutic agents to treat C. albicans infections. 
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1.12 Hypothesis and Aims 

Genome sequencing of C. albicans reveals the presence of putative genes 

encoding the enzymes carnitine acetyltransferase (CrAT or CAT) and choline 

acetyltransferase (ChAT), which are responsible for ACh synthesis. For example, 

carnitine acetyltransferases known to play different roles. CAT2 (C4_02020W_A), 

induced in macrophages; Hog1-repressed; stationary phase enriched; farnesol-

upregulated in biofilm; Spider biofilm induced. CAT1 (C1_01740W_A), required 

for growth on nonfermentable carbon sources, not for hyphal growth or 

virulence in mice. CAT3 (C3_04000C_A), induced by macrophage engulfment, 

hyphal growth, starvation, nonfermentable carbon sources; rat catheter, Spider 

biofilm induced. In addition, there is evidence that speculates the presence of 

cholinergic receptors in C. albicans (Borghi et al., 2015). Taken together, the 

genome sequencing data and the effect of ACh on C. albicans morphogenesis, it 

is hypothesized that C. albicans may possess a functional cholinergic receptor(s) 

with similarity to the muscarinic receptors in humans, which mediate the 

signaling pathways modulating biofilm formation in C. albicans. 

The aims of this study were: (1) investigate the subtype of the potential 

receptor and the signaling pathway(s) by which the inhibitory effect of 

acetylcholine on C. albicans biofilm formation is mediated, and (2) investigate 

the effect of cholinergic compounds in modulating the host immune response 

and determining the outcome of C. albicans infections



 

2 Cholinergic interactions and biofilm formation in 
Candida albicans infections 
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2.1 Introduction  

Recent research in the literature has investigated the effect of cholinergic 

compounds on C. albicans biofilm formation and host immune response to C. 

albicans infection. For example, Rajendran et al. (2015) revealed that 

acetylcholine (ACh) inhibits C. albicans yeast to hyphae transition, biofilm 

formation, and promotes effective immune response to clear the infection. 

Furthermore, a study conducted by Ali et al. (2018) has revealed that the human 

muscarinic acetylcholine receptor antagonist dicyclomine was capable of 

inhibiting C. albicans biofilm formation, adhesion, planktonic growth, and killed 

C. albicans in 15 minutes of exposure. Acetylcholine, as previously described, is 

a cholinergic compound that is produced by both eukaryotic and prokaryotic 

cells. Acetylcholine can exert it’s effect through binding to two types of 

receptors: the nicotinic acetylcholine receptors (nAChRs) and the muscarinic 

acetylcholine receptors (mAChRs) (Rajendran et al., 2015, Pavlov and Tracey, 

2005, Albuquerque et al., 2009).  

The nAChRs form a ligand gated ion channel, induce fast activity (micro-second 

to sub micro-second), and are divided into two subtypes: neuronal and muscle 

nAChRs. The muscle type receptors are heteropentamers that consist of five 

subunits: β1, α1, γ, ε, and 𝛿. The neuronal receptors can be heteropentamers 

consisting of several arrangements of the subunits: α2– α6 with β2– β4 and α7 

with β2 subunits and α9 with α10 subunits, or homopentamers consisting of α7, 

α8 or α9 subunits. Signaling mechanisms of nAChRs in human cells include Ca2+ 

and Na+ influx, stimulation of Ca2+ dependent kinases, and activation of 

transcription factors, such as CREB, the cAMP response element binding. Despite 

their nomenclature the expression of neuronal nChRs is not limited to cells of 

the nervous system. Indeed, for example the 7 nAChR has been shown to be 

expressed by epithelial cells and immune cells. The 7 nAChR has been found to 

interact with ACh and down regulate the immune response by down-regulation 

of pro-inflammatory cytokine expression through the cholinergic anti-

inflammatory pathway. The mAChRs are G-protein coupled receptors (GPCR), 

slower in activation: milliseconds to seconds, which activate the trimeric 

guanine nucleotide binding proteins (G-proteins). The muscarinic receptor family 

consists of 5 subtypes: M1, M2, M3, M4 and M5, and their activation, depending on 
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the subtype, results in modifying the cellular homeostasis of phospholipase C 

(PLC), inositol trisphosphate (IP3), cAMP and free calcium (Ca2+) (Albuquerque et 

al., 2009, Carlson and Kraus, 2020, Ockenga et al., 2013, Rajendran et al., 2015, 

Kawashima et al., 2012).  

Evidence from C. albicans genome sequencing suggests the presence of CrAT and 

ChAT genes which encode enzymes responsible for ACh synthesis (Borghi et al., 

2015). Recent research mentioned above revealed the effect of cholinergic 

compounds such as ACh and dicyclomine in C. albicans morphogenesis and 

pathogenesis inhibition (Rajendran et al., 2015). Furthermore, in 

silico modelling studies revealed that ACh and bethanechol, a general muscarinic 

receptor agonist can bind to C. albicans RRP9 gene which encodes a protein that 

has structural homology to the human muscarinic receptor type 1 (M1) (Ali et 

al., 2017, Ali et al., 2018). The muscarinic receptor type 1 (M1) signaling 

pathway activates the Gq/11 protein signal transducer which in turn activates 

the effector molecule, phospholipase C (PLC). Subsequently, this activation 

leads to production of second messenger molecules such as (IP3, Ca2+, DAG, and 

cAMP) and activation of protein kinase pathways (Falkenburger et al., 2010). 

Therefore, the evidence in combination infers the potential presence of putative 

cholinergic receptors in C. albicans homologous to human muscarinic receptors. 

In this chapter, we aim to characterize the subtype of the potential receptor 

and the signaling pathway(s) involved in pilocarpine hydrochloride inhibitory 

effect on C. albicans biofilm formation. 

Publications pertaining to this chapter: 

Nile C., Falleni M., Cirasola D., Alghamdi A.,   Anderson O., Delaney C.,  Ramage 

G.,  Ottaviano E., Tosi D., Bulfamante G.,  Morace G., Borghi 

E.  (2019) Repurposing Pilocarpine Hydrochloride for the treatment of Candida 

albicans infections. mSphere, 

4(1),e0068918.(doi:10.1128/mSphere.0068918) (PMID:30674648)(PMCID:PMC6344

604) 

http://eprints.gla.ac.uk/176035/
http://eprints.gla.ac.uk/176035/
http://eprints.gla.ac.uk/view/journal_volume/mSphere.html
http://dx.doi.org/10.1128/mSphere.00689-18
http://europepmc.org/abstract/MED/30674648
http://europepmc.org/articles/PMC6344604
http://europepmc.org/articles/PMC6344604
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2.2 Materials and Methods 

2.2.1 Strains and reagents 

Strains used in this study are the wild type C. albicans SC5314, low and high 

biofilm forming clinical isolates of C. albicans isolated from blood, vagina, and 

oral cavity, (Table 2.1 and table 2.2) (Rajendran et al., 2016b, Sherry et al., 

2017, O’Donnell et al., 2017). The pharmacological agonists, antagonists, and 

inhibitor molecules used in this study are shown in (Table 2.3). In all instances, 

stocks were prepared based on solubility and solvents recommended by the 

manufactures. Either Roswell Park Memorial Institute-1640 media (RPMI1640 

media) or Dimethyl sulfoxide (DMSO) was used as a diluent for all stock 

concentrations of compounds which were subsequently aliquoted into vials and 

stored at − 20°C.  
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Table 2.1 C. albicans low biofilm forming isolates.  
 

C. albicans strain Source Reference 

SC 17 A Bloodstream (Rajendran et al., 2016b) 

SC 25 Bloodstream (Rajendran et al., 2016b) 

SC 71 Bloodstream (Rajendran et al., 2016b) 

SC 88 C Bloodstream (Rajendran et al., 2016b) 

SC 89 B Bloodstream (Rajendran et al., 2016b) 

SC 204 Bloodstream (Rajendran et al., 2016b) 

SVS 11 Vaginal swabs (Sherry et al., 2017) 

SVS 19 Vaginal swabs (Sherry et al., 2017) 

SVS 26 Vaginal swabs (Sherry et al., 2017) 

SVS 38 Vaginal swabs (Sherry et al., 2017) 

SVS 43 Vaginal swabs (Sherry et al., 2017) 

SVS 57 Vaginal swabs (Sherry et al., 2017) 

GSK 31 Denture wearers (O’Donnell et al., 2017) 

GSK 53 Denture wearers (O’Donnell et al., 2017) 

GSK 65 Denture wearers (O’Donnell et al., 2017) 

GSK 72 Denture wearers (O’Donnell et al., 2017) 

GSK 113 Denture wearers (O’Donnell et al., 2017) 

GSK 123 Denture wearers (O’Donnell et al., 2017) 
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Table 2.2 C. albicans high biofilm forming isolates. 
 

C. albicans strain Source Reference 

SC 31 Bloodstream (Rajendran et al., 2016b) 

SC 39 Bloodstream (Rajendran et al., 2016b) 

SC 44 A Bloodstream (Rajendran et al., 2016b) 

SC 63 A Bloodstream (Rajendran et al., 2016b) 

SC 177 A Bloodstream (Rajendran et al., 2016b) 

SC 198 Bloodstream (Rajendran et al., 2016b) 

SVS 1 Vaginal swabs (Sherry et al., 2017) 

SVS 14 Vaginal swabs (Sherry et al., 2017) 

SVS 117 Vaginal swabs (Sherry et al., 2017) 

SVS 128 Vaginal swabs (Sherry et al., 2017) 

SVS 137 Vaginal swabs (Sherry et al., 2017) 

SVS 219 Vaginal swabs (Sherry et al., 2017) 

GSK 04 Denture wearers (O’Donnell et al., 2017) 

GSK 10 Denture wearers (O’Donnell et al., 2017) 

GSK 25 Denture wearers (O’Donnell et al., 2017) 

GSK 61 Denture wearers (O’Donnell et al., 2017) 

GSK 90 Denture wearers (O’Donnell et al., 2017) 

GSK 93 Denture wearers (O’Donnell et al., 2017) 
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Table 2.3 Different cholinergic compounds and signaling pathway inhibitors used in the study 
to investigate the subtype of AChRs. 

 

Compound Mode of action Source Reference 

Pilocarpine 

Hydrochloride 

(PHCl) 

General 

muscarinic 

receptor agonist 

 

Sigma Aldrich 

(P6503) 

 

(Marchi et al., 

2009) 

SIB 1508Y 

Maleate 

General nicotinic 

receptor agonist 

TOCRIS (4766) (Cosford et al., 

1996) 

Cevimeline 

hydrochloride (C-

HCL) 

selective M1 

receptor agonist 

TOCRIS (3689) (Fisher et al., 2003) 

Arecaidine 

propagryl ester 

tosylate (APE) 

M2 receptor 

agonist 

TOCRIS (0383) (Barlow and 

Weston-Smith, 

1985) 

J 104129 

fumarate (JF) 

M3 receptor 

antagonist 

TOCRIS (2507) (Sterin-Borda et al., 

2011) 

PD 102807 (PD) M4 receptor 

antagonist 

TOCRIS (1671) (Kitaichi et al., 

1999) 

Vu 0238429 (Vu) M5 allosteric 

modulator 

TOCRIS (3634) (Fryer et al., 2012) 

YM 254890  Gq protein 

inhibitor 

Wako (257-

00631) 

 

(Takasaki et al., 

2004) 

Pertussis Toxin 

(PTX) 

Gi protein 

inhibitor 

TOCRIS (3097) (Schijns and 

O'Hagan, 2016) 

U73122 Phospholipase C 

inhibitor (PLC) 

Abcam 

(ab120998) 

 

(Bosch et al., 1998) 
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2.2.2 Candida albicans culture 

C. albicans wild type and clinical isolates were sub-cultured on Sabouraud 

dextrose agar (SDA) media (Sigma-Aldrich, Dorset, UK). Plates were stored at 

4°C after incubation for 48 hours at 30°C. Every 2 − 3 weeks C. albicans was 

transferred on to fresh SDA agar plates. Prior to conducting experiments, cells 

were propagated in yeast extract-peptone-dextrose medium (YPD) (Sigma-

Aldrich, Dorset, UK) at 37°C overnight (16 − 18 hours) using an orbital shaking 

aerobic incubator. Cells from overnight broths were then washed by 

centrifugation at 3000 rpm for 5 minutes in phosphate buffered saline (PBS) 

(Sigma-Aldrich, Dorset, UK), and re-suspended to the required concentration, 

based on the individual experiment requirement, in RPMI-1640 media (Sigma-

Aldrich, UK) (Rajendran et al., 2015) 
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2.2.3 In vitro biofilm formation in the presence and absence of 
cholinergic pharmacological agonists, antagonists, or 
signaling pathways inhibitors 

C. albicans biofilms were grown in 96-flat bottom well plates (Fisher Scientific, 

Loughborough, UK) and cultured in RPMI-1640 medium (Sigma-Aldrich, UK); 

which promotes hyphal growth (Morioka et al., 2013, Van Dyck et al., 2020). Cell 

suspensions were standardized to 1 × 106 cells/mL in RPMI for biofilm formation 

± various compounds. Based on the individual experiment, cells were treated 

with a range of different concentrations of each compound and incubated for 24 

hours at 37°C. Positive and negative controls were included in each experiment. 

The positive controls were cells in RPMI alone, untreated with any of the 

compounds. The negative controls were blank wells containing only RPMI media 

without cells. Wherever DMSO was used as a diluent, a further DMSO only control 

was also included (Sherry et al., 2014). For each compound, the experiment was 

performed in triplicate on at least three independent occasions. 

2.2.4 2,3-bis (2-Methoxy-4-nitro-5-sulfo-phenyl)-2 H-tetrazolium-
5-carboxanilide reduction assays  

To assess metabolic activity, 2,3-bis (2-Methoxy-4-nitro-5-sulfo-phenyl)-2 H-

tetrazolium-5-carboxanilide (XTT) assays were performed after 24 hours of 

incubation. XTT solution (0.25 g/L) was prepared following the standard 

procedure described by the manufacturer, aliquoted into 10 mL aliquots, and 

stored at − 80°C. Before experiments, aliquots were thawed and 1 µL of 

menadione (10 mM) was added to 10 mL of XTT solution. After the incubation 

period, biofilms were washed using PBS then 100 µL of XTT/menadione mixture 

was added into each well of the plate. The plate was incubated at 37°C for 2 − 

3 hours to allow the reaction to develop. After incubation, 75 µL was transferred 

from each well into a new 96-flat bottom well plate. The resultant change in 

colour correlated to the metabolic activity of the cells. The microtiter plate 

reader (FLuoStar Omega, BMG labtech, UK) was used to measure the absorbance 

of the colorimetric reaction at 492 nm. The experiments were repeated on at 

least three independent occasions in quadruplicate (Jose et al., 2010). 
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2.2.5 Crystal violet assay  

Crystal violet (CV) assays were performed using 0.05% w/v crystal violet dye to 

quantify the total biofilm biomass after 24 hours of incubation. After assessing 

the viability of C. albicans cells, the biofilm was air dried at room temperature. 

The biofilm then was stained with 100 µL of crystal violet and incubated at room 

temperature for 15 − 20 minutes. After incubation, excess dye was removed by 

gently washing under tap water until the water ran clear. To destain the biofilm, 

100 µL of ethanol (100%) was added to each well and 75 µL was then transferred 

directly to a new 96-flat bottom well plate. A microtiter plate reader (FLuoStar 

Omega, BMG labtech, UK) was used to measure the absorbance at 570 nm. The 

experiments were repeated on at least three independent occasions in 

quadruplicate (Rajendran et al., 2015). 

2.2.6  Microscopic analysis  

2.2.6.1 Light microscopy 

Microscopic analysis was used to visualize C. albicans growth. For light 

microscopy, C. albicans SC5314 was grown on Thermanox™ plastic coverslips of 

13-mm-diameter (Fisher-Scientific, Loughborough, UK) in 24-well plates and 

incubated for 24 hours at 37°C in the presence and absence of compounds, as 

described above. After incubation, media was removed, and coverslips were 

washed gently with PBS and stained with crystal violet (0.05%) for analysis on a 

fluorescence microscope run in light microscopy mode (EVOS, life technologies, 

USA). Images were representative of at least three independent experiments 

performed in quadruplicate.  

2.2.6.2 Fluorescent microscopy 

For fluorescent microscopy, C. albicans SC5314 was cultured on coverslips as 

described in 2.2.6.1 and stained with Calcofluor White (5 µM) (Invitrogen, Fisher 

Scientific, Loughborough, UK), which binds to cellulose and chitin in the cell 

wall, and propidium Iodide (20 µM) (Sigma-Aldrich, UK) that intercalates into the 

double stranded nucleic acid of dead cells or cells with a compromised cell wall. 

After 15 − 20 minutes of incubation, coverslips were washed gently with PBS to 
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remove any excess of dye and mounted on slides using 20 µL of mounting media. 

Slides were then analysed on a fluorescence microscope (EVOS, life 

technologies, USA). Images were representative of at least three independent 

experiments performed in quadruplicate. 

2.2.6.3 Scanning electron microscopy  

Scanning electron microscopy (SEM) analysis was performed as described 

previously (Millhouse et al., 2014). Briefly, biofilms were washed with PBS and 

fixed with a fixative solution containing; 2% paraformaldehyde, 2% 

glutaraldehyde, 0.15 M sodium cacodylate, and 0.15% alcian blue (pH 7.4). After 

2 – 22 hours, the fixative solution was removed and 0.15 M sodium cacodylate 

buffer was added, and biofilms stored in the fridge until processed. 

For processing, the biofilms were washed 3 times for 5 minutes each with fresh 

buffer to remove any gluteraldehyde remnants and incubated for 1 hour with 1% 

osmium tetroxide in a fume hood. After incubation, samples were washed with 

distilled water to remove osmium 3 times for 10 minutes each and incubated for 

1 hour on the bench in the dark with 0.5% uranyl acetate. Uranyl was removed 

quickly, and biofilms were rinsed with distilled water. For ethanol dehydration, 

samples were dehydrated in different concentrations of alcohol increasingly as 

follows: 30% (2 X 5 minutes), 50% (2 X 5 minutes), 70% (2 X 5 minutes), 90% (2 X 

5 minutes), absolute alcohol (4 X 5 minutes) and dried absolute alcohol (4 X 5 

minutes). Hexamethyldisilazane (HMDS) was added to the samples which were 

then incubated for 5 minutes and then the HMDS removed. Samples were then 

transferred to a new plate and HMDS was added again for 5 minutes prior to 

being placed into a desiccator to evaporate and dry overnight. The samples were 

then mounted, and gold patter coated in an argon filled chamber before 

processing for viewing and imaging using a JEOL JSM-6400 scanning electron 

microscope (JEOL Ltd, Hertfordshire, UK). Coverslips were prepared in duplicate 

for different concentrations of PHCl. Experiments were repeated on at least two 

independent occasions. Different magnifications were used for visualizing and 

imaging. 
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2.2.7  Propidium iodide uptake assay 

Propidium iodide (PI) uptake assays were conducted for further investigation of 

cell viability. A C. albicans SC5314 suspension was standardized to 5 x 107 cells 

mL, treated with 50 mM PHCl, and incubated at 37°C for 1 hour. Positive and 

negative controls were included. Positive controls were: 0.2% chlorhexidine 

(CHX) treated cells and heat killed cells (HK). The Negative control was Candida 

cells cultured in RPMI only. Following treatment, cells were washed by 

centrifugation in phosphate buffered saline (PBS) and re-suspended in propidium 

iodide (2 µM PI dye in PBS) for 15 minutes at 37°C. Cell suspensions were then 

transferred to a black 96-well plate, and fluorescence was measured using a 

microtiter plate reader (FLuoStar Omega, BMG labtech, UK) at excitation 485 

and emission 620 for 1 hour (Sherry et al., 2012). The experiment was performed 

in triplicate on three independent occasions. 

2.2.8  Adenosine 5′-triphosphate bioluminescent assay  

The Adenosine 5′-triphosphate (ATP) Bioluminescent Assay Kit (Sigma-Aldrich) 

was used to quantify the ATP release into supernatants from cells exposed to 

different experimental conditions. Cells were standardized to 5 x 107 cells/mL, 

treated with 50 mM PHCl, and 2% Fulvic Acid (FA), separately, and incubated for 

1 hour. A negative control of untreated C. albicans cells was included. Following 

treatment, supernatants were collected, filtered using 0.22 µM filters to remove 

cells and the filtrate adjusted to pH ∼ 7.0 when required. The supernatants 

were then transferred to a white 96-well plate, and the ATP assay mix added. 

The assay was performed according to the manufacturer’s instructions and 

standards were included in the assay. The ATP assay mix was dissolved in sterile 

water and adjusted to pH 7.8. This mix was diluted 25-fold using the ATP assay 

mix dilution buffer, which was dissolved previously in 50 mL sterile water. A 

microtiter plate reader (FLuoStar Omega, BMG labtech, UK) was used to measure 

the luminescence (Sherry et al., 2012). The experiment was performed in 

triplicate on three independent occasions.  
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2.2.9  The xCELLigence real time analysis of cellular impedance 

C. albicans cells were cultured in 96-well electronic microtiter plates (E-plate) 

which are coated with gold microelectrode biosensors (ACEA, Biosciences Inc., 

San Diego, California, USA) at 1 X 106 cells/mL in the presence or absence of 25 

mM PHCl ± different concentrations of antifungals (caspofungin and 

amphotericin B). Plates were incubated at 37°C aerobically and growth was 

monitored in a real time manner, continuously, over 24 hours by measuring the 

electrical impedance on the xCELLigence machine (ACEA, Biosciences Inc., San 

Diego, California, USA). To monitor growth the impedance was recorded every 

five minutes over 24 hours. The data is represented as normalized (blank 

background subtracted) cell index, which represents a quantitative measure of 

cell impedance when adhered to the electrodes and correlates with proliferation 

or differentiation (Junka et al., 2012, Alshanta et al., 2019). The experiment 

was performed on three independent occasions in quadruplicate. 

2.2.10 Statistical analysis.  

Statistical analysis was performed on raw data using PRISM. Each data set was 

tested for normality and homogeneity using Shapiro-Wilk, Kolmogorov-Smirnov 

or D’ D'Agostino & Pearson tests. Then, for parametric data an ANOVA was 

performed and for non-parametric data a Kruskal-Wallis test was applied. 

Significance was determined if P < 0.05. A Dunnet test for multiple comparisons 

was performed on parametric data where required. Likewise, for non-parametric 

data, a Mann-Whitney test was performed.  
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2.3 Results 

2.3.1  Pilocarpine hydrochloride specifically inhibits Candida 
albicans biofilm formation  

A recent study by Rajendran et al. (2015) found that ACh inhibits C. albicans 

pathogenesis by inhibiting transition from yeast to hyphae and biofilm 

formation. This finding suggests that C. albicans may possess a cholinergic 

receptor that mediates the inhibitory effect of ACh. In order to characterise the 

subtype of the putative receptor: firstly, the effect of pilocarpine hydrochloride 

(PHCl), a general muscarinic receptor agonist of humans, and SIB 1508Y Maleate 

(SIB), a general nicotinic receptor agonist of humans, on total C. albicans biofilm 

biomass and metabolic activity when cultured in a biofilm forming media (RPMI) 

was investigated. 

After 24 hours incubation, biofilm biomass assessment using CV assay revealed 

that PHCl reduced the total biofilm biomass significantly in a dose dependent 

manner at concentrations: 3.125, 6.25, 12.5, 25, and 50 mM (Figure 2.1 A). In 

contrast to PHCl, SIB had no significant inhibitory effect on biofilm biomass at 

any concentrations investigated (0 – 10mM) (Figure 2.1 B). Metabolic activity 

assays revealed that PHCl caused a slight significant reduction in C. albicans 

metabolic activity at concentrations of 6.25, 12.5, 25, and 50 mM (Figure 2.1 C). 

In contrast, SIB did not affect C. albicans metabolic activity at any of the tested 

concentrations (0 – 10 mM) (Figure 2.1 D).  

To confirm that the inhibitory effect of PHCl was specifically mediated by a 

potential muscarinic-like receptor, biomass and metabolic activity of the biofilm 

were evaluated in the presence of PHCl, ± different concentrations of 

scopolamine (SCP), a nonspecific muscarinic receptor antagonist. SCP inhibits 

the PHCl induced reduction in biofilm formation in a dose-dependent manner at 

concentrations of 16, 32, 64, and 128 µM; as evidenced by the fact that with 

these concentrations of SCP there was no longer a significant reduction in the 

total biofilm biomass compared to cells treated with PHCl alone (Figure 2.2 A). 

In addition, there was no longer any effect on metabolic activity when cells 

were treated with PHCl in the presence of SCP (Figure 2.2 B) as previously 

observed (Figure 2.2).  
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Figure 2.1 Pilocarpine hydrochloride inhibits C. albicans biofilm formation. Cells were 
incubated for 24 hours to allow biofilm formation in the presence and absence of (0-50 mM) PHCl 
and (0-10 mM) SIB 1508Y. Total biofilm biomass was assessed using crystal violet assay (A and B). 
Biofilm metabolic activity was assessed using XTT assay (C and D). Data represents at least six 
independent experiments. Statistical analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P 
<0.0001. * significant difference from control (cells cultured alone). 
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Figure 2.2 The inhibitory effect of pilocarpine hydrochloride was mediated specifically 
through muscarinic like receptors. Cells were incubated for 24 hours to allow biofilm formation 
in the presence and absence of PHCl (0-50 mM) and SCP (0-128 µM) SCP. Biofilm metabolic 
activity was assessed using XTT assay (A). Total biofilm biomass was assessed using crystal violet 
assay (B). Data represents at least six independent experiments. Statistical analysis; *, P < 0.05; 
**, P < 0.01; ***, P <0.001; ****, P <0.0001, or #, P < 0.05; ##, P < 0.01; ###, P <0.001; ####, P 
<0.0001. # significant difference from cells treated with PHCl alone; * significant difference 

from control (cells cultured alone). 
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2.3.2  Pilocarpine hydrochloride has no cytotoxic effects on 
Candida albicans  

To investigate the viability of C. albicans SC5314 following PHCl treatment ATP 

release was quantified using an ATP assay kit. This assay revealed no significant 

difference in the concentrations of ATP released following 50 mM PHCl 

treatment (PHCl) compared to the control (untreated cells). However, a 

significant difference was observed in released ATP concentrations when treated 

with FA (2%) compared to PHCl (50 mM) treated cells or untreated cells (Figure 

2.3 A). In addition, the uptake of PI dye by dead cells after PHCl treatment was 

quantified. This revealed considerably high PI uptake by heat killed cells and 

cells treated with 0.2% CHX. In contrast, cells cultured alone (control), or 

treated with 50 mM PHCl, revealed no PI uptake following treatment (Figure 2.3 

B). 

 

Figure 2.3 Pilocarpine Hydrochloride does not affect C. albicans SC5314 viability or cell wall 
integrity. (A) ATP assay, cells were treated with 50 mM of PHCl and incubated for 1 hour. 
Supernatant was collected and filtered prior to conducting the assay. Standards, negative and 
positive controls were included. The positive control was Fulvic Acid (FA) 2%. The negative 
control was cells cultured in media alone. The assay was performed according to manufactures’ 
instructions. (B) PI uptake assay, cells were treated with PHCl, incubated for 1 hour, and re-
suspended in 2 µM PI. The positive controls were heat killed cells (HK) and 0.2% chlorhexidine 
treated cells (CHX). The negative control was cells cultured in media alone. Data represents at 

least three independent experiments. 
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2.3.3 Effect of pilocarpine hydrochloride on Candida albicans 
morphogenesis and biofilm formation.  

To investigate the effect of PHCl on C. albicans morphology and biofilm 

formation microscopy was employed. Light microscopic analysis revealed an 

alteration in biofilm formation and cell morphology. Considerable visual 

decreases in true hyphae, and an abundance of yeast cells with the presence of 

some pseudohyphae were observed in biofilms treated with PHCl (50 mM) 

compared to untreated biofilms (control); where true hyphae were significantly 

dominant and mature biofilms formed (Figure 2.4 A, B, and C). Visually, the 

number of yeast and pseudohyphae decreased at lower concentrations (25 mM 

and 12.5 mM), while true hyphae formation increased gradually in a dose 

dependent manner. These findings were supported by the SEM analysis which 

visually demonstrated a reduction in the hyphal form and biofilm formation as 

the concentrations of PHCl increased, compared to untreated biofilms (Figure 

2.4 B). Fluorescent microscope analysis visually demonstrated no major 

differences in cell viability between all concentrations of PHCl and untreated 

cells when stained with CFW (blue) and PI (red) (Figure 2.4 C). 
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Figure 2.4 Morphological changes in C. albicans SC5314 induced by pilocarpine hydrochloride. To assess this effect microscopic analysis was employed. (A) light 
microscopy (LM) and (B) Scanning electron microscopy (SEM) was used to visualize the changes in biofilm biomass and cell morphology when cultured with different 
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concentrations of PHCl (0 to 50 mM) respectively represented by numbers (i to v). Images showed that PHCl inhibit C. albicans filamentation and biofilm formation 
in a dose dependent manner. (C) Fluorescence microscopy (FM) was also used to evaluate the viability of the cells upon PHCl treatment. Visually images confirmed 
the inhibition of the yeast-to-hypha transition in the presence of PHCl. Viability was assessed using calcofluor white (CFW, blue) and propidium iodide (PI, red) 
staining, which also revealed that PHCl was not toxic to C. albicans and did not affect cell viability under any of the PHCl concentrations used in the experiment. 
Scale bars are depicted on individual images. 100X magnification was used for fluorescent and light microscope images, and 700X was used for SEM. Images are 
representative of duplicate or triplicate coverslips from at least 2 independent experiments. Yellow arrows indicate yeast cells (YC), true hyphae (TC) and pseudo 
hyphae (PH). 
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2.3.4  Pharmacological characterisation of putative Candida 
albicans muscarinic receptor  

To begin to elucidate the receptor-based mechanisms by which cholinergic 

compounds regulate C. albicans biofilm formation, a pharmacological approach 

was undertaken. C. albicans was treated with several muscarinic agonists and 

antagonists which target specific subtypes of human muscarinic receptors to 

delineate the potential subtype of receptor(s) possessed by C. albicans which 

may mediate cholinergic signaling. To determine if specific muscarinic like 

receptors with homology to human M1 – M5 receptors were expressed by C. 

albicans we investigated the effects of different specific agonist or antagonist 

compounds (Table 2.3) on C. albicans viability and biofilm biomass. For the M1 

receptor, cevimeline hydrochloride (C-HCL) (M1AChR agonist) was used and for 

the M2 receptor, arecaidine propagryl ester tosylate (APE) (M2AChR agonist) 

agonist was used. For the M3, 4, and 5 receptors, there were no commercially 

specific agonists available at the time of experimentation. Therefore, for the M3 

and M4 type receptors, J 104129 fumarate (JF) (M3AChR) and PD 102807 (PD) 

(M4AChR) antagonists, respectively were used in the presence of PHCl. For the 

M5 receptor, Vu 0238429 (Vu), an M5 allosteric modulator, was used. 

C. albicans cells cultured in RPMI in the presence of 0 –100 µM C-HCL (M1AChR 

agonist) showed a negligible decrease but no dose dependent reduction in the 

total biofilm biomass and metabolic activity (Figure 2.5). Treatment with APE 

(M2AChR agonist) resulted in a slight, yet significant reduction in biofilm biomass 

at concentrations of 100 and 50 µM; with no significant inhibitory effect on 

metabolic activity (Figure 2.6). When C. albicans was cultured in the presence of 

(50 mM) PHCl and JF (M3AChR antagonist) (Figure 2.7), or PD (M4AChR 

antagonist) (Figure 2.8), no disruption of the PHCl induced inhibition of C. 

albicans biofilm formation and metabolic activity was observed at any of the 

concentrations used (0 – 100 µM). However, when C. albicans was cultured with 

VU 0238429 (M5 allosteric modulator) a significant dose dependent reduction in 

the total biofilm biomass was observed at concentrations (12.5, 25, 50, and 100 

µM) which was accompanied by a significant reduction in metabolic activity at 

concentrations (25, 50, and 100 µM) (Figure 2.9).  
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Figure 2.5 Effect of M1AChR agonist C-CHL on C. albicans biofilm formation and metabolic 
activity. Cells were incubated for 24 hours to allow for biofilm formation in the presence and 
absence of C-HCL. Biofilm metabolic activity was assessed using XTT assay (A). Total biofilm 
biomass was assessed using crystal violet assay (B). The experiment was repeated on at least 
three independent occasions. Statistical analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, 
P <0.0001. * significant difference from control (cells cultured alone). 
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Figure 2.6 Effect of M2AChR agonist APE on C. albicans biofilm formation and metabolic 
activity. Cells were incubated for 24 hours to allow for biofilm formation in the presence and 
absence of APE. Biofilm metabolic activity was assessed using XTT assay (A). Total biofilm 
biomass was assessed using crystal violet assay (B). The experiment was repeated on at least 
three independent occasions. Statistical analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, 

P <0.0001. * significant difference from control (cells cultured alone). 
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Figure 2.7 Effect of M3AChR antagonist JF on C. albicans biofilm formation and metabolic 
activity. Cells were incubated with for 24 hours to allow for biofilm formation in the presence 
and absence of PHCl (50 mM) and various concentrations of JF. Biofilm metabolic activity was 
assessed using XTT assay (A). Total biofilm biomass was assessed using crystal violet assay 
(B). The experiment was repeated on at least three independent occasions. Statistical 
analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P <0.0001, or #, P < 0.05; ##, P < 0.01; 
###, P <0.001; ####, P <0.0001. # significant difference from cells treated with PHCl alone; * 
significant difference from control (cells cultured alone). 
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Figure 2.8 Effect of M4AChR antagonist PD on C. albicans biofilm formation and metabolic 
activity. Cells were incubated with for 24 hours to allow for biofilm formation in the presence 
and absence of PHCl (50 mM) and various concentrations of PD. Biofilm metabolic activity 
was assessed using XTT assay (A). Total biofilm biomass was assessed using crystal violet assay 
(B). The experiment was repeated on at least three independent occasions. Statistical 
analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P <0.0001, or #, P < 0.05; ##, P < 0.01; 
###, P <0.001; ####, P <0.0001. # significant difference from cells treated with PHCl alone; * 
significant difference from control (cells cultured alone). 
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Figure 2.9 Effect of Vu 0238429, M5AChR allosteric modulator on C. albicans biofilm 
formation and metabolic activity. Cells were incubated for 24 hours to allow for biofilm 
formation in the presence and absence of Vu 0238429. Biofilm metabolic activity was assessed 
using XTT assay (A). Total biofilm biomass was assessed using crystal violet assay (B). The 
experiment was repeated on at least three independent occasions. Statistical analysis; *, P < 
0.05; **, P < 0.01; ***, P <0.001; ****, P <0.0001. * significant difference from control (cells 
cultured alone). 

 

 

 

0

D
M

S
O
 (0

.1
%

)
6.

25
12

.5 25 50 10
0

0

50

100

150

M
e
ta

b
o

li
c
 A

c
ti

v
it

y
 (

%
)

****
****

**

Vu (µM)  

0

D
M

S
O
 (0

.1
%

)
6.

25
12

.5 25 50 10
0

0.0

0.5

1.0

1.5

2.0

2.5

B
io

m
a
s
s
 (

O
D

 5
7
0
)

 

****
****

****
**

Vu (µM)  

(A)

(B)



Chapter 2: Cholinergic interactions and Biofilm formation in C. albicans infections 70 

 

2.3.5  Characterisation of a G protein subtype coupled to 
acetylcholine muscarinic receptor  

Human muscarinic receptors are G protein coupled receptors. M1, M3, and M5 

receptors are coupled to Gq proteins which when activated initiate a signaling 

cascade that results in phospholipase C (PLC) activation and intracellular Ca+ 

release. On the other hand, M2 and M4 are coupled to Gi and Go proteins and 

their activation initiates the cAMP pathway and potassium conductivity (Fryer 

et al., 2012, Hesham et al., 2020).  

Further investigations were conducted to identify whether a certain G protein 

homologue was involved in downstream receptor signaling to inhibit biofilm 

formation in C. albicans. To this aim, cells were treated with YM, a Gq protein 

inhibitor and PTX, a Gi protein inhibitor, in the presence and absence of PHCl. 

Both inhibitors (YM and PTX) did not significantly inhibit the PHCl induced 

reduction in biofilm biomass or metabolic activity (Figure 2.10) and (Figure 

2.11). However, microscopic analysis revealed considerably more hyphal 

growth in presence of YM compared to when cells were treated with PHCl 

alone (Figure 2.12 A).  
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Figure 2.10 Effect of YM 254890 (Gq protein inhibitor) on C. albicans biofilm formation and 
metabolic activity. Cells were incubated for 24 hours to allow for biofilm formation in the 
presence and absence of small molecule inhibitor YM 254890, combined with PHCl (50 mM). 
Metabolic activity assessed using XTT assay (A). Total biofilm biomass evaluated using crystal 
violet assay (B). The experiment was repeated on at least three independent occasions. 
Statistical analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P <0.0001, or #, P < 0.05; ##, P 
< 0.01; ###, P <0.001; ####, P <0.0001. # significant difference from cells treated with PHCl 
alone; * significant difference from control (cells cultured alone). 
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Figure 2.11 Effect of PTX (Gi protein inhibitor) on C. albicans biofilm formation and 
metabolic activity. Cells were incubated for 24 hours to allow for biofilm formation in the 
presence and absence of small molecule inhibitor PTX, combined with PHCl (50 mM). Metabolic 
activity assessed using XTT assay (A). Total biofilm biomass evaluated using crystal violet assay 
(B). The experiment was repeated on at least three independent occasions. Statistical analysis; 
*, P < 0.05; **, P < 0.01; ***, P <0.001; ****, P <0.0001, or #, P < 0.05; ##, P < 0.01; ###, P <0.001; 
####, P <0.0001. # significant difference from cells treated with PHCl alone; * significant 
difference from control (cells cultured alone). 
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2.3.6 Effect of U73122, the phospholipase C inhibitor on PLC 
signaling 

Gq proteins, when activated, initiate a signaling cascade that results in 

phospholipase C (PLC) activation and intracellular Ca+ release. Therefore, cells 

were exposed to 25 mM PHCl in the presence and absence of U73122 (0.003 

and 0.0007 mM), an inhibitor of PLC downstream of Gq in the M1, M3, and M5 

signaling pathway. Treating cells with the PLC inhibitor resulted in a 

significant biofilm biomass reduction at both concentrations used compared to 

untreated cells. Yet, it showed considerable survival of biofilm biomass in 

presence of PHCl compared to when cells treated with PHCl alone (Figure 2.12 

B). 

 
 

 

 

Figure 2.12 Small molecule inhibitors rescued biofilm formation in presence of PHCl. Cells 
were incubated for 24 hours for biofilm formation in the presence and absence of small molecule 
inhibitors (A) YM 254890 and (B) U73122 combined with PHCl (25 mM). (A) Light microscopy images 

show considerable hyphal growth was observed when cells were treated with PHCl in presence of 
YM compared to PHCl only treated cells. (B) Crystal violet assay shows rescued biofilm biomass 
when cells were treated with PHCl (25mM) in presence of U73122 (0.0007mM and 0.003mM), The 
experiment was repeated on at least three independent occasions. Statistical analysis; *, P < 0.05; 
**, P < 0.01; ***, P <0.001; ****, P <0.0001.* significant difference from control (cells cultured 
alone). 
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2.3.7 Effect of pilocarpine hydrochloride on the total biofilm 
biomass of Candida albicans clinical isolates 

The effect of PHCl on the total biofilm biomass of clinical C. albicans isolates 

was evaluated. Isolates used in this study were from three different sites; blood, 

vagina, and the oral cavity. From each site, 6 low biofilm forming isolates and 6 

high biofilm forming isolates were evaluated for total biomass. Crystal violet 

assessment for those isolates revealed a dose dependent decrease in C. albicans 

biofilm biomass when treated with 50 mM PHCl. Generally, isolates showed 

susceptibility to PHCl independently of biofilm forming ability (Figure 2.13 A). 

Post treatment with 50 mM PHCl, high biofilm forming bloodstream isolates 

revealed a significant reduction in total biomass; SC31, SC44A, SC39, and SC198. 

A similar finding was observed with all high biofilm forming vaginal isolates used 

in this study. The same was true for high biofilm forming oral isolates; GSK 4, 

25, 61, 90, and 93 (Figure 2.13 B). Low biofilm forming blood isolates also 

showed significant reduction in biofilm biomass after treatment with 50 mM 

PHCl; SC25, SC71, SC88C, SC89B, and 204. A similar finding was observed in low 

biofilm forming vaginal isolates; SVS11, SVS43, and SVS57 and low biofilm 

forming oral isolates; GSK31, GSK53, GSK65 (Figure 2.13 C). 
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Figure 2.13 The effect of pilocarpine hydrochloride on the biofilm biomass of clinical C. 
albicans isolates. Clinical isolates from the bloodstream, vagina and oral cavity were evaluated 
for the total biofilm biomass following PHCl treatment at a concentration of 50mM (red bars). 
0 mM (black bars) represent the absence of the treatment. Crystal violet assay shows (A) biofilm 
biomass reduction induced by PHCl. This effect was independent of biofilm forming ability. (B) 
high biofilm forming isolates, (C) low biofilm forming isolates. Each isolate was assessed in 
triplicate on at least three independent occasions. Statistical analysis; *, P < 0.05; **, P < 0.01; 

***, P <0.001; ****, P <0.0001. 
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2.3.8 Effect of pilocarpine hydrochloride, caspofungin, and 
amphotericin B on cell proliferation, viability, and 
morphology of Candida albicans  

C. albicans cell proliferation, viability and morphological changes were 

monitored in real time using the xCELLigence RTCA machine (ACEA biosciences, 

Inc) in the presence and absence of PHCl by quantifying electrical impedance. 

Figure 2.14A shows the electrical impedance profile (EIP) for C. albicans SC5314 

(laboratory strain) cultured in the presence and absence of 50 mM PHCl for 24 

hours. In the absence of PHCl, C. albicans demonstrates an irregular EIP. In 

contrast, in the presence of PHCl a smoother EIP is observed. Likewise, Figure 

2.14B and Figure 2.14C show similar representative EIPs for a low (SC17 LBF) and 

high (SVS128 HBF) biofilm forming clinical isolates, respectively, demonstrating 

PHCl effect on cell proliferation and morphology. This effect of PHCl was also 

observed with other clinical isolates shown in appendix I (Figure 1 - 3). This was 

confirmed visually as shown in (Figure 2.14 B and C).  

Combination of PHCl and antifungals were investigated to test the potential use 

of PHCl as adjunctive therapy to impair C. albicans virulence to be more 

vulnerable to conventional antifungals. The effect of caspofungin (CSP) and 

amphotericin B (AMB) on C. albicans in the presence and absence of PHCl was 

also investigated using the xCELLigence RTCA reader. Cells treated with a 

combination of PHCl (25 mM) and CSP (16 µg/mL) resulted in less viability 

(Figure 2.15 A, B, and C). However, as CSP concentration decreases the viability 

of the cells increases in the presence of PHCl overtime (data not shown). Post 

AMB treatment (0.25 µg/mL), the laboratory strain SC5314 showed recovery or 

an increase in viability after 24 hours incubation in 25 mM PHCl compared to 

cells treated with AMB alone at concentrations (0.25 µg/mL) (Figure 2.15 D, E, 

and F). The effect of antifungals on C. albicans isolates EIP was also investigated 

and shown in appendix I and II (Figure 4) and (Figure 5). Cells were killed at 

higher concentrations of AMB (0.5 – 32 µg/mL) regardless of PHCl presence or 

absence (data not shown).  
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Figure 2.14 Electrical impedance profile of C. albicans cultured in the presence and absence 

of pilocarpine hydrochloride. Cells were cultured on E- plate in RPMI biofilm forming media in 
the presence and absence of 50 mM PHCl and growth was monitored over 24h in a real time 
manner by measuring the electrical impedance profile (EIP). (A) Laboratory strain SC5314, (b)   

a  representative low biofilm forming isolate, and (c) a representative high biofilm forming 

isolate. The experiment was repeated once due to time limitation. 
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Figure 2.15 Electrical impedance profile of C. albicans cultured with antifungals in the 
presence and absence of pilocarpine Hydrochloride. Cells were cultured on E- plate in 
presence and absence of 50 mM PHCl. Growth curve was monitored on real time manner by 
measuring the electrical impedance profile (EIP).  (A, B, and C) demonstrates effect of antifungal 
caspofungin on cells proliferation and morphology in presence and absence of PHCl. (D, E, and 
F) demonstrates effect of the antifungal amphotericin B on cells proliferation and morphology 

in presence and absence of PHCl. Statistical analysis; *, P < 0.05; **, P < 0.01; ***, P <0.001. 
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2.4 Discussion 

C. albicans is a dimorphic fungus considered to be the most predominant fungal 

pathogen in humans that causes a wide range of diseases from mild infections to 

severe systemic infections (Yapar, 2014, Sardi et al., 2013, Prasad, 2017). C. 

albicans pathogenicity is attributed to several virulence factors. However, 

morphogenesis and biofilm formation are key factors. The ability of C. albicans 

to switch from yeast to hyphae and form biofilms contribute to it’s ability to 

resist conventional antifungals (da Silva Dantas et al., 2016, Kurzai, 2013).  

Recently, PHCl was found to reduce biofilm formation by inhibiting the 

transformation from yeast to hyphae in C. albicans (Nile et al., 2019). This 

effect was proved to be clinically relevant by evaluating the effect of PHCl on 

biofilm formation in clinical isolates from the blood stream, vagina and the oral 

cavity (Figure 2.13). Despite the variability in biofilm formation amongst the 

clinical isolates, overall data obtained from high biofilm formers revealed that 

most showed a similar response to PHCl treatment i.e. a statistically significant 

reduction in the total biofilm biomass (Sherry et al., 2014). Similarly, low biofilm 

formers also showed a significant reduction in total biofilm biomass. PHCl is a 

non-selective muscarinic receptor (mAChRs) agonist, known to be clinically 

effective as a treatment for glaucoma and xerostomia (Burr et al., 2012, Evans 

et al., 2015, Gil-Montoya et al., 2016, Marchi et al., 2009, Sun and Dai, 2019). 

Therefore, the current findings support the hypothesis that C. albicans may 

possess a putative cholinergic receptor that can regulate filamentation and 

biofilm formation, similar to muscarinic receptors in human.  

The mAChRs are G-protein coupled receptors (GPCRs), and consists of 5 

subtypes: M1, M2, M3, M4 and M5. The G- protein coupled receptors are 

heterotrimeric receptors that contain different subunits, alpha, gamma and beta 

and can activate a diverse array of signaling pathways. For instance, stimulation 

of the M2 and M4 subtypes, which are coupled to Gi and Go proteins, decreases 

the synthesis of cAMP through adenylyl cyclase inhibition and activation of 

potassium conductivity. The M1, M3, and M5 subtypes are coupled to Gq/11 

proteins, and their stimulation activates phospholipase C (PLC), resulting in the 

production of inositol triphosphate (IP3) and diacylglycerol (M Harandi and 
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Medaglini, 2010), thus leading to an increase in intracellular [Ca2+]i and protein 

kinase C (PKC) activation. C. albicans and mammalian cells exhibit similarities as 

both are eukaryotic cells. Recent studies have illustrated the role of calcium 

signaling in C. albicans virulence. Activation of Ca+ dependent transduction 

pathways contribute vitally to C. albicans survival under environmental 

stressors, pathogenicity and hyphal growth regulation, and antifungal resistance 

(Blankenship and Heitman, 2005, Rajendran et al., 2016b, Yu et al., 2015). It has 

been shown that unrestricted uptake of Ca+ by C. albicans or leakage of 

intracellular Ca+ to the medium result in filamentation inhibition, which 

highlights the regulatory role of Ca+ in morphogenesis (Holmes et al., 1991, 

Sakaguchi et al., 1997).  

Although PHCl is a general muscarinic agonist, it has selectivity for the M1 and M3 

subtypes over the M2 and M4 subtypes (Ockenga et al., 2013, Kawashima et al., 

2012, Figueroa et al., 2009). Therefore, in order to determine more accurately 

whether C. albicans possesses a receptor homologue of a specific human 

muscarinic receptor subtype a plethora of cholinergic compounds was employed. 

The investigation revealed that 1) C-HCL, a M1AChR agonist and APE, a M2AChR 

agonist, had no dose dependent inhibitory effect on biofilm formation (Figure 

2.5 and 2.6). 2) JF, a M3AChR antagonist, and PD, a M4AChR antagonist, did not 

block the inhibitory effect of PHCl when used in combination (Figure 2.8 and 

2.7). Due to the lack commercially available M5 agonists and antagonists at the 

time of this investigation, Vu 0238429 (Vu), a M5 allosteric modulator was used 

to investigate the presence of a functional M5 receptor (Bridges et al., 2010, 

Fryer et al., 2012). Vu resulted in a significant reduction in biofilm biomass in a 

dose dependent manner similar to the decrease observed with PHCl (Figure 2.9).  

The complexity and diversity of the signaling pathways that are activated by 

muscarinic receptors, emphasize the need to explore the potential pathways 

involved in the cholinergic inhibition of biofilm formation in C. albicans that are 

exerted by ACh and PHCl. Therefore, the preliminary data from the investigation 

into specific cholinergic compounds suggested that prioritizing Gq protein 

coupled receptor pathways warranted further investigation. Experiments were 

therefore conducted to investigate the ability of blocking the inhibitory effect of 

the PHCl using several Gq protein inhibitors, known to suppress either the Gq 
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protein directly or block specific secondary molecules downstream of the Gq 

signaling cascade, and thus inhibiting the signaling pathway. For this purpose, 

we tested the effect of YM-254890 (YM), a Gq protein inhibitor, and U73122, a 

phospholipase C (PLC) inhibitor. Quantitative assessment of biofilm biomass did 

not show significant biofilm biomass reduction when C. albicans was treated 

with YM in presence of PHCl. However, microscopic analysis suggested that YM-

254890 may have slightly inhibited the ability of PHCl to block the yeast-hyphae 

transition by C. albicans (Figure 2.12). Furthermore, a PLC inhibitor (U73122) 

inhibited the effect of PHCl on C. albicans as evidenced by an increase in biofilm 

biomass when compared to treatment with PHCl alone.  

Compounds and signalling pathways inhibitors used in this study were used in the 

literature for targeting human muscarinic signalling pathways. Whether those 

compounds validated to function in yeast are not investigated yet. Due to yeast 

cell wall structure and rigidity, it may prevent permeability of those compounds 

into the cells. Furthermore, PHCl effect might be mediated via direct uptake of 

the compound by the fungus, via fungal specific receptor possessed by C. 

albicans that bind to PHCl, or via activating different downstream signalling 

pathways of receptors similar to human muscarinic receptors. To answer these 

hypotheses further investigations are required. 

Microscopic analysis has aided the study to visualize the morphological changes 

in C. albicans in presence PHCl treatment, yet appropriate imaging techniques 

can provide critical details regarding the morphological characteristics and more 

comprehensive conclusions. In general, microscopic analysis used in this study 

were useful to gather information about the size, shape, and morphology. For 

instance, although basic light microscopy is rapid and simple, it cannot provide 

detailed or accurate comprehensive information about biofilm structure and 

layers. This can be explored more in depth using quantitative applications of the 

biofilm structure and high resolution confocal microscopy which can provide 

better information about the 3 dimensional structure (Robson et al., 2018). For 

example, adapting the methodology by Bogachev et al. (2018) can be useful to 

evaluate biofilm embedded cells and produce statistical analysis using 

fluorescent microscopy, confocal laser scanning microscopy, and suggested 

software tool BioFilmAnalyzer. 
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GPCRs play a key role in transmitting extracellular signals into intracellular 

biological responses. In fungi, GPCR signaling pathways regulate different 

aspects of fungal development, virulence, and metabolism, by responding to 

signals from the environment e.g., hormones, nutrients, ions, and proteins (El-

Defrawy and Hesham, 2020). Different GPCRs are known to play a role in C. 

albicans pathogenicity. For instance, CaGpr1 class III, promotes morphogenesis 

and invasive candidiasis, and CaSte2 and 3, promote cell conjugation, 

phenotypic switching, adhesion, filamentation, biofilm formation, and virulence 

(Brown et al., 2018). In accordance, the findings of this study propose that the 

cholinergic agonists, Vu 0238429 and PHCl, inhibited biofilm formation and 

yeast-to-hyphae transition in C. albicans through G- protein coupled receptors 

possibly similar to those in human. In light of this it is important to mention that 

PHCl was also found to significantly reduce cell surface hydrophobicity in C. 

albicans (Nile et al., 2019). This highlights the importance of conducting further 

investigations toward studying the effect of these agonists on biofilm formation 

by C. albicans relevant to other virulence factors such as adherence and invasion 

and their associated signaling pathways.  

The interaction between Vu 0238429 /PHCl and muscarinic receptors might 

result in instigating an increase in Ca+ uptake or influx by C. albicans which 

might reduce morphogenesis. It could therefore be hypothesised that this 

interaction was blocked by YM-254890, a Gq protein inhibitor and U73122, a 

phospholipase C inhibitor (PLC). These experiments may present an initial 

assumption of the potential receptor in this study. Therefore, it is feasible to 

speculate that potential receptor(s) possessed by C. albicans regulating 

morphogenesis may share homology with human Gq protein coupled receptors 

(M1, M3, or M5). However, signaling pathway analysis was not conducted in this 

study herein and further investigations will be required to validate this 

assumption. For instance, confocal microscopy can be exploited for this purpose 

to monitor Ca+ influx or efflux by C. albicans in the presence and absence of 

certain treatments. Moreover, intracellular Ca+ concentration can be measured 

using a fluorescent Ca2+ indicator (Fura-2 acetoxymethyl ester) both before and 

after PHCl or Vu treatment (Nishimura et al., 2006). Molecular biological tools; 

e.g. RNAseq and CRISPR, can also be employed to study the molecular basis of C. 

albicans virulence factors and signaling transduction pathways moving forwards. 
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Substantial knowledge of the molecular mechanisms and signaling pathways 

through which C. albicans biofilms resist antifungal treatments and evade the 

host’s immune system may provide promising insights regarding new therapeutic 

targets (Prasad, 2017, Tsui et al., 2016). The current study may disclose novel 

therapeutic strategies for development of antifungal drugs by targeting key 

GPCRs relevant to specific virulence factors which may minimize the potential 

collateral damage to the host (Brown et al., 2018). In the present study, PHCl 

significantly reduced filamentation and biofilm formation in C. albicans and 

showed no toxic effect on the cells as evident by measuring the uptake of 

propidium iodide and the concentration of released ATP following the 

treatment. 

The role played by C. albicans cell wall in pathogenicity is already established. 

Cell wall structure provides protection against host defense mechanisms and 

facilitates infection by promoting adherence to surfaces and disturbance of 

homeostatic equilibrium in the host (Ruiz-Herrera et al., 2006). The xCELLigence 

technology enabled the quantification of changes in cell viability, proliferation, 

and differentiation by measuring the electrical impedance from cells adhering to 

a surface. C. albicans hyphae adhere more efficiently than yeast cells due to 

hypha-associated adhesin expression (ALS3 and HWP1) (Wilson et al., 2016). This 

might explain the irregularities observed in EIPs of untreated cells compared to 

PHCl treated cells, where more regular cell index curve correlates with non-

hyphal adherent and irregular curve correlates with hyphal growth. This was also 

observed when cells were treated with antifungals (CSP and AMB). However, at 

some concentrations, when antifungals were combined with PHCl, the viability 

of the cells increases over time, and this might be due to the ability of PHCl to 

enhance the proliferation of the cells as previously elucidated by other studies 

where PHCl enhanced proliferation of acinar secretory cells (Burlage et al., 

2009). Herein, CSP and AMB antifungals were used in combination with PHCl to 

investigate their effects on C. albicans virulence. CSP is an echinocandin 

antifungal that targets beta-(1,3)-D-glucan synthesis in the fungal cell wall for 

inhibition. AMB, on the other hand, binds to ergosterol in the cell membrane 

increasing the permeability and results in intracellular component leakage 

(Brajtburg et al., 1990, Stevens et al., 2004). For future work, the effect of 

these antifungals in combination with PHCl on C. albicans pathogenicity and the 
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possibility of using PHCl as an adjunctive therapy in combination with 

conventional antifungals will be explored more in depth. 

In conclusion, the data obtained from this chapter suggests the presence of 

putative muscarinic cholinergic receptors in C. albicans that are responsible for 

modulating the transition between yeast and hyphae forms and biofilm 

formation. Yet, further investigations are required to fully characterize the 

specific type of receptor and to identify the relevant signaling pathways. 

Consequently, this research may give insight into a promising potential 

therapeutic target to treat lethal fungal infections. 

Key summary points: 

• PHCl, a general muscarinic receptor agonist, inhibited C. albicans biofilm 

formation and hyphal growth in a dose dependent manner in a wild type 

strain and LBF and HBF clinical isolates. 

• Scopolamine, a general muscarinic receptor antagonist, blocked the 

inhibitory effect of PHCl in a dose dependent manner. 

• Small molecule inhibitors, U73122 and YM 254890 which target the Gq 

signaling pathway utilised in humans by the M1, M3 and M5 receptor 

rescued C. albicans hyphal growth in presence of PHCl. 

• Vu 0238429, an M5 allosteric modulator had a similar effect as PHCl on C. 

albicans as it inhibited the biofilm formation significantly in a dose 

dependent manner. 

• There is tentative evidence to suggest that C. albicans may possess a 

receptor with homology to the human M5 receptor which can modulate 

the yeast-hyphae transition and biofilm formation.



 

3 Candida albicans infection and host innate 
immune response 
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3.1 Introduction 

Numerous opportunistic pathogens reside on or within the human body. These 

opportunistic pathogens respond to changes in their surrounding environment or 

environmental stresses and in adapting to these can become pathogenic. Among 

this group of opportunistic pathogens is Candida albicans. Although C. albicans is 

an indigenous fungus that is part of the normal human flora, it is the most 

isolated fungus from superficial infections and systemic candidiasis patients, 

particularly if they are immunocompromised (Pellon et al., 2020, Kiyoura and 

Tamai, 2015). C. albicans is perfectly adapted to respond and adapt to changes 

in it’s environment. Therefore, maintaining commensalism requires a delicate 

balance between fungal proliferation, commensal microbial communities, and 

localised host immune factors. Due to the limited effectiveness of the current 

arsenal of antifungals, a greater understanding of the interactions between the 

host and C. albicans may prove to be vital for finding novel effective treatments 

or therapeutic interventions for life threatening fungal infections (Qin et al., 

2016). 

Epithelial cells provide a physical barrier preventing the invasion of pathogens. 

However, their involvement in discriminating between commensal and 

pathogenic microbes, developing and initiating immune responses and attracting 

immune cells to the infection site is still not fully understood (Pellon et al., 

2020). The innate immune response is the first-line, non-specific, defense 

against pathogens, such as viruses, bacteria, and fungi. C. albicans first 

physically contacts and adheres to epithelial cells and through this initial 

proximal contact promote epithelial cells to initiate an innate immune response 

via the production of immunoregulatory and antifungal proteins; such cytokines, 

chemokines and antimicrobial peptides (Kiyoura and Tamai, 2015). 

Epithelial cells recognise pathogen-associated molecular patterns (PAMP), such 

as β-glucans and mannan, on C. albicans through various pattern recognition 

receptors (PRR), including the C-type lectin receptors and toll-like receptors 

(TLRs). Recognition by these receptors initiates an intracellular signaling cascade 

that induces the expression and release of proinflammatory chemokines and 

cytokines. This immune response varies according to the site of infection and 
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morphology of C. albicans. For example, in systemic infections, yeast cells are 

the most immunogenic form, whereas in mucosal infections hyphae contribute 

more to the immune response (Pellon et al., 2020, Kiyoura and Tamai, 2015, 

Weindl et al., 2010). Following adhesion, live C. albicans can form hyphae and 

invade host tissues. This invasive process can be via active penetration or 

through induced endocytosis, depending on the infection site, stage, and cell 

morphology. For example, invasion of intestinal tissues is mediated via active 

penetration and via endocytosis during the early stages of infection. The latter 

process of endocytosis or phagocytosis can contribute to host immune cells 

damage and evasion via C. albicans cytolytic peptide toxin, candidalysin (ECE1), 

which provides an escape route for the fungi by damaging the immune cells  

(Pellon et al., 2020, Yang et al., 2014, König et al., 2020).  

The damage response framework (DRF), a concept first introduced by Casadevall 

and Pirofski (1999), defines microbial virulence as an outcome of the interaction 

between host and pathogen. This concept can be used to explain the 

pathogenesis of C. albicans and it’s adaptation to the host (Jabra-Rizk et al., 

2016). The DRF relies on the notion that there are no exclusive commensals, 

opportunists, or pathogens. However, pathogenesis requires a host and a 

microbe interaction where the outcome is damage to the host. The DRF suggests 

that the outcome is a result of host and/or microbial factors where the response 

of the host contributes to the amount of damage. This concept classifies 

outcomes into six classifications based on microbe and strength of immune 

response at a specific site of infection. Interestingly, C. albicans infections fit 

into all these classifications based on infection site and host immune response 

(Figure 3.1). In this framework the level of host damage is dependent on 

whether the immune response to the microbe was strong or weak. Based on the 

DRF, pathogens cause damage to the host that is perpetuated by both strong and 

weak immune responses. Where the immune response is weak, infections are 

promoted causing pathogen-mediated damage and when the immune response is 

strong, excessive inflammation driven tissue damage occurs (Jabra-Rizk et al., 

2016).  
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Figure 3.1 C. albicans damage response framework with an associated anatomical site 
of infection and host immune response. (A) Class 1, damage only in weak host immune 
response. (B) Class 2, damage caused in normal or weak immune host response. (C) Class 3, 

damage caused in continuous weak, strong, appropriate host immune response. (D) Class 4, 
damage caused in extremes, weak and strong host immune responses. (E) Class 5, damage 
caused across the immune response scale, and exacerbated in a strong immune response. (F) 
Class 6, damage caused only in strong host immune responses. Adapted from (Jabra-Rizk et al., 
2016). 

 

Candida albicans can adapt to the dynamic environment of the host, like 

changes in the microbiota and immune status, and in adapting to specific host 

environments they can cause a wide range of systemic or superficial infections in 

both immunocompromised and immunocompetent people. For instance, when 

the immune response is weak due to individuals being immunocompromised, C. 

albicans can cause oropharyngeal candidiasis (OPC), which rarely occurs in 

immunocompetent patients, where C. albicans has a symbiotic relationship with 

the host. In addition, when the immune response is weak such as in neutropenic 

patients or at a normal level such as in non-neutropenic patients, invasive 

candidiasis can cause hematogenously disseminated candidiasis (HDC), which 

leads to deep seated candidiasis (DSC) where C. albicans infects internal organs. 
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Intraabdominal candidiasis (IAC) can cause damage to the host during the 

continuum of immune responses but C. albicans exacerbates damage under 

either extremes. Even during an optimal or sufficient immune response, IAC can 

lead to inflammatory diseases, such as peritonitis. Different environmental 

condition such as diet or antibiotic usage can lead to C. albicans overgrowth in 

the gastrointestinal tract causing gastrointestinal candidiasis which results in 

damage at both ends of immune response spectrum. Therefore, transplant and 

impaired host immune patients are at risk of gastrointestinal candidiasis, and C. 

albicans colonization in the gastrointestinal tract can be a contributory cause for 

host inflammatory diseases. Another damage scenario of C. albicans infections is 

when the damage occurs across the scale of immune responses but worsens 

during a strong host immune response for example, in denture stomatitis (DS). 

DS is common in healthy individuals causing inflammation to the denture bearing 

mucosa which worsens when damage occurs to the protective mucosal barrier 

leading to C. albicans infiltration into the tissue and resulting in a strong chronic 

immune response exacerbating the damage to the host. In vulvovaginal 

candidiasis (VVC), C. albicans exists asymptomatically as a resident of the 

normal vaginal microbiota. However, symptomatic VVC is found to be associated 

with aggressive local inflammatory responses causing mucosal damage (Jabra-

Rizk et al., 2016, Casadevall and Pirofski, 1999). 

The cholinergic system as a therapeutic target for treating inflammatory 

diseases has garnered much attention in recent years (Fujii et al., 2017, Lu and 

Wu, 2021). Cholinergic systems operate in both central and peripheral immune 

cells. The cholinergic anti-inflammatory pathway is a neural mechanism that 

inhibits inflammatory cytokine release via the alpha 7 nicotinic receptor 

(7nAChR) on cells. The pathway is mediated by the vagus nerve and plays a 

vital role in immunological homeostasis. The 7nAChR is expressed on 

immunocompetent cells such as macrophages. Activation of the 7nAChR on 

immune cells has been found to modulate inflammatory responses by inhibiting 

proinflammatory mediator expression and down regulating potentially strong 

immune responses and thus protecting against local or systemic tissue damage 

(Czura et al., 2007). 
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In addition to the 7nAChR, muscarinic ACh receptors have also been found to 

play a role in modulation of immune responses. Muscarinic receptors are 

expressed by a variety of immune cells such as macrophages, dendritic cells 

(DCs), and lymphocytes. According to Darby et al. (2015), muscarinic receptors 

are important for optimal adaptive immunity against bacterial infections. For 

instance, cholinergic signaling through the M3 receptor coordinates Th1- and 

Th2-type responses which are pivotal in the immune reaction. Furthermore, 

literature showed that muscarinic receptors play an important role in regulating 

immune function and inflammatory responses. For example, comparing immune 

responses of wild type mice and M1 and M5 mAChR gene-knockout (M1/M5-KO) 

mice which were immunized with ovalbumin (OVA) revealed significant decrease 

in TNF-α, IFN-γ, and IL-6 and anti OVA specific IgG1 concentration in the blood 

of M1/M5-KO mice. Another example of muscarinic receptor mediated immune 

response regulation is the inhibition of leukocyte migration to sites of 

inflammation and reduced tissue injury by atropine in a turpentine-induced 

sterile abscess model (Fujii et al., 2017, Razani-Boroujerdi et al., 2008).  

In addition, muscarinic receptors are known to be expressed by epithelial cells 

and fibroblasts and have also been shown to modulate the expression of tissue 

remodelling and inflammatory mediators by these cells. For example, it has 

been shown that the presence of muscarinic receptors in human and mouse 

scleral fibroblasts play a functional role in remodelling human and mouse sclera 

in myopia cases by mediating scleral fibroblast cell proliferation using muscarinic 

agents. In addition, inflammation of airways such as in asthma and chronic 

obstructive pulmonary disease (COPD) is known to be regulated by muscarinic 

receptors. While carbachol, a cholinergic agonist was found to increase the 

expression of the mucin gene MUC5AC, the muscarinic antagonist, aclidinium, 

had an inhibitory effect (Barathi et al., 2009, Karakiulakis and Roth, 2012, 

Koarai et al., 2012) 

Muscarinic receptor agonists have been demonstrated to inhibit the yeast to 

hyphae transition by fungal pathogens including C. albicans (Wakharde and 

Karuppayil, 2018, Nile et al., 2019). Muscarinic agonists, specifically pilocarpine 

hydrochloride (PHCl), can inhibit filamentation, which is a key factor in the 
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pathogenicity of C. albicans. Thus, PHCl prevents the invasive growth of fungi 

that is likely to cause disease (Nile et al., 2019). Research has shown that 

muscarinic receptors have been found in several types of epithelia. Namely, the 

skin epithelium, biliary epithelium, and the scleral epithelium, with a 

specifically high abundance being reported to be expressed in the oral 

epithelium. Muscarinic receptors have several and diverse functions in these cell 

types, for example, wound healing in the cornea and tear production in the eye 

(Elsing et al., Arredondo et al., 2003, Barathi et al., 2009). Therefore, signaling 

through these receptors may be important for coordination of immune responses 

against fungal infections. Indeed, preliminary evidence using a Galleria 

mellonella infection model has shown that PHCl can not only protect against 

candidiasis by inhibiting C. albicans yeast to hyphae transition but also by 

coordinating an effective immune response by the host to clear the pathogenic 

threat (Nile et al., 2019). However, the exact mechanisms by which muscarinic 

receptor agonists can modulate the immune response to C. albicans infection are 

to be determined.  

The overall aim of this chapter was to use in vitro model systems to determine 

the effect of PHCl on the innate immune response of the oral epithelium to C. 

albicans infection.  

To achieve this aim the following were evaluated: 

1. The effect of live and heat-killed C. albicans infection on the innate immune 

response of host oral epithelial cell monolayers and the ability of PHCl to 

modulate the C. albicans induced expression of proinflammatory mediators. 

2. The ability of PHCl to modulate the C. albicans induced innate immune 

responses in a three-dimensional tissue model of the human oral epithelium.  
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3.2 Materials and Methods 

3.2.1  TR146 cell line growth and maintenance 

The TR146 cell line (Cancer Research Technology, London, UK) was used to 

initially investigate the innate immune response of epithelial cells to C. albicans 

infections. TR146 cell line was used in this study to optimize and validate host 

pathogen interaction investigations because it grows fast and cheap. In addition, 

it is well characterized and studied in the literature as oral epithelium model of 

C. albicans infections.  

Frozen glycerol stocks of TR146 cells at a concentration of 1 × 106 cells/mL were 

thawed quickly at 37°C, then transferred into a universal container containing 9 

mL of keratinocyte serum-free medium (KSFM) (GibcoTM, Fisher-Scientific, 

Loughborough, UK) supplemented with penicillin (100 U/mL), streptomycin (100 

μg/mL) (Sigma-Aldrich, Irvine, UK), bovine pituitary extract (BPE) (25 μg/mL), 

epithelial growth factor (EGF) (0.2 ng/mL), and CaCl2 (0.4 mM) (Sigma-Aldrich, 

Irvine, UK). The universal container was centrifuged at 1000 rpm for 5 minutes 

and the medium was discarded. The pelleted cells were resuspended in 10 mL of 

KSFM medium and seeded at a density of 1 × 105 cells/mL in a T75 cell culture 

flask (Corning Life Sciences, High Wycombe, UK) for continuous culture at 37°C 

and 5% CO2.  

After 2 − 3 days, the old medium was replaced with 15 mL of fresh medium, 

which consisted of 50% supplemented KSFM (as above) and 50% Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with penicillin (100 U/mL), 

streptomycin (100 μg/mL), 10% foetal bovine serum (FBS), and L-glutamine. 

Cells were monitored daily and whenever 70 − 90% confluency was reached, the 

cells were passaged.  

For passage, the medium was removed and cells were washed three times using 

Dulbecco's phosphate-buffered saline (DPBS). Trypsin EDTA (0.05%) (Sigma-

Aldrich, Irvine, UK) was then added and the cells were allowed to detach from 

the flask surface. The activity of trypsin was then neutralised using 15 mL of 

DMEM-supplemented medium. The detached cells in DMEM were collected in a 
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universal and centrifuged at 1000 rpm for 10 minutes to pellet the cells. The 

DMEM was removed and the pelleted cells were resuspended in 10 mL KSFM. 

Cells were counted using a haemocytometer and a light microscope (Olympus, 

Southend, UK). For counting, to aid visualisation cells were stained with 0.04% 

trypan blue in phosphate buffered saline (PBS) (Fisher Scientific, Loughborough, 

UK) by adding 10 μl of trypan blue to 10 μl of cell suspension. To maintain 

growth, cells were standardised to 1 × 105 cells/mL and re-seeded into T75 

flasks containing KSFM and DMEM whenever needed. 

3.2.2  Human oral epithelium tissue maintenance 

To more authentically replicate infection of the oral epithelium in vivo, a 3D 

model of the normal human oral epithelium was used in in vitro infection 

studies.  

Human oral epithelium (HOE) was purchased from EpiskinTM (SkinethicTM 

laboratories, Lyon, France). The SkinEthicTM HOE model consists of four cell 

layers of well-stratified and non-keratinised TR146 cells (derived from a 

squamous cell carcinoma of the buccal mucosa), cultivated on a 0.5 cm2 inert 

polycarbonate filter at the air−liquid interface in a chemically-defined medium. 

This model forms an epithelial tissue devoid of stratum corneum, histologically 

resembling the mucosa of the oral cavity. The tissue was shipped at a 

temperature of 37°C at 5% CO2 with saturated humidity. Once received, the 

colour−temperature indicator was checked to ensure the shipment was 

maintained at the recommended temperature. The tissue inserts were delivered 

in a 24-well plate containing nutrient agar and these were immediately 

transferred to a 12-well plate containing 1 mL of SkinEthic chemically-defined 

maintenance medium (EpiskinTM, SkinethicTM) at room temperature (RT). Plates 

were incubated overnight at 37°C at 5% CO2 before further experiments were 

conducted. 

3.2.3  Candida albicans preparation for stimulation experiments 

C. albicans strain SC5314 was sub-cultured on Sabouraud dextrose agar (SDA) 

(Sigma-Aldrich, Dorset, UK). Cells were propagated in yeast extract peptone 
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dextrose medium (YPD) (Sigma-Aldrich, Dorset, UK) in universal containers at 

37°C overnight (16 − 18 hours) using an orbital shaking aerobic incubator. After 

overnight incubation, cells were washed by centrifugation at 3000 rpm for 5 

minutes in PBS (Sigma-Aldrich, Dorset, UK) and standardised to the required cell 

density based on each individual experiment requirements. For heat-killed 

stimulation experiments, cells were standardised to a stock density of 1 × 108 

cells/mL and pelleted by centrifugation. Next, cells were resuspended in KSFM 

medium, immersed in a ≥ 60°C water bath to heat kill, and serially diluted to 

different densities according to the required multiplicity of infection (M.O.I). For 

live C. albicans stimulation of HOE tissue and the TR146 cell line, following the 

washing steps, the C. albicans cells were standardised to the desired density in 

defined media. 

3.2.4  TR146 cell line stimulation experiments  

When the TR146 cells achieved 70 − 90% confluency, the cells were seeded into 

24-well plates at a density of 2 × 105 cells/mL. The plates were then incubated 

at 37°C in 5% CO2 overnight to promote adherence. The next day, cells were 

stimulated with live or heat-killed C. albicans at different M.O.Is and incubated 

for 4 and 24 hours. Phorbol 12-myristate 13-acetate (PMA) at a concentration of 

100 ng/mL (Sigma-Aldrich, Irvine, Scotland) was used as a positive control for 

stimulation. The medium alone (no C. albicans) was used as the negative 

control. After stimulation, the supernatants were collected in EppendorfTM tubes 

(Fisher Scientific, Loughborough, UK) and stored at − 20°C for ELISA and LDH 

assays. Adherent cells were then harvested by scraping off the cells from the 

surface in to 350 μl RLT (Qiagen Ltd, Crawley, UK) buffer and β-mercaptoethanol 

(source ME; 1% v/v) (Sigma-Aldrich, UK) and stored at − 80°C for gene 

expression analysis. 

To investigate how PHCl can modulate the inflammatory response to C. albicans 

in TR146 cells, the experiments were repeated as above in the presence and 

absence of concentrations of PHCl varying from 0.005 − 50 mM. Once again, 

after incubation for 24 hours under the same conditions as above, supernatants 

and cells were harvested as described above.  
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3.2.5  Human oral epithelium tissue stimulation experiments 

Prior to the stimulation experiments, the human oral epithelium HOE tissue 

inserts were incubated overnight in chemically-defined maintenance medium. 

Inserts containing tissues were transferred to new 12-well plates prefilled with 1 

mL of fresh SkinEthic chemically-defined maintenance medium. The HOE tissue 

was exposed to live C. albicans at a density of 2 × 105 cells/mL in the presence 

and absence of 0.05 − 50 mM PHCl. As a positive control, 100 ng/mL PMA was 

included and the tissue alone with no infection or treatment was used as a 

negative control. Each condition was performed in triplicate. Plates were 

incubated for 24 hours as described above. After incubation, the supernatants 

were collected to investigate cytokine responses and tissue viability. Next, using 

a 19G needle (Fisher Scientific, Loughborough, UK), the tissue was cut out of the 

inserts carefully. For gene expression analysis, two of the tissues were 

transferred in to 350 μl RLT buffer with ME and stored at − 80°C. For histological 

analysis, one tissue for each condition was transferred to tubes containing 500 μl 

of 10% neutral-buffered formalin and the tissue was fixed overnight at RT prior 

to processing for histological analysis. 

3.2.6  Human oral epithelium histological analysis 

After the HOE tissue was fixed in formalin overnight at RT, samples were kindly 

processed by Ms. Lynn Stevenson (Veterinary Pathology, University of Glasgow). 

Briefly, samples were dehydrated using an increasing concentration of ethanol 

(70 − 100%) and then the ethanol was gradually replaced with xylene. Next, the 

samples were embedded in a paraffin wax. Once the wax had set, the HOE tissue 

was cut into 2-μm sections using a Shandon Finnesse ME+ microtome (Fisher 

Scientific, Loughborough, UK) and the sections placed onto SuperfrostTM Ultra 

Plus Microscope Slides (Gerhard Menzel, Germany). Sections were stained with 

either periodic acid–Schiff (PAS) stain or haematoxylin & eosin (H&E) stain. 

Stained sections were viewed using a Leitz Dialux 20 microscope (LabMakelaar 

Benelux BV, The Netherlands) and images were taken using the ColorView II soft 

imaging system.  
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3.2.7  Enzyme-linked immunosorbent assay.  

Cytokine and chemokine concentrations in cell culture supernatants were 

measured by enzyme-linked immunosorbent assay (ELISA) according to the kit 

manufacturer’s instructions (Invitrogen, Fisher Scientific, Loughborough,or 

Peprotech, UK). 

For the Invitrogen kits, the reagents were provided in stock concentrations and 

diluted whenever required. For the Peprotech kits, reagents were prepared as 

follows: the blocking buffer was made of bovine serum albumin (BSA) in PBS at a 

concentration of 1%. This was diluted after filtration to 0.1%, and 0.05% Tween® 

20 (Sigma-Aldrich, UK) was added to make the diluent. Although various kits 

from various sources were used in this study, the general assay principal was the 

same with some subtle differences which are detailed in Table 3.1.  

Briefly, 96-well NuncTM Maxisorp® flat-bottomed high affinity protein binding 

microtiter plates (Fisher Scientific, Loughborough, UK) were coated with 100 

μl/well of the capture antibody diluted to the required concentration. The 

plates were then sealed and incubated overnight either at 4°C or at RT (as per 

the manufacturer’s instructions). After incubation, plates were washed 3 − 5 

times with washing buffer (PBS + 0.05% Tween® 20). The plates were then 

blocked with 300 μl/well of blocking buffer for 1 hour at RT, after that, plates 

were washed again 3 − 5 times and blotted to remove the excess washing buffer. 

Samples and standards of known concentration diluted in diluent were then 

added to the wells and the plates were sealed and incubated for 2 hours at RT or 

overnight at 4°C. After washing the plate 3 − 5 times, the detection antibody 

was added, and plates were incubated for 1 hour at RT. Plates were washed 

again 3 − 5 times and Streptavidin-HRP added and the plates were incubated for 

30 minutes at RT. Finally, the plates were washed and a 3,3',5,5'-

tetramethylbenzidine (TMB) solution was added to each well and the plates 

incubated for 15 minutes in the dark for colour development. After incubation, 1 

M HCl was added to each well to stop the reaction. The absorbance was read at 

wavelengths indicated by the manufacturer using a FLUOstar Omega microplate 

reader (BMG Labtech, Buckinghamshire, UK).  
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 Table 3.1 Variations in the ELISA procedures according to the different manufacturers. 

 

ELISA Supplier 
Coating 

antibody 
Blocking 

Detection 

antibody 
Peroxidase Substrate 

Detection 

wavelength 

Samples and 

standards 

IL-8 

Invitrogen, UK 

 

Diluted in 

coating 

buffer, 

incubated 

overnight at 

4°C 

Use 

ELISA/ELISPO

T diluent for 

1 hour at RT 

Dilute using 

supplied 

ELISA/ELISPO

T diluent and 

incubated at 

RT for 

1 hour. 

Avidin HRP 

30 minutes 

incubation at 

RT. 

TMB 
450 − 570 nm 

 

Incubated 

overnight at 

4°C 

IL-6 

Streptavidin 

HRP 

30 minutes 

incubation at 

RT. 

IL-8 

PeproTech, 

USA 

 

Diluted in 

PBS, 

incubated 

overnight at 

RT 

 

Use blocking 

buffer for 1 

hour at RT 

 

Diluted in 

diluent and 

incubated at 

RT for 2 

hours with 

samples. 

Streptavidin 

HRP 

30 minutes 

incubation at 

RT. 

TMB 450 − 620 nm 
Incubated 

2 hours at RT IL-1α 
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3.2.8  Lactate dehydrogenase activity assay 

The Pierce™ lactate dehydrogenase (LDH) cytotoxicity colorimetric assay kit was 

utilised to determine the cytotoxic effects of C. albicans and PHCl on TR146 

cells or the HOE tissue. The assay was performed as per the manufacturer’s 

instructions (Fisher Scientific, Loughborough, UK). Briefly, 20 µL of the TR146-

cell or HOE-tissue supernatant was transferred to a flat 96-well plate (Corning 

Life Sciences, High Wycombe, UK). Then, 20 µL of reaction mixture substrate 

was added and the plates were incubated in the dark at RT for 30 minutes. An 

LDH positive control provided by the supplier with the kit was included on the 

plates. After incubation, 20 µL of a stop solution (provided by the manufacturer) 

was added to the samples to stop the reaction and absorbance was measured at 

wavelengths of 490 nm and 680 nm using the FLUOstar Omega plate reader. Data 

are shown as optical density readings. The percentage cytotoxicity was 

calculated in relation to the positive control. 

3.2.9  RNA extraction and quantification 

RNA was extracted from the TR146 cells using an RNeasy Mini kit [Qiagen Ltd, 

Crawley, UK] according to the manufacturer’s instructions. Briefly, after cells 

were lysed with RLT buffer, the lysates were transferred to a 1.5 mL RNase-free 

EppendorfTM tube and 350 μL of a 70% ethanol were added and mixed by 

pipetting to precipitate the RNA molecules. Next, the 700 μL samples were 

transferred into an RNeasy mini spin column placed within a 2 mL collection 

tube. Samples were centrifuged for 15 seconds at ≥ 8000 x g (13 000 rpm), and 

the flow-through was discarded. Next, samples were washed with 350 μL RW1 

buffer and centrifuged for 15 seconds at ≥ 8000 x g (13 000 rpm), discarding the 

flow-through. Samples were then subjected to DNase digestion using a DNase 

digestion kit (Qiagen Ltd, Crawley, UK) as per the manufacturer’s instructions. A 

DNase I stock solution was prepared in aliquots by injecting 500 μL RNase-free 

water into the DNase vial by syringe and mixing gently. The aliquots were stored 

at − 20°C until required. For DNase digestion, 10 μL of DNase I stock and 70 μL 

buffer RDD were added onto the RNeasy column membrane and incubated at RT 

for 15 − 20 minutes. After incubation, 350 μL of RW1 buffer was added to the 

column and centrifuged as previously; the flow-through was discarded. Next, 500 

μL of buffer RPE was used to perform two washing steps, followed by 
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centrifugation as above, except the wash centrifugation was for 2 minutes. The 

spin column was then transferred to another 2 mL fresh collection tube and 

centrifuged again at full speed for 1 minutes to dry the membrane. To elute the 

RNA, columns were placed in a new 1.5 mL RNase-free microfuge tube, 30 μL of 

RNase-free water was added directly to the membrane, and columns were 

centrifuged at ≥ 8000 x g for 1 minute. Finally, the elution step was repeated by 

placing the eluent back on the membrane and centrifuging again to concentrate 

the RNA and ensure total release from the membrane. 

The RNA was extracted from the HOE tissue as per the methodology above with 

the following modifications. Prior to the precipitation step, the HOE sample 

lysates were transferred to 2 mL screwcap EppendorfTM tubes containing 100 μL 

of 0.5 mm glass beads (Thistle Scientific, Glasgow, UK). Samples were 

homogenised for 30 second in three cycles using the Bead Mill 24 Multi Sample 

Homogeniser (Fisher-Scientific, Loughborough, UK) and stored on ice. 

Extracted RNA was assessed for quality and quantity using a NanoDrop 1000 

spectrophotometer (Fisher Scientific, Loughborough, UK). The purity of the RNA 

was determined using the 260 nm and 280 nm ratio. RNA with a 260/280 ratio 

between 1.8 − 2.2 was considered acceptable for gene expression analysis. The 

RNA was stored at − 80oC until further use.  
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3.2.10 Reverse transcription 

The RNA concentrations were standardised and complementary DNA (cDNA) was 

synthesised using a high-capacity cDNA reverse transcription kit (Fisher 

Scientific, Loughborough, UK). To generate cDNA from RNA samples, 2 × RT 

master mix were prepared for each sample according to the manufacturer’s 

instructions detailed in Table 3.2. A negative control (−RT) to detect genomic 

DNA (gDNA) contamination was also prepared. For each reverse transcription 

reaction, a mixture of 10 μL RT master mix and 10 μL RNA sample were mixed, 

sealed, and centrifuged to eliminate air bubbles. Finally, samples were loaded 

into a MWG-Biotech Primus 96 plus thermal cycler to generate cDNA under the 

following thermal cycling conditions: 25°C for 10 minutes, 37°C for 120 minutes, 

and, finally, 85°C for 5 minutes. Samples were stored at − 20°C long term or 

processed for PCR analysis immediately. 

Table 3.2 Volumes used from each component to prepare the master mix for the cDNA 
synthesis. 
 

Component 
Volume/ Reaction (μl) 

−RT +RT 

10× RT Buffer 2 2 

20× dNTP Mix (100mM) 0.8 0.8 

10× RT random primers 2 2 

MultiScribeTM reverse 
transcriptase 

__ 1 

Nuclease-free H2O 5.2 4.2 

Total master mix/reaction (μL) 10 10 

 

3.2.11 Gene Expression Analysis 

Single-plex analysis of inflammatory mediator expression was performed by 

quantitative PCR. Genes assessed in this study and primer sequences are listed in 

Table 3.3. For TR146 cells, validated primers and SsoAdvanced Universal SYBR 

Green Supermix were purchased from Bio-Rad, UK. For each reaction, 19 μL of 

master mix was made up from 10 μl Universal SYBR Green Supermix,1 μL 

primers, and 8 μL nuclease-free water. Next, 19 μL of master mix and 1 μL of 

cDNA sample were added into a MicroAmp fast-optical 96-well 0.1 mL reaction 
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plate (Applied Biosystems, California, USA) and loaded into the StepOnePlus™ 

real-time PCR system (Applied Biosystems, California, USA). The thermal cycling 

protocol was 3 seconds at 95°C for polymerase activation, followed by 40 

amplification cycles at 95°C for 5 seconds and 60°C for 30 seconds. All samples 

were run in duplicate and two negative controls were included: a no-template 

control (NT), which contained only RNase free H2O, and a no reverse-

transcriptase control (−RT). Gene expression results were normalised to the 

housekeeping gene GAPDH and presented as log-fold change.  

For the HOE tissue, a multiplex custom designed RT2 Profiler PCR Array (Qiagen 

Ltd, Crawley, UK) was used to assess a panel of 12 genes listed in Table 3.4. For 

each reaction, the master mix included 12.5 μL SYBR® GreenERTM, 11.5 μL 

RNase-free H2O, and 1 μl cDNA sample to make a total of 25 μL. The RT2 profiler 

plates already contained the forward and reverse primers, so the 25 μL of the 

master mix was added to each well of the RT2 profiler plate and loaded in the 

MxProP quantitative PCR machine. The following thermal cycling conditions were 

used: 95°C for 10 minutes followed by 40 cycles of 15 seconds at 95°C and 60 

seconds at 60°C. Data was assembled using MxProP 3000 software (Stratagene, 

Netherlands), normalised to the housekeeping gene GAPDH, and presented as a 

Log2-fold change. 
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Table 3.3 Primer sequences for the genes analysed using single-plex PCR gene expression analysis. 
 

Genes Symbol Sequence  
NCBI 

reference 

Bio-Rad unique 

assay ID 

Glyceraldehyde 3-

phosphate 

dehydrogenase 

GAPDH 

GTATGACAACGAATTTGGCTACAGCAACAGGGTGGTG

GACCTCATGGCCCACATGGCCTCCAAGGAGTAAGACCC

CTGGACCACCAGCCCCAGCAAGAGCACAAGAGGAAGA

GAGAGACCCTCACTGCTGGGGAGTCCCTGCCACAC 

NC_000012.11 qHsaCED0038674  

 

Interleukin-8 IL8 

GAGCACTCCATAAGGCACAAACTTTCAGAGACAGCAGA

GCACACAAGCTTCTAG 

GACAAGAGCCAGGAAGAAACCACCGGAAGGAACCATC

TCACTGTGTG 

NC_000004.11  

 

qHsaCED0046633  

 

Interleukin-6 IL6 TGAAAAAGATGGATGCTTCCAATCTGGATTCAATGAGG

AGACTTGCCTGGTGAAAATCATCACTGGTCTTTTGGAG

NC_000007.13  qHsaCID0020314  
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TTTGAGGTATACCTAGAGTACCTCCAGAACAGATTTGA

GAGTAGTGAGGAACAAGCCAGAGCTGTGCAGATGAGT

A 

  

Interleukin-1α IL1α 

TGAAATAGTTCTTAGTGCCGTGAGTTTCCCAGAAGAAG

AGGAGGTTGGTCTCACT 

ACCTGTGATGGTTTTGGGTATCTCAGGCATCTCCTTCA

GCAGCACTGGTTGGTCT 

TCATCTTGGGCAGTCACATACAATTGAGTTTTTGAGAT

TCTTAGAA 

NC_000002.11  

 

qHsaCID0016254  
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Table 3.4 List of genes assessed for expression in HOE tissue samples using a custom designed 
multiplex RT2 profiler PCR Array. 

 

No. Genes Abbr. Assay ID 

1 Glyceraldehyde 3-phosphate 

dehydrogenase  

GAPDH PPH00150F 

2  Interleukin-8  CXCL8 PPH00568A 

3  Interleukin-6  IL6 PPH00560C 

4  Interleukin-1α  IL1α PPH00690A 

5 Granulocyte macrophage colony 

stimulating factor  

GM-CSF/CSF2 PPH00576C 

6 Tumour necrosis factor alpha  TNF- α PPH00341F 

7 Chemokine C-C motif ligand 2 CCL2 PPH00192F 

8 Toll-like receptor 2  TLR2 PPH01808A 

9 Toll-like receptor 4  TLR4 PPH01795F 

10 C-type lectin domain family 7 member A  CLEC7A PPH05563F 

11 cathelicidin antimicrobial peptides CAMP PPH09430A 

12 Granulocyte-colony stimulating factor  G-CSF/CSF3 PPH00723B 

 

3.2.12 Statistical Analysis. 

Statistical analysis was performed using PRISM. Each data set was tested for 

normality and homogeneity using both a Shapiro−Wilks and a 

Kolmogorov−Smirnov test. If the data was found to be normally distributed, 
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differences between conditions were determined using a one-way ANOVA using a 

Dunnett’s post-test. For non-parametric data, differences were determined 

using a Kruskal−Wallis test followed by a Dunn’s post-test. Data were considered 

significant if p < 0.05.  
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3.3 Results 

3.3.1  Optimisation of an in vitro Candida albicans stimulation 
methodology using TR146 cell monolayers  

Preliminary investigations were undertaken to optimise the stimulation 

conditions and to ensure that C. albicans SC5314 had no cytotoxic effects on the 

TR146 cells. TR146 cells were stimulated with varying multiplicity of infection 

(M.O.I) of both live and heat-killed C. albicans ranging from 0.01 − 100 for 4 and 

24 hours. Cytotoxicity was determined by measuring lactate dehydrogenase 

(LDH) release into the culture supernatants. Live and heat-killed C. albicans at 

all M.O.I tested showed no statistically significant difference in the LDH released 

into the bathing supernatants relative to unstimulated cells (Figure 3.2 A−D). 

 

Figure 3.2 Lactate dehydrogenase release by TR146 cells after stimulation with live and heat-
killed C. albicans over 4 hours and 24 hours. Release of LDH into culture supernatants was 
quantified using an LDH cytotoxicity assay kit. (A) Stimulation with live C. albicans at various M.O.I 
and data presented as raw OD values for statistical analysis; (B) stimulation with live C. albicans 
at various M.O.I and data are presented as percent cytotoxicity in relation to positive control; (C) 
stimulation with heat-killed C. albicans at various M.O.I and data are presented as raw OD values 
for statistical analysis; and (D) stimulation with heat-killed C. albicans at various M.O.I and data 

are presented as percent cytotoxicity in relation to the positive control. All experiments were 
performed in duplicate on at least four independent occasions. ***p < 0.001 in comparison to the 
unstimulated cells. 
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As previously demonstrated (Figure 3.2), C. albicans SC5314 had negligible 

cytotoxic effects on TR146 cells cultured in vitro. Therefore, the ability of C. 

albicans SC5314 to induce expression of the chemokine IL-8 (CXCL8) was 

investigated. In the subsequent analysis, chosen M.O.I’s were 0.1-50. 

 

Figure 3.3 Expression and release of IL-8 by TR146 cells in response to stimulation with live 
and heat-killed C. albicans. TR146 cells seeded into 24-well plates were stimulated with various 
M.O.I of live or heat-killed C. albicans SC5314 over 4 hours and 24 hours. Release of IL-8 into 
culture supernatants was determined by ELISA and changes in IL-8 expression by real-time PCR. 
PMA was used as a positive control (100 ng/mL). (A) IL-8 release by TR146 cells upon stimulation 
with live C. albicans SC5314; (B) IL-8 expression by TR146 cells upon stimulation with live C. 
albicans SC5314; (C) IL-8 release by TR146 cells upon stimulation with heat-killed C. albicans 
SC5314; and (D) IL-8 expression by TR146 cells upon stimulation with heat-killed C. albicans 
SC5314. The data are derived from duplicate wells of at least three independent experiments. *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

In the initial experiments, PMA was used as a positive control (100 ng/mL) for 

stimulation and induced a significant IL-8 release from TR146 cells at both 4 

hours and 24 hours (Figure 3.3A and Figure 3.3C). This confirmed the cells were 

viable and functionally responsive to inflammatory stimuli. 

In response to stimulation with live C. albicans, significant release of IL-8 at 

both 4 hours and 24 hours was observed at M.O.Is of 0.1, 1, and 10 (all p < 0.001) 

(Figure 3.3A). Consistent with the ELISA data, expression levels of IL-8 were 
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significantly upregulated when TR146 cells were stimulated with live C. albicans 

for 4 hours and 24 hours with all M.O.Is investigated (0.1 − 50; all p < 0.01) 

(Figure 3.3B). In contrast, stimulation with heat-killed C. albicans for 4 hours 

and 24 hours had no significant effect on IL-8 release or IL-8 expression by TR146 

cells at any of the M.O.Is investigated (Figure 3.3C and Figure 3.3D). These data 

suggested that in vitro TR146 cells were immunologically responsive to only live 

C. albicans SC5314. 

The innate immune response of TR146 cells to live C. albicans was further 

investigated by analysing the expression and release of the cytokines IL-6 and IL-

1α. Figure 3.4 A shows that live C. albicans induced significant release of IL-6 

from TR146 cells in vitro after stimulation for both 4 hours and 24 hours with 

M.O.Is of 0.1, 1, and 10 (all p < 0.05). In addition, expression of IL-6 was 

significantly upregulated after 4 hours stimulation with M.O.Is of 1, 10, and 50 

(all p < 0.05) and after 24 hours stimulation with M.O.Is of 0.1, 1, 10, and 50 (all 

p < 0.05) (Figure 3.4 B). Similarly, Figure 3.4 C shows that live C. albicans 

induced significant release of IL-1α from TR146 cells in vitro after stimulation 

for 4 hours with a M.O.I of 10 (p < 0.001) and 24 hours with M.O.Is of 1, 10, and 

50 (all p < 0.01). Consistent with the ELISA data, live C. albicans induced 

significantly increased expression of IL-1α after 4 hours stimulation with M.O.Is 

of 10 and 50 (all p < 0.001) and after 24 hours stimulation with M.O.Is of 0.1, 1, 

10, and 50 (all p < 0.05) (Figure 3.4 D). At higher M.O.I of 50, reduction in IL-8, 

IL-6, and IL-1α release was observed due to the high density of C. albicans cells 

which did not allow for hyphal formation. 
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Figure 3.4 Expression and release of IL-6 and IL-1 by TR146 cells in response to stimulation 
with live C. albicans. TR146 cells seeded into 24-well plates were stimulated with various M.O.I 

of live C. albicans SC5314 over 4 hours and 24 hours. Release of IL-6 and IL-1 into culture 

supernatants was determined by ELISA and changes in IL-6 and IL-1 expression by real-time PCR. 
(A) IL-6 release by TR146 cells upon stimulation with C. albicans SC5314; (B) IL-6 expression by 

TR146 cells upon stimulation with C. albicans SC5314; (C) IL-1 release by TR146 cells upon 

stimulation with C. albicans SC5314; and (D) IL-1 expression by TR146 cells upon stimulation with 
C. albicans SC5314. The data are derived from duplicate wells of at least three independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 

Taken together (Figure 3.2−Figure 3.4), these data show that TR146 cells 

initiate an innate immune response to live C. albicans but not heat-killed cells at 

24 hours with an optimal M.O.I of 1. The optimization experiments have shown 

that M.O.I 1 consistently stimulated significant release of IL-8, IL-1 and IL-6 in 

relation to their gene expression analysis. In addition, hyphal growth observed 

under microscope at M.O.I 1 revealed proper level of biofilm formation 

compared to lower or higher M.O.Is where more yeast form can be observed 

covering the epithelial cells. Therefore, these conditions were utilised for all 

subsequent experiments.  
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3.3.2  The effect of PHCl on Candida albicans induced expression 
of chemokines and cytokines by TR146 cell monolayers  

Before determining the effect of the general muscarinic receptor agonist PHCl 

on the innate immune responses of TR146 cells to C. albicans, any possible 

cytotoxic effects of the compound were first investigated. Figure 3.5 shows that 

PHCl alone or in combination with C. albicans at concentrations ranging from 

0.005 − 50 mM had no significant cytotoxic effect on TR146 cells as determined 

by the LDH release assay. 

 

Figure 3.5 LDH release by TR146 cells after stimulation with live C. albicans in the presence 
and absence of PHCl over 24 hours. Release of LDH into culture supernatants was quantified using 
an LDH cytotoxicity assay kit. (A) Stimulation with live C. albicans at M.O.I = 1 in the presence and 
absence of 0.005−50 mM PHCl. Data presented as raw OD values for statistical analysis; (B) 
stimulation with live C. albicans at M.O.I = 1 in the presence and absence of 0.005–50 mM PHCl. 
The data are presented as percent cytotoxicity in relation to positive control. All experiments 
were performed in duplicate on at least three independent occasions. ***p < 0.001 in comparison 
to unstimulated cells. 

As none of the concentrations of PHCl investigated exhibited any cytotoxicity 

against TR146 cells either alone or in combination with C. albicans (Figure 3.5), 

investigations were undertaken to determine the effect of the compound on the 

innate immune responses of the TR146 cells in vitro. 
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Figure 3.6 Modulation of C. albicans induced TR146 cell expression and release of IL-8 by 
PHCl. TR146 cells seeded into 24-well plates were stimulated with various concentrations of PHCl 
alone (0.005−50 mM) or C. albicans SC5314 (M.O.I =1) with various concentrations of PHCl 
(0.005−50 mM) for 24 hours. Release of IL-8 into culture supernatants was determined by ELISA 
and changes in IL-8 expression by real-time PCR. (A) IL-8 release by TR146 cells upon exposure to 

PHCl alone (0.005−50 mM) and stimulation with live C. albicans SC5314 in the presence of PHCl 
(0.005−50 mM); (B) IL-8 expression by TR146 cells upon exposure to PHCl alone (0.005−50 mM) 
and stimulation with live C. albicans SC5314 in the presence of PHCl (0.005−50 mM). Unstimulated 
cells and cells stimulated with C. albicans SC5314 (M.O.I =1) alone were used as controls. The data 
are derived from duplicate wells of at least three independent experiments. *p < 0.05, **P < 0.01, 
***p < 0.001, and ****p <0.0001 versus unstimulated cells. # p < 0.05, ##p < 0.01, ###p < 0.001, and 
####p < 0.0001 versus C. albicans-stimulated cells 

Figure 3.6 shows that PHCl alone, at all concentrations investigated (0.005−50 

mM), had no significant effects on IL-8 release from TR146 cells compared to 

unstimulated cells (Figure 3.6A). As expected, stimulation of TR146 cells with C. 

albicans (M.O.I = 1) for 24 hours induced significant release of IL-8 in comparison 

to control unstimulated cells (p < 0.0001). In comparison to the C. albicans 

stimulated cells, PHCl inhibited the C. albicans-induced release of IL-8 at 

concentrations of 5 mM (p < 0.0001) and 50 mM (p < 0.0001) (Figure 3.6A). This 

inhibitory effect on IL-8 production was mediated at the transcriptional level 

(Figure 3.6B). In comparison to unstimulated cells, IL-8 mRNA expression 

significantly increased in TR146 cells stimulated with C. albicans alone (p < 

0.001). In contrast, PHCl alone at any of the concentrations investigated had no 

significant effects on IL-8 expression in TR146 cells when compared to the 

unstimulated control. However, in comparison to the C. albicans-stimulated 

cells, 50 mM PHCl inhibited the C. albicans-induced expression of IL-8 (p < 0.001) 

(Figure 3.6B).  
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Figure 3.7 Modulation of C. albicans-induced TR146 cell expression and release of IL-6 by 
PHCl. TR146 cells seeded into 24-well plates were stimulated with various concentrations of PHCl 
alone (0.005−50 mM) or C. albicans SC5314 (M.O.I =1) with various concentrations of PHCl 
(0.005−50 mM) for 24 hours. Release of IL-6 into culture supernatants was determined by ELISA 
and changes in IL-6 expression by real-time PCR. (A) IL-6 release by TR146 cells upon exposure to 

PHCl alone (0.005−50 mM) and stimulation with live C. albicans SC5314 in the presence of PHCl 
(0.005−50 mM); (B) IL-6 expression by TR146 cells upon exposure to PHCl alone (0.005−50 mM) 
and stimulation with live C. albicans SC5314 in the presence of PHCl (0.005−50 mM). Unstimulated 
cells and cells stimulated with C. albicans SC5314 (M.O.I = 1) alone were used as controls. Data is 
derived from duplicate wells of at least three independent experiments. *p < 0.05, **P < 0.01, ***p 
< 0.001, and ****p <0.0001 versus unstimulated cells. # p < 0.05, ##p < 0.01, ###p < 0.001, and ####p 

< 0.0001 versus C. albicans-stimulated cells  

Figure 3.7 shows that PHCl alone, at all concentrations investigated (0.005−50 

mM), had no significant effects on IL-6 release from TR146 cells compared to 

unstimulated cells (Figure 3.7A). As expected, stimulation of TR146 cells with C. 

albicans (M.O.I = 1) for 24 hours induced significant release of IL-6 in comparison 

to control unstimulated cells (p < 0.0001). In comparison to the C. albicans-

stimulated cells, PHCl inhibited the C. albicans-induced release of IL-6 at 

concentrations of 0.005 mM (p < 0.01), 0.05 mM (p < 0.01), 0.5 mM (p < 0.001), 

5 mM (p < 0.0001) and 50 mM (p < 0.0001) (Figure 3.7A). This inhibitory effect on 

IL-6 production was mediated at the transcriptional level (Figure 3.7B). In 

comparison to unstimulated cells, IL-6 mRNA expression was significantly 

increased in the TR146 cells stimulated with C. albicans alone (p < 0.001). In 

contrast, PHCl alone at any of the concentrations investigated had no significant 

effects on IL-6 expression in TR146 cells when compared to the unstimulated 

control. However, in comparison to the C. albicans-stimulated cells, 5 mM (p < 

0.01) and 50 mM (p < 0.01) PHCl inhibited the C. albicans-induced expression of 

IL-6 (Figure 3.7B).  
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Figure 3.8 Modulation of C. albicans induced TR146 cell expression and release of IL-1α by 
PHCl. TR146 cells seeded into 24-well plates were stimulated with various concentrations of PHCl 
alone (0.005−50 mM) or C. albicans SC5314 (M.O.I = 1) with various concentrations of PHCl 

(0.005−50 mM) for 24 hours. Release of IL-1 into culture supernatants was determined by ELISA 

and changes in IL-1 expression by real-time PCR. (A) IL-1 release by TR146 cells upon exposure 
to PHCl alone (0.005−50 mM) and stimulation with live C. albicans SC5314 in the presence of PHCl 

(0.005−50 mM); (B) IL-1 expression by TR146 cells upon exposure to PHCl alone (0.005−50 mM) 
and stimulation with live C. albicans SC5314 in the presence of PHCl (0.005−50 mM). Unstimulated 
cells and cells stimulated with C. albicans SC5314 (M.O.I = 1) alone were used as controls. The 
data are derived from duplicate wells of at least three independent experiments. *p < 0.05, **P < 
0.01, ***p < 0.001, and ****p <0.0001 versus unstimulated cells. # p < 0.05, ##p < 0.01, ###p < 0.001, 

and ####p < 0.0001 versus C. albicans-stimulated cells. 

Figure 3.8 shows that PHCl alone, at all concentrations investigated (0.005 − 50 

mM), had no significant effects on IL-1α release from the TR146 cells compared 

to unstimulated cells (Figure 3.8A). As expected, stimulation of TR146 cells with 

C. albicans (M.O.I = 1) for 24 hours induced significant release of IL-1α in 

comparison to control unstimulated cells (p < 0.001). In comparison to the C. 

albicans stimulated cells, PHCl inhibited the C. albicans-induced release of IL-1α 

at concentrations of 5 mM (p < 0.01) and 50 mM (p < 0.01) (Figure 3.8A). This 

inhibitory effect on IL-1α production was mediated at the transcriptional level 

(Figure 3.8B). In comparison to unstimulated cells, IL-1α mRNA expression 

significantly increased in TR146 cells stimulated with C. albicans alone (p < 

0.0001). In contrast, PHCl alone at any of the concentrations investigated had no 

significant effects on IL-1α expression in TR146 cells when compared to the 

unstimulated control. However, in comparison to the C. albicans-stimulated 

cells, 50 mM PHCl inhibited the C. albicans induced expression of IL-1α (p < 

0.0001) (Figure 3.8B).  
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3.3.3  The effect of PHCl on Candida albicans infection of a 3D 
human oral epithelium tissue model  

Previous data demonstrate that TR146 cells can initiate an innate immune 

response to C. albicans infection and, in addition, this response is modulated by 

the general muscarinic receptor agonist PHCl. To further investigate this host 

inflammatory immune response in a model that better mimics the in vivo buccal 

mucosa, a 3D human oral epithelium (HOE) tissue model was employed. 

The viability of the HOE tissue under all experimental conditions was first 

evaluated using the LDH release assay. Figure 3.9 shows that stimulation with 

live C. albicans alone or in combination with PHCl had no significant effect on 

tissue viability as determined by LDH release. PMA at a concentration of 100 

ng/mL was also included as a positive control for tissue stimulation and 

demonstrated no significant effect on tissue viability. 

 

Figure 3.9 LDH release by human oral epithelial tissue after stimulation with live C. albicans 
in the presence and absence of PHCl over 24 hours. The release of LDH into culture supernatants 
was quantified using an LDH cytotoxicity assay kit. (A) Stimulation with live C. albicans at M.O.I = 

1 in the presence and absence of 0.05−50 mM PHCl—data are presented as raw OD values for 
statistical analysis; (B) stimulation with live C. albicans at M.O.I = 1 in the presence and absence 

of 0.05−50 mM PHCl. Data are presented as percent cytotoxicity in relation to the positive control. 
All experiments were performed in triplicate on at least two independent occasions. ***p <0.001 
in comparison to unstimulated cells. 

As PHCl, PMA, and C. albicans at the concentrations or M.O.I used in this study 

exhibited no cytotoxicity against the HOE 3D tissue model (Figure 3.9), 

investigations were undertaken to determine their effects, either in isolation or 

combination, on the HOE innate immune response in vitro. A custom RT2 profiler 
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array, which investigated the expression of 11 genes (IL1α, IL6, TNFα, GM-

CSF/CSF2, G-CSF/CSF3, IL8, CCL2, TLR2, TLR4, CLEC7A, and CAMP) known to 

play a role in the innate immune responses to C. albicans infection was used to 

assess the HOE innate immune responses to C. albicans (M.O.I = 1) alone or in 

combination with a range of PHCl concentrations (0.05−50 mM).  

 

Figure 3.10 A heat map showing the differential expression of genes involved in the innate 
immune response to C. albicans infection by human oral epithelial tissue after stimulation 
with C. albicans in the presence and absence of PHCl. HOE tissue was stimulated with live C. 

albicans for 24 hours in the presence or absence of PHCl at different concentrations (0.05−50 mM). 
Unstimulated cells exposed to the highest concentration of PHCl (50 mM) were used as negative 
controls. PMA was used as a positive control for stimulation. Data for expression of each gene was 

normalised to the housekeeping GAPDH and fold induction calculated using the 2-CT method. 
Data is presented as log2-fold change relative to the unstimulated HOE tissue. The experiment was 
repeated in duplicate on two independent occasions. For statistical analysis, the differences in 
log2 fold change between either unstimulated cells or C. albicans-stimulated cells were 
determined using a one-way ANOVA with a Dunnett’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001 versus unstimulated HOE tissue. #p < 0.05, ##p < 0.01, ###P < 0.001, and ###p < 

0.0001 versus C. albicans-stimulated tissue. 

##

ØC. albicans

• Significantly upregulated the 
expression of IL-8, GM-CSF, 
G-CSF, IL-1a, and IL-6.

ØPHCl treatment

• Modulate C. albicans
induced expression of 
several inflammatory genes.

• Reduced the expression of 
IL-8, GM-CSF, G-CSF, IL-1a, 
TLR2, IL-6, and TNF.
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Figure 3.11 Fold induction changes in the expression of genes involved in the innate immune 
response to C. albicans infection by the HOE tissue after stimulation with C. albicans in the 
presence and absence of PHCl. HOE tissue was stimulated with live C. albicans for 24 hours in 
the presence or absence of PHCl at different concentrations (0.05−50 mM). Unstimulated cells 
exposed to the highest concentration of PHCl (50 mM) were used as negative controls. PMA was 
used as a positive control for stimulation. Data for expression of each gene was normalised to the 

housekeeping GAPDH and fold induction was calculated using the 2-CT method. (A) IL-8 (CXCL8); 

(B) GM-CSF/CSF2; (C) G-CSF/CSF3; (D) IL1-; (E) TLR2; (F) TLR4IL6; (G) IL-6, (H) TNF; (I) CCL2; (J) 
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CLEC7A; and (K) CAMP. *p < 0.05, **P < 0.01, ***p < 0.001, and ****p <0.0001 versus unstimulated 
cells. #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 versus C. albicans-stimulated cells. 

Figure 3.10 and 3.11 show that 5 of the 11 genes were significantly upregulated 

upon stimulation of the HOE tissue with PMA over 24 hours: IL-8 (p < 0.001), GM-

CSF/CSF2 (p < 0.001), G-CSF/CSF3 (p < 0.0001), IL1-, (p < 0.01), and TLR2 (p < 

0.0001). Likewise, stimulation of the HOE tissue with C. albicans (M.O.I = 1) 

significantly upregulated expression of IL-8 (p < 0.05), GM-CSF/CSF2 (p < 

0.0001), G-CSF/CSF3 (p < 0.001), IL1- (p < 0.001), and IL-6 (p < 0.05). 

Interestingly, exposure of HOE tissue to PHCl (50 mM) alone caused significant 

downregulated expression of GM-CSF/CSF2 (p < 0.0001), IL1- (p < 0.01), and 

TLR2 (p < 0.0001). Furthermore, compared to HOE tissue stimulated with C. 

albicans alone, PHCl was observed to cause a dose-dependent reduction in C. 

albicans-induced expression of IL-8, GM-CSF/CSF2, G-CSF/CSF3, IL1-, IL-6, and 

TNF with a significant difference in expression being obtained in the presence of 

50 mM PHCl (GM-CSF/CSF2 = p < 0.0001, G-CSF/CSF3 = p < 0.0001, IL1- = p < 

0.0001, and IL-6 = p <0.01). No effects on the expression of CCL2, CLEC7A, and 

CAMP were observed under any of the experimental conditions. 

Figures 3.10 and 3.11 demonstrate that PHCl could modulate the C. albicans-

induced expression of several inflammatory genes by a HOE 3D tissue model. 

Therefore, investigations were undertaken to determine whether this effect on 

transcript expression resulted in an effect on the release of the functional 

protein. 

Figure 3.12A shows that stimulation of the HOE tissue with PMA and C. albicans 

(M.O.I = 1) for 24 hours induced a significant release of IL-8 in comparison to 

unstimulated tissue (p < 0.001 and p < 0.05, respectively). In comparison to the 

C. albicans-stimulated tissue, 50 mM PHCl inhibited the C. albicans-induced 

release of IL-8 from the HOE tissue (p < 0.05). Figure 3.12B shows that 

stimulation of the HOE tissue with PMA and C. albicans (M.O.I = 1) for 24 hours 

induced a significant release of IL-6 in comparison to the unstimulated tissue 

(both p < 0.001). In comparison to the C. albicans-stimulated tissue, 50 mM PHCl 

inhibited the C. albicans-induced release of IL-6 from the HOE. 
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Figure 3.12 Modulation of C. albicans-induced HOE release of IL-8 and IL-6 by PHCl. The HOE 
tissue was stimulated with C. albicans SC5314 (M.O.I = 1) and various concentrations of PHCl 
(0.05−50 mM) over 24 hours. Release of IL-8 and IL-6 into culture supernatants was determined by 
ELISA. PMA (100 ng/mL) was included as a positive stimulation control. PHCl alone (highest 
concentration = 50 mM) was used as an additional negative control to unstimulated tissue alone. 
(A) IL-8 release by HOE tissue upon exposure to C. albicans SC5314 (M.O.I = 1) alone or in 

combination with PHCl (0.05−50 mM); (B) IL-6 release by HOE tissue upon exposure to C. albicans 
SC5314 (M.O.I = 1) alone or in combination with PHCl (0.05−50 mM). The data are derived from 
triplicate wells of two independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus 

unstimulated cells. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus C. albicans-stimulated cells. 

Previous studies have demonstrated that the transition of C. albicans from the 

yeast form to the hyphal form is a key driver of the mucosal innate immune 

response to this organism (Nikou et al., 2019, Pellon et al., 2020). In chapter 

two, it was demonstrated that PHCl could inhibit this transition and, therefore, 

histological analysis was undertaken to investigate whether this may be a 

mechanism for the PHCl-induced downregulation of inflammatory genes 

observed in (Figures 3.10 and 3.11). The HOE tissue from each experimental 

condition was processed and stained with H&E (Figure 3.13) and PAS (Figure 

3.14). 

Microscopy revealed that uninfected control tissue had an organised structure 

with attached and coherent cell layers (Figure 3.13A and 3.14A). In addition, 

exposure to PHCl alone (Figure 3.13B and 3.14B) and stimulation with PMA 

(Figure 3.13C and 3.14C) did not cause any observable detrimental damage to 

the morphology of the tissue or detachment of the cells. However, the PMA-

stimulated cell layers (Figure 3.13C and 3.14C) were less coherent with 

observable spaces between cells. In contrast, infection with C. albicans resulted 

in profound damage that reached the basal layer of the tissue and caused 



Chapter 3: Candida albicans infection and host innate immune response 119 

detachment of the cell layers and modifications to the tissue architecture. 

Furthermore, C. albicans yeast cells and more noticeable hyphal growth was 

observed in the areas of tissue damage (Figure 3.13D and 3.14D). Interestingly, 

however, when tissues were stimulated with C. albicans in the presence of 

various concentrations of PHCl a dose-dependent effect on the extent of the 

tissue damage was observed. PHCl at 50 mM caused a noticeable reduction in 

the accumulation of C. albicans cells on the outer layers of the tissue with 

significantly reduced hyphae formation and observable tissue damage (Figure 

3.13E and 3.14E). As the concentrations of PHCl decreased (5, 0.5, and 0.05 

mM), the C. albicans hyphae and yeast cells become more prominent and the 

extent of the tissue damage increased to levels comparable to the untreated C. 

albicans-infected tissue (Figure 3.13F, G, H and 3.14F, G, H). 
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Figure 3.13 H&E staining of C. albicans-infected HOE treated with PHCl. (A) uninfected HOE 
tissue; (B) uninfected tissue treated with 50 mM PHC only; (C) uninfected tissue stimulated with 
PMA; (D) C. albicans (M.O.I =1)-infected tissue; (E) C. albicans (M.O.I = 1)-infected tissue + 50 mM 
PHCl; (F) C. albicans (M.O.I = 1)-infected tissue + 5 mM PHCl; (G) C. albicans (M.O.I = 1)-infected 
tissue + 0.5 mM PHCl; and (H) C. albicans (M.O.I = 1)-infected tissue + 0.05 mM PHCl. Arrow 1 = 
detachment of cell layers and Arrow 2 = C. albicans hyphae. The scale bar for all images is shown 
in (A). Images are representative of two technical replicates of two independent experiments.
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Figure 3.14 PAS staining of C. albicans-infected HOE treated with PHCl. (A) uninfected HOE 
tissue; (B) uninfected tissue treated with 50 mM PHC only; (C) uninfected tissue stimulated with 
PMA; (D) C. albicans (M.O.I = 1)-infected tissue; (E) C. albicans (M.O.I = 1)-infected tissue + 50 mM 
PHCl; (F) C. albicans (M.O.I = 1)-infected tissue + 5 mM PHCl; (G) C. albicans (M.O.I = 1)-infected 
tissue + 0.5 mM PHCl; and (H) C. albicans (M.O.I =1)-infected tissue + 0.05 mM PHCl. Arrow 1 = 
detachment of the cell layers and Arrow 2 = C. albicans hyphae. The scale bar for all images shown 

is in (A). Images are representative of two technical replicates of two independent experiments. 
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3.4 Discussion 

This chapter investigated the innate immune response of oral epithelial cells and 

tissues to C. albicans infection and the immunomodulatory effect of PHCl. C. 

albicans infects different sites of the human body, including epithelia, and 

triggers an innate immune response (Moyes et al., 2015). An effective immune 

response is required to protect against pathogen invasion. However, an excessive 

inflammatory response can, in some circumstances, lead to serious damage of 

host tissues (Carpino et al., 2017, Whibley and Gaffen, 2014, Shoham and 

Levitz). Pilocarpine hydrochloride (PHCl) is a cholinergic compound and it’s 

inhibitory effect on C. albicans pathogenicity has been demonstrated previously 

(Nile et al., 2019). It is known that cholinergic receptors, including muscarinic 

receptors, are expressed by non-neuronal cells including those found in the oral 

mucosa and targeting cholinergic receptors as a therapeutic avenue is a well-

established principle (Pohanka, 2012, D'Souza and Waldvogel, 2016). Therefore, 

it was reasoned that PHCl can modulate the oral innate immune response to C. 

albicans infection, and this was investigated using the TR146 cell line and a 3D 

model of the human oral epithelium.  

In the first part of this chapter, the aim was to optimise the stimulatory 

conditions for investigating the immunomodulatory effects of PHCl using the 

TR146 cell line. TR146 cells are an undifferentiated, non-keratinised cell line, 

derived from a human squamous cell carcinoma of the buccal mucosa (Rupniak 

et al., 1985, Jacobsen et al., 1995, Mørck Nielsen and Rømer Rassing, 2000). 

TR146 cells are simple to maintain and affordable; but do not mimic the 

architecture of host tissue and after isolation they have been suggested to 

undergo morphological changes resulting in disruptions to structure, 

organisation, cell signaling mechanisms and response to external stimuli 

(Kapałczyńska et al., 2018). Initial investigations compared the innate immune 

response of the TR146 cell line against heat-killed and live C. albicans using IL-8 

(CXCL8) expression as a marker of an inducible innate immune response. The 

findings in this chapter demonstrated that only live C. albicans, and not heat 

killed, could stimulate TR146 cells to release IL-8. Unlike the findings in this 

work, it has previously been shown that heat-killed C. albicans, in the yeast 

form but not the hyphal form, significantly increased the expression of TNF-α 
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and other cytokines by human peripheral blood mononuclear cells (PMBCs) 

(Mukaremera et al., 2017). This was hypothesised to be due to the effect of heat 

treatment on the outer layer of the cell wall and exposure of the ß-glucan to the 

host pattern-recognition receptors (PRRs) (Cheng et al., 2012). However, the 

immune response to C. albicans can vary between cells and tissues and may 

reflect their PRR expression profile. Indeed, previous studies have also 

demonstrated that heat killed C. albicans fails to elicit an immune response in 

oral epithelial cells (Schaller et al., 2002) as observed in this study. Moreover, 

the stimulation of both professional and non-professional immune cells with 

different morphological forms of C. albicans has demonstrated that they have 

differing immunoregulatory properties (Moyes et al., 2015).  

The ability of the immune system to discriminate C. albicans morphology and 

respond accordingly is a crucial determinant of commensalism or pathogenicity. 

Along with a dramatic inflammatory response by the host, the yeast to hyphae 

transition exacerbates damage to host tissue and organs (Matuschak and 

Lechner, 1997). It has been noted that C. albicans at higher cell densities, 

however, do not form hyphae due to inhibition by farnesol, a quorum sensing 

molecule (Ciurea et al., 2020). The data reported in this chapter revealed that 

live C. albicans at an M.O.I of 1 stimulated optimal upregulated expression and 

release of IL-8, IL-6 and IL-1 from TR146 cells. Furthermore, stimulation with 

higher M.O.Is showed sub-optimal expression and release of these 

proinflammatory mediators and this was associated with a greater number of 

yeast cells visible on the cell monolayer surface (data not shown). These data 

therefore confirm the important role of the morphogenesis process in 

stimulating the TR146 cell innate immune response. Therefore, for optimal 

stimulation in the further experiments reported in this chapter, live C. albicans 

at an M.O.I of 1 was used. 

During C. albicans infection, the host immune system initiates an immune 

response via recognition of conserved pathogen associated molecular patterns 

(PAMPs) through recognition receptors (PRRs) such as the Toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs). Polysaccharide components of the C. 

albicans cell wall such as mannan, chitin, β-1,3-glucan and β-1,6-glucan are 

PAMPs recognized by host PRRs. Recognition of fungal PAMPs, consequently, 
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instigates a series of signaling pathways that activate inflammatory cytokine and 

chemokine expression such as IL-6, IL-8, and IL-1, which in turn result in 

recruitment and activation of innate phagocytic cells such as neutrophils and 

monocytes (Chin et al., 2014, Netea et al., 2015, Romani, 2011).  

Interleukin-6 (IL-6) is released as part of the innate immune responses. Some of 

the cell wall components of C. albicans stimulate the production of IL-6 (Chin et 

al., 2014). Secretion of IL-6 helps in eliminating invasive C. albicans. A study by 

Van Enckevort et al. (1999) showed that mice deficient in IL-6 were more 

susceptible to systemic candidiasis. The role of IL-6 in neutrophil activation is 

important in C. albicans infections and it has been shown that mice lacking IL-6 

could not generate an effective neutrophil response. The lack of IL-6 production 

by deficient mice also led to increased fungal load and decreased survival rates. 

Indeed, despite the production of other pro-inflammatory cytokines such as IL-

1α and TNF, the lack of IL-6 still leads to fungal outgrowth in various organs 

during C. albicans infection further emphasising the importance of this cytokine 

in an effective immune response to C. albicans (Chin et al., 2014).  

Interleukin-8 (IL-8) plays a crucial role in innate immunity against C. albicans. It 

is a key host immune response chemokine with a vital role in protecting against 

oral fungal infections. IL-8 is a potent chemoattractant, drives monocyte 

antifungal effects and can enhance keratinocyte proliferation during C. albicans 

infection, preventing invasive or chronic illnesses. IL-8 production drives the 

recruitment of phagocytes such as neutrophils to sites of infection and is an 

important initiator of an inflammatory response. However, activation of IL-8 can 

also exacerbate oral epithelial cell lysis in the presence of C. albicans through 

an IL-1α driven mechanism. Indeed, IL-1α is an important potent stimulator of 

IL-8 secretion by oral epithelial cells during a C. albicans infection. Coculturing 

C. albicans with oral epithelial cells in the presence and absence of a 

neutralizing anti IL-1α antibody or IL-1 Receptor antagonist (IL-1Ra) resulted in 

approximately 50% inhibition of IL-8 secretion. Furthermore, production of IL-8 

was Candida strain-specific and required the germination of the yeast into 

hyphae. Strain SC5314 was found to be the most potent inducer of IL-8 

expression when compared to ATCC28366 and ATCC32077 Candida strains 

(Dongari-Bagtzoglou and Kashleva, 2003). This finding implies that only viable C. 
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albicans can effectively trigger an IL-8 response which is in agreement with data 

reported in this study.  

Another important interleukin in combating C. albicans infection is IL-1α. 

Interleukin-1 cytokines were the first interleukins to be identified and are 

crucial for the host innate response to infection and are linked with both acute 

and chronic inflammation. Interleukin-1 cytokines (except IL-1Ra) are expressed 

in a precursor form, which itself can be biologically active, or requires 

subsequent cleavage and posttranslational modification. Both IL-1α and IL-1β are 

proinflammatory cytokines and in general share similarities in terms of their 

biological functions, yet they do differ in some respects. Interleukin-1α is 

expressed by mesenchymal and epithelial cells during an inflammatory response. 

IL- 1α further promotes inflammation via binding to receptor ILR1 and functions 

also as an active membrane bound precursor. On the other hand, IL-1β is 

produced mainly by mononuclear phagocytes as an inactive precursor (Griffiths 

et al., 2021). Smeekens et al. (2015) reported that C. albicans stimulates the 

mannose receptors on macrophages, leading to the cleavage of immature IL-1β 

by monocytes and release of active IL-1β which subsequently plays a role in the 

induction of immune responses against C. albicans infections. Mice deficient in 

IL-1 receptors succumbed to candida infections. Furthermore, IL-1β induced 

Th17 responses lead to protection of the skin and mucosa against C. albicans. An 

important consideration is the presence of IL-1Ra, which is a natural antagonist 

of IL-1β whose role is to counterbalance the inflammatory response initiated by 

IL-1 cytokines and prevent severe tissue damaging inflammation in response to 

C. albicans. However, C. albicans has developed a host immune response evasion 

strategy whereby it can induce overexpression of IL-1Ra, through it’s β -glucans, 

which nullify the host IL-Iβ response and promotes it’s pathogenicity (Smeekens 

et al., 2015, Griffiths et al., 2021). Vonk et al. (2006) showed that IL-1β and IL-

1α mounted protective host responses against disseminated candidiasis. IL-1β 

recruits polymorphonuclear leukocytes (PMNs) to the infected sites. However, IL-

1α was required for the PMNs to kill the pseudohyphae of C. albicans and 

promote an effective Th1 response. Indeed, Interleukin 1 is believed to protect 

the host against C. albicans infection by increasing the influx of PMNs and 

enhancing granulopoiesis (Vonk et al., 2006). 
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Muscarinic receptors are expressed on different cells that play roles in host 

immune responses such as fibroblasts, leukocytes, and epithelial cells. The role 

of muscarinic receptors in modulating the immune response during infection is 

relatively understudied. However, Darby et al. (2015) revealed the important 

role of the M3 receptor in modulating the immune response against Salmonella 

typhimurium and Nippostrongylus brasiliensis. Mice that were deficient in M3 

receptors had reduced CD4 T-cell cytokine production in primary and secondary 

infections. Another study by Razani-Boroujerdi et al. (2008), revealed that 

chronic treatment with oxotremorine, a muscarinic receptor agonist, in a rat 

model stimulated the T-cell-proliferative responses. Okuma and Nomura et al. 

(2001), reported that treating human peripheral blood lymphocytes with 

oxotremorine, enhanced phytohemagglutinin induced IL-2 production. Another 

study by Vezys et al. (2007) demonstrated that muscarinic receptor type 1 (M1) 

knockout mice infected with lymphocytic choriomeningitis virus (LCMV) or 

vesicular stomatitis virus (VSV) were deficient in the development of a cytotoxic 

T cell response. The first evidence for a role of muscarinic receptors in 

modulation of the immune response against fungal infections was reported by 

Nile et al. (2019), using a Galleria mellonella infection model. This study 

demonstrated that PHCl can modulate the host immune response by inducing 

effective clearance of C. albicans and limiting host tissue damage. 

The data presented in this chapter show that treating TR146 cells with different 

concentrations (0.05−50 mM) of PHCl during C. albicans infection at a M.O.I of 1 

resulted in reduced IL-8, IL-1α, and IL-6 expression and release. These findings 

were not due to cytotoxic effects of PHCl (Figure 3.5). Modulation of the TR146 

cell immune response by PHCl suggests the involvement of muscarinic receptor 

controlled signaling pathways which remain to be elucidated. Furthermore, as 

PHCl is a general muscarinic receptor, further investigations using specific 

muscarinic receptor agonists/antagonists are needed to characterise the specific 

subtypes of muscarinic receptor involved in mediating this response.  

As discussed previously, the use of the TR146 cell line in host-Candida 

interaction studies has it’s limitations. Therefore, even though it is more 

expensive and time consuming, using 3D HOE tissue compensates for cell line 

disadvantages and better imitates in vivo tissue. Furthermore, a more holistic 
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approach to determining the effects of PHCl on innate immune response 

regulation was taken in this study by employing RT-profiler analysis, which 

allowed simultaneous investigation of the expression of 11 genes previously 

reported to be involved in the innate immune response to C. albicans infection. 

Furthermore, immunohistological analysis facilitated investigations into the 

interaction between the host tissue and C. albicans during early infection 

events. The data in this chapter shows that, as observed with the TR146 cell 

line, live C. albicans stimulates upregulated expression of IL-6, IL-1 and IL-8 

(CXCL8), from HOE tissue and this is inhibited by treatment with PHCl. 

Furthermore, the LDH cytotoxicity results suggest that the effect of PHCl on C. 

albicans induced chemokine and cytokine expression in HOE tissue is due to a 

specific mechanism rather than any cytotoxic effect of PHCl administration. The 

RT2 profiler analysis also revealed that C. albicans, in addition to IL-6, IL-8 and 

IL-1 also induced upregulated expression of the GM-CSF and G-CSF genes in 

HOE tissue which were once again inhibited by administration of PHCl. 

Granulocyte- colony stimulating factor (G-CSF) and granulocyte macrophage-

colony stimulating factor (GM-CSF) are members of the colony stimulating factor 

(CSF) family of cytokines. They are homodimeric cytokines essential to overall 

immune competence. Granulocyte- colony stimulating factor (G-CSF) promotes 

the growth, differentiation, survival and function of neutrophils. G-CSF promotes 

neutrophil recruitment and protects against infections in non myeloid 

malignancy patients (Flaherty, 2012, Trapnell and Abe, 2006). Literature has 

demonstrated that deficient mice lacking G-CSF or both G-CSF and IL-6 have 

chronic neutropenia and decreased neutrophil mobilization and increased 

susceptibility to C. albicans infection. (Lieschke et al., 1994, Wan et al., 2015, 

Basu et al., 2008). Furthermore a study by Gaviria et al. (1999) reported that 

administration of G-CSF to healthy human volunteers enhanced neutrophil-

mediated activity against C. albicans pseudohyphae.  

Granulocyte macrophage- colony stimulating factors (GM-CSF) stimulates growth 

of myeloid progenitors as well as the survival and function of neutrophils and 

macrophages (Flaherty, 2012, Trapnell and Abe, 2006). Interestingly, both G-CSF 

and GM-CSF immunomodulatory therapies have been considered for treatment of 

invasive fungal disease. Although they did not directly result in improvements in 



Chapter 3: Candida albicans infection and host innate immune response 128 

invasive fungal disease occurrence and mortality, they were found to enhance 

some patients’ recovery process (Sam et al., 2018).However, Wan et al. (2015), 

reported that using GM-CSF as prophylactic therapy in patients with neutropenia 

decreased invasive fungal disease by promoting neutrophil migration to the site 

of infection. In addition, GM-CSF can enhance neutrophils expression of CD64, 

ICAM-1, and complementary receptors CR-1 and CR-3 and thus promote 

phagocytosis (Bober et al., 1995). Another study by Mehta et al. (2015) reported 

that GM-CSF also increased neutrophils cytotoxicity capabilities to eradicate C. 

albicans.  

The data reported in this chapter showed that C. albicans mainly stimulated a 

number of pro-inflammatory and regulatory chemokines and cytokines which 

enhance antifungal activity by recruiting and activating immune cells, such as 

polymorphonuclear leukocytes (PMNs) and macrophages (Kurzai, 2013, Feller et 

al., 2014). However, the RT2 profiler analysis showed no significant changes in 

expression of cathelicidin antimicrobial peptide (CAMP) or C-type lectin domain 

family 7 member A (CLEC7A). CAMP plays a role in direct pathogen killing 

through phagocytosis and regulates pro and anti-inflammatory immune responses 

(Lowry et al., 2014, Raker et al., 2016). In contrast to data reported here, CAMP 

was found to be expressed and upregulated by different immune cells when 

stimulated with C. albicans (Chromek et al., 2006, López-García et al., 2005, 

Lowry et al., 2014, Rivas-Santiago et al., 2008). Expression of CLEC7A (Dectin 1), 

a C-type lectin domain that acts as a recognition receptor for fungal ß-glucan, 

was shown to be down regulated during C. albicans infection of the oral 

epithelium (Moyes et al., 2014). This finding highlights the suggestion proposed 

that the C. albicans-induced immune response was instigated by factors other 

than ß-glucan exposure, such as candidalysin (Naglik et al., 2019). Interestingly, 

expression of TLR2 that detects fungal mannan, was demonstrated to be 

upregulated by PMA treatment compared to C. albicans stimulated and 

unstimulated HOE tissue. In addition, it was downregulated by PHCl at a 

concentration of 50 mM. On the other hand, TLR4 expression was not modulated 

under any of the conditions investigated. The data reported here therefore 

suggests that C. albicans may have developed a strategy to circumvent 

recognition by host PRRs which has been reported before in several studies. For 

example, cell wall remodelling upon exposure to environmental stress, C. 
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albicans filamentation can eventually lead to macrophages piercing. Another 

example is changing or shielding PAMP structure such as shielding β-glucan by 

the outer cell wall which prevents recognition by host immune cells (Bourgeois 

and Kuchler, 2012, Cheng et al., 2012).  

In agreements to a study reported by Lu et al. (2006), the immunostaining data 

presented in this chapter clearly showed that damage occurred in HOE tissue 

when infected with C. albicans and was associated with fungal growth and 

hyphae formation. The observed damage presented as detachment of cell layers. 

On the other hand, no visible damage was observed in infected, as well as 

uninfected, HOE tissue when treated with PHCl. Treatment with different 

concentrations of PHCl afforded protection against C. albicans induced damage 

in a concentration dependent manner. Yet, the mechanism by which PHCl 

modulates the immune response, reduces tissue damage and inhibits hyphae 

formation is still to be investigated and elucidated in detail. Whether PHCl 

effect is via downregulating virulence known genes such as ECE1, which is known 

to contribute to immune cells damage, or via cholinergic pathways mediated by 

immune cell receptors require further investigations. 

In conclusion, the findings presented in this chapter highlight the crucial role of 

C. albicans morphogenesis in inducing a pro-inflammatory immune response. 

Furthermore, PHCl afforded protection against C. albicans infection to oral cells 

and tissues by inhibiting the yeast-hyphae transition and down regulation of 

innate immune responses. This study suggests, therefore, that muscarinic 

receptors on oral epithelial cells may modulate the host response to infection.  

Yet, the data herein do not dictate if the downregulation effect of the 

inflammatory immune response is due to the inhibition of yeast to hyphae 

transition in the presence of PHCl or due to direct effect of PHCl on the 

muscarinic receptors of tissues and mucosal cells. This requires further 

investigations to understand the specific receptors and signaling mechanisms by 

which PHCl can regulate the inflammatory response of mucosal cells and tissues.  

Key summary points: 
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• Heat-killed C. albicans failed to induce a significant immune response 

against C. albicans infection. 

• Live C. albicans significantly induced an innate immune response by the 

TR146 cell line and HOE tissue. 

• The yeast-to-hyphae transition is a crucial process for initiation of an 

innate immune response by host mucosal tissues. PHCl could inhibit the C. 

albicans stimulated innate immune response and prevented extensive 

tissue damage. 



 

4 Molecular regulation of Candida albicans 
virulence factors   
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4.1 Introduction 

Even though the normal relationship of C. albicans within the human is thought 

to be commensalism, the ability of the microorganism to cause potent 

disseminated disease is a clear indication that it’s property as a pathogen often 

outshines it’s commensal properties (Dadar et al., 2018, Mayer et al., 2013). C. 

albicans is polymorphic in nature, occurring in a unicellular yeast form, as 

hyphae, pseudo-hyphae, or as a chlamydospore (Mayer et al., 2013, Neville et 

al., 2015). Phenotypic switching is a process undertaken by C. albicans in order 

to respond to various stressors and is important for the establishment of 

commensalism or pathogenesis (Neville et al., 2015). Morphological switching 

has been identified as the key factor that dictates the primary phases of host 

invasion, growth and propagation. Subsequently, the morphology, metabolism 

and transcriptome of C. albicans may also be transformed, despite the fact that 

the colonizing cells often present as a yeast (Dadar et al., 2018, Mba and Nweze, 

2020). 

The production of hyphae by C. albicans is an important indicator of biofilm 

formation and is considered a major virulence factor (Romo et al., 2019, Wall et 

al., 2019). Different sets of genes are expressed through the various stages of 

the biofilm formation process. For instance, during hyphal formation, ALS3 and 

HWP1 are predominantly expressed to facilitate cell adhesion. The proteases 

(SAPs 1−10) and phospholipase genes are also predominantly expressed to 

promote hyphal invasion of host tissues (Chong et al., 2018). At this stage, 

treating the infection with antifungals is problematic due to the resistance 

characteristics of biofilms. Antifungal tolerance by Candida biofilms is 

considered as multifactorial and it varies based on the biofilm phase. For 

instance, during early stages, the efflux pump activity contributes to tolerance, 

while during the maturation stages, this is more associated with persister cells 

and formation of an extracellular matrix consisting of β-1,3 glucan and 

extracellular DNA (Taff et al., 2013). The steady growth in the number of 

antifungal drugs to help in the management of these infections has also 

influenced the occurrence of selection pressures with consequent resistance of 

the Candida spp. For example, use of azoles such as fluconazole for prophylaxis 

contributed to the increase of non- albicans candidemia patients. In addition, 
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the continued use of 3rd generation cephalosporins was associated with neonatal 

candidemia caused by C. parapsilosis in infants (Fu et al., 2017). 

Unraveling the genetic processes that influence commensalism and pathogenicity 

in C. albicans could possibly facilitate the development of novel drug-based 

strategies to help in reducing or eliminating the risks associated with the C. 

albicans infections among immunocompromised individuals (Chen and Huang, 

2018, Neville et al., 2015). In previous studies, ACh and PHCl (a general 

muscarinic receptor agonist) have shown to have an inhibitory effect on C. 

albicans biofilm formation and virulence (Nile et al., 2019, Rajendran et al., 

2015). Yet, the molecular mechanism by which these compounds function as 

inhibitors of biofilm formation remain unknown. Therefore, high-throughput 

transcriptome sequencing (RNA-Seq) was employed to investigate changes in the 

transcriptional profile of C. albicans in the presence and absence of these 

compounds. 

The Candida genome database (CGD) contains information about approximately 

6400 genes and allows for the evaluation and assessment of genomic sequence 

data, as well as providing manually curated evidence as to the functionality of 

genes and proteins expressed by C. albicans. The CGD can, therefore, be used to 

comprehensively understand the molecular behavior of C. albicans and to 

develop molecular-based strategies for managing it’s health impacts. So far, 

numerous genes have been catalogued which are vital for C. albicans survival in 

the host; such as secreted aspartyl proteinase (SAP) genes, secreted lipase (LIP) 

genes, agglutinin (ALS) genes and genes involved in iron assimilation. However, 

more than 1000 C. albicans genes are of unknown function with no obvious 

ortholog in the yeast Schizosaccharomyces or the fungus S. cerevisiae. These 

genes may also play important roles in host pathogen interactions and infection 

(Arnaud et al., 2005, Odds et al., 2004, database, 2004-2021). Of interest to this 

research is the morphological transformation inhibition in C. albicans by PHCl 

and ACh, which implies the presence of functional cholinergic receptor(s). 

Additionally, the C. albicans genome sequencing data indicate that C. albicans 

possesses genes responsible for ACh synthesis; the carnitine acetyltransferase 

gene (CrAT) and the choline acetyltransferase gene (ChAT) (Borghi et al., 2015, 

Rajendran et al., 2015). This therefore infers that C. albicans possesses more 
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complex cholinergic machinery and has the ability to synthesis and respond to 

cholinergic signals which have yet to be investigated. 

Hypothesis and aims: 

Significant inhibition of filamentation and biofilm formation was observed when 

C. albicans was treated with PHCl and ACh. Hence, it is hypothesized that PHCl 

and ACh treatment influence pathogenesis through downregulating hyphal 

growth and biofilm formation and this effect is mediated through an as yet 

uncharacterized receptor. To address the hypothetical question in this study 

accurately, we used RNA sequencing (RNA-seq) to investigate the impact of PHCl 

and ACh on the whole transcriptome of C. albicans and understands better how 

these compounds inhibit biofilm formation. 

The aims of this chapter is: 

• Explore the differential regulation of virulence genes during PHCl and ACh 

treatment. 

• Understand the molecular regulation of C. albicans virulence factors 

under the investigated conditions. 

• Explore unannotated genes that could potentially aid in characterizing 

potential receptors that modulate biofilm formation in response to PHCl 

and ACh. 

• Attempt to unravel the signaling pathways mediating the inhibitory 

effects of PHCl and ACh.  
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4.2 Materials and Methods 

4.2.1 Biofilm growth and experiment set up 

The wild type laboratory strain SC5314 was used in this study. C. albicans was 

sub-cultured on Sabouraud dextrose agar (SDA) (Sigma-Aldrich, Dorset, UK) 

media and plates were stored at 4°C after incubation for 48 hours at 30°C. Every 

2 − 3 weeks, C. albicans was transferred on to fresh SDA agar plates. Prior to 

conducting experiments, one colony of C. albicans was suspended in yeast 

extract - peptone - dextrose medium (YPD) (Sigma-Aldrich, Dorset, UK) and 

incubated overnight (16 − 18 hours) at 37°C using an orbital shaking aerobic 

incubator set at 200 rpm and 30˚C. Cells from overnight broths were then 

washed by centrifugation at 3000 rpm for 5 minutes in phosphate buffered saline 

(PBS) (Sigma-Aldrich, Gillingham, UK) and cells were counted on a 

haemocytometer and re-suspended to a final concentration of 1 x 106 CFU/mL in 

RPMI-1640 media (Sigma-Aldrich, Dorset, UK) (Rajendran et al., 2015). Following 

standardisation, C. albicans was cultured for 4 and 24 hours in T75 cell culture 

flasks in the presence and absence of PHCl and ACh at concentrations of 5 and 

25 mM. Untreated cells were used as control. The experiment was performed on 

at least 3 independent occasions. 

At each time point, media was removed and cells were washed with PBS prior to 

addition of 1 mL RNAlater (Thermo Fisher®, USA). Cells were then scraped into 

suspension, which was subsequently transferred to a sterile microcentrifuge tube 

and stored at − 80˚C.  

4.2.2 RNA extraction 

RNA extraction was performed using the RiboPureTM Yeast RNA Extraction Kit 

(ThermoFisher, CA, USA) according to the manufacturer’s instructions. The 

experimental pipeline is summarized in Figure 4.1. Briefly, bead beating tubes 

were prepared with 750 µl beads in advance, then RNA samples were centrifuged 

at full speed for 10 minutes. Supernatant was discarded without disturbing the 

pellet. Samples were then resuspended in lysis reagent which includes 480 µl 

lysis buffer, 48 µl of 10% SDS, and 480 µl phenol:chloroform:IAA and vortexed for 

10 − 15 seconds. Next, the mixture of cells and lysis reagents was transferred to 
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the prepared bead beating tubes. Cells were vortexed in the bead beater using a 

BeadBug™ 3 Position Bead Homogenizer (Benchmark scientific, USA) vigorously at 

350 rpm for 3 cycles × 60 seconds to lyse the yeast cells. In between beating 

cycles, samples were stored on ice. Samples were next centrifuged at 16,100 x g 

at room temperature for 5 minutes to separate the aqueous phase containing the 

RNA from the organic phase. The aqueous phase was then transferred to fresh 

falcon conical 15 mL tubes. Then, for final RNA purification, 1.9 mL binding 

buffer was added to each sample of aqueous phase collected previously and 

mixed thoroughly. Then, 1.25 mL of 100% ethanol was added to the mixture and 

mixed thoroughly. In a collection tube, 700 µl of the mixture was applied to a 

Filter Cartridge. This step required to be repeated several times for application 

of the whole sample volume. Samples were centrifuged for 1 minute until the 

mixture passed through the filter into the collection tube and the flow through 

discarded. Filters were then washed with 700 µl wash solution 1 by 

centrifugation for 1-minute and the flow- through discarded. Another 2 washing 

steps were conducted using 500 µl wash solution 2/3 and the flow through was 

discarded. Samples were next centrifuged for 1 minute to remove any excess 

wash solution. Filters were then transferred to a new 2 mL collection tube. 

Preheated elution solution was applied to the centre of the filters at a volume of 

45 µl in two steps to elute RNA. Samples were centrifuged for 1 minute to 

collect eluted RNA into collection tubes. Quality and quantity of extracted RNA 

were assessed using a Bioanalyser (Aligent, USA) with a minimum quantity of 2.5 

µg and minimum integrity number (RIN) = 7.0 for each sample.  
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Figure 4.1 Experimental pipeline. C. albicans incubated with 25 and 5 mM PHCl or ACh in RPMI 
and cultured for 4 or 24h in a T75 cell culture flask. Biofilm biomass was scraped into RNA later 
suspension for extraction. Extractions were preformed following manufacturers’ instructions. 
First, biofilm cells were lysed using zirconia beads, then RNA was purified and bound to spin 
columns and contaminants were washed using manufacturers buffers. Finally, RNA was eluted 
using 100µL nuclease free water. Image was created using BioRender. 

4.2.3 RNA sequencing 

Extracted RNA sequencing was performed by Edinburgh Genomics 

(genomics.ed.ac.uk) using a NovaSeq 6000 platform and produced 100 bp paired 

end reads. FastQC was used to assess sequence data quality and produce quality 

control scores for the produced reads (Wingett and Andrews, 2018). This process 

was followed by trimming and filtering poor quality reads, adapters, and primers 

using TrimGalore(Javorka et al., 2019). Then, HISAT2 was used to align and map 

the reads to a reference C. albicans genome (candidagenomedatabase.org) (Kim 

et al., 2019). FeatureCounts was used to count the number of reads that were 

aligned to a specific gene (Liao et al., 2014). A FeatureCounts table was 

gathered and subsequently read into RStudio (version 3.6.3). Differentially 

expressed genes for pairwise comparisons were analysed using DESeq2 package 

(Costa-Silva et al., 2017). The Bioinformatics pipeline is summarised in (Figure 

4.2). Quality control, sequence trimming, read alignment and enumeration were 

performed with the assistance of Dr. Christopher Delaney (University of 

Glasgow). 
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Figure 4.2 Bioinformatic analysis pipeline. The schematic shows the bioinformatics pipeline 
used for the RNA-seq data analysis. First, sequences were assessed and trimmed to achieve high 
quality reads. Reads were aligned to a reference C. albicans genome, and the number of aligned 

genes were counted. Then, differentially expressed genes were analysed using DSeq2. 

4.2.4 Statistical analysis 

Figures in this chapter were produced using different packages in Rstudio to 

visualize differential gene expression analysis (Figure 4.2). Pairwise comparisons 

were performed between samples considering the variables of incubation time 

and concentration of treatments using the DESeq2 package. Genes were 

considered significantly differentially expressed between both conditions when 

the cut off of log2 fold change (log2FC) ≥1.5 and p-value of ≤0.01 were met. 

Following that, ClueGo application in Cytoscape (v3.7.2) (cytoscape.com) was 

used to display gene interaction networks. ClueGO (v2.5.7) plugin was used to 

annotate and group the genes functionally using gene ontology (GO) into 

categories represented by the most significant term using the hypergeometric 

test. Functional categories were considered enriched when the adjusted p-value 

was ≤0.05. ClueGO genes interaction networks were grouped by function, taking 

into account their three gene ontology (GO) terms; molecular functions (MF), 

cellular components (CC) and biological processes (BP) (Bindea et al., 2009, 

Shannon et al., 2003).  
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4.3 Results 

4.3.1 Principal component analysis  

Whole transcriptomic sequencing was performed to investigate the differences 

in gene expression when C. albicans was treated with 5 and 25 mM PHCl and ACh 

for 4 and 24 hours. Conditions chosen for transcriptomic analysis were based on 

the findings from previous work investigating the effect of ACh and PHCl on C. 

albicans viability and biofilm formation at different concentrations. Preliminary 

data from xCELLigenece real time analysis showed that growth curve exhibits 

irregularities after 4-5 hours of incubation. The concentration 25 mM had an 

effective inhibitory effect and 5 mM also was used to investigate the minimum 

effect by the treatment. In addition, significant downregulation of genes such as 

ALS3 and HWP1 in C. albicans was also observed at 4 and 24 hours by ACh. The 

two compounds (ACh and PHCl) were used to gain better understanding of the 

differences and similarities of the molecular basis behind their inhibitory effect 

which may aid in characterizing the potential receptor(s). Acquired sequenced 

data were processed for differential expression (DE) analysis to identify gene 

expression changes between different conditions. Multivariate analysis using 

principal component analysis (PCA) showed that the first most important 

variance between samples was by 67% based on time of incubation (4 hours and 

24 hours), where the second most important variance between samples was by 

9% due to different treatment (ACh and PHCl). One Sample treated with 5 mM 

PHCl for 4 hours was excluded from the analysis due to failure to pass quality 

control criteria (Figure 4.3).  
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Figure 4.3 Principal component analysis. PCA plot shows first largest variance along PC1 (67%) 
by time of incubation and second largest variance along PC2 (9%) by different treatment. 
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4.3.2  Differential expression in response to PHCl treatment 

Volcano plots revealed variations in C. albicans transcriptomic profile in the 

presence and absence of PHCl. Large numbers of differentially expressed genes 

have passed the Log2 cut-offs of +1.5 and −1.5 after PHCl treatment. However, 

some failed to reach statistical significance. A number of differentially 

expressed genes increased at a concentration of 25 mM and time point 4 hours 

(Figure 4.4). Heatmaps show the top 50 differentially expressed genes with their 

relative expression in the presence and absence of the treatment. Many 

differentially expressed genes are uncharacterized and referred to by their gene 

ID (Figure 4.5). 

 

Figure 4.4 Volcano plots showing gene expression at different times in the presence of PHCl 
treatment. (A) transcriptional changes at 4 hours with 5 mM. (B) transcriptional changes at 4 hours 
with 25 mM. (C) transcriptional changes at 24 hours with 5 mM. (D) transcriptional changes at 24 
hours with 25 mM. Upregulated genes in the presence of PHCl are represented by a +ve Log2 fold 

PHR2

PGA26

C1_07040C
DUR32

RTA3

CCC1

CDR1
C4_00530C

PHO89

C4_05730W

TEF4
IHD1CR_01910C

CR_02780W

RBR1

0

5

10

15

20

−5 0 5

 Log2 fold change

 -
L

o
g

1
0
 P

NS Log2 FC P & Log2 FC

Volcano Plot Candida Only 4h = −ve Candida Pilocharpine 5mM 4h = +ve

Candida Only 4h_vs_Candida Pilocharpine 5mM 4h

FC cutoff, 1.5; p−value cutoff, 10e−3

PHR2

HMX1 NRM1

EXG2
XOG1

C1_03460C

MFALPHA

FMA1

IFE1

PGA26

C1_07040C

C1_07160C
PGA6AOX2

C1_10980W

MNN41

RTA3

CCC1

CSP2

PHO89
ECE1

C4_03500C

C4_05730W

ZRT1

CFL4

MNN1

IHD1

AQY1

RBR1
CR_06140W

INO1

0

10

20

−5 0 5

 Log2 fold change

 -
L

o
g

1
0
 P

NS Log2 FC P & Log2 FC

Volcano Plot Candida Only 4h = −ve Candida Pilochar pine 25mM 4h = +v e

Candida Only 4h_vs_Candida Pilocharpine 25mM 4h

FC cutoff, 1.5; p−value cutoff, 10e−3

PGA6

HSP21

AMO2
AFP99

AHP1

CFL4

SAP6

C7_00630C

CR_07820W

0

3

6

9

−5 0 5

 Log2 fold change

 -
L

o
g

1
0
 P

NS Log2 FC P & Log2 FC

Volcano Plot Candida Only 24h = −ve Candida Pilocharpine 5mM 24h = +ve

Candida Only 24h_vs_Candida Pilocharpine 5mM 24h

FC cutoff, 1.5; p−value cutoff, 10e−3

C1_02730W
SAP7

PHO87

PBR1

PHO8

HSP21 AMO2

C2_08890W

TOS1PHO89 CFL4

BMT4

C7_00630C

0

10

20

30

40

−5 0 5

 Log2 fold change

 -
L

o
g

1
0
 P

NS Log2 FC P P & Log2 FC

Volcano Plot Candida Only 24h = −ve Candida Pilochar pine 25mM 24h = +v e

Candida Only 24h_vs_Candida Pilocharpine 25mM 24h

FC cutoff, 1.5; p−value cutoff, 10e−3

A

C D

B



Chapter 4: Molecular regulation of Candida albicans virulence factors 142 

change and those upregulated in the absence of PHCl are represented with -ve Log2 fold change. 
The increase in negative or positive values indicate a larger upregulation. The horizontal dotted 
lines indicate the cut-off p value < 0.01, (colours in blue or red). The vertical dotted lines indicate 
the cut-off of Log2 fold change 1.5 (colours in green). Genes of interest that are significantly 
upregulated are the genes where expression levels are above or below the Log2 fold change cut-

offs; -1.5 and 1.5 and that are highly significant; P < 0.01. 
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Figure 4.5 Heatmaps showing levels of relative gene expression at different times during 
treatment of C. albicans with different concentrations of PHCl. (A) transcriptional changes at 4 
hours with 5 mM. (B) transcriptional changes at 4 hours with 25 mM. (C) transcriptional changes at 
24 hours with 5 mM. (D) transcriptional changes at 24 hours with 25 mM. The colour key indicates 
level of relative expression under any of the conditions; the presence of PHCl treatment (red) and 
the absence (green). 

 



Chapter 4: Molecular regulation of Candida albicans virulence factors 144 

4.3.3 Differences in gene regulation and influenced pathways in 
presence and absence of 5 mM PHCl at 4 hours of biofilm 
formation  

Differential expression analysis revealed that C. albicans cells treated with 5 mM 

PHCl resulted in the significant upregulation of 20 genes such as RBR1, RTA3, 

TEF4, PHR2, CCC1, and CDR1. In addition, 39 genes were significantly 

downregulated including: PHO89, PGA26, IHD1, and DUR32 (Figure 4.4 A and 4.5 

A). Each gene encodes a specific protein that is responsible for a biological 

process detailed in (Table 4.1) and in appendix IV materials (Table 1). 

Differences in gene regulation in the presence and absence of PHCl were further 

investigated by determining the pathways that are influenced by the treatment. 

GlueGO plugin in Cytoscape was used to calculate and visualize the networks of 

functionally enriched pathways. Gene interaction networks showed that 5 mM of 

PHCl at 4 hours resulted in a differential expression of genes that are involved in 

several biological processes and among the highly regulated were pathogenesis 

related terms (P < 0.0005), sulfur compound biosynthetic processes (P < 0.005 − 

0.05), response to temperature (P < 0.005 − 0.05), transmembrane transporter 

activities (P < 0.005 − 0.1) and interaction with host and cellular metal ion 

homeostasis (P < 0.05 − 0.1). The transcription profile of C. albicans when 

treated with 5 mM PHCl at 4 hours revealed that cellular metal ion homeostasis 

and cell substrate adhesion processes were upregulated. Furthermore, biological 

functions such as, transmembrane transporter activities, interaction with host, 

sulfur biosynthetic and metabolic, and pathogenesis were downregulated (Figure 

4.6). Some genes were found to be implicated in regulating different biological 

functions in both directions. Upregulating CCC1 resulted in upregulating cellular 

transition metal ion homeostasis and downregulating inorganic ion and cation 

transmembrane transporter activity. Downregulation of HSP21 led to 

downregulation of pathogenesis and upregulation of response to temperature 

stimulus. Although XOG1 upregulation resulted in cell substrate adhesion 

upregulation, it led to pathogenesis related terms downregulation. Upregulation 

of ALS4 resulted in pathogenesis downregulation and upregulation of cell 

substrate adhesion and response to temperature. 
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Table 4.1 Top 10 up and top 10 down regulated genes by 5 mM PHCl treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the P value. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

RBR1 

Cell wall 

Glycosylphosphatidylino

sitol (GPI)-anchored 

protein. 

6.03582729 7.72E-12 
C4_00530C_

A 

Has domain(s) 

with predicted 

hydrolase 

activity. 

-5.6112984 0.00516969 

SAP4 
Secreted aspartyl 

proteinase. 
5.28245456 1.29E-07 PHO89 

Putative 

phosphate 

permease. 

-5.5683292 4.13E-18 

C4_05730

W 
Adhesin-like protein. 3.90808373 3.74E-08 

CR_01910C_

A 

Putative 

dethiobiotin 

synthetase. 

-5.4786513 9.18E-05 
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TEF4 
Putative translation 

elongation factor. 
3.47486637 1.68E-05 

C1_10810W_

A 

Pry family 

pathogenesis-

related protein. 

-4.2040378 0.0476169 

RTA3 
7-transmembrane 

receptor protein. 
2.9101507 7.26E-11 

CR_03480W_

A 

Ortholog of C. 

dubliniensis 

CD36 : 

Cd36_28730, 

Candida 

tropicalis MYA-

3404 : 

CTRG_00749 and  

WO-1 : 

CAWG_01683. 

-4.1607032 0.00344461 

ALS4 GPI-anchored adhesin. 2.8472063 
0.000853

84 
OPT4 

Oligopeptide 

transporter 
-4.0602241 7.89E-05 

CFL4 
C-terminus similar to 

ferric reductases. 
2.60099245 

0.000476

97 
PLB1 Phospholipase B. -3.9128041 0.01164346 
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DAG7 Secretory protein. 2.40198804 
0.022924

6 
MRV4 

Protein of 

unknown 

function. 

-3.8581611 0.02642543 

CR_02780

W 

Protein with similarity 

to carbonic anhydrases. 
2.35071858 

0.006943

01 

CR_01920W_

A 

Ortholog(s) have 

adenosylmethion

ine-8-amino-7-

oxononanoate 

transaminase 

activity and role 

in biotin 

biosynthetic 

process 

-3.3596944 0.03267073 

MNN1 
Putative alpha-1,3-

mannosyltransferase 
2.11858294 

0.000211

11 

C1_07160C_

A 

Protein 

conserved among 

the CTG-clade. 

-3.3182581 0.01145171 
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Figure 4.6 . ClueGO analysis of differential expressed genes and influenced pathways at 4 hours by 5 mM PHCl. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 

edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) Pie 
charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. Interaction 

Networks were created using ClueGO. 
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4.3.4 Differences in gene regulation and influenced pathways in 
presence and absence of 25 mM PHCl at 4 hours of biofilm 
formation  

Increasing the concentration of PHCl to 25 mM at 4 hours resulted in a higher 

number of genes regulated; 68 genes were upregulated and 65 genes were 

downregulated. Similarly, heatmap and volcano plots showed that the genes 

RTA3, PHR2, CFL4, and other genes were significantly upregulated at 25 mM 

concentration, while PHO89, PGA26, and IHD1 were amongst the most significant 

downregulated genes along with ECE1 (Figure 4.4 B and 4.5 B). Each gene 

encodes a specific protein that is responsible for a biological process detailed in 

(Table 4.2) and in appendix IV materials (Table 2). ClueGO interaction networks 

analysis showed that 25 mM PHCl treatment revealed significant regulation of 

genes that are implicated in the following biological functions; pathogenesis, 

cell wall and external encapsulating structure organization, and cellular 

transition metal ion transport and homeostasis with the highest significance (P < 

0.0005). Other biological functions are fungal type cell wall biogenesis, 

polysaccharide metabolic processes, response to temperature stimulus, lipid 

translocation, host defence evasion, biofilm formation, response to toxic 

substances, symbiotic processes, transmembrane transporter activity, and 

oxidoreductase activity (Figure 4.7). Genes involved in the following functions: 

Cell wall organization, response to temperature stimulus, polysaccharide 

metabolic process, lipid translocation, and iron ion transport were found to be 

upregulated by 25 mM PHCl at 4 hours. While other functions such as response to 

toxic substance and oxidative stress, oxidoreductase activity, pathogenesis, 

defenses evasion, symbiotic process, and transmembrane transporter activity 

were downregulated (Figure 4.7).  
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Table 4.2 Top 10 up and top 10 down regulated genes by 25 mM PHCl treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the P value. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

RBR1 

Cell wall 

Glycosylphosphatidylin

ositol (GPI)-anchored 

protein. 

5.16110835 5.06E-10 
C4_03500C_

A 

Protein of 

unknown 

function. 

-5.601814 0.00077758 

C4_05730

W  
Adhesin-like protein. 4.73815539 1.48E-14 PHO89 

Putative 

phosphate 

permease. 

-5.0379451 1.29E-18 

CFL4 
C-terminus similar to 

ferric reductases. 
4.23719509 2.99E-15 

C4_00530C_

A 

Has domain(s) 

with predicted 

hydrolase 

activity. 

-4.5519024 0.01030596 
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INO1 
Inositol-1-phosphate 

synthase. 
4.12561257 3.60E-09 

CR_03480W_

A 

Ortholog of C. 

dubliniensis 

CD36 : 

Cd36_28730, 

Candida 

tropicalis MYA-

3404 : 

CTRG_00749 and  

WO-1 : 

CAWG_01683 

-4.4695009 0.00033496 

C2_06450C

_A 
Pseudogene. 3.9915129 

0.04332982 
 

C1_07160C_

A 

Protein 

conserved among 

the CTG-clade. 

-4.3272547 7.26E-05 

SAP4 
Secreted aspartyl 

proteinase. 
3.8138196 0.00021057 OPT4 

Oligopeptide 

transporter. 
-4.2596232 2.60E-06 

MNN41 
Ortholog(s) have 

enzyme activator 

activity and role in 

3.78004819 0.00041898 PLB1 Phospholipase B. -4.0805713 0.00288893 
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protein N-linked 

glycosylation. 

RTA3 
7-transmembrane 

receptor protein. 
3.51680825 1.10E-21 ECE1 

Candidalysin, 

cytolytic 

peptide. 

-3.9800593 7.85E-18 

FET99 
Multicopper oxidase 

family protein. 
3.49243986 2.11E-08 PTR2 

Oligopeptide 

transporter 

involved in 

uptake of di-

/tripeptides. 

-3.9099938 0.001709 

AQY1 
Aquaporin water 

channel. 
3.421532 5.07E-07 FGR2 

Protein similar 

to phosphate 

transporters. 

-3.9022027 0.00070297 
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Figure 4.7 ClueGO analysis of differential expressed genes and influenced pathways at 4 hours by 25 mM PHCl. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 

edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) Pie 
charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. Interaction 

Networks were created using ClueGO. 

 



Chapter 4: Molecular regulation of Candida albicans virulence factors 158 

4.3.5 Differences in gene regulation and influenced pathways in 
presence and absence of 5 mM PHCl at 24 hours of biofilm 
formation  

At later stages of biofilm formation, analysis showed that 5 mM of PHCl 

treatment resulted in only 13 genes being significantly differentially expressed 

and regulated. Amongst the 6 upregulated genes are CFL4, AFP99, AMO2, and 

AHP1 and the 7 downregulated genes are C7_00630C, SAP6, HSP21, PGA6, and 

CR_07820W (Figure 4.4 C and 4.5 C). Each gene encodes a specific protein that is 

responsible for a biological process detailed in Table 4.3. Gene interaction 

networks revealed that 5 mM of PHCl treatment resulted in the following 

biological processes to be differentially regulated; amine metabolic process, 

metal ion transition and homeostasis, copper ion binding were significantly 

upregulated (P = 0.005 − 0.05). In addition, aspartic type endopeptidase activity 

was downregulated with significance (P = 0.0005 − 0.005) (Figure 4.8).  
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Table 4.3 Top 10 up and top 10 down regulated genes by 5 mM PHCl treatment at 24 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the P value. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

CFL4 
C-terminus similar to 

ferric reductases. 
2.62349212 6.82E-05 HSP21 

Small heat shock 

protein; role in 

stress response 

and virulence. 

-2.939976 0.00063296 

PGA12 
Putative GPI-anchored 

protein. 
2.45511984 0.0324648 SAP6 

Biofilm-specific 

aspartyl 

protease. 

-2.7481664 0.00027105 

AHP1 
Alkyl hydroperoxide 

reductase. 
2.35908698 0.00846874 

C7_00630C_

A 

Putative protein 

of unknown 

function. 

-2.6395121 1.57E-06 
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FET99 
Multicopper oxidase 

family protein. 
2.28856214 0.00680158 

CR_07820W_

A 

Protein with 

monooxygenase 

domains. 

-2.5536413 0.00726124 

AFP99 
Protein related to 

arginases. 
2.11101229 0.00155799 PGA6 

GPI-anchored 

cell wall 

adhesin-like 

protein. 

-2.2867979 0.00244486 

AMO2 

Protein similar to A. 

niger predicted 

peroxisomal copper 

amino oxidase. 

2.07365216 0.0028547 SAP5 

Biofilm-specific 

aspartyl 

protease. 

-1.6669787 0.03021878 

    
C5_04980W_

A 

Putative 

adhesin-like 

protein. 

-1.6096709 0.03767064 
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Figure 4.8 ClueGO analysis of differential expressed genes and influenced pathways at 24 hours by 5 mM PHCl. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 
edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) Pie 
charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. Interaction 

Networks were created using ClueGO.  
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4.3.6 Differences in gene regulation and influenced pathways in 
presence and absence of 25 mM PHCl at 24 hours of biofilm 
formation  

At a concentration of 25 mM PHCl, the volcano plot showed more genes to be 

differentially expressed. The upregulated genes totalled 30 and included CFL4, 

BMT4, PHO87, PBR1, and AMO2 and the downregulated genes totalled 43 and 

included PHO89, TOS1, PHO8, SAP7, and HSP21 (Figure 4.4 D and 4.5 D). Each 

gene encodes a specific protein that is responsible for a biological process 

detailed in (Table 4.4) and in Appendix IV (Table 3). Gene interaction network 

analysis revealed a different transcription profile and regulation of the following 

biological processes; oxidoreductase activity (P < 0.0005), cell wall organization 

(P < 0.0005), branched chain amino acid biosynthetic processes (P = 0.005 − 

0.05) and ergosterol biosynthetic processes (P = 0.05 − 0.1) (Figure 4.8). 

Clustering interaction network analysis revealed that during the maturation 

stage, 25 mM PHCl resulted in downregulated cell wall organization and 

upregulated branched chain amino acid biosynthetic processes, oxidoreductase 

activity and ergosterol biosynthetic processes (Figure 4.8).  
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Table 4.4 Top 10 up and top 10 down regulated genes in response to 25 mM PHCl treatment at 24 hours. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the P value. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

C3_00230C

_A 

Putative protein of 

unknown function. 
4.73995336 0.0184308 

C7_00630C_

A 

Putative protein 

of unknown 

function. 

-5.5022731 5.47E-39 

C4_05870C

_A 

Has domain(s) with 

predicted DNA binding, 

zinc ion binding 

activity, role in 

transcription, DNA-

templated and nucleus 

localization. 

4.11693802 0.04285637 SAP7 

Pepstatin A-

insensitive 

secreted aspartyl 

protease. 

-4.494215 0.008349 
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FET99 
Multicopper oxidase 

family protein. 
3.86253466 5.82E-10 

C7_02360W_

A 

Protein of 

unknown 

function. 

-4.2488347 0.0229701 

PBR1 

Protein of unknown 

function; required for 

cohesion, adhesion, 

and RPMI biofilm 

formation. 

3.48126324 0.00640103 PHO89 

Putative 

phosphate 

permease. 

-3.5819585 3.43E-09 

CFL4 
C-terminus similar to 

ferric reductases. 
3.38817704 4.63E-09 

CR_07820W_

A 

Protein with 

monooxygenase 

domains. 

-3.3228602 6.55E-05 

HGT17 
Putative MFS family 

glucose transporter. 
3.38196284 0.02034968 MRV4 

Protein of 

unknown 

function. 

-3.2926567 0.0404172 
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ALS4 

GPI-anchored adhesin; 

role in adhesion, germ 

tube induction. 

2.74902568 0.00041022 HSP30 
Putative heat 

shock protein. 
-3.2302353 0.03352864 

LEU1 
3-isopropylmalate 

dehydratase. 
2.70965565 0.03566308 

C4_00530C_

A 

Has domain(s) 

with predicted 

hydrolase 

activity. 

-3.0531165 0.0055549 

PHO87 
Putative phosphate 

permease. 
2.67819846 8.91E-05 

C5_00510W_

A 

Ortholog of C. 

dubliniensis 

CD36 : 

Cd36_50520, C. 

parapsilosis 

CDC317 : 

CPAR2_304000, 

Candida tenuis 

NRRL Y-1498 : 

cten_CGOB_0023

3 and 

Debaryomyces 

-3.0490938 7.04E-07 
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hansenii CBS767 

: DEHA2E12408g. 

BMT4 

Beta-

mannosyltransferase; 

for elongation of beta-

mannose chains on the 

acid-labile fraction of 

cell wall 

phosphopeptidomanna

n. 

2.46210761 2.48E-06 
C2_08890W_

A 

Ortholog(s) have 

DNA binding 

activity. 

-2.9813839 2.07E-05 
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Figure 4.9 ClueGO analysis of differential expressed genes and influenced pathways in response to 25 mM PHCl after 24 hours. Gene networks show the stimulated 
biological functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked 
together by edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different 
pathways. (B) Pie charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related 

subnetwork. Interaction Networks were created using ClueGO. 
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4.3.7 Differential expression in response to ACh treatment 

Volcano plots revealed the variation in C. albicans transcriptomic profile in the 

presence and absence of ACh. In general, the number of differentially expressed 

genes at 25 mM were fewer than 5 mM (Figure 4.9). Heatmaps show the top 50 

differentially expressed genes with their relative expression at both timepoints, 

in the presence and absence of the treatment. Many differentially expressed 

genes are uncharacterized and referred to by their gene ID (Figure 4.10). 

 

Figure 4.10 Volcano plots showing changes of genes expression at different time points after 
incubation with different concentrations of ACh. (A) transcriptional changes at 4 hours in 
response to 5 mM ACh. (B) transcriptional changes at 4 hours in response to 25 mM ACh. (C) 
transcriptional changes at 24 hours in response to 5 mM ACh. (D) transcriptional changes at 24 
hours in response to 25 mM ACh. Upregulated genes in the presence of ACh are represented by a 
+ve Log2 fold change and those upregulated in the absence of ACh are represented with -ve Log2 
fold change. The increase in negative or positive values indicate a larger upregulation. The 
horizontal dotted lines indicate the cut-off of the p value < 0.01, (colours in red). The vertical 
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dotted lines indicate the cut-off of Log2 fold change 1.5 (colours in green). Genes of interest that 
are significantly upregulated are the genes where expression levels are above or below the Log2 

fold change cut-offs; -1.5 and 1.5 and that are highly significant; P < 0.01. 

 

Figure 4.11 Heatmaps showing levels of relative genes expression at different times during 
treatment of C. albicans with different concentrations of ACh. (A) transcriptional changes at 4 
hours with 5 mM. (B) transcriptional changes at 4 hours with 25 mM. (C) transcriptional changes at 
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24 hours with 5 mM. (D) transcriptional changes at 24 hours with 25 mM. The colour key indicates 
level of relative expression under any of the conditions; the presence of ACh treatment (red) and 

the absence (green).  
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4.3.8 Differences in gene regulation and influenced pathways in 
presence and absence of 5 mM ACh at 4 hours of biofilm 
formation  

Differential expression analysis revealed that C. albicans cells treated with 5 mM 

ACh resulted in the upregulation of 4 genes significantly including HRT1, CFL4, 

and RBR1. In addition, 90 genes were significantly downregulated including: 

RPS27A, C1_00820W, CR_01910C, C2_01320W, C1_04280C, C1_ 00700W, 

C1_12650C and C1_02300W (Figure 4.9 A and 4.10 A). Each gene encodes specific 

protein that is responsible for a biological process detailed in (Table 4.5) and in 

Appendix V materials (Table 4). Differences in gene regulation in the presence 

and absence of ACh were further investigated by determining the pathways that 

are influenced by the treatment. GlueGO plugin in Cytoscape was used to 

calculate and visualize the networks of functionally enriched pathways. Gene 

interaction networks showed that 5 mM of ACh at 4 hours resulted in a 

differential expression of genes that are involved in several biological processes; 

among them are oxidoreductase activity, SCF-dependent proteasomal ubiquitin- 

dependent protein catabolic process and protein neddylation (P > 0.1) were 

upregulated. Furthermore, biological functions such as, organophosphate ester 

transmembrane transporter activity (P = 0.005 − 0.05), cellular amino acid 

biosynthetic process, monovalent inorganic cation transport, glycerolipid 

metabolic process, asparate family amino acid biosynthetic process were all 

downregulated (P > 0.1) (Figure 4.11).  
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Table 4.5 Top 10 up and top 10 down regulated genes by 5 mM ACh treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the P value. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

RBR1 

Glycosylphosphatidylin

ositol (GPI)-anchored 

cell wall protein; 

required for 

filamentous growth at 

acidic pH. 

2.60827408 0.00055232 
C5_01790C_

A 

Ortholog of  WO-

1 : CAWG_04564. 
-5.0416787 0.01939982 

C4_05730

W_A 
Adhesin-like protein. 2.22422942 0.01748582 

CR_01910C_

A 

Putative 

dethiobiotin 

synthetase. 

-4.5177031 8.21E-05 

CFL4 
C-terminus similar to 

ferric reductases. 
1.83285357 0.01448421 RPS27A 

Ribosomal 

protein S27. 
-4.2519504 2.06E-06 
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HRT1 

Ortholog of S. 

cerevisiae Hrt1; 

component of a 

nuclear ubiquitin-

protein ligase complex 

involved in cell cycle 

control. 

1.66378873 0.04279562 
C1_04250C_

A 

Ortholog of  WO-

1: CAWG_00968. 
-4.1146828 0.02795712 

    
C2_09240C_

A 

Protein of 

unknown 

function. 

-4.05883 0.00038407 

    NAD2 

Subunit 2 of 

NADH:ubiquinon

e oxidoreductase 

(NADH:ubiquinon

e 

dehydrogenase), 

a multisubunit 

enzyme complex 

(complex I) of 

-3.8685071 0.0364101 
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the 

mitochondrial 

inner membrane 

that catalyzes 

the first step in 

mitochondrial 

respiration. 

    TNA1 

Putative 

nicotinic acid 

transporter. 

-3.769854 0.02869407 

    
C1_12940C_

A 

Ortholog of C. 

parapsilosis 

CDC317: 

CPAR2_801655, 

Candida 

tropicalis MYA-

3404 : 

CTRG_06172 and  

-3.7682406 0.048291 
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WO-1 : 

CAWG_02233. 

    
C7_02230W_

A 

Ortholog of WO-

1 : CAWG_05572. 
-3.7208712 0.0069718 

    
C5_03910C_

A 

Ortholog of C. 

parapsilosis 

CDC317 : 

CPAR2_302980, 

C. dubliniensis 

CD36 : 

Cd36_53630, 

Pichia stipitis 

Pignal : 

PICST_32155 and 

Candida 

orthopsilosis Co 

90-125 : 

CORT_0E05120. 

-3.7172003 0.01485963 
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Figure 4.12 ClueGO analysis of differential expressed genes and influenced pathways at 4 hours by 5 mM ACh. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 
edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) Pie 
charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. Interaction 

Networks were created using ClueGO. 
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4.3.9 Differences in gene regulation and influenced pathways in 
presence and absence of 25 mM ACh at 4 hours of biofilm 
formation  

Increasing the concentration of ACh to 25 mM resulted in smaller number of 

genes regulated; 6 genes were upregulated and 16 genes were downregulated. 

Similarly, heatmap and volcano plots showed that the genes C7_03560W, 

C6_04230W, and FCR1 were significantly upregulated at 25 mM concentration, 

while GIT4, PGA34, PLB1, and CR_01910C were amongst the significant 

downregulated genes (Figure 4.9 B and 4.10 B). Each gene encodes a specific 

protein that is responsible for a biological process detailed in (Table 4.6) and in 

Appendix V materials (Table 5). ClueGo interaction networks analysis showed 

that at 25 mM ACh treatment revealed significant regulation of genes that are 

implicated in the following biological functions; glyceorphpsphodiester 

transmembrane transporter activity  (P < 0.0005), symporter activity, and sulfur 

compound biosynthetic process (P = 0.005 − 0.05), which were all 

downregulated (Figure 4.12). 
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Table 4.6 Top 10 up and top 10 down regulated genes by 25 mM ACh treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue. 

Upregulated Downregulate 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

CR_00840C

_A 

Ortholog of  WO-1 : 

CAWG_01442. 
4.31944599 0.04500712 TAR1 

Ortholog of S. 

cerevisiae Tar1p; 

Transcript 

Antisense to 

Ribosomal RNA; 

encoded within 

the 25S rRNA 

gene on the 

opposite strand; 

induced by Tbf1. 

-5.1833879 0.01000505 

CR_04440C

_A 

Glycosylphosphatidylin

ositol (GPI)-anchored 

cell wall protein; 

required for 

2.75915893 0.00922775 PLB1 

Phospholipase B; 

host cell 

penetration and 

virulence in 

-4.6279081 0.00088492 
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filamentous growth at 

acidic pH. 

mouse systemic 

infection. 

C7_03560

W_A 

Protein of unknown 

function. 
2.56025984 0.00018171 SLF1 

Putative 

polysome-

associated RNA 

binding protein. 

-4.5493929 0.04200602 

C4_05730

W_A 
Adhesin-like protein. 2.26356571 0.01146103 

C4_00530C_

A 

Has domain(s) 

with predicted 

hydrolase 

activity. 

-4.3730336 0.01484241 

C6_04230

W_A 

Ortholog of C. 

dubliniensis CD36 : 

Cd36_64900, C. 

parapsilosis CDC317 : 

CPAR2_600390, Pichia 

stipitis Pignal : 

PICST_30726 and 

Candida guilliermondii 

2.13276008 0.00345523 NAD4 

Subunit 4 of 

NADH:ubiquinon

e oxidoreductase 

(NADH:ubiquinon

e 

dehydrogenase), 

a multisubunit 

enzyme complex 

-3.9380864 0.01065085 
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ATCC 6260 : 

PGUG_04023. 

(complex I) of 

the 

mitochondrial 

inner membrane 

that catalyzes 

the first step in 

mitochondrial 

respiration. 

C3_06850

W_A 
Transcription factor. 1.91366506 0.00957347 

CR_01910C_

A 

Putative 

dethiobiotin 

synthetase. 

-3.6140891 0.00126052 

    PGA34 

Putative GPI-

anchored 

protein. 

-3.1676507 0.00043437 

    GIT4 Glycerophosphoc

holine 

-3.1127035 4.86E-05 
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transporter; 

fungal-specific. 

    PGA10 

GPI anchored 

membrane 

protein; 

utilization of 

hemin and 

hemoglobin for 

Fe in host. 

-2.1165442 0.03704329 

    
C4_02460W_

A 

Ortholog(s) have 

HDEL sequence 

binding activity, 

role in ER to 

Golgi vesicle-

mediated 

transport, 

protein retention 

in ER lumen and 

integral 

-2.0451841 0.01799031 
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component of 

endoplasmic 

reticulum 

membrane 

localization. 
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Figure 4.13 ClueGO analysis of differential expressed genes and influenced pathways at 4 hours by 25 mM ACh. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 
edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) 
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Pie charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. 
Interaction Networks were created using ClueGo. 
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4.3.10 Differences in gene regulation and influenced pathways 
in presence and absence of 5 mM ACh at 24 hours of biofilm 
formation  

At later stages of biofilm maturation, analysis showed that 5 mM of ACh 

treatment resulted in upregulating fewer number of genes (3 genes) which are 

C2_08580W, FET99, and RBR1. In addition, 48 genes were downregulated such 

as: C2_01740C, C2_04370W, CR_00310C, C1_11790W, and C1_02330C (Figure 4.9 

C and 4.10 C). Each gene encodes specific protein that is responsible for a 

biological process detailed in (Table 4.7) and in appendix V materials (Table 6). 

Gene interaction networks showed that 5 mM of ACh treatment resulted in 

downregulation of the following biological processes ribonucleoprotein complex 

subunit organization, protein localization to endoplasmic reticulum (P = 0.005 − 

0.05), cytoplasmic translocation, and nuclear transport (P = 0.05 − 0.1) (Figure 

4.13).  
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Table 4.7 Top 10 up and top 10 down regulated genes by 5 mM ACh treatment at 24 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

C2_08580

W_A 
Possible pseudogene. 4.47098108 0.03311512 HSP30 

Putative heat 

shock protein. 
-3.2309265 0.0336154 

FET99 
Multicopper oxidase 

family protein. 
2.34544489 0.00500563 

CR_02630C_

A 

Essential 

component of 

the conserved 

oligomeric Golgi 

complex; role in 

fusion of 

transport 

vesicles to Golgi 

compartments. 

-2.8469815 0.00099027 
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RBR1 

Glycosylphosphatidylin

ositol (GPI)-anchored 

cell wall protein; 

required for 

filamentous growth at 

acidic pH. 

2.3300989 0.04439682 
C7_01360C_

A 

Putative heat 

shock protein 

with a zinc 

finger motif; 

required for 

protein import 

into 

mitochondria in 

S. cerevisiae. 

-2.8200764 0.00418246 

    
C2_04370W_

A 

Protein of 

unknown 

function. 

-2.7865403 0.00050543 

    
C6_02370C_

A 

Ortholog(s) have 

structural 

constituent of 

ribosome activity 

and 

mitochondrial 

small ribosomal 

-2.7358926 0.00038689 



Chapter 4: Molecular regulation of Candida albicans virulence factors 195 

subunit 

localization. 

    
C1_11410C_

A 

Predicted ORF 

from original 

SGTC Assembly 

19 annotation. 

-2.6977484 0.01421729 

    
CR_00310C_

A 

Protein of 

unknown 

function. 

-2.5583551 0.00129855 

    
C2_01740C_

A 

Mitochondrial 

ribosomal 

protein of the 

large subunit. 

-2.5449787 0.00020406 

    ERG28 

Ortholog(s) have 

protein binding, 

bridging activity, 

role in 

-2.5042694 0.00478145 
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demethylation, 

ergosterol 

biosynthetic 

process and 

endoplasmic 

reticulum 

membrane 

localization. 

    
C1_02330C_

A 

Ribosomal 60S 

subunit protein. 
-2.4696572 0.00813745 
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Figure 4.14 ClueGO analysis of differential expressed genes and influenced pathways at 4 hours by 25 mM ACh. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 

edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) 
Pie charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to il lustrate the related subnetwork. 

Interaction Networks were created using ClueGo. 
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4.3.11 Differences in gene regulation and influenced pathways 
in presence and absence of 25 mM ACh at 24 hours of biofilm 
formation  

At a concentration of 25 mM ACh, the volcano plot showed the upregulation of 5 

genes such as; RBR and SUL2 while the genes, FIG1 and HSP30 were 

downregulated (Figure 4.9 C and 4.10 D). Each gene encodes specific protein 

that is responsible for a biological process detailed in (Table 4.8). Gene 

interaction network revealed a different transcription profile and regulation of 

the following biological processes; hydroxymethylpyrimidine kinase activity (P = 

0.05 − 0.5), divalent inorganic cation transport (P = 0.05 − 0.1), secondary 

active sulfate transmembrane transporter activity (P = 0.05 − 0.1), channel 

activity (P = 0.05 − 0.1), and ferroxidase activity (P > 0.1). Clustering interaction 

network revealed that during the maturation, 25 mM of ACh resulted in 

downregulating channel activity and divalent inorganic cation transport while 

upregulating hydroxymethylpyrimidine kinase activity, secondary active sulfate 

transmembrane transporter activity, and ferroxidase activity (Figure 4.14).  
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Table 4.8 Top 10 up and top 10 down regulated genes by 25 mM ACh treatment at 24 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue. 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

RBR1 

Glycosylphosphatidylin

ositol (GPI)-anchored 

cell wall protein; 

required for 

filamentous growth at 

acidic pH. 

3.23831136 0.00064975 

FIG1 

S. cerevisiae Fig1 

ortholog; an 

integral 

membrane 

protein required 

for mating; role 

in 

thigmotropism. -4.0438883 0.04349722 

SUL2 
Putative sulfate 

transporter. 
2.40680387 0.00350572 

HSP30 

Putative heat 

shock protein. -3.3013015 0.02838493 

FET99 
Multicopper oxidase 

family protein. 
2.15712499 0.01608833     
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CR_04680C

_A 

Protein of unknown 

function. 
1.87513312 0.04454048     

THI20 

Putative trifunctional 

enzyme of thiamine 

biosynthesis, 

degradation and 

salvage. 

1.66026159 0.03385169     
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Figure 4.15 ClueGO analysis of differential expressed genes and influenced pathways at 24 hours by 25 mM ACh. Gene networks show the stimulated biological 
functions interactions and their pathways. Genes of similar function are grouped together to form nodes (circles). Nodes with similar functions are linked together by 
edges (lines) based upon their kappa score. (A) regulated genes composing groups of several biological functions and subnetworks related to different pathways. (B) Pie 
charts summarise the percentage of terms related to a specific subnetwork or biological function of pathways; colourised to illustrate the related subnetwork. Interaction 

Networks were created using ClueGo. 
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4.3.12 Overlap in genes regulation between Candida albicans 
exposure to ACh and PHCl 

Analysis of co-expression levels using a Venn diagram showed that 192 genes 

were differentially expressed when cells treated with PHCl (5 and 25 mM) at 4 

hours. Among them, 11 genes were uniquely differentially expressed at 5 mM 

and 85 genes were uniquely differentially expressed at 25 mM. Furthermore, 48 

genes were overlapping from both concentrations of PHCl (Figure 4.15 A). At 24 

hours, 86 genes were differentially expressed when cells treated with PHCl (5 

and 25 mM). Among them, 3 genes were uniquely differentially expressed at 5 

mM and 63 genes were uniquely differentially expressed at 25 mM Furthermore, 

10 genes were overlapping from both concentrations of PHCl (Figure 4.15 B). 

This analysis was also applied to ACh treatment which revealed that at 4 hours, 

116 genes were differentially expressed when cells treated with ACh (5 and 25 

mM). Among them, 81 genes were uniquely differentially expressed at 5 mM and 

9 genes were uniquely differentially expressed at 25 mM (Figure 4.16 A). 

Furthermore, 13 genes were overlapping from both concentrations of ACh. At 24 

hours, 58 genes were differentially expressed when cells treated with ACh (5 and 

25 mM). Among them 48 genes were uniquely differentially expressed at 5 mM, 

and 4 genes were uniquely differentially expressed at 25 mM (Figure 4.16 B). 

Furthermore, 3 genes were overlapping from both concentrations of ACh. 

Comparing treated C. albicans cells to untreated cells revealed that none of the 

genes regulated by both treatments, PHCl and ACh, were overlapping at any 

concentration or incubation time points (Figure 4.17 and Figure 4.18). 

Furthermore, comparing both treatments at matching time points of incubation 

and concentrations showed that at 4 hours incubation there was overlap 

between the 5 mM and 25 mM concentrations of both treatment in 13 genes and 

10 genes, respectively. In addition, at 24 hours incubation there was overlapping 

between the 5 mM and 25 mM concentrations of both treatment in 1 gene and 2 

genes, respectively (Figure 4.19). Genes overlapping between both treatments 

are listed in (Table 4.9). 
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A B 

 
 

 

Figure 4.16 Venn diagram indicating number of genes differentially expressed by PHCl treatment. (A) Time of incubation 4 hours and (B) 24 hours. Red circle 
represents genes regulated by concentration 25 mM. Blue circle represents genes regulated by concentration 5 mM. 
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A B 

 
  

 

Figure 4.17 Venn diagram indicating number of genes differentially expressed by ACh treatment. (A) Time of incubation 4 hours and (B) 24 hours. Red circle 
represents genes regulated by concentration 25 mM. Blue circle represents genes regulated by concentration 5 mM 
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A B 

  

C D 

  

Figure 4.18 Venn diagram indicating number of genes differentially expressed by PHCl 
treatment. (A) and (B) Time of incubation 4 hours. (C) and (D) 24 hours. Red circle represents 

genes regulated by treatment. Blue circle represents genes regulated in C. albicans only. 

  



Chapter 4: Molecular regulation of Candida albicans virulence factors 210 

A B 

  
C D 

  

 

Figure 4.19 Venn diagram indicating number of genes differentially expressed by ACh 
treatment. (A) and (B) Time of incubation 4 hours. (C) and (D) 24 hours. Red circle represents 

genes regulated by treatment. Blue circles represent genes regulated in C. albicans only. 
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A B 

  
C D 

  

Figure 4.20 Venn diagram indicating number of genes differentially expressed by PHCl and ACh 
treatment. (A) and (B) Time of incubation 4 hours. (C) and (D) 24 hours. Red circle represents 
genes regulated by ACh treatment. Blue circles represent genes regulated by PHCl treatment. 
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Table 4.9 List of regulated genes overlapping between both treatments at different biofilm 
formation stages and concentrations.  

 

Regulation 4 hours 24 hours 
U

p
re

g
u
la

te
d
 

5 25 5 25 

C4_05730W_A FET99 

RBR1 
 HSP30 

CFL4 C7_03560W_A   

D
o
w

n
re

g
u
la

te
d
 

GIT4   

CR_01910C_A   

PHO89   

PGA34   

GIT1   

PLB1   

C1_05950C_A C4_00530C_A   

MET3    

C3_02330C_A    

OPT4    
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4.4 Discussion 

C. albicans, the opportunistic fungal pathogen is a leading cause of bloodstream 

and life-threatening infections, with up to 50% mortality rate (Kuloyo et al., 

2020). The characteristic of morphogenesis and biofilm formation possessed by 

C. albicans confer the fungus advantages of adaptation and surviving stressors 

posed by the environment; such as host immune response evasion and antifungal 

treatment resistance (Ciurea et al., 2020). In recent studies, it was reported 

that the general cholinergic receptor agonist ACh and the general muscarinic 

receptor agonist PHCl successfully inhibited the yeast to hyphae transition and 

biofilm formation (Nile et al., 2019, Rajendran et al., 2015). Yet, the molecular 

regulatory mechanisms behind these inhibitory effects remain unclear. 

Therefore, RNA sequencing was utilized to explore these possible molecular 

mechanisms. Candida albicans cells were exposed to different concentrations of 

ACh or PHCl for 4 and 24 hours before processing for RNA sequencing. 

4.4.1 Genes upregulated by PHCl at 4 hours of biofilm formation  

C. albicans treatment with PHCl and ACh, revealed that time of incubation has 

the largest impact on variables, followed by the treatments themselves. Data 

outlined in this chapter unravelled the molecular regulation behind the 

inhibitory effect of PHCl treatment during the early and maturation stages of 

biofilm formation. During the early stages of biofilm formation, PHCl 

upregulated cell wall related genes such as those involved in cell substrate 

adhesion and cell wall organization. For instance, genes such as Mnn1 and 

Mnn41, which are involved in glycosylation, an important process for cell wall 

integrity, adhesion, virulence, and host-pathogen interactions (Bates et al., 

2013, Wagener et al., 2012, Dutton et al., 2014). In addition, genes involved in 

cell wall integrity and remodeling and cell separation were also upregulated. 

These included the glycosidases, such as KRE6, CHT3, SIM1, SCW11, and XOG1  

and genes expressing cell wall proteins such as RBR1, SCW11, PHR2, ALS4, and 

YWP1 (Sorgo et al., 2013). 

In response to environmental conditions, C. albicans changes the protein 

secretome composition considerably which can be an indicative of the growth 
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morphology. For example, some of the cell wall proteins were found to be more 

enriched in yeast culture media representing the yeast secretome such as PIR1, 

RBE1, SIM1, SCW11, and XOG1 (Sorgo et al., 2010). The gene RBR1 encodes 

Glycosylphosphatidylinositol (GPI)-anchored cell wall protein, and PHR2, encodes 

beta glucan crosslinking glycosidase and are both regulated by Rim 101. Both 

genes are expressed at acidic pH levels and repressed by Rim101 at alkaline pH 

levels. Deletion of rbr1Δ led to filamentation defects when grown on M-199 soft 

agar media at pH 4.5 for 3 days. However, at pH 7.4 after 5 days incubation 

hyphae formation was observed (Lotz et al., 2004, Mühlschlegel and Fonzi, 1997, 

Chen et al., 2020). Thus, the upregulation of those genes by PHCl may indicate a 

reduction in pH levels and yeast form of growth which is the favourable growth 

form at lower pH levels. 

The gene PHR2 is a homolog of PHR1, and both encode proteins which play key 

roles in pH balance required for C. albicans growth at different ambient pH 

ranges. Higher pH levels promote hyphal growth of C. albicans whilst lower pH 

levels promote yeast cell growth. The PHR1 gene is more expressed under 

alkaline conditions (pH 5.5 or higher) whilst PHR2 is expressed under acidic 

conditions (pH 5.5 or lower). Research undertaken by Mühlschlegel and Fonzi 

(1997), revealed that cells that lack the phr2Δ gene ceased growth entirely after 

few hours of incubation at pH 4 which indicates a direct necessity and 

association of the expression of this gene for growth at such low pH levels. In 

addition, the lack of phr2Δ gene activity led to changes in cell wall structure by 

exposing the cell wall recognition sites to be more detectable to the host 

immune cells (Calderon et al., 2010, Bensen et al., 2004, Mühlschlegel and 

Fonzi, 1997).  

The yeast cell wall protein, Ywp1, is known to promote yeast cell dispersion and 

it’s expression is increased during the exponential growth phase and when 

phosphate concentration is low. In contrast, it’s expression decreases upon 

filamentation and in the stationary growth phase. Cells that lack the ywp1Δ gene 

have demonstrated increased adhesion and biofilm formation capabilities; thus 

YWP1 is considered to encode a yeast specific cell wall protein (Granger et al., 

2005) and has been shown to play a partial role in regulating adhesion during the 

later stage of biofilm formation and dispersion during the early stages (McCall et 
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al., 2019). In this study, YWP1 was upregulated in the presence of PHCl which 

reflects the growth phase and morphology of C. albicans driven by the 

treatment. This is also consistent with conclusion drawn from the upregulation 

of the genes mentioned above. 

The cell wall proteins, Als4 and Als2 encode agglutinin like sequence proteins 

and upregulated expression is more associated with acidic pH levels (Klis et al., 

2009, Sosinska et al., 2011). The Als surface protein family are known to be 

implicated in C. albicans pathogenicity and biofilm formation, mainly via 

facilitating adhesion to surfaces. Yet, various studies have shown that the genes 

of this family are expressed differently depending on the growth conditions and 

growth phase, which may indicate a compensatory role of these proteins. For 

example, while the loss of als4Δ had no effect on adhesion to an oral 

reconstituted human epithelium (RHE), epithelial cells, or biofilm formation in a 

catheter model, it reduced germ tube formation in RPMI-1640, and adhesion to 

vascular endothelial cells. On the other hand, although als2Δ loss reduced germ 

tube formation, it had no effect on adhesion to buccal epithelial cells (BEC) 

(Zhao et al., 2005, Nobile et al., 2008, Hoyer et al., 1998). In this study, 

although ALS2 and ALS4 were upregulated in the presence of PHCl, it did not aid 

the filamentation of C. albicans. This might be due to the significant 

downregulation of ALS3 in the presence of PHCl, which is known to be hyphae 

associate gene. The compensatory role of Als surface proteins family members 

may explain the opposing regulations of those members by PHCl treatment. In 

this study the upregulation of ALS2 and ALS4 might be more related to yeast 

form adherence and aggregation than filamentation. For example, anti Als4 

monoclonal antibodies immunolabeling studies showed that Als4 expression was 

more associated with the yeast form. It was found that copious amount of Als4 

cover the yeast cells surface with more abundance in cells grown at 30°C, which 

is the temperature preferred by yeast form. In contrast, Als3 was found to coat 

hyphae intensively but was not detectable on yeast cells (Song et al., 2011, 

Coleman et al., 2012). 

In this study, PHCl treatment reduced C. albicans filamentation significantly, 

however it had no cytotoxic effects and C. albicans maintained the growth in the 

yeast form. The ability of C. albicans to circumvent the stress of PHCl in the 
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media might be attributed to the upregulation of ATP-binding cassette (ABC) 

superfamily member genes, Candida drug resistance-1 (CDR1) and -2 (CDR2). 

Cdr1 and Cdr2 are multidrug transporters that play a role in C. albicans virulence 

and resistance by acting as drug efflux pumps. Their upregulation is one of the 

most observed in azole resistance mechanisms in C. albicans clinical isolates (de 

Micheli et al., 2002). Interestingly, a recent study by Maras (2021), has revealed 

unexpected behaviour conferred by clinical isolate 1 (CI1) of C. albicans where 

hyperexpression of CDR1 and CDR2 resulted in a less virulent phenotype and a 

decrease in lethality in a Galleria mellonella infection model. Furthermore, the 

gene encoding the secretory protein Dag7 was upregulated by PHCl treatment. 

This has been shown to be involved in C. albicans protection against toxicity and 

cell wall remodeling and integrity. The upregulation of this gene was found to 

lower the sensitivity of yeast cells to toxic sterol analogues (Bandara et al., 

2020, Sorgo et al., 2011). Similarly, DAG7 has been shown to be one of the core 

pH responsive genes, which was significantly upregulated at pH 4 and was 

involved in cell wall remodeling (Cottier et al., 2019). Concomitant to the 

upregulation of CDR1 and CDR2, the 7-transmembrane receptor protein gene, 

RTA3 was also significantly upregulated. Rta3 is a protein similar to the G-

protein-coupled receptors (GPCR) and is unique to the fungal kingdom. It is 

known to be involved in C. albicans azole resistance and the regulation of 

optimal asymmetric lipid distribution in the plasma membrane. Although RTA3 

was suggested to play a regulatory role in governing biofilm formation, the 

upregulation of this gene by PHCl did not enhance filamentation (Whaley et al., 

2016, Rizzo et al., 2019, Srivastava et al., 2017). Taken together, the 

upregulation of those genes observed in this study equipped C. albicans with the 

required response to survive growing under the potential stress posed by PHCl 

treatment. 

One of the most significant family of extracellular hydrolytic enzymes of C. 

albicans are the secreted aspartyl proteinases (Sap). The Sap family is encoded 

by 10 SAP genes, that are differentially expressed during C. albicans infection 

and implicated in it’s virulence, mainly through nutrition acquisition, invasion, 

host immune response evasion, and tissue damage. Given the versatility of SAP 

proteins, their expression varies according to factors such as pH, progress of 

infection, type of infection, and site of infection. Although of the 10 genes, SAP4 
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- SAP6 were found to be more associated with hyphal formation, SAP4 - SAP6 are 

not required in oral mucosal infections which were suggested to be reliant on 

expression of SAP1 - SAP3 (Naglik et al., 2003, Jackson et al., 2007, Staib et al., 

2000). The data herein showed contradicting results, whilst PHCl treatment 

reduced filamentation SAP4 and SAP7 were upregulated and SAP5 was 

downregulated. This observation might be due to the compensatory function 

amongst the Sap protein family where the downregulation of one is compensated 

by the upregulation of the other (Naglik et al., 2003).  

Other biological processes that were upregulated during the early stages of 

biofilm formation during PHCl treatment is cellular metal ion homeostasis 

processes, such as transition metal ion homeostasis. Metals such as iron, copper, 

and zinc are essential factors for C. albicans virulence, especially iron as it is 

considered to be the most abundant micronutrient implicated with diverse 

cellular processes in C. albicans. Yet, high levels of iron can be toxic, and thus 

maintaining intracellular iron in equilibrium is vital for C. albicans survival 

(Gerwien et al., 2018). Of the upregulated genes by PHCl, a number of genes 

were involved in iron regulation such as, CFL4, C-terminus like ferric reductases, 

FET99, Multicopper oxidase, and FRE10, a major cell surface ferric reductase. 

FRE10 plays a role in the reductive iron uptake system in C. albicans by reducing 

free iron at the cell surface to the soluble ferrous form. Research conducted by 

Jeeves et al. (2011), revealed that the expression of FRE10 in iron restricted 

conditions was lower in the hyphae form than the yeast form. The ferric 

reductase FRE10 expression is regulated by the transcription factor Tup1, a 

regulator known to be also involved in regulating filamentation repression in 

non-hyphae inducing conditions (Jeeves et al., 2011). It is interesting to 

speculate that the upregulation of this gene by PHCl in our data may be an 

indicative of the dominant form of growth resulted by the treatment. As 

suggested by Jeeves et al. (2011), the decrease in FRE10 expression in the 

hyphae form might be due to the importance of the reductive iron uptake 

mechanism for yeast cells and the availability of other mechanisms for iron 

acquisition in hyphae as a primary source; such as the expression of the ferritin 

receptor ALS3. Als3 was less abundant in iron depleted conditions, and in the 

data presented here this gene was significantly downregulated after treatment 

with PHCl, which might be a clue of iron deficiency (Duval et al., 2020). It also 
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may indicate the abundance or the accessibility of free iron in the surrounding 

environment, which is utilized by the reductive iron uptake system. 

Iron in the environment mainly presents in it’s ferrous form which is more 

soluble at low pH and the ferric form is less soluble at neutral pH (Gerwien et 

al., 2018, Fourie et al., 2018). This observation agrees with the previous genes’ 

regulation by PHCl treatment, which indicated an acidic pH environment and 

conditions more favourable for yeast cell growth. Further investigations are 

required to elucidate whether PHCl treatment results in iron repletion or 

depletion, especially knowing that FRE10 has been reported to be induced under 

both iron depleted or repleted conditions (Baek et al., 2008, Duval et al., 2020). 

One possibility is that PHCl treatment might be challenging C. albicans 

filamentation by imposing excess of free iron which stresses the fungus through 

reactive oxygen species (ROS) formation. Another possibility is that PHCl results 

in iron depletion which imposed the increase of ferric reductases genes 

expression. Furthermore, the vacuolar transporter CCC1, was upregulated which 

has been shown to play a role in maintaining intracellular iron balance via 

promoting vacuolar storage of iron. In this context, PHCl might also have played 

a role as a chelator molecule resulting in iron deprivation and thus restricting 

the availability of iron for C. albicans. The mechanism of micronutrients 

sequestration such as iron and metal ions was presented in the literature as an 

antifungal mechanism exerted by the host innate immune system (Fourie et al., 

2018, Puri et al., 2019). In general, PHCl treatment might have resulted in iron 

homeostasis perturbation which imposed a challenging growth condition to C. 

albicans that is more adaptable for the yeast form compared to hyphal form. 

This has been observed in previous research, where C. albicans yeast were found 

to cope more with a wider range of changes in iron conditions. It was also noted 

that higher rates of iron were imported in the filamentous form, and it was 

suggested that hyphae require continual importation of iron (Duval et al., 2020). 

4.4.2 Genes downregulated by PHCl at 4 hours of biofilm formation  

During the early stages of biofilm formation, 5 and 25 mM PHCl resulted in the 

downregulation of crucial genes related to C. albicans morphogenesis and 

pathogenesis. For example, disturbing phosphate uptake and causing a 
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perturbation in phosphate homeostasis by downregulating genes involved in the 

phosphate-responsive signaling pathway (PHO) pathway; which plays a role in 

phosphate sensing, acquisition, and homeostasis (Lev and Djordjevic, 2018). Yet, 

further investigations are required to test if PHCl has a direct downregulation 

effect on PHO pathway genes or that the observed downregulation is due to the 

extensive biofilm formation by untreated C. albicans which may result in 

phosphate starvation. Phosphorous is an essential element that participates in 

many important biological cellular processes such as growth, organelle 

development, cell wall and membrane biosynthesis, ribosomal translation and 

biogenesis, DNA replication, chromosome development and energy storage. In 

addition, phosphate metabolism is important for metal homeostasis and stress 

resistance to pH, nitrosative and oxidative conditions and cationic stress, all of 

which can mediate C. albicans virulence (Liu et al., 2017, Urrialde et al., 2016, 

Köhler et al., 2020). The genes involved in phosphate homeostasis include: 

PHO89, PHO84, PHO100, and genes encoding phosphate permeases and 

transporters such as FGR2, filamentous growth regulator and a putative 

phosphate transmembrane transporter (Uhl et al., 2003). Deletion of the gene 

fgr2Δ resulted in reduced filamentation (Wang et al., 2021). For instance, 

PHO100 was found to be downregulated by PHCl treatment and it has been 

reported that the pho100Δ deletion resulted in fungus virulence attenuation 

(Köhler et al., 2020). In addition, PHO84, plays a role in the Target of Rapamycin 

Complex1 (TORC1) pathway. This pathway coregulates nitrogen acquisition 

during nitrogen starvation and thus regulates morphogenesis in C. albicans. It is 

also essential for C. albicans growth in phosphate reduced media. C. albicans 

cells that lack pho84Δ were defective in virulence, hyphal growth, cell wall 

biosynthetic enzymes, and were hypersensitive to oxidative stress and cell wall 

stress (Köhler et al., 2020, Ikeh et al., 2017).  

In this study, PHCl treatment resulted in downregulation of genes involved in 

host defence evasion such as CR_01920W_A and CR_01910C_A, which are 

involved in biotin biosynthesis. Biotin is a necessary nutrient for C. albicans 

hyphal growth and it’s homeostasis is important for phagocytosis evasion 

(Sprenger et al., 2020). In addition, downregulation of GPI- anchored proteins, 

such as: Pga26, Csp2, and Exg2, can reduce cell wall regeneration and integrity. 

The C. albicans cell wall is an important virulence factor as it is the contact with 
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the ambient environment mediating adhesion, invasion, and host pathogen 

interactions (Laforet et al., 2011). For example, Laforet et al. (2011), revealed 

that pga26Δ deletion resulted in cell wall defects that led to yeast to hyphae 

switching imbalance and rendered the fungus weaker in terms of dissemination 

and infection. Although a pga26Δ mutant increased azole and amphotericin B 

sensitivity, it decreased caspofungin sensitivity. A rapid increase in 

filamentation and biofilm mass was observed, however this mutant displayed 

attenuated virulence and dissemination in a mouse model of candidiasis, which 

is a stage of biofilm formation more linked to the yeast form. Furthermore, no 

major structural changes in the cell wall were observed (Laforet et al., 2011).  

Pilocarpine hydrochloride treatment also downregulated hyphal specific genes 

during the early stages of biofilm formation; such as ECE1, HWP1, and IHD1 

genes which are all involved in the filamentation process. These genes belong to 

the core filamentation response genes that are stimulus-independent 

filamentation associated genes. The GPI anchored protein induced during hypha 

formation, IHD1, is considered the centre of the core filamentation response 

genes. The hyphal cell wall protein (Hwp1) is required for filamentation and 

adherence to epithelial cells, and cells lacking this gene are defective in 

adherence (Martin et al., 2013, Wächtler et al., 2011). Candidalysin (ECE1), the 

cytolytic toxin peptide, plays a critical role in C. albicans pathogenicity, 

virulence, and promotes host tissue damage (Moyes et al., 2016, Swidergall et 

al., 2019). In agreement with data presented here, the genes ECE1 and IHD1 

were also downregulated by N-[3-(allyloxy)-phenyl]-4- methoxybenzamide 

(compound 9029936), which is a small molecule inhibitor of filamentation 

(Martin et al., 2013, Romo et al., 2019). Downregulation of hyphal specific genes 

such as ECE1 and IHD1 might be an indication of low ambient pH. Previous 

studies showed that neutral and alkaline pH levels trigger yeast to hyphae 

transition and induced expression of hyphal regulator genes (Desai, 2018, Kadosh 

and Johnson, 2005, Bensen et al., 2004). Similarly, a study by Naseem et al. 

(2015) revealed that although a triple mutant lacking genes involved in N-

acetylglucosamine (GlcNAc) metabolism displayed hyphal formation at low pH, 

the hyphal specific genes were not induced until the media was buffered to pH 

7. The evidence from the literature supports the findings in this study which 
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highlights a proposed increase of the acidity level upon PHCl treatment and the 

downregulation of filamentation and biofilm formation associated genes. 

Among the genes that were downregulated by PHCl treatment, genes involved in 

filamentation process such as SAP5 and PLB1 were also of interest. The 

phospholipase B gene, PLB1, is an important virulence factor in C. albicans 

pathogenesis and aid in host tissue invasion. It has been shown that PLB1 activity 

is associated with increased virulence of C. albicans in a disseminated 

candidiasis murine model and mutations in this gene result in significant 

attenuation of virulence in a haematogenously disseminated candidiasis murine 

model (Mukherjee et al., 2003). The aspartyl protease, SAP5, is a member of the 

Sap family proteins and considered as a biofilm specific marker (Winter Michael 

et al., 2016). It is known to play a role in C. albicans hyphal formation, 

adherence, and host penetration. Although triple null mutants in C. albicans 

lacking sap4, sap5, and sap6 were capable of filamentation, they exhibit strongly 

reduced invasiveness which indicates the importance of hypha formation along 

with those enzymes for full invasiveness characteristics. In addition, mutants 

lacking those genes are rendered more susceptible to phagocytosis, and this may 

indicate a role of SAP in host immune evasion (Naglik et al., 2003).  

Treatment with PHCl was found to downregulate transmembrane transporter 

activities that facilitate nutrient transportation in C. albicans. This included 

genes such as OPT4, ZRT1, and GIT4. The glycerphosphocholine transporter 

GIT4, is required for glycerphosphocholine transportation which can be utilized 

as sole nutrient source of phosphate, and loss of glycerphosphocholine 

transportation can reduce virulence (Bishop et al., 2013). Another transporter, 

OPT4, the oligopeptide transporter is involved in peptide transportation to be 

utilized as a sole nitrogen source (Braun et al., 2005). In addition, the zinc 

transporter, ZRT1, which functions at pH 7 levels and above is important for C. 

albicans viability and virulence (Volkova et al., 2021). 

Additionally, PHCL was shown in this study to downregulate other genes known 

to be linked to C. albicans pathogenicity and stress responses such as: HSP21, 

PRA1, SOD5, SOD6. PRA1 is pH- regulated antigen 1 which is considered as a 

secreted zinc-binding protein and also plays a role in immune evasion (Wilson et 
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al., 2016). Superoxide dismutases are known to be critical to reduce the effect 

of oxidative stress. A SOD5 mutant strain of C. albicans resulted in more 

susceptibility to eradication by reactive oxygen species released by neutrophils 

and macrophages (Gleason et al., 2014). Another study by Martchenko et al. 

(2004), has revealed that SOD5 was upregulated during the yeast to hyphae 

transition and highly expressed in the hyphal form. Thus, SOD5 is a hyphal 

induced gene, while SOD4, which was upregulated by PHCl, is expressed in yeast 

cells (Martchenko et al., 2004, Dantas et al., 2015). Genes involved in 

transmembrane transporter activities were also downregulated by PHCl 

treatment such as RTA4, fatty acids transporter, SUL2, sulfate transporter, and 

PHO84, phosphate transporter, thus limiting the availability of essential 

nutrients sources alternative to sugars (Lan et al., 2002, Miramón and Lorenz, 

2017). 

In relation to iron acquisition, some genes downregulated by treatment with 

PHCl have previously been shown to be related to the hyphal form of growth 

such as FRP2, HMX1, and CSA2. FRP2 is a putative ferric reductase and has been 

shown to be induced during the invasion phase (Chen et al., 2013). HMX1 is a 

heme oxygenase that plays an important role in candidemia pathogenesis in a 

mouse model and expression is induced under iron deprivation conditions 

(Navarathna and Roberts, 2010). Csa2 is an extracellular heme binding protein 

which is involved in iron acquisition from hemoglobin by C. albicans during 

hyphal growth (Okamoto-Shibayama et al., 2014). Transcriptomic profiling 

revealed that many cell wall genes were found to be involved in upregulating 

these pathways, such as Glycosylphosphatidylinositol (GPI)-anchored adhesins, 

enzymes, proteins encoding receptors, proteins with unknown functions, 

multidrug transporters, and ion transporters (Tables 4.1 and 4.2).  

4.4.3 Genes upregulated by PHCl at 24 hours of biofilm formation  

During the maturation stages of biofilm formation (24 hours), PHCl upregulated 

amine metabolic processes, branched chain amino acid biosynthetic processes, 

metal ion transition transport and homeostasis, copper ion binding, 

oxidoreductase activity, and ergosterol biosynthetic processes. At 24 hours of 

incubation, a number of genes involved in ergosterol biosynthesis were 
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upregulated such as ERG6, the Delta(24)-sterol C-methyltransferase, and ERG 

24, a C-14 sterol reductase. Ergosterol is an essential component of the C. 

albicans cell membrane that provides integrity, rigidity, and fluidity to the 

fungus. Interestingly, previous studies have shown that ergosterol levels are 

significantly reduced at 12-30 hours of biofilm formation compared to the early 

stages (0-11 hours). This was correlated with reduced expression of ergosterol 

biosynthetic genes such as ERG6 which is upregulated by the treatment herein 

(Lv et al., 2016). Furthermore, amino acids biosynthesis genes were also 

upregulated by the treatment such as the Ketol-acid reductoisomerase, ILV5, 

and the Isopropyl malate dehydrogenase. Amino acids can serve as an abundant 

source for nitrogen and carbon for C. albicans (Garbe and Vylkova, 2019).  

4.4.4 Genes downregulated by PHCl at 24 hours of biofilm 
formation  

The following biological functions, aspartic type endopeptidase activity and cell 

wall organization were down regulated by the treatment with PHCl for 24 hours. 

Additionally, the agglutinin like sequence protein (Als3) was downregulated by 

PHCl treatment. This protein is hyphae associated and forms one of the core 

filamentation response genes involved in C. albicans virulence and biofilm 

formation in multiple ways. ALS3 mediates adherence, which is an essential step 

of colonization and biofilm formation. It is also an invasin expressed on the 

hyphal surface to bind host cell receptors upon endocytosis which facilitate the 

invasion of the fungus into the host tissue. ALS3 can also mediate iron 

acquisition from the host by acting as a ferritin receptor. Finally, ALS3 

contributes to biofilm architecture and antifungal resistance. Moreover, ALS3 is 

highly expressed by hyphae in a mouse model of disseminated candidiasis and 

oropharyngeal candidiasis. A mutant that lacks this gene has been shown to 

exhibit reduced adherence to epithelial and endothelial cells, reduced ability to 

cause host cell damage and  rendered the fungus more susceptible to 

fluconazole, miconazole, and amphotericin B, (Martin et al., 2013, Liu and 

Filler, 2011, Mayer et al., 2013, Liu et al., 2021). 
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4.4.5 Genes upregulated by ACh treatment 

Acetylcholine treatment during the early stages of biofilm formation caused 

upregulated expression of genes involved in the following biological functions: 

oxidoreductase activity, ubiquitin, and protein neddylation which is the process 

of post translational protein modification (Rabut and Peter, 2008). At the 

maturation stage of biofilm formation ACh caused upregulated expression of 

genes involved in hydroxymethylpyrimidine kinase activity, secondary active 

sulfate transmembrane transporter activity and ferroxidase activity. Although 

fewer signaling pathways were upregulated by ACh compared to PHCl treatment, 

some of the important genes that were upregulated were involved in sulfate 

transportation, filamentation, adhesion, and metal ion transportation and 

homeostasis such as SUL2, RBR1, C4_05730W_A, FET99, PGA10, and CFL4. ACh 

treatment also upregulated HRT1, which is a component of a nuclear ubiquitin-

protein ligase complex. Ubiquitin is a protein that is implicated in cell cycle and 

proteostasis. These processes are known to play a role in modulating C. albicans 

nutrient adaptation and morphogenesis signaling pathways through mediating 

target protein degradation. Previous research showed that farnesol inhibited 

hyphal growth in C. albicans via blocking the ubiquitin ligase (Ubr1) mediated 

degradation of the transcriptional repressor Cup9. The Skp1-Cullin-F-box (SCF) 

ubiquitin ligase complex is one of the ubiquitin system of ligases that are 

involved in cell cycle and filamentation. In S. cerevisiae, this complex can target 

TEC1, a hyphae gene regulator, for degradation and thus preventing 

pseudohyphal growth. In C. albicans, the depletion of the polyubiquitin gene 

(UBI4) induced hyphal formation with abnormal nuclear segregation patterns. 

Targeting this gene for deletion on the other hand attenuated C. albicans 

virulence in a mouse model (Yang et al., 2020, Hossain et al., 2021, Hossain et 

al., 2020). Ubiquitination pathways in S. cerevisiae mediate assimilation of 

alternative carbon sources that can be used when glucose has been exhausted. 

On the contrary, in the presence of glucose, C. albicans can assimilate 

alternative carbon and glucose sources simultaneously. Interestingly, the 

addition of a ubiquitination site to C. albicans isocitrate lyase (ICL1) reduced it’s 

metabolic flexibility by reducing it’s ability to assimilate lactate and glucose 

simultaneously, which attenuated C. albicans colonization and virulence 

(Childers et al., 2016, Sandai et al., 2012).  
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4.4.6 Genes downregulated by ACh treatment 

Downregulated biological processes induced by the treatment with ACh included 

organophosphate ester transmembrane transporter activity, cellular amino acid 

biosynthetic process, monovalent inorganic cation transport, glycerolipid 

metabolic process, asparate family amino acid biosynthetic process, 

glycerophsphodiester transmembrane transporter activity, magnesium ion 

binding, sulphur compound biosynthetic process and symporter activity. ACh 

treatment downregulated the NADH ubiquinone oxidoreductase (complex I) by 

targeting genes such as NAD2 and NAD5 which are involved in mitochondrial 

respiration. Recently, it has been shown that dysfunctionality of complex I can 

promote fungal cell death via mitochondrial ROS accumulation. In addition, 

deletion of proteins that regulate complex I can result in respiration and 

virulence deficiencies (Duvenage et al., 2019). In relation to NAD biosynthesis in 

C. albicans, nicotinic acid transporters were also one of the top 10 significantly 

downregulated genes by ACh, which indicates the involvement of this metabolite 

in the filamentation process. Research by Gunasegar et al. (2019), revealed that 

although exposure to high concentrations of nicotinic acid could inhibit fungus 

metabolism and decrease growth rate, at lower concentrations, it enhanced the 

attachment, biofilm formation, and the expression of adherence associated 

genes such as HWP1 and ALS3 (Gunasegar and Himratul-Aznita, 2019).  

In opposition to the finding above, which demonstrated upregulation of a 

number of ubiquitination ligase complex genes with ACh treatment, the study 

also revealed that a significant number of downregulated genes were related to 

protein homeostasis and ubiquitination;such as C1_02300W_A, cytoskeleton 

organization protein, C7_01360C_A, putative heat shock protein required for 

protein import into mitochondria, and C2_01320W_A, protein with structural 

molecule activity and role in proteasome assembly, ubiquitin-dependent protein 

catabolic process. In addition, genes involved in ubiquinol-cytochrome-c 

reductase, ubiquitin conjugating enzyme activity, and ubiquitin C-terminal 

hydrolase such as QCR7, C1_12650C_A, and C1_06390W_A, respectively. Other 

genes downregulated by the treatment were involved in respiration and 

mitochondrial processes such as TIM9, that encodes a protein of the 

mitochondrial intermembrane space, and C1_12640W_A, which plays role in 
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mitochondrial respiratory chain complex assembly and proteolysis and 

mitochondrial inner membrane peptidase complex localization.  

ACh also downregulated biological functions of importance to fungal 

pathogenicity such as glycerolipid and phospholipid metabolic processes, amino 

acids and sulfur biosynthetic processes. Compared to PHCl treatment, ACh 

negatively regulated pathways implicated in cell cycle, proteostasis, protein 

import, or protein transmembrane transporter activities. Although perturbation 

of proteostasis can induce filamentation, intriguingly the downregulation of 

genes linked to this process by ACh resulted in hyphal growth inhibition. It has 

been shown in previous research that pharmacological inhibition of the 

proteasome resulted in filamentation, yet the formed hyphae exhibit aberrant 

cellular morphology, defective septum formation, and nuclear segregation 

(Hossain et al., 2021). Downregulated proteins with similarity to acyl-coenzyme-

A-binding (ACB1), and N-acetylglucosaminylphosphatidylinositol deacetylase 

activity (C1_10320W_A) are of importance in C. albicans, growth, viability, and 

virulence. For instance, the latter has been shown to be implicated in 

Glycosylphosphatidylinositol (GPI) biosynthesis, which include a diverse set of 

proteins that are involved in cell wall maintenance and biogenesis, immune 

response evasion, and hypha specific proteins. Furthermore, the reduction in it’s 

activity was correlated with cell wall defects, filamentation defects, loss of host 

recognition molecules, virulence factors loss and increased susceptibility to cell 

wall targeting drugs (Yadav et al., 2018, Yadav et al., 2014). 

Numerous downregulated genes after exposure to ACh were implicated in 

mitochondrial function and respiration. Mitochondria play a critical role in 

cellular metabolism, it is essential for C. albicans virulence to maintain 

mitochondrial integrity and functionality. Perturbations in those functions can 

reduce virulence, growth rates, and carbon source utilization. It can also 

negatively affect the cell wall and membrane structure and composition, 

morphogenesis, biofilm formation, and interaction with host. For instance, loss 

of electron transport chain components resulted in reduced virulence in the G. 

mellonella infection model, where loss of any one component of the electron 

transport chain attenuated virulence. C. albicans with respiration-deficient 

mitochondria were unable to grow on non-fermentable carbon sources and it 
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formed smaller colonies compared to normal cells due to the lower cell division 

rates. In addition, disruption in mitochondrial function increased tolerance to 

the antifungal amphotericin B (Sun et al., 2019, Mamouei et al., 2021, Geraghty 

and Kavanagh, 2003). 

4.4.7 Gene regulation overlapping between PHCl and ACh  

In this study the transcriptome of C. albicans was investigated in the presence 

and absence of ACh and PHCl, to attempt to characterize the type of receptors 

and signaling pathways that mediate their action. Both compounds are 

characterized as cholinergic agonists. However, ACh can bind to both muscarinic 

and nicotinic receptors and PHCl is a general muscarinic receptor agonist 

(Carlson and Kraus, 2020, Nile et al., 2019, Rajendran et al., 2015). The data 

presented in this chapter revealed various similarities and differences in the 

transcriptomic profile of C. albicans under the different treatments discussed 

below.  

C. albicans is equipped with complex signaling pathways that mediate the fungus 

flexibility to adapt to various environmental cues (Lotz et al., 2004). Those 

signaling pathways may converge, integrate, or intersect to regulate C. albicans 

growth and morphogenesis through expression of different regulators such as 

NRG1, RIM101, and HAP43. At 4 hours of biofilm formation, both treatments 

upregulated the adhesin like protein, (C4_05730W_A), and the 

Glycosylphosphatidylinositol (GPI)-anchored cell wall protein (RBR1) when used 

at concentrations of 5 and 25 mM, while CFL4 was upregulated at 4 hours by 5 

mM of both treatments. CFL4 is repressed by HAP43 and involved in iron 

transport and uptake has been shown to be one of the predominant upregulated 

genes in dispersed cells. The cell wall protein gene, RBR1 as discussed previously 

is of importance in filamentous growth and it’s expression is required under 

acidic conditions. Yet, it’s upregulation did not cease or hinder the inhibitory 

effect of hyphal growth by any of the treatments. The previous observation 

might be due to what Lotz et al. (2004), proposed in his work which revealed 

that the transcriptional repressor of hyphal growth NRG1 was required for RBR1 

expression. Nrg1 protein targets the transcriptional factor Tup1 for repression of 
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genes involved in C. albicans virulence including hypha specific genes and yeast 

to hyphae transition process (Murad et al., 2001). 

RBR1 and C4_05730W_A are HAP43 induced, which is a repressor induced under 

low iron conditions. Although HAP43 is not required for iron acquisition, it is 

essential for C. albicans growth under iron depleted conditions. It is responsible 

for repressing iron- dependent proteins involved in mitochondrial respiration and 

iron-sulphur cluster assembly. At 24 hours of biofilm formation, both treatments 

upregulated FET99 at concentration of 5 and 25 mM, which is expressed in low 

iron conditions and involved in regulation of iron homeostasis. FET99 mutation 

has been shown to result in significant growth and metabolic reduction in C. 

albicans (Uppuluri et al., 2018, Hsu et al., 2011, Mamouei et al., 2017, 

Mochochoko et al., 2021). 

Both treatments using both concentrations at 4 hours of biofilm formation 

downregulated several biological processes such as the putative dethiobiotin 

synthetase (CR_01910C_A) and the putative GPI-anchored protein (PGA34), 

glycerophosphocholine transporter (GIT4), Glycerophosphoinositol permease, 

(GIT1) which is involved in the utilization of glycerophosphoinositol as a 

phosphate source, putative phosphate permease (PHO89), and phospholipase B 

(PLB1). As mentioned above, PLB1 plays an important role in C. albicans 

virulence and host cell penetration. GIT4, GIT1, and PHO89 are involved in 

phosphate utilization, transportation, and homeostasis, which is an important 

compound for anabolic processes in the fungus (Köhler et al., 2020). Phosphate 

is implicated in C. albicans virulence under various aspects such as stress 

resistance, cell cycle, and metal availability and homeostasis. Thus, the 

perturbation of phosphate homeostasis can attenuate C. albicans virulence. Plb1 

can mediate deacylation of glycerophospholipids to produce 

glycerophosphodiesters such as glycerophosphocholine and 

glycerophosphoinositol, which can be utilized by the fungus as phosphate sources 

(Bishop et al., 2011, Liu et al., 2017, Ikeh et al., 2017). 

The transcriptomic profile of C. albicans in this study revealed various aspects of 

similarities between both treatments, which might be due to the fact that both 

treatments are cholinergic agonists. In conclusion, taken all together the 
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similarities in terms of gene regulations, the evidence in the literature of GPCRs 

presence in fungi, and the presence of ChAT and CrAT enzymes in C. albicans 

genome support our hypothesis of the cholinergic regulations of C. albicans 

pathogenesis by PHCl through a cholinergic receptor or receptors of homology to 

muscarinic receptors subtype M1,3, or 5 (El-Defrawy and Hesham, 2020, Borghi 

et al., 2015).  

Key summary points: 

• The data herein highlighted a wide spectrum of signaling networks 

differentially regulated by both ACh and PHCl. 

• Numerous numbers of unannotated genes were differentially regulated by 

both treatments that might expand our understanding of the signaling 

pathways they mediate and aid in receptor characterisation.  

• The cholinergic agonists ACh and PHCl exhibited some similarities in the 

differential regulation of the transcriptomic profile especially at 4 hours. 

• While PHCl triggered metal ion acquisition signaling pathways and pH 

dependent modulatory pathways, ACh was more involved in respiratory 

and mitochondrial function pathways.  

• Further investigation and follow up experiments are required to elucidate 

the complete picture of the molecular mechanisms of the inhibitory 

effect carried out by ACh and PHCl. 



 

5 General discussion  
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5.1 Summary 

The work presented in this thesis investigated cholinergic modulation of biofilm 

formation in C. albicans infections. A number of different techniques were 

exploited to attempt to characterise the receptor in C. albicans which responds 

to cholinergic compounds and further elucidate the signaling pathways 

implicated in modulation of the yeast-hyphae transition and biofilm formation. 

The data herein revealed that, the general muscarinic agonist PHCl significantly 

inhibited biofilm formation in high and low biofilm forming C. albicans clinical 

isolates as well as a wild type laboratory strain. Furthermore, both PHCl and ACh 

modulate the expression of numerous vital genes and related signaling pathways 

which are involved in C. albicans biofilm formation and virulence.  Different 

vital virulence genes and important signaling pathways related to C. albicans 

pathogenesis were downregulated by PHCl. In addition, PHCl also inhibits the 

innate immune response to C. albicans infection in vitro and protects epithelial 

tissues against C. albicans induced damage.  

5.2 Challenges in combating Candida albicans 
infections 

C. albicans as a leading cause of candidemia has a detrimental impact on human 

health and as it is a eukaryote it is more recalcitrant to therapeutic 

interventions than it’s bacterial counterparts. As a eukaryotic pathogen, it 

shares similarities with the human host and this limits the number of unique 

molecules that can be utilised as antifungal treatments without causing adverse 

side effects. In addition, other attributes of C. albicans enable the fungus to 

evade the host immune response and resist antifungals such as morphogenesis, 

biofilm formation, metabolic flexibility and environmental adaptation. A rising 

challenge in microbial infection treatment is the increase in conventional 

antimicrobial resistance. C. albicans exhibits a number of intrinsic or acquired 

mechanisms of antifungal resistance. Worryingly, few new classes of antifungals 

have been developed and approved for treatment in recent years. This, 

combined with increased resistance to conventional antifungals, means that the 

availability of effective antifungal treatments is running low. Therefore, 

understanding the mechanisms employed by the fungus to resist and evade the 
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eradication by antifungals can make a crucial contribution for the development 

of more sophisticated and novel therapeutic interventions moving forwards (Lee 

et al., 2021, Mayers et al., 2009).  

5.3 Cholinergic receptors characterization 

Acetylcholine (ACh) is a general cholinergic agonist that can target both 

muscarinic and nicotinic receptors. Evidence in the literature has shown that 

ACh can modulate host-fungal interactions. It plays an inhibitory role against C. 

albicans filamentation and biofilm formation in vitro and in vivo using a G. 

mellonella larvae infection model. Furthermore, ACh provided protection to the 

G. mellonella from mortality caused by C. albicans infection. This role was by 

enhancing the function of hemocytes and inhibiting tissue damage induced by 

inflammation (Rajendran et al., 2015). In addition, previous in silico modelling 

by Ali et al. (2018) proposed that C. albicans expresses a protein with homology 

to the M1 receptor to which the muscarinic receptor antagonist dicyclomine can 

bind (Albuquerque et al., 2009, Rajendran et al., 2015, Ali et al., 2017). These 

findings led to the hypothesis that C. albicans possess a functional cholinergic 

receptor that may exhibit homology to human muscarinic receptors. 

In the first chapter, different cholinergic compounds were used for the purpose 

of exploring our hypothesis for several reasons. Firstly, due to the nature of the 

proposed ligands which are not proteins, it was not feasible to study the 

interaction with the potential receptor using techniques such as pull-down 

assays, western blots, and gel electrophoresis. Secondly, we had no access to 

radiolabelled compounds and the facilities to use such compounds. Thirdly, 

protein localization and expression in C. albicans was challenging due to the lack 

of antibodies that are specific for the as yet uncharacterised receptor(s). 

Therefore, to begin to try and characterise the potential receptor in C. albicans 

which may be modulating the effect of ACh on morphogenesis and biofilm 

formation we explored a number of pharmacological agonists, allosteric 

modulator, and antagonists. The data showed that treating C. albicans with PHCl 

caused a significant inhibition in biofilm formation but had no cytotoxic effect 

on the cells. In previous research investigating the antimicrobial activity of PHCl, 
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results revealed that PHCl increased the sensitivity of Staphylococcus aureus to 

antibacterial agents such as aminoglycosides gentamicin and neomycin, however 

had no antifungal activity on C. albicans even in combination with AMB (Araruna 

et al., 2012). The study by Araruna et al. (2012) aimed to evaluate the 

antifungal and antibacterial activity of pilocarpine alone, in combination with 

aminoglycoside and the antifungal amphotericin B, and determine the minimal 

inhibitory concentration. Our work herein examined more in depth the effect of 

PHCl on C. albicans virulence and biofilm formation and evaluated the toxicity of 

PHCl, which was not tested in the Araruna et al. study. In contrast to the 

previous work by Araruna et al. (2012), the inhibitory effect by PHCl showed in 

this study suggests that PHCl, which is known to be used for treatment of other 

diseases such as glaucoma and xerostomia, possess novel antifungal activity (Gil-

Montoya et al., 2016, Nile et al., 2019, Sun and Dai, 2019, Randáková and 

Jakubík, 2021). The fact that PHCl does not exhibit a cytotoxic effect against C. 

albicans but can inhibit biofilm formation suggests that the organism may 

possess a specific receptor for ACh/PHCl which can inhibit morphogenesis. 

However, identification of this receptor and precise mechanism by which PHCl 

mediates inhibition of biofilm formation remained to be elucidated. 

In the investigations reported in this thesis experiments were performed using a 

nonspecific muscarinic antagonist SCP and small molecule G protein and 

signaling pathways inhibitors such as U73122 and YM 254890 in order to block the 

inhibitory effect of PHCl on C. albicans morphogenesis. These experiments 

added weight to the evidence that C. albicans possess a functional muscarinic 

like receptor. In addition, the experiments using the small molecule inhibitors 

showed that YM, a Gq protein inhibitor, and U73122, a PLC inhibitor, had an 

inhibitory effect on the PHCl induced biofilm formation reduction. This 

suggested that C. albicans may possess a muscarinic receptor or receptors of M1, 

M3, M5 subtype. However, using pharmacological compounds has limitations in 

characterising a specific muscarinic receptor subtype. For example, there is a 

lack of commercially available selective agonists for some muscarinic receptor 

subtypes. So, whenever no agonist was available, either an allosteric modulator 

or antagonist was employed in this study. If the receptor of interest is to be a 

potential therapeutic target, then it is vital it has specificity for the receptor. 

Furthermore, there are different factors that can be challenging when using 
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cholinergic compounds such as host toxicity, affinity, efficacy, selectivity, 

binding site and time to bind (Strange, 2008). 

5.4 Limitation in muscarinic receptors characterization 

Muscarinic receptors possess two binding sites: an orthosteric and an allosteric 

binding site. The orthosteric site, which is the site to which conventional 

muscarinic ligands bind, are identical in structure in the different muscarinic 

receptor subtypes. Therefore, the affinity of a muscarinic agonist for a receptor 

is mainly influenced by the allosteric binding site. This can make the 

development of subtype selective compounds challenging. The allosteric site has 

a more distinctive structure in each receptor subtype to which an allosteric 

modulator can bind and promote conformational changes in the receptor. 

Although orthosteric sites can be targets for high affinity compounds they are 

less selective for different subtypes of mAChRs, and the allosteric modulator can 

target a less conserved site on the receptor or cooperate with the orthosteric 

ligand. Yet, few allosteric modulators have been reported (Kruse et al., 2014, 

Randáková and Jakubík, 2021). Another factor that can influence 

agonists/antagonists’ efficacy is the time taken for a ligand to bind to a 

receptor. For example, the antagonist tiotropium is relatively slow in binding 

which makes it less effective in blocking M3AChRs (Svoboda et al., 2017). 

Compound concentration is another limitation of using cholinergic agonists, 

antagonists, or modulators to identify and characterise different muscarinic 

receptors subtypes. High concentrations of cholinergic compounds might be 

associated with activating more than one receptor and instigating adverse 

effects that can be detrimental or lead to some of the side effects which are 

due to on-target overstimulation. In addition, higher concentrations of different 

positive allosteric modulators can have different effects than lower 

concentrations. For instance, in vitro testing of cholinergic toxicity in animals 

(rats, dogs, and cynomologous monkeys) was investigated using the following 

positive allosteric modulators: compound A, (3-((1S,2S)-2-hydrocyclohexyl)-6-((6-

(1-methyl-1H-pyrazol-4-yl)pyridin-3-yl)methyl)benzo[h] quinazolin-4(3H)-one; 

compound B, 1-((4-cyano-4-(pyridin-2-yl)piperidin-1-yl)methyl)-4-oxo-4H-

quinolizine-3 carboxylic acid; and compound C, (R)-ethyl 3-(2-
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methylbenzamido)-[1,49- bipiperidine]-19-carboxylate. The results revealed that 

lower concentrations of these compounds potentiated the cellular Ca2+ response 

to ACh on M1AChRs, and at higher concentrations they had direct agonist activity 

on the receptor ( 50- to 100-fold higher than concentrations required for positive 

allosteric modulator activity) (Alt et al., 2016, van der Westhuizen et al., 2021). 

Furthermore, the concentrations of agonists or antagonists may affect their 

affinity to the receptors. For example,  4-DAMP, the M3AChR antagonist has 

been shown to have twice the affinity for M5AChRs as M3AChRs, so when used at 

M3AChR saturating concentrations it will also inhibit M5AChR signals (Radu et al., 

2017).  

5.5 Molecular basis behind PHCl inhibitory effect 

To further delineate the mechanisms by which PHCl could inhibit C. albicans 

morphogenesis transcriptomic profiling of C. albicans was performed during the 

early and late stages of biofilm formation in the presence and absence of the 

compound. 

Whole transcriptomic sequencing of C. albicans in the presence and absence of 

PHCl and ACh revealed a number of genes that regulate critical virulence 

signaling pathways. Results obtained from this technique provide a high 

throughput input that may pave the way toward characterizing the receptor 

mediating the cholinergic inhibitory effect and uncovering the possible 

responsible pathways. Thus, facilitating advanced development of novel drugs 

and antifungal combinations with high specificity for known pathogen specific 

virulence factors or biofilm specific tolerance mechanisms. Nevertheless, 

repurposing licensed drugs such as PHCl would be more advantageous and 

cheaper compared to designing a completely new drug (Tits et al., 2020).  

PCA plot data from the transcriptomic profiling revealed that time of incubation 

has the most significant difference. This agrees with the findings in literature 

where the age of biofilm formed was linked to the development of antifungal 

resistance, which highlights the critical role of the biofilm stage and structure in 

C. albicans virulence and pathogenesis. For instance, 48 hours biofilms exhibited 

5-8-fold higher resistance to antifungals compared to planktonic, and resistance 
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to amphotericin B, fluconazole, nystatin, and chlorhexidine was increased in 72 

hours biofilms compared to early stage biofilms. Mature biofilms are therefore 

more resistant to antifungals and can also evade host immune responses 

(Cavalheiro and Teixeira, 2018, Sandai et al., 2016). 

5.6 PHCl as an adjunctive therapy 

Recent research also indicated a cholinergic negative regulation of C. albicans 

hyphal formation using the muscarinic receptor antagonist dicycloamine. Yet, 

further studies are required to investigate dicycloamine’s toxicity and 

discriminate between on target inhibitory effects and fungicidal activity. We 

have used PHCl in combination with antifungals attempting to understand their 

effect on C. albicans virulence. Using a combination of drugs for C. albicans 

infection treatment may propose an effective therapeutic strategy in light of the 

increase in drug resistance and the limited development in novel active drug 

discovery (Araruna et al., 2012). Combining PHCl with antifungals may weaken 

C. albicans biofilm formation and thus render the biofilm more susceptible to 

conventional antifungals, which make the effect from combination therapy an 

effective strategy for C. albicans infections (Nobile and Johnson, 2015, Ali et al., 

2018, Nile et al., 2019) 

Several combinations of conventional antifungals with novel molecules have 

been reported in the literature. For example, using the calcium channel blocker, 

verapamil, in combination with fluconazole against C. albicans biofilms. In 

addition, unravelling the miconazole antifungal tolerance mechanisms has led to 

the finding of the synergistic interaction between miconazole and simvastatin. 

Simvastatin is an inhibitor of HMG-CoA reductase, which is an enzyme that plays 

a role in ergosterol biosynthesis. Ergosterol biosynthesis in turn was found to be 

involved in miconazole tolerance in C. albicans. The RNAseq data reported in 

this work showed that PHCl significantly differentially regulated crucial genes 

that are involved in several important virulence pathways and may be targets for 

therapies; such as components of the cell wall and cell membrane, nucleic acid 

metabolic pathways, filamentation, and the cell cycle (Tits et al., 2020, Ahmad 

Khan et al., 2020). In future, follow up experiments and further investigations 

are required to gain a comprehensive understanding of the mechanisms by which 
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PHCl mediates it’s function. Unfortunately, due to the COVID-19 pandemic and 

prohibited access to laboratories this could not be done and therefore had a 

significant impact on the completion of this chapter. 

5.7 PHCl in Candida albicans host pathogen 
interactions 

It has previously been reported that ACh, in addition to modulating C. albicans 

virulence can also modulate the immune response to C. albicans infections 

(Rajendran et al., 2015). In this thesis it is reported that PHCl can also modulate 

the innate immune response induced by C. albicans infection using oral 

epithelial cell monolayers and a three-dimensional tissue model of the human 

oral epithelium. The notion that C. albicans morphogenesis is a key factor for 

host innate immune response induction and tissue damage has been proven in 

the literature and discussed in chapter 3 extensively (Mukaremera et al., 2017, 

Matuschak and Lechner, 1997). The role of PHCl in host immune response 

regulation has been discussed in the literature. For instance, it was suggested 

that tumour growth in a mouse model was inhibited due to modulation of the 

immune response upon PHCl treatment. However, this study did not investigate 

the type of immune response initiated by PHCl treatment. In addition, PHCl 

treatment also resulted in increased antibody production in a rabbit model of 

Typhus bacillus infection (Schneyer, 1957). In the context of PHCl’s role in 

immune response to pathogens, up to date investigations and evidence in the 

literature are scarce. The data reported here showed the effect on the innate 

immune response by the host upon PHCl treatment in correlation with it’s role as 

a potential antifungal. PHCl was found to downregulate the innate immune 

responses but the adaptive immune response was not investigated. 

Although in vitro research has many advantages such as reduction in the use of 

animals, large scale throughput, control of chemical and physical environments, 

and affordability, they fail to mimic and replicate conditions in an organism 

(Graudejus O et al., 2018). Previous studies have reported differences between 

in vitro and in vivo C. albicans biofilm formation using a rat central venous 

catheter model. For example, the duration of the early stage of biofilm 

formation in vivo was reduced compared to in vitro. In addition, several layers 
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of yeast and hyphae was observed in vivo earlier (Cavalheiro and Teixeira, 2018, 

Andes et al., 2004).The findings from previous in vitro studies of PHCl role in 

regulating the host innate immune response was further confirmed by the in vivo 

work conducted by Nile et al. (2019) using a Galleria mellonella infection 

model. This work revealed that PHCl treatment, similarly to ACh, resulted in 

effective clearance of C. albicans and reducing critical tissue damage 

(Rajendran et al., 2015, Nile et al., 2019). For future studies to build on these 

findings, using a mouse model may be advantageous to investigate all aspects of 

host pathogen interactions which may confer more relevant conclusions due to 

the similarities with the human genetically, physically, and anatomically. 

5.8 Future work and conclusion 

The work reported in this thesis constitutes a starting point for future work to 

better understand the role of cholinergic regulation of C. albicans in 

commensalism and virulence. Moving forwards, a number of further techniques 

can be exploited to identify and characterise the potential receptors possessed 

by C. albicans which mediate the PHCl induced inhibition of morphogenesis.  For 

example, building on the transcriptomic data and identifying key target genes 

for knockout using techniques such as CRISPR/Cas9 could be useful to further 

elucidate their role in PHCl signaling (Morio et al., 2020). In addition, C. albicans 

mutant libraries can be exploited to investigate the intracellular signaling 

pathways involved in C. albicans response to PHCl application (Noble et al., 

2010). Furthermore, investigations into the potential role of PHCl as an 

adjunctive drug in combination with known conventional antifungals would be of 

critical importance using checkerboard assays, cell viability assays and XTT or 

CFU assays (Tits et al., 2020). 

In conclusion, the data collected in this research suggest that C. albicans may 

possess one or more cholinergic receptors with homology to human muscarinic 

receptors which modulate C. albicans virulence, filamentation, and biofilm 

formation. The work presented here could contribute considerably to the 

development of novel therapeutic antifungal agents or treatments. In addition, 

it expands our knowledge of C. albicans pathogenicity, and proposes unique 

candidate molecules that can be exploited for treatment of C. albicans 
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infections. Furthermore, the cholinergic modulation of fungal virulence factors 

may provide an insight toward understanding and treating other fungal 

infections.



 

Appendices  

Appendix I: Clinical isolates growth curve profile in presence and absence of 50 mM 
PHCl.  
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Figure 1 Electrical impedance profile of C. albicans blood biofilm forming isolates cultured in the presence and absence of pilocarpine Hydrochloride. Cells 
were cultured on E- plate in RPMI biofilm forming media in the presence and absence of 50 mM PHCl and growth was monitored over 24h in a real time manner 
by measuring the electrical impedance profile (EIP).  
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Figure 2 Electrical impedance profile of C. albicans oral biofilm forming isolates cultured in the presence and absence of pilocarpine Hydrochloride. Cells were 
cultured on E- plate in RPMI biofilm forming media in the presence and absence of 50 mM PHCl and growth was monitored over 24h in a real time manner by 
measuring the electrical impedance profile (EIP).  
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Figure 3 Electrical impedance profile of C. albicans vaginal biofilm forming isolates cultured in the presence and absence of pilocarpine Hydrochloride. Cells 
were cultured on E- plate in RPMI biofilm forming media in the presence and absence of 50 mM PHCl and growth was monitored over 24h in a real time manner 
by measuring the electrical impedance profile (EIP).   
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Appendix II: Clinical isolates growth curve profile treated with caspofungin antifungal 
in presence and absence of PHCl. 
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Figure 4 Electrical impedance profile of C. albicans cultured with Caspfungin antifungal in the presence and absence of pilocarpine Hydrochloride. Cells were 
cultured on E- plate in presence and absence of 50 mM PHCl. Growth curve was monitored on real time manner by measuring the electrical impedance profile 
(EIP).  
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Appendix III: Clinical isolates growth curve profile treated with Amphoetricin B in 
presence and absence of PHCl. 
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Figure 5 Electrical impedance profile of C. albicans cultured with Amphoetricin B antifungal in the presence and absence of pilocarpine Hydrochloride. Cells 
were cultured on E- plate in presence and absence of 50 mM PHCl. Growth curve was monitored on real time manner by measuring the electrical impedance 
profile (EIP).  
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Appendix IV: Gene regulation in presence and absence of PHCl. 

Table 1 Upregulated and downregulated genes by 5 mM PHCl treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue. 
 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

CRD2 
Metallothionein; for 

adaptation to growth in 
high coppe. 

2.11372695 
0.031254

36 
CR_03270W_

A 

Predicted 
membrane 

transporter. 
-3.1848598 0.00024956 

ALS2 
ALS family protein; role 

in adhesion. 
2.09582562 

0.037563
46 

MET3 
ATP sulfurlyase; 

sulfate 
assimilation. 

-3.0324918 0.00049435 

XOG1 Exo-1,3-beta-glucanase. 2.01979094 
0.013510

14 
C1_07040C_

A 

Pry family 
pathogenesis-

related protein. 
-2.98907 0.0007647 

CDR1 
Multidrug transporter of 

ABC superfamily. 
1.98998574 

0.001136
6 

PGA26 

GPI-anchored 
adhesin-like 

protein of the 
cell wall. 

-2.7865594 6.53E-07 

PHR2 Glycosidase 1.98022915 1.89E-05 AOX2 
Alternative 

oxidase. 
-2.7080479 0.01054076 

CRZ2 
C2H2 transcription 

factor 
1.90999737 

0.026840
2 

SOD6 

Copper-
containing 
superoxide 
dismutase. 

-2.6449317 0.01350893 
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PCL1 
Cyclin homolog; 

transcript 
1.89715394 

0.015045
04 

IHD1 
GPI-anchored 

protein. 
-2.6146036 5.10E-05 

CCC1 
Manganese transporter; 

required for normal 
filamentous growth. 

1.88111271 
0.000134

32 
GIT4 

Glycerophosphoc
holine 

transporter. 
-2.5820185 0.00425156 

CR_06140
W_A 

Protein of unknown 
function. 

1.78322049 
0.010768

88 
PGA34 

Putative GPI-
anchored 
protein. 

-2.5796088 0.00923819 

IFE1 
Putative medium-chain 
alcohol dehydrogenase. 

1.68748514 
0.022533

19 
HSP21 

Small heat shock 
protein. 

-2.5203946 0.02236355 

    GIT1 
Glycerophosphoi

nositol 
permease. 

-2.4716524 0.00654317 

    DUR32 
Putative urea 
transporter. 

-2.4313013 0.00457458 

    
C1_10980W_

A 

Protein of 
unknown 
function. 

-2.3367185 0.01746887 

    
C2_00760C_

A 

Protein of 
unknown 
function. 

-2.331308 0.01414109 

    SUL2 
Putative sulfate 

transporter. 
-2.2910922 0.01400165 

    
C7_03140W_

A 

Ortholog of 
Candida albicans 

WO-1 : 
CAWG_05647 

-2.2598 0.00030565 

    
C2_06570C_

A 
Predicted ORF 
from Assembly 

-2.1740373 0.03030284 
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19; removed 
from Assembly 
20; restored 

based on 
transcription 

data; similar to 
orf19.7550 

    
C1_05950C_

A 

Protein of 
unknown 
function. 

-2.1471365 0.01961333 

    HGT6 

Putative high-
affinity MFS 

glucose 
transporter. 

-2.0986297 0.00709648 

    ECE1 
Candidalysin, 

cytolytic peptide 
toxin. 

-1.9103253 0.01866402 

    MET1 

Putative 
uroporphyrin-3 

C-
methyltransferas

e. 

-1.8853545 0.00553641 

    
C3_02330C_

A 

Protein of 
unknown 
function. 

-1.8849016 0.0328968 

    
C3_00190W_

A 

Ortholog of 
Candida 

guilliermondii 
ATCC 6260 : 

PGUG_05321, 
Candida 

-1.8805667 0.03640554 
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lusitaniae ATCC 
42720 : 

CLUG_00887 and 
Candida albicans 

WO-1 : 
CAWG_02354 

    GPX1 
Putative thiol 
peroxidase. 

-1.8665637 0.01024012 

    TLO8 

Member of a 
family of 
telomere-

proximal genes 
of unknown 
function. 

-1.7632749 0.0312178 

    TLO13 

Member of a 
family of 
telomere-

proximal genes 
of unknown 
function. 

-1.7467762 0.04004343 

    TLO5 

Member of a 
family of 
telomere-

proximal genes 
of unknown 
function. 

-1.7164484 0.03687152 

    CTA2 
Putative 

transcription 
factor. 

-1.7009267 0.02034154 
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    GIT2 
Putative 

glycerophosphoin
ositol permease. 

-1.5317645 0.03159682 
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Table 2 Upregulated and downregulated genes by 25 mM PHCl treatment at 4 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue. 

 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

RBE1 
Pry family cell wall 

protein. 
3.2439397 4.35E-05 

C1_07040C_
A 

Pry family 
pathogenesis-

related protein. 
-3.880906 2.90E-07 

SCW11 Cell wall protein. 3.21011322 3.50E-08 MFALPHA 

Alpha factor 
mating 

pheromone 
precursor. 

-3.8066644 0.00836454 

C4_00990
W_A 

NRAMP metal ion 
transporter. 

3.12209325 
0.000212

18 
MRV4 

Protein of 
unknown. 

-3.711331 0.01765844 

ALS4 GPI-anchored adhesin. 2.97569957 6.70E-05 IHD1 
GPI-anchored 

protein. 
-3.6884919 5.22E-14 

YWP1 
Secreted yeast wall 

protein. 
2.97003418 4.91E-05 PGA34 

Putative GPI-
anchored 
protein. 

-3.375767 0.00012469 

DAG7 Secretory protein. 2.95952283 
0.000382

17 
C1_10980W_

A 
Protein of 
unknown. 

-3.3639979 6.22E-06 

MNN1 
Putative alpha-1,3-

mannosyltransferase. 
2.85178607 7.74E-12 

C3_02750W_
A 

Protein with a 
ribonuclease III 

domain. 
-3.3085924 0.01052993 
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TEF4 
Putative translation 
elongation factor. 

2.81114329 
0.000436

53 
CSP2 

Putative cell 
wall associated 

protein. 
-3.2608455 4.71E-10 

CR_06140
W_A 

Protein of unknown 
function. 

2.75567491 1.73E-10 PGA26 

GPI-anchored 
adhesin-like 

protein of the 
cell wall. 

-3.1503816 5.57E-11 

C2_10020C
_A 

Has domain(s) with 
predicted catalytic 

activity. 
2.68601087 

0.008492
49 

AOX2 
Alternative 

oxidase. 
-3.0929737 0.0004864 

MNN45 Mannosyltransferase. 2.67358545 1.37E-06 
C7_03150W_

A 
Protein of 
unknown. 

-3.0713958 3.91E-10 

PHR2 Glycosidase. 2.6560794 6.61E-16 SOD5 
Cu-containing 

superoxide 
dismutase. 

-2.9723244 4.00E-06 

FRE10 
Major cell-surface ferric 

reductase. 
2.63901992 

0.000419
07 

C2_00670C_
A 

Ortholog of 
Candida albicans 

WO-1 : 
CAWG_03846 

-2.9357431 0.00255756 

CDR2 Multidrug transporter. 2.62619167 4.60E-07 
CR_01910C_

A 

Putative 
dethiobiotin 
synthetase. 

-2.8540613 0.01532461 

C3_03460C
_A 

Protein of unknown 
function. 

2.6199803 1.58E-08 CIP1 
Possible 

oxidoreductase 
-2.7335736 0.00031012 

IFE1 
Putative medium-chain 
alcohol dehydrogenase. 

2.60305687 3.25E-09 
CR_03270W_

A 

Predicted 
membrane 
transporter 

-2.6906713 0.00122639 

CRZ2 
C2H2 transcription 

factor. 
2.51681509 3.95E-05 HSP21 

Small heat shock 
protein 

-2.6604136 0.00532389 
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C1_03460C
_A 

Protein of unknown 
function. 

2.51127925 6.43E-08 CSA2 

Extracellular 
heme-binding 

protein involved 
in heme-iron 
acquisition 

-2.5601769 0.00102525 

C2_10160
W_A 

Secreted protein. 2.49400073 2.00E-07 
C5_03730W_

A 
Protein of 
unknown. 

-2.5318373 0.02255144 

C4_02720C
_A 

Putative plasma 
membrane protein. 

2.46965974 1.23E-06 CFL11 
Superoxide-
generating 

NADPH oxidase. 
-2.5186868 0.00146844 

SAP7 
Pepstatin A-insensitive 

secreted aspartyl 
protease. 

2.46770039 
0.005626

6 
GIT1 

Glycerophosphoi
nositol 

permease. 
-2.4761476 0.0021771 

XOG1 
Exo-1,3-beta-glucanase; 

5 glycosyl hydrolase 
family member. 

2.4349431 
0.000105

27 
PHO84 

High-affinity 
phosphate 

transporter. 
-2.4519522 0.00145843 

CR_05210
W_A 

Protein of unknown 
function. 

2.42797178 
0.001135

72 
C7_03140W_

A 

Ortholog of 
Candida albicans 

WO-1 : 
CAWG_05647 

-2.41545 6.15E-06 

PGA6 
GPI-anchored cell wall 
adhesin-like protein. 

2.41205447 
0.000715

31 
FDH1 

Formate 
dehydrogenase. 

-2.4134951 0.00722749 

C4_04190C
_A 

Ortholog of C. 
parapsilosis CDC317 : 

CPAR2_402120, C. 
dubliniensis CD36 : 

Cd36_43870, 
Lodderomyces 

elongisporus NRLL YB-
4239 : LELG_04437 and 

2.40391126 
0.003597

36 
C3_00190W_

A 

Ortholog of 
Candida 

guilliermondii 
ATCC 6260 : 

PGUG_05321, 
Candida 

lusitaniae ATCC 
42720 : 

CLUG_00887 and 

-2.3870265 0.00042939 
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Candida orthopsilosis Co 
90-125 : CORT_0E02170 

Candida albicans 
WO-1 : 

CAWG_02354 

CDR1 
Multidrug transporter of 

ABC superfamily. 
2.37528083 4.33E-07 CEK2 MAP kinase -2.2805622 0.01238608 

C1_12800
W_A 

Ortholog of C. 
dubliniensis CD36 : 

Cd36_11980, C. 
parapsilosis CDC317 : 

CPAR2_201330, Candida 
tenuis NRRL Y-1498 : 
CANTEDRAFT_114815 
and Debaryomyces 
hansenii CBS767 : 
DEHA2G10032g 

2.37498169 
0.007803

55 
GIT4 

Glycerophosphoc
holine 

transporter. 
-2.1955451 0.01269423 

PCL1 Cyclin homolog. 2.37309567 3.32E-05 PHO100 
Putative 

inducible acid 
phosphatase 

-2.1771628 0.035 

C1_11990
W_A 

Putative cell wall 
adhesin-like protein. 

2.30632759 
0.000691

42 
C2_06570C_

A 

Predicted ORF 
from Assembly 
19; removed 

from Assembly 
20; restored 

based on 
transcription 

data; similar to 
orf19.7550 

-2.1571561 0.01694841 

ALS2 ALS family protein. 2.25484404 
0.007785

32 
EXG2 

GPI-anchored 
cell wall protein. 

-2.1419831 3.27E-05 
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HCM1 
Protein with forkhead 
domain; similar to S. 
cerevisiae Hcm1p. 

2.22681957 
0.005504

71 
C2_00760C_

A 
Proten of 
unknown. 

-2.1240373 0.0195588 

CR_02780
W_A 

Protein with similarity 
to carbonic anhydrases. 

2.22638169 
0.006304

88 
ZRT1 

Putative zinc 
transporte. 

-2.1065466 0.00129635 

MNN22 
Alpha-1,2-

mannosyltransferase. 
2.20817845 6.14E-05 IFE2 

Putative alcohol 
dehydrogenase. 

-2.0757985 0.02067591 

FMA1 
Putative 

oxidoreductase. 
2.15452735 3.59E-06 

C1_10060C_
A 

Protein of 
unknown 
function. 

-2.0375676 0.04885197 

CR_06550C
_A 

Protein of unknown 
function. 

2.13690533 
0.006577

14 
RTA4 

Protein similar 
to S. cerevisiae 
Rsb1p, involved 

in fatty acid 
transport. 

-2.0341641 0.00861829 

C5_01300C
_A 

Ortholog(s) have mRNA 
3'-UTR binding activity. 

2.12784493 
0.001947

05 
HGT6 

Putative high-
affinity MFS 

glucose 
transporter. 

-2.0159312 0.0053603 

PIR1 
1,3-beta-glucan-linked 

cell wall protein. 
2.08648737 

0.000214
29 

PRA1 

Cell surface 
protein that 

sequesters zinc 
from host tissue. 

-2.0052554 0.00539571 

CCC1 Manganese transporter. 2.06829264 2.79E-07 SAP5 
Biofilm-specific 

aspartyl 
protease. 

-1.9534984 0.00238469 

SIM1 Adhesin-like protein. 2.0356703 4.60E-05 HWP1 
Hyphal cell wall 

protein. 
-1.9492258 0.00778212 

HGT8 
High-affinity glucose 

transporter. 
1.99210105 

0.002069
17 

FRP2 
Putative ferric 

reductase. 
-1.9462406 5.84E-06 
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CDC6 
Putative ATP-binding 

protein. 
1.98249689 

0.024353
68 

C6_03240W_
A 

Predicted 3-
methylbutanol:N

AD(P) 
oxidoreductase 

and 
methylglyoxal 

reductase 
(NADPH-

dependent). 

-1.9354061 0.02131564 

CRD2 Metallothionein. 1.98064683 
0.035281

62 
C3_02330C_

A 

Protein of 
unknown 
function. 

-1.9200192 0.01296101 

CHT3 Major chitinase.. 1.97443603 
0.001045

01 
GIT2 

Putative 
glycerophosphoin
ositol permease. 

-1.8692105 8.83E-05 

C2_02910
W_A 

Protein of unknown 
function. 

1.97312381 
0.028608

97 
CR_07220C_

A 

Homolog of 
nuclear 

distribution 
factor NudE, 

NUDEL. 

-1.847692 0.00174519 

PGA38 
Putative adhesin-like 
GPI-anchored protein. 

1.91309356 
0.007227

08 
ATO1 

Putative fungal-
specific 

transmembrane 
protein 

-1.8378982 0.03873022 

C1_02370C
_A 

Ortholog of C. 
dubliniensis CD36 : 

Cd36_02210, C. 
parapsilosis CDC317 : 

CPAR2_106350, Candida 
tenuis NRRL Y-1498 : 
CANTEDRAFT_116785 

1.89469401 
0.007951

08 
HMX1 Heme oxygenase -1.809084 0.00667969 



 261 

and Debaryomyces 
hansenii CBS767 : 

DEHA2C01980g 

ESC4 

Protein similar to S. 
cerevisiae Esc4; a 

protein that represses 
transposition. 

1.84661451 
0.045799

45 
C3_02790W_

A 

Ortholog of C. 
parapsilosis 
CDC317 : 

CPAR2_102150, 
C. dubliniensis 

CD36 : 
Cd36_82780, 
Pichia stipitis 

Pignal : 
psti_CGOB_0015
5 and Candida 

orthopsilosis Co 
90-125 : 

CORT_0B03450 

-1.7937354 0.00967323 

C7_03560
W_A 

Protein of unknown 
function. 

1.82955994 
0.047075

81 
GPX1 

Putative thiol 
peroxidase. 

-1.7453552 0.01300228 

NRM1 
Transcriptional 

regulator of cell cycle 
gene expression. 

1.82557173 
0.008473

68 
C2_07180W_

A 

Ortholog of C. 
dubliniensis 

CD36 : 
Cd36_21450, 

Candida 
tropicalis MYA-

3404 : 
CTRG_01739 and 
Candida albicans 

WO-1 : 
CAWG_05814 

-1.6675336 0.04605874 
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STP4 
C2H2 transcription 

factor. 
1.75048109 

0.018866
2 

THI13 
Thiamin 

pyrimidine 
synthase 

-1.6652944 0.00550965 

RTA2 
Flippase involved in 

sphingolipid long chain 
base release. 

1.72935796 
0.010533

32 
TLO5 

Member of a 
family of 
telomere-

proximal genes 
of unknown 
function. 

-1.6431654 0.03498707 

C1_04470C
_A 

Protein of unknown 
function. 

1.72221714 
0.006079

07 
AYR2 

Putative NADPH-
dependent 1-acyl 
dihydroxyaceton

e phosphate 
reductase. 

-1.6070342 0.00011971 

C5_02780
W_A 

Ortholog(s) have role in 
chromatin silencing at 

rDNA. 
1.69366077 

0.038297
99 

C5_03430W_
A 

Protein of 
unknown 
function. 

-1.5703133 0.01943321 

PGA62 
Adhesin-like cell wall 

protein. 
1.68967833 4.12E-05 DCK1 

Putative guanine 
nucleotide 

exchange factor. 
-1.5663499 0.00188322 

SWE1 

Putative protein kinase 
with a role in control of 

growth and 
morphogenesis. 

1.61244244 
0.042399

05 
C4_03370C_

A 

Ortholog of C. 
parapsilosis 
CDC317 : 

CPAR2_403360, 
Debaryomyces 

hansenii CBS767 
: DEHA2D00814g, 

Pichia stipitis 
Pignal : 

PICST_32156 and 
Candida 

-1.5132534 0.01174954 
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guilliermondii 
ATCC 6260 : 
PGUG_04611 

C5_04030
W_A 

Protein of unknown 
function. 

1.60866745 
0.040116

82 
    

KRE6 
Essential beta-1,6-

glucan synthase subunit. 
1.60364189 

0.008999
08 

    

C6_02940C
_A 

Protein of unknown 
function. 

1.50835616 
0.038842

82 
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Table 3 Upregulated and downregulated genes by 25 mM PHCl treatment at 24 hours incubation. Table includes the common gene name, protein encoded 
description, the log2 fold change (Log2FC), and the Pvalue.  

 

Upregulated Downregulated 

Gene Name Description log2FoldChange Pvalue Gene Name Description log2FoldChange Pvalue 

ERG6 
Delta(24)-sterol C-
methyltransferase. 

2.41754936 
0.000209

5 
PHO8 

Putative 
repressible 

vacuolar alkaline 
phosphatase. 

-2.9727093 3.71E-07 

AQY1 
Aquaporin water 

channel. 
2.39725196 

0.001457
19 

C6_03090W_
A 

Ortholog of C. 
dubliniensis 

CD36 : 
Cd36_63980, 

Candida tenuis 
NRRL Y-1498 : 

CANTEDRAFT_11
5187, Candida 
tropicalis MYA-

3404 : 
CTRG_02719 and 
Candida albicans 

WO-1 : 
CAWG_05060 

-2.8972216 0.04779346 

ALS2 ALS family protein. 2.38783146 
0.003173

96 
SAP5 

Biofilm-specific 
aspartyl 

protease. 
-2.7956164 5.73E-09 

TEF4 
Putative translation 
elongation factor. 

2.33671423 
0.012134

43 
ALS3 

Cell wall 
adhesin. 

-2.7451626 6.43E-07 
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LEU2 
Isopropyl malate 
dehydrogenase. 

2.30657679 
0.002458

93 
ARG1 

Argininosuccinat
e synthase. 

-2.6071501 0.0229555 

C7_03310
W_A 

Protein of unknown 
function. 

2.20748255 
0.020707

62 
SAP6 

Biofilm-specific 
aspartyl 

protease. 
-2.575171 0.00095924 

OAC1 
Putative mitochondrial 

inner membrane 
transporter. 

2.1704761 
0.036465

95 
HSP21 

Small heat shock 
protein. 

-2.473654 0.00928937 

FRE10 
Major cell-surface ferric 

reductase. 
2.15595963 

0.012760
69 

C5_04980W_
A 

Putative 
adhesin-like 

protein. 
-2.4564089 2.21E-06 

C5_04480C
_A 

Has domain(s) with 
predicted nucleic acid 

binding, nucleotide 
binding activity. 

2.14445049 
0.049394

66 
C3_07470W_

A 

Putative plasma 
membrane 
protein. 

-2.4493867 5.11E-07 

AHP1 
Alkyl hydroperoxide 

reductase. 
2.06794042 

0.038570
85 

BIO2 
Putative biotin 

synthase. 
-2.4035088 0.00154927 

AMO2 

Protein similar to A. 
niger predicted 

peroxisomal copper 
amino oxidase. 

2.00304576 
0.005324

12 
C1_10060C_

A 

Protein of 
unknown 
function. 

-2.3400032 0.01021186 

MNN1 
Putative alpha-1,3-

mannosyltransferase. 
1.98025088 

0.000257
14 

C1_02730W_
A 

Protein of 
unknown 
function. 

-2.2996937 0.00061967 

C3_07590
W_A 

Protein of unknown 
function. 

1.92381988 
0.017865

04 
HWP1 

Hyphal cell wall 
protein. 

-2.1977014 0.00078422 

C4_02190C
_A 

CoA-transferase family 
protein. 

1.8457926 
0.047285

45 
C5_03430W_

A 

Protein of 
unknown 
function. 

-2.1570616 1.26E-06 
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C7_01380
W_A 

Ortholog of C. 
dubliniensis CD36 : 

Cd36_71210, C. 
parapsilosis CDC317 : 

CPAR2_702710, Candida 
tenuis NRRL Y-1498 : 
CANTEDRAFT_116256 
and Debaryomyces 
hansenii CBS767 : 

DEHA2E17732g 

1.82756042 
0.006878

48 
IHD1 

GPI-anchored 
protein. 

-2.1514622 0.00120696 

C1_10110
W_A 

Protein of unknown 
function. 

1.71809514 
0.021220

69 
ECE1 

Candidalysin, 
cytolytic peptide 

toxin. 
-2.1328832 0.00106304 

ERG24 C-14 sterol reductase. 1.65824737 
0.021697

03 
C3_02330C_

A 

Protein of 
unknown 
function. 

-2.1260047 0.00178137 

ILV5 
Ketol-acid 

reductoisomerase. 
1.63062731 

0.042329
92 

C1_05520W_
A 

Protein of 
unknown 
function. 

-2.0410005 9.44E-05 

ERG4 
Protein similar to sterol 

C-24 reductase. 
1.57370202 

0.031795
16 

TOS1 

Protein similar 
to alpha 

agglutinin anchor 
subunit. 

-1.9970249 9.75E-09 

SIM1 Adhesin-like protein. 1.56851048 
0.024962

16 
CFL11 

Superoxide-
generating 

NADPH oxidase. 
-1.9807984 0.02450146 

    
C5_03440W_

A 

Protein of 
unknown 
function. 

-1.9542281 0.0265683 

    FRP2 
Putative ferric 

reductase. 
-1.8734758 2.68E-05 
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C3_01020W_

A 

Protein of 
unknown 
function. 

-1.8708595 0.00124553 

    
C3_03440C_

A 

Putative 
spermidine 

export pump; 
fungal-specific 
(no human or 

murine homolog) 

-1.8182418 0.03741999 

    HGT6 

Putative high-
affinity MFS 

glucose 
transporter. 

-1.7656052 0.03573881 

    
C3_03690W_

A 

Putative 
vacuolar 

membrane 
transporter for 
cationic amino 

acids. 

-1.7598751 0.01280243 

    PGA34 
Putative GPI-

anchored 
protein. 

-1.7555683 0.03298727 

    CSP2 
Putative cell 

wall associated 
protein. 

-1.7542533 0.02650876 

    
C1_11320C_

A 

Protein of 
unknown 
function. 

-1.6998233 0.02770854 

    STB3 
Putative SIN3-

binding protein 3 
homolog. 

-1.6343768 0.00783491 
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CR_07220C_

A 

Homolog of 
nuclear 

distribution 
factor NudE, 

NUDEL. 

-1.5401967 0.04876058 

    ARH2 

Putative 
adrenodoxin-

NADPH 
oxidoreductase. 

-1.5343026 0.04476947 

    CLB2 

B-type mitotic 
cyclin (cyclin-

dependent 
protein kinase 

regulatory 
subunit). 

-1.5119852 0.02372383 

 
  



 269 

Appendix V: Gene regulation in presence and absence of ACh. 

Table 4 Downregulated genes by 5 mM ACh treatment at 4 hours incubation. Table includes the common gene name, protein encoded description, the log2 
fold change (Log2FC), and the Pvalue.  
 

Downregulated 

Gene Name Description log2FoldChange Pvalue 

C2_10020C_
A 

Has domain(s) with predicted catalytic activity. -3.4102508 0.0213197 

SCP1 Putative cortical actin cytoskeleton protein. -3.3109277 2.23E-06 

PLB1 Phospholipase B. -3.3087694 0.02156831 

C1_08890C_
A 

Putative U2B'' component of the U2 snRNP. -3.2397229 0.00110324 

PGA34 Putative GPI-anchored protein. -3.11611 0.00058141 

C3_02270W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_82240, C. parapsilosis 
CDC317 : CPAR2_405130, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_127317 and Debaryomyces hansenii CBS767 : 
DEHA2G02244g 

-3.0652264 0.00090113 

C1_04280C_
A 

Ortholog(s) have dolichyl-phosphate-mannose-glycolipid alpha-
mannosyltransferase activity. 

-3.0627517 0.00044003 
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C4_02460W_
A 

Ortholog(s) have HDEL sequence binding activity. -2.9837108 1.06E-05 

C3_06540C_
A 

Ortholog of C. dubliniensis CD36 : Cd36_86510, C. parapsilosis 
CDC317 : CPAR2_206110, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_112184 and Debaryomyces hansenii CBS767 : 
DEHA2F17292g 

-2.8759752 7.28E-05 

CR_02380C_
A 

Protein similar to S. cerevisiae Kre27p, which has a role in 
resistance to killer toxin. 

-2.8464041 0.00097999 

C1_00700W_
A 

Protein of unknown function; repressed by nitric oxide -2.8239913 0.00108868 

MFALPHA Alpha factor mating pheromone precursor. -2.8067249 0.04889017 

C1_11800C_
A 

Ortholog(s) have AP-2 adaptor complex localization. -2.6609138 0.00668995 

GIT1 Glycerophosphoinositol permease. -2.6300241 0.00089524 

C1_00820W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_00770, Candida tenuis 
NRRL Y-1498 : CANTEDRAFT_112621, Debaryomyces hansenii 

CBS767 : DEHA2D09812g and Pichia stipitis Pignal : PICST_61958 

-2.6299678 1.55E-05 

C2_10300C_
A 

Protein of unknown function. -2.5278502 0.00112443 

CR_06500C_
A 

Protein of unknown function. -2.5176771 0.00053403 

C1_02300W_
A 

Ortholog(s) have unfolded protein binding activity. -2.4983013 0.00577187 

FGR2 Protein similar to phosphate transporters. -2.4811058 0.03492409 

LYS5 Phosphopantetheinyl transferase. -2.4527416 0.01172614 

ARC35 Putative ARP2/3 complex subunit. -2.4434105 0.00126014 

MNN11 Ortholog(s) have alpha-1,6-mannosyltransferase activity. -2.4336134 0.001424 
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C1_02700C_
A 

Gene induced by hypoxia and ketoconazole. -2.4095702 0.0473221 

C7_01360C_
A 

Putative heat shock protein with a zinc finger motif. -2.4021894 0.02969799 

C2_01320W_
A 

Ortholog(s) have structural molecule activity, role in 
proteasome assembly, ubiquitin-dependent protein catabolic 

process. 

-2.399554 9.87E-05 

PHO89 Putative phosphate permease. -2.3974819 0.00154396 

C2_08690C_
A 

Ortholog of C. dubliniensis CD36 : Cd36_22860, C. parapsilosis 
CDC317 : CPAR2_806540, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_108823 and Debaryomyces hansenii CBS767 : 
DEHA2B13596g 

-2.3974115 0.00032512 

C7_03830C_
A 

Ortholog(s) have role in posttranslational protein targeting to 
endoplasmic reticulum membrane and TRC complex localization 

-2.3849422 0.00637396 

OPT4 Oligopeptide transporter. -2.3844263 0.04519626 

CCE1 Putative Holliday junction resolving enzyme. -2.3829204 0.03598881 

TIM9 Predicted protein of the mitochondrial intermembrane space. -2.3756938 0.00368573 

C2_01860C_
A 

Ortholog(s) have role in L-methionine salvage from 
methylthioadenosine and cytosol localization. 

-2.3525154 0.00030303 

HRQ2 Protein of unknown function. -2.3153259 0.01917984 

C1_11910W_
A 

Putative nuclear pore-associated protein. -2.3023243 0.00808278 

ACB1 Protein similar to a region of acyl-coenzyme-A-binding protein. -2.2880551 0.01043288 

TOA2 Putative TFIIA small subunit. -2.2876614 0.00088391 

ERG28 Ortholog(s) have protein binding, bridging activity. -2.2847363 0.01138244 

CR_02630C_
A 

Essential component of the conserved oligomeric Golgi complex; 
role in fusion of transport vesicles to Golgi compartments. 

-2.2846496 0.00479536 
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C3_01220W_
A 

Putative transcription factor with zinc finger DNA-binding motif. -2.2809032 0.0019919 

TRX1 Thioredoxin; involved in response to reactive oxygen species. -2.2799698 0.00597667 

MET3 ATP sulfurlyase; sulfate assimilation. -2.2756408 0.01439453 

C1_09060C_
A 

Protein of unknown function. -2.2703323 0.00100238 

C1_12660W_
A 

Ortholog(s) have protein-containing complex binding activity. -2.2619543 0.00049837 

TEP1 Putative protein phosphatase of the PTP family (tyrosine-
specific), similar to S. cerevisiae Tep1p 

-2.2487946 0.00089915 

CR_06980W_
A 

Putative protein of unknown function. -2.2484298 0.01270129 

CR_02600W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_27570, C. parapsilosis 
CDC317 : CPAR2_801010, Candida tenuis NRRL Y-1498 : 
cten_CGOB_00198 and Debaryomyces hansenii CBS767 : 

DEHA2E09306g 

-2.2385318 0.03642282 

CR_09510C_
A 

Putative mitochondrial protein. -2.2048218 0.00746895 

C4_06450W_
A 

Ortholog(s) have role in ATP-dependent chromatin remodeling 
and positive regulation of cellular response to phosphate 

starvation. 

-2.2035572 0.00623984 

C2_09070C_
A 

Putative glycerol-3-phosphate acyltransferase. -2.201995 0.00385539 

QCR7 Putative ubiquinol-cytochrome-c reductase. -2.1963006 0.02269052 

C6_01380C_
A 

Ortholog(s) have role in protein import into nucleus and nucleus 
localization. 

-2.1913285 0.01974672 

C2_06280C_
A 

Ortholog of C. dubliniensis CD36 : Cd36_20670, C. parapsilosis 
CDC317 : CPAR2_104720, Candida tenuis NRRL Y-1498 : 

-2.1672877 0.03731841 
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CANTEDRAFT_103989 and Debaryomyces hansenii CBS767 : 
DEHA2F02046g. 

CR_04850C_
A 

Ortholog of Candida albicans WO-1 : CAWG_01818. -2.1668991 0.00482137 

C1_12670C_
A 

Ortholog(s) have role in mRNA splicing, via spliceosome and 
U4/U6 snRNP, U4/U6 x U5 tri-snRNP complex localization. 

-2.1665482 0.00130337 

COX7 Putative cytochrome c oxidase. -2.1542058 0.03703265 

C4_05890W_
A 

Protein with a selenoprotein domain and a thioredoxin-like fold 
domain; similar to S. cerevisiae Vhs3p, which is a putative 

phosphopantothenoylcysteine decarboxylase. 

-2.152379 0.01621476 

C1_12650C_
A 

Ortholog(s) have ubiquitin conjugating enzyme activity, 
ubiquitin-protein transferase activity and role in free ubiquitin 
chain polymerization, postreplication repair, protein K63-linked 

ubiquitination. 

-2.1494452 0.00216972 

C1_12640W_
A 

Ortholog(s) have role in mitochondrial respiratory chain 
complex assembly, proteolysis and mitochondrial inner 

membrane peptidase complex localization. 

-2.1001676 0.0451675 

C4_05310W_
A 

Ortholog of S. cerevisiae : MRX12, C. glabrata CBS138 : 
CAGL0J11110g, C. dubliniensis CD36 : Cd36_44970, C. 

parapsilosis CDC317 : CPAR2_500860 and Candida tenuis NRRL Y-
1498 : CANTEDRAFT_113509 

-2.0987776 0.00675283 

C2_04370W_
A 

Protein of unknown function. -2.0655092 0.03645587 

C1_12480W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_11670, C. parapsilosis 
CDC317 : CPAR2_201750, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_115679 and Debaryomyces hansenii CBS767 : 
DEHA2E16940g. 

-2.0561966 0.04637035 

C5_01260W_
A 

Ortholog of C. parapsilosis CDC317 : CPAR2_302610, C. 
dubliniensis CD36 : Cd36_51070, Candida orthopsilosis Co 90-125 

-2.0447559 0.01796786 
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: CORT_0E04770 and Spathaspora passalidarum NRRL Y-27907 : 
SPAPADRAFT_50634. 

C5_00620W_
A 

Ortholog(s) have role in positive regulation of transcription by 
RNA polymerase II, regulation of cell aging, telomere 

maintenance via recombination and EKC/KEOPS complex 
localization. 

-2.0192546 0.01231252 

C6_03420W_
A 

Ortholog(s) have role in DNA replication initiation, 
establishment of mitotic sister chromatid cohesion, mitotic 

spindle assembly checkpoint and condensed nuclear 
chromosome kinetochore localization. 

-2.0183948 0.03209369 

C5_04860C_
A 

Ortholog(s) have role in ER to Golgi vesicle-mediated transport, 
retrograde transport, endosome to Golgi and COPII-coated ER to 

Golgi transport vesicle, Golgi cis cisterna, Golgi membrane, 
endoplasmic reticulum localization. 

-2.0111921 0.03736394 

ATP7 Putative subunit of the F1F0-ATPase complex; colony 
morphology-related gene regulation by Ssn6; farnesol, 

macrophage-downregulated protein abundance; protein present 
in exponential and stationary yeast growth phases. 

-2.005155 0.00979384 

MET8 Putative bifunctional dehydrogenase and ferrochelatase with a 
predicted role in siroheme biosynthesis. 

-1.9993117 0.01001049 

C1_05950C_
A 

Protein of unknown function. -1.9753287 0.02650159 

GIT4 Glycerophosphocholine transporter. -1.9521687 0.04685535 

C7_01740C_
A 

Ortholog(s) have SNAP receptor activity, role in Golgi vesicle 
transport, vesicle fusion and Golgi medial cisterna, SNARE 

complex localization. 

-1.9435614 0.04695456 

C1_06390W_
A 

Putative ubiquitin C-terminal hydrolase. -1.9313276 0.00761932 

BET4 Ortholog(s) have Rab geranylgeranyltransferase activity, role in 
ER to Golgi vesicle-mediated transport, protein 

-1.9181508 0.02498801 
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geranylgeranylation, protein targeting to membrane and Rab-
protein geranylgeranyltransferase complex, peroxisome 

localization. 

CR_05310W_
A 

Ortholog(s) have role in Golgi to vacuole transport, endosomal 
transport and AP-1 adaptor complex, endosome localization. 

-1.8643418 0.0197086 

C4_04160W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_43710, C. parapsilosis 
CDC317 : CPAR2_402940, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_114940 and Debaryomyces hansenii CBS767 : 
DEHA2C09196g 

-1.8513662 0.01128264 

C1_09110W_
A 

Protein of unknown function. -1.7968021 0.02215654 

C3_02330C_
A 

Protein of unknown function. -1.7829942 0.03504151 

C7_01500W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_71340, C. parapsilosis 
CDC317 : CPAR2_301350, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_114098 and Debaryomyces hansenii CBS767 : 
DEHA2D03432g 

-1.7180841 0.02206224 

C3_02420C_
A 

Ortholog of S. cerevisiae Pet111; a mitochondrial translational 
activator specific for the COX2 mRNA. 

-1.7163945 0.03006747 

C1_10320W_
A 

Ortholog(s) have N-acetylglucosaminylphosphatidylinositol 
deacetylase activity. 

-1.7163498 0.02405979 

C6_03330C_
A 

Putative protein of unknown function. -1.5732766 0.02007939 
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Table 5 Downregulated genes by 25 mM ACh treatment at 4 hours incubation. Table includes the common gene name, protein encoded description, the log2 
fold change (Log2FC), and the Pvalue.  

 

Downregulated 

Gene Name Description log2FoldChange Pvalue 

PHO89 Putative phosphate permease. -2.0363673 0.01860629 

GIT1 Glycerophosphoinositol permease. -1.982478 0.03874188 

C5_00620W_
A 

Ortholog(s) have role in positive regulation of transcription by 
RNA polymerase II, regulation of cell aging, telomere 

maintenance via recombination and EKC/KEOPS complex 
localization. 

-1.8929242 0.02604617 

C2_01860C_
A 

Ortholog(s) have role in L-methionine salvage from 
methylthioadenosine and cytosol localization. 

-1.7810726 0.03230678 

TOA2 Putative TFIIA small subunit. -1.7514893 0.0492698 

C1_00820W_
A 

Ortholog of C. dubliniensis CD36 : Cd36_00770, Candida tenuis 
NRRL Y-1498 : CANTEDRAFT_112621, Debaryomyces hansenii 

CBS767 : DEHA2D09812g and Pichia stipitis Pignal : PICST_61958 

-1.7024413 0.04275326 
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Table 6. Downregulated genes by 5 mM ACh treatment at 24 hours incubation. Table includes the common gene name, protein encoded description, the log2 
fold change (Log2FC), and the Pvalue.  

 

Downregulated 

Gene Name Description log2FoldChange Pvalue 

CDC6 Putative ATP-binding protein with a predicted role in DNA 

replication. 

-2.3715734 0.01035348 

CSI2 Putative 66S pre-ribosomal particle component. -2.2993471 0.01498626 

C5_04860C_

A 

Ortholog(s) have role in ER to Golgi vesicle-mediated transport, 

retrograde transport, endosome to Golgi and COPII-coated ER to 

Golgi transport vesicle, Golgi cis cisterna, Golgi membrane, 

endoplasmic reticulum localization. 

-2.2938355 0.00867058 

CDC43 Beta subunit of heterodimeric protein geranylgeranyltransferase 

type I; GGTase I enzyme binds zinc, is Mg-dependent; Cdc42p is 

GGTase I substrate. 

-2.2868197 0.00420481 



 278 

PRI2 Putative DNA primase. -2.2699716 0.0319792 

C1_06120C_

A 

Has domain(s) with predicted flap-structured DNA binding 

activity and role in double-strand break repair via single-strand 

annealing, removal of nonhomologous ends. 

-2.2613131 0.02075785 

PMM1 Phosphomannomutase; enzyme of O- and N-linked 

mannosylation; interconverts mannose-6-phosphate and 

mannose-l-phosphate. 

-2.2565082 0.01339288 

AAT22 Aspartate aminotransferase. -2.2310564 0.02134709 

CTF5 Predicted component of the kinetochore sub-complex COMA. -2.1593474 0.04532681 

C1_11790W_

A 

Thymidylate kinase of unknown role. -2.1215762 0.00414801 

C1_11910W_

A 

Putative nuclear pore-associated protein. -2.1214303 0.026424 
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C2_05290C_

A 

Has domain(s) with predicted role in transport and integral 

component of membrane localization. 

-2.1065626 0.02302341 

C2_04960C_

A 

Protein of unknown function. -2.0980568 0.01284016 

C6_01380C_

A 

Ortholog(s) have role in protein import into nucleus and nucleus 

localization. 

-2.0860896 0.04178825 

CR_09510C_

A 

Putative mitochondrial protein. -2.0767414 0.01661267 

C7_02340C_

A 

Ortholog(s) have tRNA (guanine-N7-)-methyltransferase activity, 

role in tRNA (guanine-N7)-methylation and cytosol, nucleus, 

tRNA (m7G46) methyltransferase complex localization. 

-2.0737445 0.0119503 

C6_02420W_

A 

Putative phosphatidyl glycerol phospholipase C. -2.0597331 0.01249918 
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C3_01150C_

A 

Ortholog of S. cerevisiae Apd1; required for normal localization 

of actin patches and normal tolerance of sodium ions and 

hydrogen peroxide. 

-2.0586978 0.01739154 

C7_03830C_

A 

Ortholog(s) have role in posttranslational protein targeting to 

endoplasmic reticulum membrane and TRC complex 

localization. 

-2.0482746 0.04508623 

TIM9 Predicted protein of the mitochondrial intermembrane space. -2.0349092 0.03881033 

C4_05360C_

A 

Ortholog(s) have mRNA 5'-UTR binding, pre-mRNA intronic 

binding, translation regulator activity and role in Group I intron 

splicing, mitochondrial mRNA processing, positive regulation of 

mitochondrial translation. 

-2.0216353 0.01186844 

CR_04410W_

A 

Protein with a UV radiation resistance protein/autophagy-

related protein 14 domain. 

-2.0165637 0.01601098 

C2_03890W_

A 

Protein likely to be essential for growth. -2.0077791 0.04402846 
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C1_12660W_

A 

Ortholog(s) have protein-containing complex binding activity. -1.9822622 0.0076821 

C1_07960W_

A 

Predicted nuclear exosome-associated nucleic acid binding 

protein. 

-1.9564878 0.02445889 

C1_08920W_

A 

Ortholog(s) have structural constituent of ribosome activity and 

mitochondrial small ribosomal subunit localization. 

-1.9526491 0.02362271 

PRP39 Putative component of the U1 snRNP; involved in splicing. -1.9424028 0.02092874 

CR_10120C_

A 

Ortholog of S. cerevisiae : RRG7, C. glabrata CBS138 : 

CAGL0I09680g, C. dubliniensis CD36 : Cd36_35140, C. 

parapsilosis CDC317 : CPAR2_200670 and Candida tenuis NRRL Y-

1498 : CANTEDRAFT_117734. 

-1.919732 0.03804394 

C4_03830W_

A 

Predicted tRNA (guanine) methyltransferase activity. -1.8948064 0.04427604 
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C5_02590C_

A 

Putative mitochondrial membrane protein; ortholog of S. 

cerevisiae Sls1; coordinates expression of mitochondrially-

encoded genes. 

-1.8793737 0.02465796 

RPB8 Putative subunit of RNA polymerases I, II, and III; regulated by 

Gcn4p; repressed in response to amino acid starvation (3-

aminotriazole treatment). 

-1.820566 0.03200681 

C6_04240W_

A 

Protein with an Alba DNA/RNA-binding protein domain. -1.811567 0.03647002 

TOM70 Ortholog(s) have mitochondrion targeting sequence binding, 

protein transmembrane transporter activity and role in protein 

import into mitochondrial inner membrane, protein import into 

mitochondrial matrix. 

-1.7874484 0.04857914 

C7_01350C_

A 

Ortholog(s) have unfolded protein binding activity, role in 

mitochondrial proton-transporting ATP synthase complex 

assembly and mitochondrion localization. 

-1.7734823 0.0473646 
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NIP1 Putative translation initiation factor. -1.7722934 0.02815409 

C2_04730W_

A 

Ortholog of C. dubliniensis CD36 : Cd36_19300, C. parapsilosis 

CDC317 : CPAR2_209720, Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_114035 and Debaryomyces hansenii CBS767 : 

DEHA2E10494g. 

-1.7606413 0.04353848 

C1_02290C_

A 

Ortholog(s) have protein domain specific binding activity, role 

in mitochondrial proton-transporting ATP synthase complex 

assembly and mitochondrion localization. 

-1.6983945 0.03151169 

C4_01660W_

A 

Ortholog(s) have structural constituent of nuclear pore activity. -1.6869315 0.02184883 
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