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Abstract 

Extracellular vesicles (EVs) produced by fungi are thought to influence pathogenesis and host 

responses to infection, rendering them potentially important in a medical context, particularly 

as targets for antivirulence drugs, and candidates for vaccines, for fungal diseases. Among 

other genera of fungi, EVs have been extracted from Candida, which are responsible for a large 

proportion of serious and fatal fungal disease cases. However, characterisation of EVs 

purportedly isolated from culture supernatants of Candida albicans may have resulted in 

erroneous conclusions being drawn regarding their physical attributes, functions and molecular 

cargo, due to a lack of purification of these structures from contaminants such as protein 

aggregates. This work aimed to investigate whether the ultracentrifugation-based extraction 

methods in previous studies were likely adequate enough to isolate C. albicans EVs from other 

entities, or whether additional purification procedures, namely size-exclusion chromatography 

in this case, are needed to achieve this feat and thereby permit analyses of only true EVs and 

EV-associated molecules. “Crude” preparations of EVs extracted from supernatants of C. 

albicans cultures via similar methods to those used previously, and fractions of these 

preparations subjected to size-exclusion chromatography, were analysed for the presence of 

EVs, protein and nucleic acid. Crude EV preparations and fractions from cultures of the newly 

emerged drug-resistant pathogen C. auris were also analysed as such. Objects in crude 

preparations that were possibly EVs were visualised by transmission electron microscopy. 

Nanoparticle tracking analysis revealed these preparations contained many particles, some of 

which may be EVs, between 50 and 150 nm in diameter, while whole protein, RNA and DNA 

quantitation assays showed that small amounts of these biomolecules were also present. Size-

exclusion chromatography and subsequent analyses of individual fractions revealed a large 

amount of the protein in crude preparations was not associated with the possible EVs, while 

most of the nucleic acid was. Gel electrophoresis of fractions revealed the profiles of protein 

that was and was not co-purified with the particles detected by NTA differed only to a small 

extent, with several proteins differentially present in these factions later being identified by 

mass spectrometry. These findings suggest additional purification procedures following the 

collection of crude EV preparations are necessary for accurate characterisation of EVs and their 

contents, particularly in the case of protein, and such procedures should be undertaken in 

studies on fungal EVs in future. 
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Chapter 1. Introduction 

1.1. Importance of Pathogenic Fungi 

Fungal infections are thought to be increasing in incidence worldwide, particularly in the 

growing population of immunosuppressed individuals for whom the risk is markedly high1–4. 

The burden of diseases caused by these infections is increasing mainly in developing countries, 

and the reduction in the incidence of such diseases in developed countries such as the United 

States, brought about by improved treatment strategies, is being impeded by the development 

of resistance to these treatments2,3. There are few quantitative estimates of the global burden 

of fungal diseases, but many people are infected every year, including over 1 in 50 New 

Zealanders5,6. Fungal diseases in immunocompetent individuals are most often cutaneous 

infections such as athlete’s foot and ringworm, but millions of immunocompromised patients 

suffer from the more serious invasive (e.g. systemic) infections, which are often 

“opportunistic” diseases (manifesting predominantly when host immunity is compromised) 

associated with high morbidity and mortality rates1,5. Candida albicans, Cryptococcus 

neoformans and Aspergillus fumigatus are three of the most common causative agents of 

invasive mycoses, with over a million annual cases of these often fatal diseases being attributed 

to these three fungal species alone1,5. Moreover, New Zealand has notably high rates of 

respiratory-related fungal diseases such as allergic bronchopulmonary aspergillosis, driven by 

the country’s high prevalence of asthma – a major risk factor for these diseases6.  

Due to the expanding population of immunocompromised patients and rates of antifungal drug 

resistance, fungal diseases require more attention today than ever before7,8. Medical advances, 

particularly immunosuppressive therapies, in the last half-century have been a key driver of the 

increased prevalence of immunodeficiency, a condition also caused by diseases such as HIV-

AIDS and leukaemia9. Few numerical estimates of this prevalence today have been made, but 

in 2013, for example, 2.8% of respondents self-reported an immunosuppressed status in a 

survey of noninstitutionalized adults in the United States10, and the condition is common 

among low-birth-weight infants2. Individuals with a weakened immune system have a 

diminished ability to eliminate invading fungal pathogens or prevent the overgrowth of 

commensal fungi that can behave as opportunistic pathogens. Hence, the increased prevalence 

of immunodeficiency has correlated with major upsurges in incidences of, and deaths from, 



 

2 
 

severe fungal infections in the last several decades, exemplified by an estimated 320% increase 

in the mortality rate due (partly or entirely) to invasive mycoses in the United States from 1980 

to 1997, in line with that country’s HIV epidemic during that period1,11.    

Today, the use of antifungal drugs has likely led to a halt in the escalation of fungal disease 

rates in the US and many other developed countries2,4. However, resistance to these drugs is 

impeding any decline in such rates. Antifungal drugs can be fungicidal (capable of killing 

fungal cells), for example by binding to sterols within the fungal cell membrane to form 

aqueous pores that engender osmotic lysis, or fungistatic (capable of inhibiting fungal cell 

growth/division), for example by inhibiting nucleic acid synthesis1. In either case, the target 

organism can develop resistance to the drug at a population scale, through mutation (e.g. at a 

critical position in a gene coding for the drug target) and natural selection for the resistant 

mutants, and this resistance capability may also be transferred horizontally to other fungi 

through as-yet poorly defined mechanisms4,12. Consequently, treatment for fungal infections is 

becoming increasingly difficult, with some species even displaying resistance against all 

clinically available antifungal drugs13. In addition, issues with cost and availability of 

antifungals in low- and middle-income countries have hampered efforts to reduce rates of 

fungal infections in the developing world, where the burden of such infections is believed to 

still be increasing today2,14. Since fungal and human cells are both eukaryotic and share many 

structures and molecules, there are few distinct targets employable for antifungal drug 

development1. Hence, there are relatively few antifungal medications currently available, many 

of which are associated with high toxicity and/or low efficacy, and all are prone to the 

development of resistance1,15. This is especially true for invasive mycoses; there are even fewer 

structural classes of drug available to treat them than there are classes of antiretroviral drug15.  

For the reasons described above, it is thought that the pace of antifungal drug development is 

currently lagging behind the clinical needs, particularly as reports of resistance to all of the 

prevailing agents are increasing in frequency15 and no new antifungals are expected to reach 

the market in the near future16. It has even been claimed that severe fungal infections may 

eventually become a greater medical problem than antibiotic-resistant bacteria7, and that a 

“post-antifungal era” – where available antifungal drugs are largely ineffective against 

common pathogenic fungi – could be approaching17. Alternative treatment strategies to drugs 

that kill or prevent the growth of fungi may therefore be necessary to supplement our dwindling 

antifungal arsenal, and could include targeting elements responsible for fungal pathogenesis in 

vivo, i.e. virulence factors (VFs), or manipulating host or pathogen factors that influence the 
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initiation or progression of this process, thus protecting the host from tissue damage or infection 

while permitting survival, and retaining viability, of the target fungus1. Drugs that function in 

this way would theoretically exert a much weaker selection pressure on the pathogen than a 

fungicide or fungistatic, greatly reducing the chance of resistance being developed (and any 

such selection pressure could only occur during the infection cycle)18. They would also likely 

display a more narrow spectrum of activity and less toxicity (to both the patient and their 

endogenous microbiota), as many fungal VFs do not have structurally similar homologues in 

humans or even in other species of fungus16. Hence, such “antivirulence” drugs could be highly 

effective, and safe, in treating or preventing fungal infections on their own or in combination 

with existing antifungals. 

In order to develop drugs or other therapies that repress the pathogenicity of certain fungi, it is 

important to understand what drives or influences fungal virulence at the molecular level, by 

uncovering key components and steps involved in fungal infections. This represents an active 

area of research, but one where there is much progress still to be made. In addition to 

therapeutics, a better understanding of virulence components could useful for diagnostics19. 

This is crucial because many fungal diseases are wrongly diagnosed due to the lack of adequate 

methods available to identify the causative agent involved, and failure to correctly diagnose 

severe mycoses is thought to be a huge factor behind their high morbidity and mortality rates1. 

One key example of a fungal disease in this regard is candidiasis, which is a massive contributor 

to the global burden of mycoses and hence the mechanisms behind its initiation and progression 

must be studied in great detail1.  

1.2. Candidiasis 

Infections from members of the Candida genus of fungi – “candidiasis” or “candidosis” – are 

the main cause of invasive and mucosal mycoses worldwide and arguably the most important 

group of fungal diseases16,20. Candida are ascomycetous yeasts, many of which are dimorphic 

and/or inhabit animal hosts including humans, usually as harmless commensals or 

endosymbionts4. The dimorphic species can grow either as unicellular true yeasts (or 

“blastoconidia”), which divide by budding, or as long, branching filamentous hyphae – either 

“pseudohyphae”, which result from incomplete budding of yeasts such that the cells elongate 

and remain attached to each other after division, or true septate hyphae resulting from the 

formation and elongation of a parallel-walled germ tube that arises initially from a single 

cell4,21. Most people are carriers of yeast-form commensal Candida spp. in areas of the body 
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such as the mouth, gastrointestinal tract, skin and vagina, where their growth is limited by 

factors such as host immunity, competition with other microbes and physical barriers4,22. Under 

certain circumstances however, such as host immunodeficiency, they may multiply rapidly, 

cause local tissue damage and possibly invade the surrounding tissues, such that the host is 

“infected” with the organism as opposed to simply “colonised” by it4,23.   

The most serious forms of Candida infection, which are usually hospital-acquired 

(nosocomial), are categorised as invasive candidiasis2. The term “invasive” is really a 

misnomer in this context, but it appears to be used in reference only to disseminated and 

potentially fatal Candida infections, as opposed to localised infections characterised by 

overgrowth of Candida only in an area where it is usually asymptomatically carried4,16,20,24. 

This includes infections of many different organs and body parts such as the heart, eyes, bones, 

peritoneum (causing endocarditis, endophthalmitis, osteomyelitis and peritonitis, respectively) 

and central nervous system, as well as candidaemia – the presence of Candida in the 

bloodstream, which is the most common presentation of invasive candidiasis and is also 

referred to as systemic candidiasis since the fungi can reach virtually any organ from the 

blood2,4,20,25,26. Recent global estimates put the numbers of invasive candidiasis cases and 

deaths per year at ~700,000, and the mortality rate for this disease group is extremely high, 

with an example being that of candidaemia at around 40% even when patients receive 

antifungal therapy20,27. In the United States, Candida species are the third or fourth most 

common organism isolated from the blood of hospitalised patients, causing 8-10% of 

nosocomial bloodstream infections there, and the annual incidence of systemic candidiasis is 1 

in every 100 “high risk” hospitalised patients16,25. The cause of death from invasive candidiasis 

is often septic shock28, killing many patients not long after the onset of disseminated infection; 

for example, one report of the 30-day survival rate following the diagnosis of candidaemia was 

only 51%29.  

Far more common than invasive candidiasis are superficial cutaneous or mucosal Candida 

infections, where the fungi cause lesions and inflammation in areas such as the skin, nails, 

vagina and oral mucosa, often in immunocompetent patients4,20,30. Although not generally life-

threatening, these diseases are a significant cause of morbidity worldwide, and in some cases 

may precede the more serious invasive infections – if the fungi infiltrate deeper tissues or the 

bloodstream24. Particularly common among women of childbearing age is vulvovaginal 

candidiasis (VVC), also known as candidal vaginitis or vaginal thrush4,20,31. Approximately 70-

75% of women suffer from VVC at least once in their lifetime and 40-50% experience one or 
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more additional episodes of infection19,20. Additionally, 5-9% of women experience at least 

four episodes of VVC in a single year – classified as “recurrent” VVC (rVVC)20. In New 

Zealand, a national database search of discharge diagnoses from hospitals in 2011 revealed that 

rVVC contributed to over 65% of the reported serious fungal infections in the country, with 

over 60,000 cases in that year6. The financial impact of VVC is huge: over US$2 billion 

annually in the United States alone due to treatment and diagnosis of the disease and lost 

productivity32,33. The disease’s causes are not well understood, but risk factors include the use 

of broad-spectrum antibiotics – it occurs in about 30% of women taking a course of antibiotics 

orally – and a high carbohydrate diet20,32. Symptoms include vulvar swelling, erythema and 

pruritus, and soreness and irritation of the vagina, adversely affecting quality of life without 

being directly life-threatening4,32,33. Candida can also be sexually transmitted, often causing 

balanitis (inflammation of the glans penis) in males4.  

The other main mucosal Candida infection is the most common opportunistic infection, and 

by far the most common fungal infection, of the mouth: oral candidiasis, or oral “thrush”34–36. 

Candida is present in the oral microbiota of many healthy individuals – quantitative estimates 

vary immensely but 30-75% of the global population are said to be carriers19,37. A variety of 

local or systemic risk factors, such as immunosuppression, endocrine dysfunction or the use of 

dentures or antibiotics, can lead to overgrowth of the fungi in certain parts of the oral cavity. 

The oral diseases that can result from this pathogenic overgrowth are part of a diverse range, 

with pseudomembranous candidiasis – characterised by confluent white plaques on the tongue, 

palate, buccal mucosa and/or oral pharynx – and cheilocandidiasis – characterised by ulcerating 

lesions on the lip – being just two of the many types of oral candidiasis36. Symptoms of these 

infections and the subsequent damage to oral mucosa include soreness of the tongue and lips 

and a burning sensation of the mouth36. Overall, millions of people suffer from oral Candida 

infections every year, with infants and the elderly being particularly susceptible, and the annual 

incidence among HIV patients alone is estimated to be roughly 2 million20,36.  

A relatively new area of research into factors influencing fungal pathogenesis and other 

processes is centred on extracellular vesicles (EVs), which are membrane-enclosed structures 

present outside of the cell from which they are derived and are the focus of this project. Since 

Candida spp. arguably make the largest contribution to the global burden of both superficial 

and life-threatening mycoses and cause a range of human diseases whose diversity is 

unmatched by any other genus of fungus4, I chose Candida as the organism from which to 

extract fungal EVs for analysis. Specifically, I used Candida albicans – from which EVs have 
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already been claimed to have been extracted – and Candida auris – from which they have not. 

Brief descriptions of these species, in addition to their medical importance (hence the rationale 

for studying EVs derived from them), are given in the next two sections. 

1.3. Candida albicans 

C. albicans is by far the most common causal agent of candidiasis and candidal coloniser of 

human oral, vaginal and gastrointestinal flora, and the main cause of mucosal mycoses4,16,20. It 

also colonises other mucosal surfaces such as those of the skin; up to 70% of individuals carry 

commensal C. albicans on their skin, genital and/or intestinal mucosa, and a similar proportion 

carry it in their oral cavity19,38. The fungus is dimorphic, capable of growing in unicellular yeast 

forms or hyphal forms in vivo and in vitro, depending on environmental factors19,39. C. albicans 

cells are usually diploid and divide asexually by mitosis, but the organism also displays a 

parasexual cycle involving conjugation between two diploid cells of opposite mating type (“a” 

cells and “α” cells) to produce tetraploid progeny that can undergo a reductional division – 

characterised by random loss of chromosomes – to revert back to a diploid state, sometimes 

with recombination between homologous chromosomes before-hand40. The fungus can also 

form single chlamydospores – large, spherical thick-walled structures consisting of multiple 

yeast-form cells connected by pores in the septa between them – on the tips of pseudohyphae 

in vitro, which are speculated to allow survival in unfavourable environmental conditions41,42. 

In the wild, C. albicans is not known to proliferate outside the body of a multicellular host43.  

The majority or near-majority of all candidiasis cases are likely caused by C. albicans. For 

example, this species has been found in 96, 85 and 48% of isolates in Candida species 

identification studies on oesophageal candidiasis44, VVC45 and candidaemia46, respectively, in 

the last decade, and is isolated in over 80% of oral lesions36. As a commensal of the microbiota 

of healthy individuals, C. albicans is present in its yeast form47. A transition from a commensal 

to a pathogenic state is associated with the formation of hyphae, which can be induced under 

certain conditions such as starvation. While yeast cells can only invade individual host cells, 

via endocytosis, a single hypha may be able to penetrate multiple host cells, piercing through 

tissue and causing local damage19. The invading fungi can also secrete molecules, such as 

hydrolases, that degrade tight junctions between host epithelial or endothelial cells, allowing 

the pathogens to traverse mucosal and endothelial layers via an additional “paracellular” 

route48,49. The fungi may reach surrounding tissues or even the bloodstream, where they can 

disseminate to many different organs and areas of the body, primarily in their yeast form19. 



 

7 
 

Medical procedures such as gastrointestinal surgery and induced immunosuppression 

following organ transplantation may weaken host physical and immune defences, promoting 

tissue invasion and overgrowth of the fungi, hence they are risk factors for invasive 

candidiasis1,50. In addition to causing damage through active penetration of cells and connective 

tissue, the fungi obtain nutrients from the host at the latter’s expense19. For example, a major 

source of their amino acids is host proteins that have been digested by the fungal hydrolases19.  

Key to the pathogenicity of C. albicans is its ability to form biofilms on biotic and abiotic 

surfaces, including mucosal cell surfaces, and dentures and catheters, respectively19. These are 

consortiums of microbes adhered to each other and to a surface or “substrate”, and embedded 

in a matrix of polymers which they secrete4. C. albicans biofilms predominantly consist of 

yeast cells in the lower layers, nearer to the substrate, and filamentous cells in the upper 

layers19. Yeast cells that disperse from biofilms exhibit increased virulence, and biofilm fungi 

are much more resistant to host immune factors and antimicrobial agents, partly due to the 

physical protection afforded by the structure’s architecture19. Despite this, resistance to 

clinically available antifungal drugs is relatively uncommon among C. albicans strains51. For 

invasive C. albicans infections, treatment is currently limited to four classes of antifungal: 

Amphotericin B (AMB); echinocandins such as caspofungin; flucytosine (5-FC); and azole 

drugs such as fluconazole and voriconazole4,52. AMB causes osmotic lysis of fungal cells by 

binding to sterols in their membranes and forming pores, whereas echinocandins inhibit 

synthesis of cell wall β-glucans, 5-FC inhibits fungal DNA and RNA synthesis and azoles 

inhibit synthesis of ergosterol in the fungal cell membrane1. 

Although the rates of C. albicans resistance to these drugs are not generally high, they are 

thought to be increasing, even if only slightly16,53. For example, a global surveillance study on 

thousands of clinical C. albicans isolates found an increase in rates of non-susceptibility 

(resistance or intermediate susceptibility) to the three available echinocandin drugs from 

<0.1%, 0% and 0% in 2003–2007 to 0.4%, 0.4% and 0.6% in 2010–2011, respectively, for 

anidulafungin, micafungin and caspofungin, and these rates are expected to be higher now, 

especially among patients with prior echinocandin exposure54–56. Resistance to AMB is 

particularly rare, but this drug is highly toxic to humans, partly due to its ability to bind to 

cholesterol in mammalian cell membranes in addition to fungal ergosterol, with severely 

adverse effects being very common; nephrotoxicity occurs in up to 80% of treated patients, so 

its use is generally restricted to the most serious cases of invasive candidiasis or as a last resort 

when other antifungals fail to clear the infection1,53,57. Debilitating side effects are less common 
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with 5-FC, but there is a high risk of resistance developing to this drug if administered alone, 

so it, too, is only used for severe infections, usually in combination with AMB to curtail the 

risk of resistance58. On their own, antifungal azoles are also relatively well-tolerated, but they 

are known for their undesired interactions with drugs commonly used in chemotherapy or 

AIDS treatment, among other drugs, which can reduce the azole’s efficacy or increase its 

toxicity59. In addition, over-prescription of fluconazole by physicians for treatment or 

prophylaxis of mycoses has led to an increase in resistance of many fungi to azole drugs59.  

The disadvantages of the available drugs for invasive candidiasis described above, along with 

the high mortality rate of this disease group despite the use of these drugs, incentivise research 

into new, alternative strategies to treat and prevent C. albicans infections. Overall, the diseases’ 

mortality rates do not appear to be decreasing, which is testament to the frequent failure of the 

current anticandidal drugs in preventing or clearing invasive infections and their lack of 

availability in certain countries14,52. Treatment failures occasionally occur due to resistance, 

but more often are a result of complications with dosing, a delayed initiation of treatment due 

to the lack of a timely and correct diagnosis, or the severity of the disease necessitating a high 

therapeutic index (efficacy relative to toxicity) that is unachievable by the drugs56. Either way, 

new safe and effective drugs or therapies need to be added to the current arsenal if the incidence 

of, and extremely high morbidity and mortality rates associated with, invasive C. albicans 

infections are to be reduced. As alluded to previously, conceptual “antivirulence” therapies 

could be ideal in this regard, since targeting structurally unique VFs could hamper the disease 

progression, or prevent the transition of C. albicans colonisation from asymptomatic carriage 

to symptomatic infection in at-risk patients, without causing side effects or resistance 

development16,18. EVs produced by C. albicans might represent a possible target for an 

antivirulence drug; it could be desirable to inhibit or enhance EV production if these structures 

make a positive or negative contribution to C. albicans virulence, respectively, which is one of 

the reasons why these vesicles are important enough to warrant continued investigation.  

1.4. Candida auris 

Although Candida albicans is still the most common etiological agent of most types of 

candidiasis, the past few decades have seen a dramatic rise in the incidence of candidiasis 

caused by other Candida52. Of particular interest is the recently emerged species C. auris, due 

to its exceptionally high rates of drug resistance52. It was first discovered in 2009, having been 

isolated from the external ear canal of a patient in Japan60. The first case of disease, specifically 
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candidaemia, caused by C. auris was in 2011 in South Korea60. Other isolates have been 

obtained from patients in hospitals in India, Pakistan, Europe, Africa, South America and the 

US (figure 1.1), and the CDC (Centers for Disease Control and Prevention) issued a clinical 

alert about the pathogen to US healthcare facilities in June 2016, garnering significant media 

attention to this new deadly drug-resistant “superbug”60–62. Multiple fatalities have resulted 

from the invasive candidiasis cases caused by these isolates, the majority of which have been 

hospital-acquired60. Surprisingly, whole-genome sequencing of some of these isolates from 

across the globe revealed geographic clustering of strains, suggesting an independent 

emergence of different populations of C. auris in different locations as opposed to a single 

strain having arisen in one place and spreading globally from there, making it almost 

impossible to predict when and where this nosocomial pathogen may continue to emerge in the 

near future, and prevent this from occurring in certain locations such as New Zealand63.  

Since its discovery, the transmission of C. auris infections within hospitals and between 

geographically proximate healthcare facilities has been rapid, with hundreds of cases occurring 

in the US and England alone60,63,64. The fungus is speculated to be an uncommon commensal 

of the skin, and the infections share roughly the same risk factors with those of C. albicans and 

other Candida species, but they appear to generally be transmitted between patients rather than 

be caused by strains within an individual’s endogenous microflora63. Unusually for Candida, 

the organism has been detected in the environment of colonised or infected patients’ rooms, 

including on beds, tables and equipment monitors, where it can survive for weeks, making it 

highly resilient63,65. Moreover, it has markedly high rates of resistance to drugs used for 

candidiasis treatment; after testing an international collection of isolates for resistance, the 

CDC reported that almost all isolates were highly resistant to fluconazole, most were resistant 

to voriconazole, and about a third were resistant to amphotericin B66. Only a few isolates were 

resistant to 5-FC, but this drug is not recommended for use unless administered in combination 

with AMB58,66. Although higher than most Candida species, the isolates’ resistance rate to 

echinocandins was slightly below 10%, but, strikingly, almost half of the isolates were multi-

drug resistant, displaying reduced susceptibility to at least two of the three “major” antifungal 

classes – AMB, azoles and echinocandins – and some were resistant to all three, a characteristic 

not yet seen in any other clinically relevant species of Candida66,67.  

The aforementioned C. auris isolates were recovered from samples of a wide variety of body 

tissues and fluids including blood, cerebrospinal fluid, ear discharge, bone, urine, peritoneal 

fluid, vaginal secretions, respiratory secretions, skin and soft tissues, in addition to catheter 
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tips, and implicated in multiple types of mostly invasive candidiasis, such as candidaemia, 

ventriculitis, osteomyelitis, malignant otitis, complex intra-abdominal infections and 

pericarditis64. High mortality rates of C. auris candidaemia in particular have been reported; 

up to 66%, and patients typically acquired the infections only several weeks after admission to 

hospital or another healthcare facility60,64. Unlike C. albicans, C. auris is a monomorphic oval 

or ellipsoidal yeast not known to be capable of forming hyphae, and the prevalence of 

colonisation or infection with this organism might be underestimated due to frequent 

misidentification of isolates as other yeasts such as Rhodotorula glutinis, or other Candida 

species60,68. Being a relatively new pathogen, there is much still to be learnt about C. auris, 

particularly in respect to its ecology, life-cycle and drug resistance mechanisms. As with C. 

albicans, perhaps EVs could be influencing C. auris’ pathogenicity, and they may also be 

involved in the yeast’s person-person transmission, persistence in the environment and/or 

mechanisms of antifungal resistance. Such a deadly, hyper-transmissible and resilient superbug 

as this demands intensive research into any such possible contributing factors in order to treat 

and prevent the diseases it causes, hence it was chosen as an addition to C. albicans in this 

project for the isolation and analysis of Candida EVs.   

 

Figure 1.1. Countries/states with clinical isolates identified as Candida auris, as of early 2017  

The year in which the first clinical C. auris isolate was identified in each country or state is shown in 

parentheses. Figure reproduced with permission from Chowdhary et al., 201760. 
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1.5. Microbial Extracellular Vesicles 

EVs have, confusingly, been referred to by many different terms – such as exosomes, 

membrane vesicles, microvesicles and several others – depending on the organism they 

originate from and the mechanism of their formation and release from a cell69. These 

membranous compartments, exuded by cells from all three domains of life (bacteria, archaea 

and eukaryotes) into their surroundings, may contain many different proteins, polysaccharides 

and other molecules originating from inside the cell from which they’re derived, and are 

important in a number of processes including the export of these molecules from the cell69,70. 

Much of our knowledge about microbial EVs has come from studies on Gram-negative 

bacteria, in which they were first identified and are known as outer membrane vesicles 

(OMVs), but their production by other microbes such as fungi has recently begun to be studied 

in more detail70.   

Gram-negative bacterial OMVs were first identified in Escherichia coli in the mid-1960’s71,72. 

The vesicles’ envelope is derived from the outer membrane of the Gram-negative ‘cell 

envelope’. The precise mechanisms involved in their formation and release has been subject to 

much debate – with hypotheses including membrane ‘blebbing’ due to turgor pressure from 

various cell wall components and membrane ‘budding’ due to repulsion between charged 

lipopolysaccharide (LPS) molecules – but they are known to encapsulate components of the 

periplasmic space between the inner and outer bacterial membrane and ‘pinch off’ from the 

latter70,73. Once disengaged from the cell, the OMV may spontaneously lyse and release its 

cargo into its surroundings, although this is thought to occur rarely, if at all. Alternatively, it 

may diffuse through the environment intact and deliver its contents to a target microbial or host 

cell, which may involve some kind of receptor-mediated attachment process and/or membrane 

fusion, between the OMV envelope and the target cell membrane74. The precise entry 

mechanism, and consequently the targeting of the OMVs and the fate of their cargo, is likely 

to vary for different OMV sub-populations (of which there are many) and be influenced by 

factors such as their size and surface molecules75. In some cases, an OMV may undergo 

triggered lysis near a target site, with a proposed example being a Gram-positive bacterium 

whose positively charged cell wall peptidoglycans interact with and disrupt the OMV 

membrane, causing leakage of an autolysin from the OMV lumen that results in lysis of both 

the OMV and the bacterium, as a mechanism of reduction of competition for an ecological 

niche by the OMV-producing bacterium74.  
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In general, OMV-mediated secretion and delivery of bacterial molecules can be a much more 

reliable way of delivering molecules to a target cell than by direct secretion of them from the 

cell and subsequent unaided diffusion through the extracellular environment. By enclosing 

proteins, for example, in an outer membrane-derived lipid envelope, the vesicles protect these 

proteins from degradation by proteases in the surrounding environment76. Furthermore, the 

interactions between particular surface-exposed adhesins in the vesicle envelope and their 

specific receptors on target cells (or environmental ligands) also permits a degree of specificity 

in terms of targeted delivery to distant sites, and by transporting many molecules at once and 

preventing their diffusion away from each other in the surrounding environment, OMVs 

provide an effective method for delivering multiple effector molecules in high concentrations 

to sites where they can only function if present together and in such concentrations74. By acting 

as a delivery vehicle, the functions of an OMV partly reflect that of their protein and non-

protein cargo, which ranges from microbial toxins directed against the bacterium’s microbial 

neighbours (which compete with it for resources) and VFs that contribute to its pathogenicity, 

to antibiotic resistance-conferring proteins and bacteria-to-bacteria signal molecules (e.g. 

autoinducers for quorum sensing), to nucleic acids (for genetic exchange), nutrient sequesters, 

and many other important molecules74,77.  

Additional functions of OMVs are thought to include absorption of antibiotics from the 

environment (sequestering them from the bacteria), protection of extracellular DNA in biofilms 

(helping maintain the biofilm’s integrity), mediating coaggregation of bacteria to enable 

biofilm formation and colonisation, and acting as an antigen decoy to direct host antibodies 

away from their targeted bacteria (resulting in bacterial evasion of host immunity), and they 

also evoke host innate and adaptive immune responses77,78. The transfer of genetic material via 

OMVs is no trivial phenomenon either; plasmid DNA containing a carbapenemase gene, for 

example, was found to be transferred from carbapenem-resistant Acinetobacter baumannii 

strains via their OMVs to a strain susceptible to this antibiotic and confer carbapenem 

resistance in the susceptible recipient bacteria, suggesting the gene was expressed in them, and 

OMVs later produced by these recipients were even found to contain the same plasmid DNA 

with the resistance gene, strongly implicating OMVs in the possible transmittance of antibiotic 

resistance79. In addition, bacterial short RNAs can be transferred via OMVs to host eukaryotic 

cells, where they may act as microRNAs to silence expression of host cytokine genes and 

thereby modulate immune responses80.  
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1.6. Extracellular Vesicles from Fungi 

Despite being reported as early as the 1960’s in Gram-negative bacteria, it was assumed for a 

while that EVs could not be produced by organisms with a single thick cell wall, such as Gram-

positive bacteria, mycobacteria and fungi70. Unlike Gram-negative bacteria, these organisms 

do not have an extra lipid bilayer outside their cell wall which faces the extracellular space and 

has no physical barrier to prevent it from releasing its pinched-off protrusions into this space. 

The fungal cell wall is situated outside of the lipid membrane and is composed of layers of 

mannoproteins, 14-glucans and chitin70. Possibly pre-extracellular fungal vesicles were in fact 

reported in 1973, when the opportunistic pathogen Cryptococcus neoformans was subjected to 

freeze-etching electron microscopy which revealed vesicular structures – termed ‘paramural 

bodies’ by the authors – located between the plasma membrane and cell wall70,81. However, it 

was assumed these structures would be unable to traverse the cell wall and reach the 

extracellular environment, hence the potential importance of this finding was largely ignored70.  

These perceptions changed in 2007 when Rodrigues et al. hypothesised that large molecules 

produced intracellularly by C. neoformans such as glucuronoxylomannan (GXM), whose 

mechanism of export from the cell was previously unknown, could be transported through the 

cell wall in the aforementioned vesicular structures82. Using transmission electron microscopy 

(TEM), they subsequently found spherical cryptococcal vesicles in C. neoformans culture 

supernatants. Since then, findings from other studies have suggested that similar EVs are also 

produced by the model organism Saccharomyces cerevisiae, basidiomycetes Malassezia 

sympodialis and Cryptococcus gattii, and pathogenic ascomycetes Candida albicans, 

Histoplasma capsulatum, Candida parapsilosis, Sporothrix schenckii, Paracoccidioides 

brasiliensis and Alternaria infectoria83–87. Although there remains much to be understood 

about the biology of these EVs, these studies have provided some basic insight into the 

mechanisms of their biogenesis and release from the cell, their entry into a nearby host cell, 

their functional contents, their role in pathogenicity, the regulation of their production from a 

cell, the media conditions that stimulate their production and the heterogeneity in their 

appearance and function across different species and strains of fungi. 

In brief, little is understood about the mechanisms behind the biogenesis of fungal EVs and 

their release from a cell, but it is proposed that they may originate from inside the cell, as post-

Golgi secretion vesicles or, more likely, intraluminal vesicles (ILVs) formed by the inward 

invagination of an endosomal membrane driven by a protein complex called endosomal sorting 



 

14 
 

complex required for transport (ESCRT), or from an outward invagination of the cell 

membrane, also driven by ESCRT88. Potential EVs originating from the Golgi could perhaps 

pass through an as-yet uncharacterised channel that traverses both the cell membrane and the 

cell wall70,88. ILVs, in contrast, could be transported to the cell membrane by the 

‘multivesicular body’ (MVB) – originating from an endosome – that is carrying them, which 

then fuses with this plasma membrane to release these vesicles88. Both ILVs and vesicles of 

cell membrane origin would then need to pass through the cell wall to be considered EVs. How 

they could achieve this is still up for debate, but hypotheses include passage through pores in 

the wall, loosening of the wall by certain enzymes released with the vesicles, and the vesicles 

being forced through the cell wall by turgor pressure70.  

As with EVs produced by other taxa, there is much heterogeneity in the size (mainly ranging 

between 50 and 400 nm in diameter), morphology and contents of fungal EVs, although all are 

enclosed by a lipid bilayered membrane and most are roughly spherical in shape70,82,88. Even a 

single species of fungus can produce different sub-populations of EVs, such as the “electron 

lucid”, “electron dense” and “pigment-containing” EVs produced by C. neoformans89. Little is 

known about how EV production – which is thought to be an active process – is regulated by 

the fungi, and information on media conditions – and environmental factors such as 

temperature – that stimulate fungal EV production is limited, although conditions such as the 

presence of serum and the limitation of essential amino acids have been shown to stimulate EV 

production by other microbes77. It is also not clear whether these structures are produced by 

the fungi in vivo, and there are some doubts about their potential stability in a human – or other 

vertebrate – host if they are, especially in the bloodstream, as physiological concentrations of 

serum albumin were found to disrupt cryptococcal EVs, although it appears EVs produced by 

Malassezia sympodialis may have been isolated from the plasma of atopic eczema patients 

infected with this opportunistic fungal pathogen85,90,91.  

Even if short-lived in vivo, fungal EVs could potentially impact host cell physiology by, for 

example, transporting immunomodulatory compounds from inside a fungal cell into the 

extracellular space, where they could trigger immune responses92. If the vesicles do remain 

intact and travel to a nearby cell, such as another microbial cell or a host mammalian cell, they 

could perhaps enter or release their cargo into this recipient, through similar receptor-mediated 

endocytosis or membrane fusion mechanisms, respectively, as those used by bacterial 

OMVs74,90. At least in vitro, there is evidence for both of these entry mechanisms, with 

investigators finding cryptococcal EVs internalised by murine phagocytes93 and fused with the 
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membranes of human endothelial cells92, presumably releasing their lumenal cargo into the 

cytoplasm of the latter. If the recipient is a yeast cell, the EV would have to traverse the cell 

wall if it is to enter or fuse with the cell. How this could be achieved is not yet known, but cell 

wall-modifying enzymes are hypothesised to be involved94. Like OMVs, fungal EVs protect 

their molecular contents from degradation in the extracellular milieu and can presumably 

deliver them in a concentrated form to a distant target site95. Molecules reportedly found in the 

lumen or membrane of these vesicles include proteins, lipids, glycans and RNA, and the fungi 

may be able to actively select the contents of the vesicles, both temporally and in response to 

media conditions or other environmental factors77,96. The EV proteome consists of proteins 

from a wide range of intracellular locations including the cytoplasm, plasma membrane, 

mitochondria, vacuoles and even the nucleus88. Many of them are involved in carbohydrate and 

fatty acid metabolism or amino acid biosynthesis, and some, such as urease, laccase and 

phosphatase, are known VFs97.  

Many of the proteins reported in fungal EVs lack signal peptides required for classical 

secretion, and some have previously been found in fungal secretomes, suggesting that EV-

mediated secretion is the predominant pathway for the export of certain proteins from the 

cell98,99. Indeed, a C. neoformans mutant that accumulated EVs in the cytoplasm exhibited 

reduced secretion of VFs such as urease, and demonstrated attenuated virulence in mice100. 

Other studies have provided further evidence of fungal EVs influencing virulence, in addition 

to host-pathogen interactions98. In particular, these structures appear to be capable of evoking 

host immune responses. C. neoformans EVs, for example, have been shown to be phagocytosed 

by, and activate, macrophages, subsequently inducing antimicrobial nitric oxide (NO) 

production and upregulating expression of the pro-inflammatory cytokines tumour necrosis 

factor alpha (TNF-α), interleukin-10 (IL-10), and transforming growth factor β (TGF-β)93. 

Macrophages incubated with these EVs were also more effective at phagocytosing and killing 

the yeasts. However, cryptococcal EVs have also been shown to promote passage of C. 

neoformans across the blood-brain barrier in vivo, and they enhanced colonisation of the brain 

of infected mice, suggesting they actively participate in pathogenesis despite inducing immune 

responses that are protective for the host92. NO and inflammatory cytokine production was also 

upregulated in murine macrophages in response to EVs from P. brasiliensis101. 

Much of the protein cargo of fungal EVs is antigenic. P. brasiliensis EVs were found to contain 

highly immunogenic α-linked galactopyranosyl epitopes, while vesicular proteins produced by 

C. neoformans and H. capsulatum were immunoreactive with sera from infected patients but 
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not healthy controls, suggesting that EV release by these fungi might evoke not only innate, 

but also adaptive, immune responses88,97. EVs from M. sympodialis carry two allergens, Mala 

s 1 and s 7, in addition to other antigens, and these vesicles stimulated TNF-α and IL-4 cytokine 

production in peripheral blood mononuclear cells (PBMCs), particularly in those extracted 

from infected patients85,102. Fungal EVs have also been found to contain amyloids called 

prions94. These are infectious aggregates of protein which accumulate more of the same, or 

similar, nascent proteins, preventing them from functioning normally103. EV-mediated export 

of prions from a cell may be a mechanism of clearance of these often-toxic particles94. 

Moreover, it is possible that the EVs propagate these prions to other cells, wherein they may 

effect phenotypic changes through the loss-of-function of incorporated proteins104.  

One notable exclusion from the large array of molecules reported in fungal EVs thus far is 

DNA. If present, DNA could be of great importance in these vesicles. EVs could conceivably 

represent a mechanism of horizontal gene transfer between fungi if they carry coding DNA. 

Any such DNA could include drug resistance genes, which would possibly implicate EVs in 

the horizontal transfer of antifungal drug resistance – similar to the OMV-mediated transfer of 

carbapenem resistance between bacteria, described earlier – if the carried gene is somehow 

transported into the nucleus, where it can be replicated and transcribed. An additional, and 

perhaps more likely, role of DNA in fungal EVs could be one related to its presence in biofilms. 

Extracellular DNA (eDNA) is an important component of these structures, including those of 

C. albicans105. This biopolymer contributes to the maintenance and stability of mature biofilms, 

where it mediates antifungal resistance in biofilm cells105. In the case of C. albicans, it may 

also induce the morphological transition from yeast to hyphal growth forms during biofilm 

development106. It appears that the DNA is released from fungal cells by autolysis107, but lysis 

of EVs and the subsequent release of DNA from the vesicle lumen, or the transport of DNA to 

the biofilm matrix in association with the membrane of EVs, might represent additional sources 

of biofilm eDNA, with the former having already been proposed for bacteria108, and these 

processes would allow for the release and transport of eDNA from live cells. Export and 

extracellular release of DNA could hence be an example of an EV’s capacity to not only 

influence the virulence of the organism that produced it, but also other pathogens within the 

vicinity, highlighting the importance of these structures in a medical context and the need to 

investigate whether DNA is present in fungal EVs.  
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1.7. Extracellular Vesicles from Candida albicans  

As of mid-2018, there have been six empirical studies involving the extraction of “EVs” 

produced by C. albicans83,96,99,109–111. They were first reported by Albuquerque et al. in 2008, 

isolated from strain SC5314 grown in Sabouraud dextrose broth (SDB) for 48 hours at 30oC83. 

Using transmission electron microscopy (TEM) to image culture supernatant material 

recovered by ultracentrifugation, they found roughly spherical structures with bilayered 

membranes, similar to the “electron dense” and “membrane-associated” electron dense 

structures produced by Cryptococcus89, most of which were less than 50 nm in diameter 

although some were 50-100 nm and a few were larger than 100 nm. Later, Vargas et al. also 

grew C. albicans under these conditions, specifically strain ATCC 90028 and “strain 11”110. 

Structures more similar to the “electron lucid” cryptococcal89 EVs can be seen in TE 

micrographs of an ATCC 90028 supernatant extract110, while size measurements by dynamic 

light scattering (DLS) revealed the “EVs” present in supernatant extracts in both strains 

consisted of two different populations of “EV”: one whose members were 50-100 nm in 

diameter, in both strains, and another that consisted of considerably larger “EVs”: 450-850 nm 

for the ATCC strain and 350 to 450 nm for strain 11.    

Wolf109 et al. grew strain SC5314 and several of its deletion mutants in yeast extract-peptone-

dextrose (YPD) broth for 3 days at 37°C, before extracting EVs from the culture supernatants 

using similar techniques to Albuquerque and Vargas. EVs in their TE micrographs are less 

discernible, particularly those produced by the wild-type strain, but a few of the structures seen 

are similar to “electron lucid” or “pigment-containing” cryptococcal89 EVs in appearance. As 

revealed by DLS, most of the structures were 50-100 nm in diameter, except in the case of a 

double knockout mutant for phosphatidylserine decarboxylase (involved in lipid biosynthesis), 

which produced structures ranging from 150-200 nm and, less commonly, 400-500 nm. EVs 

were also reported in extracts from supernatants of synthetic defined (SD) broth cultures of 

strain SC5314 by Gil-Bona et al99. These structures, most of which were 50-150 nm in 

diameter, appeared rather different to cryptococcal and other C. albicans EVs when imaged by 

TEM, having asperously stained membranes. Vargas and Gil-Bona also imaged C. albicans 

cells by TEM, to view EVs within close proximity to cells that presumably produced them, or 

cellular structures that could be forming EVs99,110. Gil-Bona et al. only captured an image of a 

“vesicle structure” – appearing as a sphere-like protrusion of the cell membrane into the 

cytoplasm – but Vargas captured two bilayered vesicles in the periplasmic space between the 

cell membrane and wall, with interiors that stained identically to the cytoplasm, and a faint 
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circular structure in the extracellular space close to the cell. Perhaps the most convincing 

electron micrographic evidence of EVs being exuded by C. albicans cells comes from a study 

by Anderson et al. in 1990112, who found multiple spherical “blebs” protruding outwards from 

the cell wall, or fully detached from it, despite not declaring these structures to be EVs at the 

time.  

The molecular contents of C. albicans EVs reportedly includes lipids, protein and RNA96,109. 

Among the lipids, Vargas et al. found ergosterol and the virulence regulator glucosylceramide, 

which were not found in the extracts from supernatants of heat-killed yeast cultures, suggesting 

the EVs are released only by live cells, rather than being apoptotic bodies or other artefacts 

from dead cells110. The proteins, some of which are VFs, were of a wide range in terms of 

functions, including metabolism, transmembrane transport, endocytosis and exocytosis, cell 

organisation, and protein synthesis, folding and degradation99,109,110. The proteins varied 

between strains and culture conditions, and many were cell wall proteins, although secreted, 

cytoplasmic, plasma membrane and even nuclear proteins were also found99,109,110. Many of 

the proteins are known immunomodulators and some were shown to be seroreactive; ~27 and 

~37 kiloDalton (kDa) proteins reacted to sera from C. albicans-infected mice110 and higher 

molecular weight proteins, particularly those around 63 kDa, reacted to sera from systemic 

candidiasis patients99, suggesting the protein cargo of C. albicans EVs may stimulate host 

immune responses.  

Exposure of mammalian cell lines and multicellular hosts to C. albicans EVs has revealed their 

capacity to evoke protective immune responses. Incubation of bone marrow-derived 

macrophages and dendritic cells (DCs) with fluorescently stained EVs from strain 11 resulted 

in internalisation of these structures by the cells, seemingly by receptor-mediated 

endocytosis110. Like C. neoformans EVs, the vesicles stimulated production of NO from the 

macrophages, and pro-inflammatory cytokines from both cell types. Additionally, Wolf’s 

SC5314 EVs activated the immunoregulatory transcription factor NF-κB (nuclear factor kappa-

light-chain-enhancer of activated B cells) in murine macrophages109. Furthermore, the strain 

11 EVs upregulated the membrane expression of co-stimulatory molecules Cluster of 

Differentiation 86 (CD86) and major histocompatibility complex class II (MHC-II) in DCs, a 

phenomenon that contributes to the adaptive immune response by promoting lymphocyte 

activation during antigen presentation, thus helping protect the host from future infections with 

the pathogen, which also makes a case for future exploration of C. albicans EVs as potential 

vaccines against candidiasis110. Administration of these EVs to Galleria mellonella moth larvae 
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2 days before challenging the larvae with live pathogenic Candida cells resulted in a significant 

reduction in fungal burden and enhanced survival of these invertebrates, compared to EV-less 

controls, and treatment of the larvae with EVs alone did not cause acute lethality110. Thus, it 

appears the EVs may protect the host from infection, probably by inducing the immune 

responses that were shown to occur in vitro.  

The presence of RNA has also been reported in C. albicans EVs, specifically from strain 11 

grown in SDB at 36°C for 48 hours by da Silva et al96. Both messenger RNAs (mRNAs) and 

non-coding RNAs (ncRNAs) were identified by sequencing, and most of the ncRNAs were 

less than 250 nt long. A large proportion of the ncRNAs were microRNAs (miRNAs), with 

most of the others being either transfer RNAs (tRNAs) or small nucleolar RNAs (snoRNAs). 

Other ncRNAs present were small nuclear RNAs (snRNAs), two ribosomal RNAs – 15S and 

21S rRNAs – and 5 long ncRNAs, including ICR1, which plays a role in the regulation of 

phenotypic transitions in yeast. Strangely, considering that the lumen of fungal EVs is thought 

to be derived from the cytoplasm, the strain 11 EVs were enriched in nuclear and mitochondrial 

tRNAs, as opposed to cytoplasmic tRNAs, which are more abundant in the cell. Reads from 

253 different mRNAs were also identified. Reads mapping to exons outweighed those mapping 

to introns 24:1, and some reads mapped to an entire mRNA transcript. Most of the identified 

mRNAs encode hypothetical proteins, but transcripts encoding cytochrome b and histone 

acetyltransferase were the most abundant, despite their relatively low abundance in the cell 

transcriptome. Filamentous growth was the most common cellular function of proteins encoded 

by the transcripts, followed by responses to chemical stimuli, catabolic processes, transport, 

stress responses and pathogenesis. Compared to what was expected from genomic data, there 

was particular enrichment in mRNA sequences involved in vesicle-mediated transport and 

catabolic processes. Crucially, the RNA as a whole was largely protected from degradation by 

RNase, suggesting the molecules were indeed packaged inside EVs, and not just loosely 

associated with them.  

The presence of RNA in C. albicans EVs may be highly important. Small RNAs from fungi 

have been shown to majorly affect host cell physiology when imported into these cells, by 

enacting changes in gene expression. For example, miRNA-like sRNAs of the plant pathogen 

Botrytis cinerea hijacked RNA interference machinery in Arabidopsis and tomato cells during 

infection to silence genes involved in immunity, which abetted pathogenesis113. Bacterial 

OMVs have been shown to transfer similar sRNAs into human airway epithelial cells, wherein 

they inhibited the secretion of pro-inflammatory IL-880. Together, these findings raise the 
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possibility of fungal EVs releasing small RNAs into recipient host cells where they silence 

genes involved in immune responses, increasing the susceptibility of the host to infection. 

Conversely, vesicular RNA has also been proposed to induce innate immune responses, by 

activating pattern recognition receptors in recipient cells, resulting in production of immune 

mediators like pro-inflammatory cytokines114. Whole mRNA transcripts in fungal EVs could 

also have functional significance. Although de novo translation of microbial EV-released 

mRNA in recipient cells has not yet been demonstrated, such a phenomenon has been described 

for mammalian exosomes. For example, one study showed that fluorescently labelled 

glioblastoma exosomes transferred mRNA coding for Gaussia luciferase to human brain 

microvascular endothelial cells, resulting in expression of the protein in these recipients115. It 

stands to reason that mRNA transferred to a recipient cell by a fungal EV could also be 

translated as such.  

1.8. Isolation and Purification of Extracellular Vesicles 

The methods used to extract and isolate the EVs from C. albicans varied little between studies. 

Based off protocols used to isolate mammalian exosomes, they rely on repeated centrifugation, 

at high and low speeds, and ultrafiltration procedures88. Cells are firstly removed by 

centrifugation at ~4-5,000x g for 15 minutes, and this is followed by a 30-minute centrifugation 

at 15,000x g, with or without filtration of the supernatant afterwards, to remove smaller 

debris83,96,99,109,110. The supernatant is then concentrated by ultrafiltration or with the use of a 

centrifugal filter, and the resulting concentrate is pelleted by ultracentrifugation for one hour, 

sometimes after repeating the first two centrifugation steps in an attempt to remove more debris 

and non-vesicular aggregates. The pellet of supposed EVs is then re-suspended in phosphate-

buffered saline (PBS) and may or may not undergo repeated ultracentrifugation and re-

suspension steps to remove impurities. In regard to truly isolating EVs from a culture 

supernatant, these methods may be far from adequate. Ultracentrifugation alone, even when 

repeated several times, does little to separate EVs from impurities such as protein complexes 

and aggregates, lipoprotein particles, and possibly even free proteins and nucleic acids116–118. 

As a consequence, non-vesicular material in these “crude” extracts is mistaken for EVs or EV 

content, generating misleading and differential results in functional studies of EVs and 

characterisations of their molecular cargo. For this reason, additional purification procedures 

have been employed to separate EVs from these impurities, enabling down-stream analyses to 

be performed with greater accuracy.  
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For no clear reason, these purification procedures have seldom been undertaken by 

investigators in studies on fungal EVs in particular, and were not employed in any of the 

aforementioned C. albicans EV studies, with the researchers favouring the use of their crude 

extracts directly for analyses instead, possibly leading to inaccurate characterisations of C. 

albicans EVs and their contents, and incorrect conclusions regarding their molecular and 

functional attributes. A method commonly used to purify EVs from ultracentrifuge pellets is 

fractionation of the sample to separate particles based on a particular physical property, such 

as size or density118,119. This is usually achieved through density gradient centrifugation (DGC), 

with the collection of multiple fractions of the initial crude extract, each containing material of 

a particular density119. A more recent idea has been to apply the well-established technique of 

size-exclusion chromatography (SEC) - where particles are separated on the basis of size rather 

than density - to fractionating EV samples119. Using this technique, RNA and EVs in a crude 

extract from Mycobacterium smegmatis were separated, with purification of these entities in 

different fractions being observed, indicating that the RNA was not associated with the EVs119. 

Perhaps a similar outcome would have resulted had this technique been used in the studies on 

C. albicans EVs, which calls into question the validity of the results from these studies. Since 

this is not guaranteed, however, it incentivises an investigation into whether analyses of 

purified C. albicans EVs in SEC fractions yield different results to analyses of the crude 

extracts from which they are purified, especially considering the great importance of the 

findings from the studies on C. albicans EVs, such that it would be less than ideal to simply 

ignore them based on the possibility of the results being invalid.  

In addition to revealing information on the purity of EVs in ultracentrifugation-based extracts, 

fractionation of these samples will enable a comparison to be made between fractions with and 

without an abundance of EVs in regard to particular proteins they contain, revealing the 

identities of proteins that could be used as markers in future for C. albicans EVs, due to these 

vesicles being enriched in them, even in comparison to non-vesicular components of crude EV 

extracts. Protein markers for C. albicans EVs are much needed, as they could be employed, for 

example, in the identification of these structures in body fluids of infected patients or animal 

models, if monoclonal antibodies specific to the protein(s) can be manufactured. This would 

be a particularly important feat because, as alluded to earlier, the presence of fungal EVs in 

vivo is yet to be demonstrated90.  
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Because fungal EVs represent an active field of research, demanding a great deal of attention 

due to their apparent influence on virulence, host-pathogen interactions and a number of other 

phenomena, it is necessary to verify their existence and basic characteristics to prevent 

erroneous conclusions from being made. In this project, EV production by C. albicans and C. 

auris is to be examined and scrutinised, with greater exactitude than what is typical for the 

field, by attempting to purify the vesicles isolated crudely from culture supernatants and 

analyse their size, abundance and protein and nucleic acid contents without the complications 

posed by non-vesicular contaminants. In addition, proteins in which the purified vesicles are 

enriched are to be identified, revealing the nature of proteins selectively packaged in or 

associated with candidal EVs and providing the field with potential markers for these all-

important structures.  

  



 

23 
 

1.9. Project Hypotheses and Aims 

1.9.1 Hypotheses 

The main hypotheses underpinning the research in this project are: 

1. Candida albicans and Candida auris produce extracellular vesicles (EVs) in vitro. 

2. The EVs produced by these fungi contain, or are associated with, protein, RNA and 

DNA. 

3. The EVs produced by these fungi are enriched in particular proteins and RNA species. 

1.9.2 Aims  

The aims set to test these hypotheses are: 

1. Establish the phase of growth of C. albicans and C. auris in yeast extract peptone 

dextrose (YPD) media at the point when EV extraction will be attempted. 

2. Extract EVs from YPD broth cultures of the organisms. 

3. Visualise, count and size the extracted EVs. 

4. Characterise the molecular contents of the extracted EVs. 

5. Fractionate the EV extractions and characterise the EVs and molecular contents of each 

fraction. 
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Chapter 2. Materials and Methods 

2.1. Fungal Stocks and Growth Conditions 

Stocks of Candida albicans ((Robin) Berkhout ATCC® 10231™ obtained from the New 

Zealand Reference Culture Collection) and Candida auris (DSMZ 21092 obtained from 

Deutsche Sammlung von Mikroorganismen und Zellkulturen) were stored at -80°C and, when 

needed, were used to inoculate Difco YPD agar plates (mass ratio of 10 : 3, Difco YPD Broth 

: Difco Granulated Agar (BD Biosciences)) which were then incubated at 37°C for 24 hours 

and thereafter left at room temperature for a maximum of one week. To grow cells up for 

growth curve construction or crude EV preparations, a starter culture was made by inoculating 

~10 ml of Difco YPD broth (BD Biosciences) in a 50 ml conical polypropylene centrifuge tube 

with several colonies from a plate, and incubating at 37°C for 24 hours with shaking at 200 

revolutions per minute (RPM). To ensure consistency in cell numbers, 1 ml aliquots of these 

cultures were diluted 1 in 10 with 0.85% saline and their optical density (OD) at 600 nm (Libra 

S22 UV/VISIBLE Spectrophotometer (Biochrom Ltd.)) was measured. To ensure the absence 

of contaminant microbes and the presence of the correct species of Candida, respectively, 

another 1 ml aliquot was used for staining the cells with Remel Gram’s crystal violet solution 

(Thermo Fisher Scientific), to be viewed under a light microscope, and streaking onto agar 

plates of the differential medium CHROMagar™ Candida (ready-made plates, Fort Richard 

Laboratories).  

All crystal violet stains were carried out by heat-fixing 15 μl of culture broth, or a plate colony 

smeared onto 5 μl of 0.85% saline, on a microscope slide and immersing the slide in crystal 

violet solution for one minute. Excess stain was gently washed off with water. The stained cells 

were imaged under a light microscope at 1000X magnification. All inoculations of agar plates 

or YPD broth were performed in a biosafety cabinet (Thermo Fisher Scientific). A sterile 

plastic loop was used when streaking cells onto agar or inoculating broth with plate colonies.  

2.2. Growth Curves 

20 ml of YPD broth in a 100 ml glass flask was inoculated with 200 µl of the aforementioned 

starter culture and incubated at 37°C for 24 hours with shaking at 200 RPM. At various time 

points, OD at 600 nm of an aliquot diluted 1 in 10 with 0.85% saline was measured, and another 

aliquot was plated onto YPD agar to enumerate viable cells. After the final time point, aliquots 
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of the remaining culture were used for staining the cells with crystal violet to view them under 

a light microscope and streaking onto CHROMagar™ Candida plates, to ensure the absence of 

contaminant microbes and the presence of the correct species of Candida, respectively. For the 

same purpose, at least one colony of cells from the culture aliquot plated onto YPD agar, at a 

randomly chosen time point, was also stained, imaged and streaked in this way.  

2.3. Crude Extracellular Vesicle Preparations 

1 litre of YPD broth in a 2 l glass flask was inoculated with a ~10 ml starter culture and 

incubated at 37°C for 24 hours with shaking at 200 RPM. An aliquot was plated onto YPD agar 

to obtain viable cell counts and, along with at least one subsequent colony from the agar plate, 

stained with crystal violet, imaged under a light microscope and streaked onto a 

CHROMagar™ Candida plate to ensure the absence of contaminant microbes and the presence 

of the correct species of Candida, and another was centrifuged at 4000x g for 10 minutes at 

4°C. The supernatant was then removed from the latter aliquot and the pellet of cells was stored 

at -80°C for cell protein or RNA analyses. Fungal cells were removed from the rest of the 

culture broth by centrifuging at 3500x g for 20 minutes at 4°C and vacuum-filtering the 

supernatant with a 0.45 μm PVDF filter (Millipore, Merck). The sterile supernatant was then 

concentrated to 40 ml using a Vivaflow 200 ultrafiltration cassette (100 kDa cut-off, Sartorius) 

with a syringe pump (NewEra Pump Systems, Inc.). For “2 l” preparations, but not “1 l” 

preparations, two 1 l supernatants – each originating from a 1 l culture inoculated with separate 

~10 ml starter cultures – were combined before concentration to 40 ml.  

The 40 ml supernatant was dispensed into two 30 ml Oak Ridge High-Speed Polycarbonate 

Centrifuge Tubes (Thermo Fisher Scientific) and further concentrated by ultracentrifugation at 

75,000x g for 2.5 hours at 4°C (Avanti™ J-30I, Beckman Coulter) to generate a pellet of EVs. 

The supernatant was poured off and the pellet was resuspended in 4 ml of Dulbecco's 

Phosphate-Buffered Saline (DPBS) (Gibco, Life Technologies). Resuspended EVs were filter-

sterilised using a 0.45 μm PES syringe filter (ReliaPrep, Ahlstrom Corporation) and further 

concentrated using Vivaspin 20 column concentrators (100 kDa cut-off, Sartorius) until 0.75-

1 ml remained. An aliquot of this remaining volume, referred to as a (“2 l” or “1 l”) “crude EV 

preparation”, was checked for contamination with live cells by plating onto Difco Mueller-

Hinton agar (mass ratio of 22 : 15, Difco Mueller-Hinton Broth (Cation-Adjusted) : Difco 

Granulated Agar (BD Biosciences)) with a sterile plastic spreader, while the rest was stored at 

-20°C for future analyses, after measuring the volume to the nearest 10 ml. A negative control 
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for Candida EVs was also made, consisting of 1 litre of autoclaved YPD broth vacuum-filtered 

with a 0.45 μm PVDF filter and concentrated, pelleted through ultracentrifugation, 

resuspended, filter-sterilised, concentrated further, checked for contamination and stored, 

exactly as above.  

2.4. Size-Exclusion Chromatography 

EVs were further purified from 2 l crude EV preparations using size exclusion chromatography 

(qEV, Izon). The qEV column was washed with 10 ml of DPBS, and 500 μl of crude EV sample 

was added. The column was topped up with DPBS and 20 (qEV) fractions consisting of 500 μl 

each were eluted and collected, with DPBS added as needed to maintain flow through the 

column. After collection of fractions, the column was washed again with 10 ml of DPBS, 

followed by 10 ml of 20% ethanol (ACS reagent, Sigma-Aldrich), and stored at 4°C with ~2 

ml of 20% ethanol retained.  

2.5. Transmission Electron Microscopy 

2.5.1 Processing: Crude EV preparations 

To visualise the morphology of EVs in crude preparations, 50 μl of 1 l crude EV sample was 

added to 1.95 ml of ultrapure water (UPW) (Invitrogen, Thermo Fisher Scientific) and 

concentrated to 50 μl using Vivaspin 500 columns (100 kDa cut-off, Sartorius) to remove PBS 

crystals. Negative staining was then used to image EVs and debris in the sample. Formvar-

coated copper grids were floated on 20 μl droplets of sample for 2 minutes and excess sample 

was removed by wicking with filter paper. The grids were then floated on 20 μl droplets of 

Milli-Q water for 1 minute to remove non-adsorbed EVs, with the water then being removed 

by wicking with filter paper. The grids were then floated on 20 μl droplets of 2% (w/v) aqueous 

uranyl acetate (Electron Microscopy Sciences) to stain for 2 minutes and dried again by 

wicking. Finally, grids were floated on droplets of Milli-Q water again and wicked dry for 

imaging.  

2.5.2 Processing: Cells 

To visualise EVs budding from yeast cells, 1 ml of a 1 litre YPD cell culture was aliquoted into 

a 1.5 ml microcentrifuge tube. The tube was spun at 7000x g for 5 minutes at 4°C to pellet the 

cells, and the supernatant was discarded. 50 μl of 2.5% glutaraldehyde fixative in 0.1 M 
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phosphate buffer (Ladd Research Industries) was added to the microcentrifuge tube and mixed 

with the pellet by stirring, with the tube then being left overnight at 4°C. The pellet was then 

spun down again (5000x g for 3 minutes at 4°C) and the excess fixative was removed. The 

pellet was then mixed with 50 μl of 0.8% agarose (Thermo Fisher Scientific) and left to solidify, 

before being dislodged from the tube and stored in 3 ml of 2.5% glutaraldehyde fixative in 0.1 

M phosphate buffer overnight at 4°C. The agarose pellet was then washed with 0.1 M 

phosphate buffer for 10 minutes and stored overnight in buffer at 4°C, before being immersed 

in 1% osmium tetroxide in 0.1 M phosphate buffer (Sigma-Aldrich) for one hour while on a 

low speed rotator. The excess osmium tetroxide was then removed by washing three times for 

5 minutes in cold Milli-Q water. The pellet was then dehydrated with 50%, 70% and 90% 

ethanol for 5, 5 and 10 minutes, respectively, at 4°C. Three 15-minute washes in 100% ethanol 

were then carried out, at 4°C for the first two washes and at room temperature for the third. 

The pellet was then twice treated with 100% propylene oxide (Sigma-Aldrich) at room 

temperature for 10 minutes, before being infiltrated, at room temperature, with increasing 

concentrations of resin (Agar 100 Resin Kit, Agar Scientific) diluted in propylene oxide 

(propylene oxide : resin ratios of 2:1, 1:1 and 1:2 for 30 minutes, 30 minutes and one hour, 

respectively) and left overnight in 100% resin. The pellet was then flat-embedded in fresh 

100% resin and polymerised at 60°C for 48 hours. The resin blocks were sectioned with a Leica 

Ultracut UCT Microtome and thin sections were stained with uranyl acetate (Electron 

Microscopy Sciences) and lead citrate (Science Services) and loaded onto a copper grid for 

imaging.  

2.5.3 Imaging 

All grids were imaged with a Tecnai G2 Spirit TWIN transmission electron microscope (FEI, 

Hillsboro, OR, USA) at an accelerating voltage of 120 kV, and images were captured using a 

Morada CCD Camera (SIS, GmBH, Munster, Germany). TEM work was performed with the 

assistance of Ms Hilary Holloway (Biomedical Imaging Research Unit, University of 

Auckland).  

2.6. Determining EV Sizes and Concentration 

Size (diameter) and concentration of EVs in 2 l crude EV preparations, qEV fractions and the 

aforementioned negative control were measured by nanoparticle tracking analysis (NTA) using 

a Nanosight NS300 system (Malvern Instruments Ltd., software version 3.0). Where possible, 
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samples were diluted with DPBS to 20-100 particles per frame, in accordance with the 

NanoSight NS300 NTA Software guide (MAN0545-01-EN-00, Malvern Instruments Ltd., 

2014) to reduce inaccurate particle tracking and sampling error. 1 ml or 500 μl of sample was 

administered at a constant flow rate of 50 (AU) with an automated syringe pump and recorded 

in sets of three 30-second videos with 5 second delays between each video. Capture settings 

used were a screen gain of 1.0 and a camera level of 13, and the videos were processed at a 

detection threshold of 3 to generate a graph of particle sizes and their concentrations. To 

increase accuracy, each sample was measured in triplicate, giving a total of 9 processed videos 

per sample. EV size was designated as the average of the mode diameters from each of the 

three replicates, while concentration had to be measured from every detected particle regardless 

of size, again as an average across the three replicates.  

2.7. Isolation and Characterisation of EV (and Cell) Molecular Contents 

2.7.1 Protein 

2.7.1.1 Extraction of protein from cells 

Cells pelleted from an aliquot of a 1 litre YPD cell culture in a 1.5 ml microcentrifuge tube and 

stored at -80°C, as described above, were thawed and washed three times in ice cold sterile 

0.85% saline. Each wash involved suspending the pellet in ~400 μl of the saline and re-pelleting 

by spinning at 3000x g for 5 minutes at 4°C, before removing and discarding the supernatant. 

After the third wash, the pellet was resuspended in ~400 μl of cold sterile water and transferred 

to a 2 ml ZR BashingBead lysis tube with 0.5 mm ZR BashingBeads (Zymo Research). The 

cells were lysed using a Bead Ruptor 24 (Omni International) at 5.5 metres/second (m/s) for 

six 20-second cycles, with 1-minute incubations on ice between each cycle and a ~20-minute 

incubation on ice after the last cycle. The resulting bead-lysate mixture was transferred to a 1.5 

ml microcentrifuge tube and centrifuged at 10,000x g for 5 minutes at 4°C. The supernatant, 

i.e. the cell protein extract, was then transferred to another 1.5 ml microcentrifuge tube, assayed 

for total protein concentration by bicinchoninic acid (BCA) assay (see below), and stored at -

20°C until it was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). 
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2.7.1.2 Measurement of protein concentration 

The total protein in 2 l crude EV preparations, qEV fractions, cell protein extracts and the 

negative control was measured using a bicinchoninic acid (BCA) assay as per the 

manufacturer’s instructions (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific) with 

the addition of 5 μl of 10% SDS (Sigma-Aldrich) to samples and standards before adding the 

Working Reagent. Absorbance at 562nm was quantified using an EnSpire™ 2300 Multilabel 

Reader (PerkinElmer), and sample protein concentrations were obtained by fitting absorbance 

values to a standard curve of albumin concentrations, prepared separately each time an assay 

was performed.  

2.7.1.3 Analysis of protein by SDS-PAGE 

Protein profiles of 2 l crude EV preparations, qEV fractions, cell protein extracts and the 

negative control were analysed using SDS-PAGE and SYPRO Ruby staining. Briefly, 16.25 

μl of sample was sonicated in an ultrasonic water bath and added to 2.5 μl of 1 M dithiothreitol 

(DTT) (Thermo Fisher Scientific) and 6.25 μl of loading dye (NuPage®), with protein 

denaturation being ensured by heating at 90°C for 10 minutes. 20 μl of this mixture and 10 μl 

of ladder (Novex Sharp Pre-Stained Protein Standard) was loaded onto a pre-made NuPage 4-

12% Bis-Tris mini Gel (Thermo Fisher Scientific). The gel was run at 200V for 50 minutes, to 

separate the proteins, in a vertical electrophoresis tank (XCell SureLock™ Mini-Cell, Thermo 

Fisher Scientific) filled with 1X MOPS SDS running buffer (NuPage®). The gel was then 

removed and fixed twice for 30 minutes at a time in fixative solution (50% methanol (ACS 

Reagent, Sigma-Aldrich), 43% UPW, 7% acetic acid (ACS Reagent, Sigma-Aldrich)) and 

stained overnight with SYPRO® Ruby (Thermo Fisher Scientific). The stained gel was then 

washed for 30 minutes in wash solution (83% UPW, 10% methanol, 7% acetic acid), rinsed 

twice for five minutes in UPW and imaged using a Chemidoc™ Touch Imaging System (Bio-

Rad). The gel was subjected to constant shaking at 50 RPM during the fixing, staining, washing 

and rinsing steps.  

2.7.1.4 Identification of major proteins 

After being imaged, mass spectrometry (MS) was performed on certain bands of a gel (figure 

3.17) loaded in duplicate with aliquots of qEV fractions from single C. albicans and C. auris 2 

l crude preparations, in order to identify proteins comprising the bands. Fractions 7-9 from the 

C. albicans preparation were pooled together and concentrated by a factor of 15, as were the 
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equivalent fractions from the C. auris preparation, in a Vivaspin 500 column concentrator (100 

kDa cut-off, Sartorius) spun at 6000x g at 4°C until 100 µl remained. Fractions 15-20 from 

each preparation were also pooled together and concentrated as such, but by a factor of 30 in 

Vivaspin 6 column concentrators (3 kDa cut-off, Sartorius). The specific gel bands, marked in 

figure 3.17, were excised and diced into pieces approximately 1 mm3 in size. These gel pieces 

were washed twice in 50% acetonitrile in 50 mM ammonium bicarbonate for 10 minutes at 

56°C, with constant agitation. The wash solution was removed and the gel pieces were 

dehydrated by addition of 200 μl of acetonitrile. The acetonitrile was removed and the gel 

pieces were dried completely before being rehydrated with 10 mM DTT in 50 mM ammonium 

bicarbonate. Proteins were reduced for 15 minutes at 56°C in a CEM Discover microwave unit 

set at 15 W. The solution containing DTT was removed and the samples were alkylated by 

addition of 50 mM iodoacetamide in 50 mM ammonium bicarbonate, followed by incubation 

in the dark for 30 minutes at room temperature. Following alkylation, the gel pieces were 

dehydrated before being rehydrated with 50 mM ammonium bicarbonate containing 12.5 ng/μl 

of sequencing-grade trypsin for digestion.  

The samples were analysed on a TripleTOF 6600 Quadrupole-Time-of-Flight mass 

spectrometer (Sciex) coupled to an Eksigent NanoLC 400 UHPLC system and controlled via 

Analyst TF 1.7 software (Sciex). Peptides were loaded onto a 0.3 x 10 mm trap column packed 

with Reprosil C18 media (Dr Maisch) and desalted for 5 minutes at 5 µl/min before being 

separated on a 0.075 x 200 mm picofrit column with a 15 µm integrated electrospray emitter 

(New Objective) packed in-house with Reprosil C18 media. Solvents for high-performance 

liquid chromatography (HPLC) were 0.1% formic acid (buffer A) and 0.1% formic acid in 

acetonitrile (buffer B). Separations were performed at a flow rate of 250 nl/min using a gradient 

of: 0.5 min at 5% B; 22 min from 5% B to 40% B; 2 min from 40% B to 98% B; 3 min at 98% 

B; 1 min from 98% B to 1% B; 1 min at 5% B. For MS/MS analysis an initial MS survey scan 

from 350 – 1600 m/z was collected for 150 ms, followed by MS/MS scans of 100 – 1600 m/z 

and 40 ms for the 40 most abundant precursor ions detected with a charge state between 2 and 

5. Previously selected precursor ions were excluded for 20 seconds. 

The resulting data were searched against a database containing all Uniprot entries for Candida 

albicans and Candida auris available September 2018 (24,642 entries) using ProteinPilot v5.0 

software (Sciex). Search parameters were: Search Effort, Thorough; Cys Alkylation, 

Iodoacetamide; Digestion, Trypsin; Special factors, Gel-based ID; ID focus, Biological 

modifications. Peptide and Protein summary files for each band were exported for further 
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analyses: peptide sequences with a mass error > ±15 parts per million (ppm) and/or a 

confidence score < 50% were removed, and for each peptide, only the representative that 

generated the most intense signal (in counts per second) was retained. The intensities of the 

remaining sequences matched to the same protein were summed to reveal the overall intensity 

for each protein identified in a band. The % of the total signal of that band that could be 

attributed to a particular protein was calculated after summing the intensities of each protein 

and dividing the intensity of the specified protein by the result. Mass spectrometry work was 

performed with the assistance of Dr Leo Payne (Auckland Science Analytical Services, School 

of Biological Sciences, University of Auckland).  

2.7.2 Nucleic Acid 

2.7.2.1 Isolation of RNA 

To extract RNA from cells, an aforementioned cell pellet from an aliquot of a 1 litre YPD 

culture was thawed on ice and 500 μl of TRIzol (Invitrogen, Thermo Fisher Scientific) was 

added. Zirconia beads (RiboPure-Bacteria kit, Life Technologies) were added to a 2 ml sterile 

RNAse-free Tube & Standard Cap Assembly (SSIbio), up to the 0.5 ml line, and the cell-

TRIzol mixture was vortexed and added to this tube. Cell lysis was ensured using the Omni 

Bead Ruptor 24 at 3.5 m/s for two 2-minute cycles, with a 1-minute incubation on ice between 

the cycles. The resulting bead-lysate mixture was transferred to a 1.5 ml RNAse-free Lobind 

microcentrifuge tube (Eppendorf) and spun at 10,000x g for 5 minutes at 4°C. The supernatant 

was then transferred to another 1.5 ml RNAse-free Lobind microcentrifuge tube and 50 μl of 

homogenate additive (from a miRvana™ miRNA Isolation Kit (Thermo Fisher Scientific)) was 

added.   

RNA was then isolated from the disrupted cells, as well as 200 μl of 2 l crude EV preparations 

or qEV fractions added to 600 μl of TRIzol® LS (Thermo Fisher Scientific) in 1.5 ml RNAse-

free Lobind microcentrifuge tubes. 100 μl of chloroform (Sigma-Aldrich) and 2 μl of glycogen 

(20 μg/μl, Invitrogen, Thermo Fisher Scientific) were added to all samples, and the tubes were 

shaken and incubated for 10 minutes on ice before being spun at 10,000x g for 10 minutes at 

4°C to layer the mixture. The upper aqueous phase was collected and mixed with 1.25x volume 

of 100% ethanol. RNA was further purified from this solution using a miRvana™ miRNA 

Isolation Kit, according to the manufacturer’s protocol for isolating total RNA. Briefly, the 

mixture of aqueous phase and ethanol was eluted through a miRvana™ column filter in a 
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collection tube by centrifugation at 10,000x g for 15 seconds. The filtrate was discarded and 

700 μl of Wash Solution 1 was added to the column, before repeating the 15-second 

centrifugation and removal of filtrate. This was followed by twice adding 500 μl of Wash 

Solution 2/3, centrifuging at 10,000x g for 15 seconds both times and discarding the filtrate. 

The column was then centrifuged at 10,000x g for 1 minute. The flow-through was discarded 

and RNA in the column was eluted by addition of 35 μl of 95°C diethyl pyrocarbonate (DEPC)-

treated water (Thermo Fisher Scientific), followed by a 15-second centrifugation at 10,000x g. 

The resulting 35 μl of filtrate was then re-added to the column and centrifuged for 15 seconds 

at 10,000x g again to ensure elution of all RNA in the column, before being stored at -20°C for 

RNA quantification and profiling. All centrifugations in this procedure were carried out at 4°C.  

2.7.2.2 Isolation of DNA 

DNA was extracted from 2 l crude EV preparations, qEV fractions and the negative control, in 

addition to DPBS controls, using a QIAmp® DNA Mini Kit (QIAGEN) as per the 

manufacturer’s instructions. Briefly, 20 μl of sample or DPBS was added to 20 μl of proteinase 

K and 200 μl of buffer AL. This solution was incubated at 56°C for 10 minutes, briefly 

centrifuged at 6000x g and added to 200 μl of 100% ethanol. The resulting solution was again 

briefly centrifuged, before being eluted through a QIAmp spin column in a collection tube by 

centrifugation at 6000x g for 1 minute. The filtrate was discarded and 500 μl of buffer AW1 

was added to the spin column, before repeating the 1-minute centrifugation and removal of 

filtrate. 500 μl of buffer AW2 was then added, and the column was centrifuged at 15,000x g 

for 3 minutes, and then again at 6000x g for 1 minute after discarding the filtrate. The flow-

through was discarded and DNA in the column was eluted by addition of 50 μl of buffer AE, 

followed by a 5-minute incubation at room temperature and a 1-minute centrifugation at 6000x 

g. 50 μl of filtrate containing the eluted DNA was stored at -20°C for quantification and 

profiling. All centrifugations in this procedure were carried out at room temperature.  

2.7.2.3 Quantification of isolated RNA and DNA 

RNA extractions from 2 l crude EV preparations, qEV fractions, cells and the negative control, 

and DNA extractions from crude EV preparations, qEV fractions, the negative control and the 

DPBS controls, were subjected to fluorometric quantitation of their respective nucleic acid 

using RNA or dsDNA HS (High Sensitivity) Assay kits (Thermo Fisher Scientific), 

respectively, according to the manufacturer’s instructions, with Qubit® assay tubes (Life 
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Technologies) and a Qubit® 2.0 Fluorometer (Invitrogen, Thermo Fisher Scientific). A 

maximum of 20 μl of sample was used. The RNA extractions from cells were diluted 1 in 100 

with UPW prior to this analysis.  

2.7.2.4 RNA profiling 

The RNA extractions from 2 l crude EV preparations, qEV fractions, cells and the negative 

control were profiled using the 4200 TapeStation System (Agilent Technologies). 2 µl of 

sample was mixed with 1 µl of High Sensitivity RNA Sample Buffer (Agilent Technologies) 

before being spun down and vortexed (IKA® MS 3 Vortexer, Global Science – a VWR 

Company) at 2000 RPM for 1 minute. The mixtures were then heated at 72°C for 3 minutes, 

placed on ice for 2 minutes, briefly spun down again and then loaded into the TapeStation 

instrument to be analysed by the TapeStation Analysis Software (version A.02.01), generating 

an electropherogram of RNA fragments.  
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Chapter 3. Results 

3.1. Contamination Checkpoints 

Starter cultures, 20 ml growth curve cultures and 1 litre cultures used for EV preparations and 

TEM were checked for contamination, both within the broth cultures proper and on the agar 

plates inoculated with aliquots of these cultures. Crystal violet stains of these samples viewed 

under a light microscope revealed the presence or absence of contaminants, as well as the 

morphology of the cultured Candida cells.  

C. albicans cells in 1 l YPD broth cultures (figure 3.1A+B), as well as starter cultures and 20 

ml growth curve cultures, after 24 hours’ incubation at 37°C were generally a mixture of 

differentially stained, roughly ovoid budding yeast cells – most of which were a few 

micrometres in diameter – with (figure 3.1A) and without (figure 3.1B) hyphae or 

pseudohyphae dispersed among them. Colonies on YPD agar consisted purely of budding yeast 

cells (figure 3.1C) to begin with, although a phenotypic switch to hyphal growth occurred after 

several days’ incubation. No chlamydospores were seen among hyphae in any sample. 

C. auris cells in all cultures and plate colonies (figure 3.1D-F) were unicellular budding yeasts 

which stained differentially and varied in size from ~1-7 μm in length or diameter. Most cells 

were smaller and had a more elongated ellipsoidal shape than the C. albicans yeast cells, 

consistent with previous descriptions of C. auris120.  

Although the two species were generally distinguishable under the microscope, streaking cells 

onto CHROMagar™ Candida was done to confirm, with certainty, the absence of cross-

contamination between cultures. CHROMagar™ Candida is selective for Candida and acts as 

a differential medium for identification of particular species of this genus121. As expected120,121, 

C. albicans colonies originating from YPD broth cultures or YPD plate colonies adopted a 

distinctive bluish green colour after only a few days at 37°C (figure 3.2, left), whereas C. auris 

colonies originating from equivalent cultures and plate colonies of this species appeared 

creamy white (figure 3.2, right) on this medium at first, but gained a bright pink tinge after 

several days. 
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Figure 3.1. Micrographs of C. albicans and C. auris 

Shown are representative images of C. albicans (A + B) and C. auris (D + E) from 15 µl aliquots of 1 litre YPD 

cultures incubated at 37°C for 24 hours at 200 RPM, and YPD agar plate colonies of C. albicans (C) and C. 

auris (F) originating from these cultures, heat-fixed onto a microscope slide, stained with crystal violet and 

viewed under a light microscope at 1000X magnification. Images were captured with a Nikon Digital Sight DS-

5M Microscope camera and Nikon NIS-Elements software. Red scale bars = 10 µm. 

 

Figure 3.2. CHROMagar™ Candida plates of C. albicans and C. auris 

Shown are representative photographs of CHROMagar™ Candida plates streaked with an aliquot of a 24-hour 

YPD broth culture of C. albicans (left) or C. auris (right) and incubated at 37°C for 2 days. 
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3.2. Growth Curves 

Growth of the organisms in YPD was assessed in order to determine the phase of growth they 

are in at 24 hours post-inoculation, the time point chosen for extraction of EVs from 1 l cultures. 

Like the cultures grown for EV extraction, cultures grown for growth curves consisted of YPD 

broth inoculated with starter culture in a ratio of 1:100 v:v (starter culture:broth) and incubated 

under the same conditions in an Erlenmeyer flask, to mimic the 1 l cultures while using less 

broth.  

The two organisms exhibited similar growth dynamics over the chosen time period, with both 

OD and colony forming units (CFU) / ml appearing to plateau, or at least stop dramatically 

rising, around 10 and 16 hours for C. albicans and C. auris, respectively, although C. auris 

grew to a higher final number of cells – with an OD of around 16-18 and CFU/ml around 6-

8x108, compared to the corresponding C. albicans values of around 7-8 and 2-5.5x107, 

respectively (Figure 3.3) – as expected from the OD’s of the starter cultures (11.90-12.18 for 

C. auris and 8.27-8.65 for C. albicans, data not shown). The plateau is maintained until at least 

72 hours (Figure 3.3). Hence, both organisms are at a long-lasting stationary phase, or at least 

a phase of very slow growth, at the 24-hour mark where the EV extraction process from 1 l 

cultures begins. For C. albicans, this is in accordance with other published growth curve 

data122,123, whereas the growth dynamics of C. auris in YPD has not been previously reported.  
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20 ml of YPD in a 100 ml flask was inoculated with 200 µl of C. albicans or C. auris grown for 24 hours in YPD, 

and incubated at 37°C and 200 RPM. 100 μl aliquots were taken at regular intervals to measure optical density 

(OD) at 600 nm and viable cell numbers, expressed in colony forming units (CFU) per ml of culture. Data = 

Mean ± S.D, N = 3. 

  

EVs extracted at 

~24 hours  

 

EVs extracted at 

~24 hours  

 Figure 3.3. Growth curves of C. albicans and C. auris in YPD 

broth. 
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3.3. High Resolution Imaging of EVs and Cells 

The presence of structures that could be EVs in crude preparations was checked by viewing a 

preparation from a 1 l culture of each species under a TEM, after negatively staining the sample. 

In the TE micrographs, parts of the image with a whiter complexion are indicative of deposits 

of the stain, which is where there is less material like membrane structures and proteins, so the 

membranes of EVs are expected to appear darker than the lumen, which contains a lower 

concentration of biological material. Numerous, roughly spherical objects with lightly stained 

interiors were found in patches of both samples (figure 3.4.1B for C. albicans and 3.5.2 for C. 

auris). The sizes of these structures were highly variable, ranging in diameter from less than 

20 to around 120 nm for C. albicans and 90 nm for C. auris, with the larger ones having visible 

dark halos, suggesting the presence of a possible membrane. In the C. albicans sample, a group 

of objects, ~50-100 nm in diameter and similar in appearance to the aforementioned structures, 

were found in what appears to be a cluster (figure 3.4.1F). Strangely, other round or nearly 

round structures in this sample included large, dark objects, up to ~290 nm in diameter, with 

whiter halos (figure 3.4.1A+C). The halos could be simply a result of over-focusing in this 

case, or perhaps these are very dense objects with two thin membranes and a relatively large 

space between the membranes.  

A small number of spherical entities with much lighter interiors and highly variable diameters 

were also dispersed throughout both samples (figure 3.4.2+3 for C. albicans and 3.5.1 for C. 

auris). It is extremely unclear what these are; in many cases (figure 3.4.2D, 3.4.3A+B, and 

3.5.1C-E) the bulk of the structure is so white as to be suggestive of a hole in the film, but the 

extremely dark halos are suggestive of membranous perimeters. At over 800 nm wide, the 

object in figure 3.5.1F is far larger than the 0.45 μm pore size used to sterilise the EV 

preparation, perhaps strengthening the case for these entities being holes, despite the tail-like 

protrusion from this structure, although alternative explanations for its presence in the sample 

could be that it temporarily deformed to pass through the pore of the filter, or that it is a 

contaminant that infiltrated the sample after sterilisation. Like the dark objects mentioned 

above, these structures are far from being conclusively EVs. 

A pellet of cells from a 1 l YPD culture of each species, incubated under the same conditions 

as for the crude EV preparations, was also imaged by TEM, after being processed and stained 

with uranyl acetate and lead citrate. The C. albicans sample contained much debris but no 

visible EVs or even cells (not shown), possibly due to problems with agarose solidification or 
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resin-embedding of the pellet. Spherical, ovoid and ellipsoidal cells were seen throughout the 

C. auris sample (figure 3.6), but no definite EVs were present near them. Bright white entities 

similar to the spherical object seen in figure 3.4.2D appeared near two cells (figure 3.6.1A+B), 

which could arguably be considered candidate EVs, although they may simply be holes in the 

resin. Many cells appeared to be exuding material from parts of the outer edge of their walls 

(figure 3.6.1D+E), although discernible spherical structures were not seen among this material. 

Non-membranous specs of material, usually between 40 and 100 nm wide, were often seen in 

the extracellular space near the perimeter of a cell (figure 3.6.1C+D), and small, dark and 

roughly spherical or ovoid structures appeared in the periplasmic space of one cell (figure 

3.6.1F). A large, ~300-400 nm bulge was also seen protruding from this cell, consisting of 

periplasmic space surrounded by cell wall material. Perhaps this was created by a large vesicle, 

or even multiple vesicles, being forced through the cell wall towards the extracellular space, 

despite not appearing in the image. In addition, spherical or ovoid membranous structures 41-

165 nm in diameter were seen next to or attached to the cytoplasmic face of the plasma 

membrane in four cells (figure 3.6.2A-D). It is conceivable that these are MVBs, which would 

eventually fuse with the plasma membrane and release ILVs from their lumen, but no ILVs are 

visible in the image.  
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Figure 3.4.1. Transmission electron micrographs of a C. albicans crude EV preparation  

50 μl of a 1 l C. albicans crude EV preparation was added to 1.95 ml of UPW and concentrated to remove PBS 

crystals. Negative staining with uranyl acetate was then performed on 20 μl of the concentrated sample. Stained 

sample was viewed using an FEI Tecnai G2 Spirit TWIN transmission electron microscope and images were 

captured with an SIS Morada CCD camera. 
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Figure 3.4.2. Transmission electron micrographs of a C. albicans crude EV preparation (continued) 

50 μl of a 1 l C. albicans crude EV preparation was added to 1.95 ml of UPW and concentrated to remove PBS 

crystals. Negative staining with uranyl acetate was then performed on 20 μl of the concentrated sample. Stained 

sample was viewed using an FEI Tecnai G2 Spirit TWIN transmission electron microscope and images were 

captured with an SIS Morada CCD camera. 
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Figure 3.4.3. Transmission electron micrographs of a C. albicans crude EV preparation (continued) 

50 μl of a 1 l C. albicans crude EV preparation was added to 1.95 ml of UPW and concentrated to remove PBS 

crystals. Negative staining with uranyl acetate was then performed on 20 μl of the concentrated sample. Stained 

sample was viewed using an FEI Tecnai G2 Spirit TWIN transmission electron microscope and images were 

captured with an SIS Morada CCD camera. 
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Figure 3.5.1. Transmission electron micrographs of a C. auris crude EV preparation 

50 μl of a 1 l C. auris crude EV preparation was added to 1.95 ml of UPW and concentrated to remove PBS 

crystals. Negative staining with uranyl acetate was then performed on 20 μl of the concentrated sample. Stained 

sample was viewed using an FEI Tecnai G2 Spirit TWIN transmission electron microscope and images were 

captured with an SIS Morada CCD camera. 
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Figure 3.5.2. Transmission electron micrographs of a C. auris crude EV preparation (continued) 

50 μl of a 1 l C. auris crude EV preparation was added to 1.95 ml of UPW and concentrated to remove PBS 

crystals. Negative staining with uranyl acetate was then performed on 20 μl of the concentrated sample. Stained 

sample was viewed using an FEI Tecnai G2 Spirit TWIN transmission electron microscope and images were 

captured with an SIS Morada CCD camera. 
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Figure 3.6.1. Transmission electron micrographs of a C. auris cell pellet 

An aliquot of a C. auris culture in YPD broth was pelleted, washed, fixed, solidified in agarose, immersed in 

osmium tetroxide, dehydrated and washed with ethanol, treated with propylene oxide, polymerised in resin, 

sectioned, stained with uranyl acetate and lead citrate and loaded onto a copper grid for imaging with an FEI 

Tecnai G2 Spirit TWIN transmission electron microscope. Images were captured using an SIS Morada CCD 

camera. Black arrows indicate structures or debris of interest. The brace in image F indicates a large bulge 

protruding from a cell. 
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Figure 3.6.2. Transmission electron micrographs of a C. auris cell pellet (continued) 

An aliquot of a C. auris culture in YPD broth was pelleted, washed, fixed, solidified in agarose, immersed in 

osmium tetroxide, dehydrated and washed with ethanol, treated with propylene oxide, polymerised in resin, 

sectioned, stained with uranyl acetate and lead citrate and loaded onto a copper grid for imaging with an FEI 

Tecnai G2 Spirit TWIN transmission electron microscope. Images were captured using an SIS Morada CCD 

camera. Black arrows indicate structures or debris of interest.  
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3.4. Quantitative Characterisation of Crude EV Preparations 

3 biological replicates (“A”, “B” and “C”) of  2 l crude EV preparations from both species were 

analysed for protein, RNA and DNA content. In addition to these molecular characterisations, 

individual particles above 10 nm in diameter, which were assumed to be EVs, in the 

preparations and a control preparation from sterile YPD were quantified and their diameters 

were measured, as was done in previous studies on C. albicans EVs109,110. NTA was employed 

to achieve this. The YPD control contained a negligible number of such particles, indicating 

that any EVs in the crude preparations were derived from the cultured organism as opposed to 

the media. Figure 3.7 displays the concentration and average size of the particles from the 

three crude EV preparations from C. albicans and C. auris. There was a large range of particle 

diameters in all replicates of each species, but the majority were 50-150 nm, with very few 

being over 200 or less than 30 nm (data not shown).  

The C. auris particles were consistently smaller and more numerous than their C. albicans 

counterparts, averaging 68.4-78.4 nm in diameter and ranging in concentration from 9.30 x109 

to 1.75 x1010 particles per ml of the original “2 l” culture, compared with 95.1-101.3 nm and 

7.69-8.80 x108 particles / ml, respectively, for C. albicans. More importantly, these data reveal 

there was little variation in the concentration of particles between replicates, with the exception 

of C. auris preparation A containing over 60% more particles per ml of culture than the other 

two replicates. As revealed by colony counts on YPD agar, the concentration of viable cells in 

the “2 l” cultures at 24 hours was similarly consistent among replicates, but there were only 

slightly more C. auris cells than C. albicans cells: ~2.3-2.6 x108 and ~6.8-7.9 x107 CFU/ml, 

respectively (data not shown), hence the relative concentrations of particles per CFU between 

species and replicates approximately resembled those per ml of culture. 

Protein in the crude EV preparations, along with the YPD control, was measured by BCA assay 

to gauge the average amount of protein, if any, in or associated with a single EV (figure 3.8). 

Despite having fewer particles, or “EVs” as they are assumed to be, the C. albicans preparations 

consistently contained more protein than the C. auris preparations: 418.6-451.4 compared to 

352.4-391.7 ng/ml of culture, respectively. Crucially, the YPD control contained ~315 ng/ml 

of the original 1 l of broth, which is well over half the protein concentration in the EV 

preparations from both species, suggesting that the majority of protein in these samples is 

actually media-derived rather than EV-associated. This may be the main reason for C. albicans 

containing more protein / “EV” – as opposed to individual EVs from C. albicans containing or 
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being bound to much more protein, on average, than those from C. auris – as C. auris 

preparations contain more “EVs”. The C. albicans and C. auris data presented in all three 

graphs are not normalised to the protein in the control (background level). For both species, 

there is little variation between replicates for these protein concentrations per CFU and “EV”, 

except in the case of C. auris protein / “EV”, where a ~73% difference between preparations 

A and B can be explained by a similar difference in the number of “EVs” they contain, coupled 

with the low variation in their overall amounts of protein. The relatively high amount of media-

derived protein in all replicates masks, to some degree, any major differences, if present, in the 

amount of “EV”-associated protein between replicates of the same species.  

The average amount of RNA and DNA in or associated with a single EV was estimated by 

extracting these nucleic acids, separately, from the crude EV preparations and measuring their 

concentrations using fluorescence spectroscopy (figure 3.9). DNA was also extracted from the 

YPD control and quantified in this way, revealing there to be ~0.0224 ng in this control 

preparation per ml of the original 1 l of broth. RNA was not able to be quantified in this control, 

as glycogen – which is used in the extraction protocol – was not available from the time when 

the control had been prepared until the completion of this project. Both DNA and RNA were 

detected in replicates from each species, although the control concentration of DNA, per ml, 

was more than half that of all C. auris replicates, almost as high as the mean of the C. albicans 

replicates (0.0230 ng/ml), and 0.0063 ng/ml higher than C. albicans preparation A. Ranging 

from 0.0161-0.0268 and 0.0331-0.0428 ng/ml for C. albicans and C. auris, respectively, the 

concentration of DNA between replicates was quite variable for both species, so it is possible 

that the observation of there being less DNA in C. albicans preparation A than in the YPD 

control could be explained by the former simply having much less media-derived DNA, 

although replicates of the control would be needed to verify the notion that DNA levels in the 

media are highly variable.  

Despite less DNA being detected in C. albicans preparations than C. auris preparations, the 

former consistently contained more DNA per cell and per “EV”, although the amount of DNA 

in all preparations was not normalised to the control (background level) before these 

calculations were made, so this finding may be explained by the relatively high levels of media-

derived DNA. RNA levels were around 2.5X (0.0477-0.0604 compared to 0.0161-0.0268 

ng/ml) and 9X (0.247-0.428 compared to 0.0331-0.0428 ng/ml) as high as DNA levels in C. 

albicans and C. auris preparations, respectively. As with DNA, there was consistently more 

RNA in C. auris preparations than C. albicans preparations, and the inverse was true for the 
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amount per “EV”. However, unlike DNA, the extent of the difference between C. albicans and 

C. auris preparations in RNA content was such that there was also more RNA / CFU in the 

latter. It is likely that much of the RNA in the preparations is media-derived, but without the 

YPD control it is not possible to determine how much. RNA data for the C. auris replicates 

appeared to cluster somewhat around the mean amount / “EV”, with a difference between the 

highest and lowest replicates of 34% for this concentration – significantly lower than the 

corresponding differences of 87% and 73% for concentrations per CFU and per ml, 

respectively – suggesting that a large portion of the RNA in preparations from this species was 

likely “EV”-associated. However, the same cannot be said for the C. albicans replicates, which 

clustered more closely to the mean RNA / ml and RNA / CFU than the mean RNA / “EV”.  

After the overall concentration was measured, extracted RNA from the crude EV preparations 

was profiled using a TapeStation system. The concentration of DNA in corresponding extracts 

from these preparations was well below the required amount for DNA TapeStation, and 

although this was nevertheless attempted, the resulting electropherogram (EPG) displayed only 

a flat line (not shown). As displayed in figure 3.10.1, the amount of sample RNA in the extracts 

was low, far below even that of the marker used, but a short peak can be seen at around 3-4,000 

nucleotides (nt) for all replicates, possibly engendered by 26S ribosomal (r)RNA. To confirm 

that the lack of intense signal across all RNA sizes was due to a low concentration of RNA in 

the extracts, as opposed to degradation of the RNA before profiling, RNA was also extracted 

from C. albicans and C. auris cell pellets and, after being diluted 1 in 100 with UPW, analysed 

by the same method. As expected for whole cell RNA from yeast, intense bands (not shown) – 

represented by the two large peaks in figure 3.10.2 – were seen not far from the 2,000 and 

3,800 nt marks that correspond to 18S and 26S rRNA, respectively. The relative intensities of 

these bands produced an RNA integrity number equivalent (RINe) of 8.9 and 8.6 for C. auris 

and C. albicans, respectively (data not shown), indicative of high RNA integrity that suggests 

there would have been very little degradation of RNA in the extracts from crude EV 

preparations, such that concentration, as opposed to degradation, accounted for the lack of 

intense bands.  
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Figure 3.7. Size and concentration of “extracellular vesicles” in crude EV preparations 

“EVs” in crude preparations from “2 l” C. albicans and C. auris YPD cultures, diluted in DPBS, were sized and 

quantified by NTA with a Nanosight NS300 system. Three sets of three combined videos were recorded for each 

sample. Size, in nanometres (nm), is expressed as the mean of the mode diameters of the detected particles in 

each of the three sets of videos. The overall concentration of detected particles was taken to be the mean of the 

mean concentrations from each of the three sets of videos, and was used to calculate the concentration of 

“EVs” extracted from the “2 l” YPD culture, expressed as particles per ml of culture (plotted on a logarithmic 

scale) and per viable cell (colony forming unit (CFU)) in the culture. CFUs were calculated from colony counts 

on YPD agar. Bars indicate the mean of the three crude EV samples from each species.  
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Figure 3.8. Protein concentration from crude EV preparations 

Total protein concentration of crude EV preparations from “2 l” C. albicans and C. auris YPD cultures and a 

control preparation from 1 l of sterile YPD was measured using a BCA assay and used to calculate the amount 

of extracted protein per ml of the “2 l” cultures or 1 l YPD control, and the average amount of this purportedly 

“vesicular” protein per viable cell (colony forming unit (CFU)) or “EV” in the culture, plotted on linear and 

logarithmic scales, respectively. CFUs and “EV” numbers were calculated from colony counts on YPD agar 

and from NTA, respectively. Bars indicate the mean of the preparations from each species. 
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Figure 3.9. RNA and DNA concentrations from crude EV preparations 

RNA and DNA were isolated from crude EV preparations from “2 l” C. albicans and C. auris YPD cultures and 

quantified using a Qubit fluorometer. DNA was also isolated, and quantified, from a control preparation from 1 

l of sterile YPD. Concentrations of the extracted nucleic acids were normalised to show the amount per ml of 

the “2 l” cultures or 1 l YPD control and per viable cell (colony forming unit (CFU)) or “EV” in the culture. 

CFUs and “EV” numbers were calculated from colony counts on YPD agar and from NTA, respectively. Bars 

indicate the mean of the preparations from each species. 
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Figure 3.10.1. Electropherograms of RNA sizes from crude EV preparations 

RNA was isolated from crude EV preparations from “2 l” C. albicans and C. auris YPD cultures and analysed 

by TapeStation to reveal the relative amounts of RNA of certain lengths in nt (nucleotides), expressed as 

intensity in normalised fluorescence units (FU). Graph B displays the same data as graph A but only up to 50 

FU. The peak at 25 nt is the marker from the High Sensitivity RNA Sample Buffer. 

 

 

A 
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Figure 3.10.2. Electropherograms of RNA sizes from crude EV preparations and cell pellets 

RNA was isolated from crude EV preparations and cell pellets from “2 l” C. albicans and C. auris YPD cultures 

and analysed by TapeStation to reveal the relative amounts of RNA of certain lengths in nt (nucleotides), 

expressed as intensity in normalised fluorescence units (FU). RNA extractions from the cell pellets were diluted 

1 in 100 with ultrapure water before analysis by TapeStation. The peak at 25 nt is the marker from the High 

Sensitivity RNA Sample Buffer.  
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3.5. Quantitative Analyses of qEV Fractions 

Results from crude EV preparations are likely to be an inaccurate reflection of the 

characteristics and contents of EVs, as the vesicles are not truly isolated; impurities abound in 

these samples, including, perhaps, aggregates of protein and lipids, and nucleic acids that attach 

to them. As alluded to earlier, it is essential to purify the vesicles from other particles in order 

to analyse EVs exclusively, and hence verify hypotheses about them, such as protein, RNA 

and/or DNA being associated with them. Size-exclusion chromatography (SEC) with qEV 

columns was employed to achieve this, generating 500 µl fractions that could be analysed 

separately, some or one of which would theoretically contain EVs while the rest would not. All 

2 l crude EV preparations were fractionated, with 20 fractions being collected in each case, but, 

due to time constraints, only the fractions collected from preparations “A” and “B” of each 

species were individually analysed. 

The physical characteristics of the qEV columns are such that, for particles below the 

separation size of 70 nm in diameter, larger particles in the loaded sample are eluted earlier, 

with the < 70 nm particles being eluted last. As expected, very few particles were found in the 

first 1-5 fractions of all crude replicates; these fractions mainly contained just the PBS eluent. 

Figure 3.11 displays the average particle size in the fractions containing enough particles for 

reliable size measurements by NTA. Particles in the C. albicans fractions were larger than those 

of C. auris fractions (82-115 compared to 60-85 nm), consistent with the size distribution of 

the crude EV preparations (figure 3.7, top left). More importantly, a roughly steady decline in 

average particle size from earlier to later fractions was observed, until a plateau was reached 

for C. auris fractions with average particle diameters below ~65 nm, indicating that size-based 

separation of particles was achieved.  

The relative concentrations of particles, protein, RNA and DNA between fractions of the same 

crude EV preparation are displayed in figure 3.12 and 3.13 for C. albicans and C. auris, 

respectively, along with the cumulative totals of these entities in all fractions of a sample, as a 

percentage of the amount loaded into the column (total recovery (%)). The total recovery of 

particles ranged below 50%, for C. albicans A, to above 70%, for C. auris B. No single fraction 

contained the majority of particles in any case, although fraction 8 consistently contained the 

most particles (32.6-36.8 and 18.65-20.85 % of the total recovered for C. albicans and C. auris, 

respectively). The particles were also enriched for fractions 7 (26.1 and 27.8 %) and 9 (18.9 

and 14.6 %) for C. albicans, with a moderate amount (~5-11%) in fraction 10, dropping below 
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5% and 1% by fractions 11 and 15, respectively, while fractions 1-6 contained less than 0.5%. 

The C. auris preparations also exhibited enrichment of particles for fractions 7 and 9, but the 

decline in EV numbers from fraction 8 onwards was only very gradual, and never dropped 

below 2% in any of these fractions.  

Less than half (~43-46%) and slightly more than half (~52-55%) of the protein from the C. 

albicans and C. auris preparations loaded into the qEV column was recovered, respectively. 

Protein was detected in the “EV”-rich C. albicans fractions (7-9), with little-none being 

detected in fractions 1-6 and 10-15, but there was also a significant amount in fractions 16-20 

(with a continual increase from 16-19); in fact, the combined total of this protein, which is 

likely to be non-EV-associated (“non-vesicular”) due to the lack of particles detected in these 

fractions, is larger than that of the “EV”-rich fractions (a mean of ~53% compared to ~44%). 

These results were almost mimicked by the C. auris preparations, except there was, relatively, 

even more protein (a mean of ~82%) in the high fractions (16-20) in this case, and very little 

in fraction 9. The protein in these high fractions is also likely to be non-vesicular, as it was not 

detected in, for example, fractions 10-14, despite these fractions containing more “EVs”. Non-

vesicular protein is likely either soluble or present in aggregates of protein and other material.  

The total recovery of RNA in C. auris fractions was even lower than that of protein, particularly 

in preparation A, where less than 40% of the amount loaded was recovered. Most of this RNA 

was found in fractions 7-9, with fraction 7 having the most RNA of any single fraction (a mean 

of 43.6%), followed by fraction 8 with a mean of 22.7%, despite the latter containing more 

“EVs”. This meant there was significantly more RNA per “EV” in fraction 7 than fraction 8 

(the same can be said of the protein in these fractions, but to a lower extent), as would perhaps 

be expected if these particles are truly EVs, since those in fraction 7 are generally larger and 

hence contain more space for the packaging of molecules like RNA. No RNA was detected in 

most of the other fractions, apart from, similar to the case with protein, some of the high/late 

fractions: specifically 17 and 18 for preparation A and 18 and 19 for preparation B. RNA 

concentrations in every fraction were too low for profiling by TapeStation.  

The total recovery of DNA in the C. auris fractions was even lower than that of RNA, at 12.5 

and 20.4 % for preparations A and B, respectively, and only fractions 6-8 contained detectable 

amounts, with means of 4.1, 66.2 and 29.7 % for fractions 6, 7 and 8 respectively. RNA was 

not detected in any C. albicans fraction, and less than 25% of the loaded DNA from both C. 

albicans preparations was recovered. For preparation A, 74.3% of the recovered DNA was 
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found in fraction 8, with the rest being present in fraction 7. Similarly, 19.1 and 71.8 % of the 

DNA recovered from preparation B was present in fractions 7 and 8, respectively, while a small 

amount was also found in fractions 9 and 10. Since fractions 7 and 8 are the most “EV”-rich 

fractions, DNA had thus been co-purified with the “EVs” of C. albicans. 

It should be noted that a lack of any DNA and/or RNA being detected in a fraction does not 

mean that there is none; rather, it means the concentration is below the lower limit of detection 

for High Sensitivity Qubit. Therefore, the total recovery of these nucleic acids is really just the 

total recovery of detectable RNA and DNA. For RNA in particular, this detection threshold, 

being 35 ng/ml, is relatively high. For example, it is ~94% of the concentration in fraction 9 of 

C. auris preparation B. Hence, it is plausible that some of the loaded RNA, and DNA, is 

dispersed, in amounts that may only be slightly below the detection threshold, among the many 

fractions in which none was detected – in which case, differences in RNA or DNA 

concentration between fractions that did and did not contain detectable levels will have been 

conflated. In addition, the use of only two replicates for each species means that the data are 

not reliable and statistical comparisons between “EV”-rich fractions and other fractions cannot 

be made without a high risk of error. Moreover, the YPD control for crude EV preparations 

was not fractionated, so conclusions cannot be confidently drawn about the co-extraction of 

protein, RNA and DNA with the “EVs” detected by NTA, as it is not known whether the 

recorded distribution of these molecules among specific fractions was influenced by the 

equivalent distribution of “EVs” or merely a result of the qEV-SEC method used.  
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Figure 3.11. Sizes of particles in qEV fractions 

“EVs” in qEV fractions, from 2 l C. albicans and C. auris crude EV preparations “A” and “B”, diluted in DPBS 

were sized by NTA with a Nanosight NS300 system. Three sets of three combined videos were recorded for each 

sample. Size, in nanometres (nm), is expressed as the mean of the mode diameters of the detected particles in 

each of the three sets of videos. Only shown is the average particle diameter of the fractions containing enough 

particles for reliable size measurements.   
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Figure 3.12. Relative amounts of EVs, protein, RNA and DNA in C. albicans qEV fractions 

C. albicans 2 l crude EV preparations “A” and “B” were fractionated by SEC in qEV columns and 20 fractions 

were collected. 500 μl of crude sample was loaded into the qEV column, and the amount of “EVs”, protein, RNA 

and DNA in this aliquot, displayed in the tables on the right, is based off results from NTA, BCA assays and Qubit. 

The same analytical techniques were used to measure the amount of these “EVs” and molecules in each fraction, 

which were summed to reveal the total recovery of these entities among all fractions, as a percentage of the amount 

loaded. The amount of these entities in each fraction, relative to the total amount recovered, is graphed, with 

horizontal bars indicating the mean of the two crude samples. “EV-rich” fractions are indicated in the red box. 
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Figure 3.13. Relative amounts of EVs, protein, RNA and DNA in C. auris qEV fractions 

C. auris 2 l crude EV preparations “A” and “B” were fractionated by SEC in qEV columns and 20 fractions were 

collected. 500 μl of crude sample was loaded into the qEV column, and the amount of “EVs”, protein, RNA and 

DNA in this aliquot, displayed in the tables on the right, is based off results from NTA, BCA assays and Qubit. The 

same analytical techniques were used to measure the amount of these “EVs” and molecules in each fraction, which 

were summed to reveal the total recovery of these entities among all fractions, as a percentage of the amount 

loaded. The amount of these entities in each fraction, relative to the total amount recovered, is graphed, with 

horizontal bars indicating the mean of the two crude samples. The most “EV-rich” fractions are indicated in the 

red box. 
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3.6. SDS-PAGE 

Protein extracted from cells and present in crude EV preparations, qEV fractions and the YPD 

control preparation was profiled by gel electrophoresis, with SYPRO Ruby used to 

fluorescently stain bands. Figure 3.14 displays the protein banding patterns of the cells, crude 

EV preparations (A and B) and YPD control. Comparing the protein profile of EV preparations 

to that of cells of the organism from which they were made indicates whether there is 

enrichment of certain proteins, and the size of these proteins, in the former, which is suggestive 

of possible selective packaging of these proteins by the cell into, or bound to, EVs. The cells 

from both C. albicans and C. auris contained large amounts of protein of many different sizes, 

as revealed by the many bright bands in their lanes, which differed to some degree between the 

species. The banding pattern of the C. auris crude EV preparations – which contained protein 

in concentrations of 816 and 751 μg / ml of preparation (A and B, respectively) – was different 

from that of the C. auris cells. Several faint bands could be seen, not all of which had 

particularly prominent equivalent bands in the cell lane. For example, the intensities of the two 

bands between 30 and 40 kDa were very similar, which was not the case for what appears to 

be their equivalent bands in the cell lane. 

In contrast to the C. auris crude EV preparations, the C. albicans preparations contained one 

particular band that was far more prominent than any others, between 30-40 kDa, although 

other, very faint bands can be seen (indicated by red markers in the figure), all of which were 

below 50 kDa. The main band possibly corresponds to one of the two 30-40 kDa bands of the 

C. auris preparation, suggesting they might contain homologous proteins. The corresponding 

band in the C. albicans cell lane was also bright, but not the brightest in the lane, indicating 

that the C. albicans EV preparations were enriched in the protein of this band. Importantly, no 

bands were seen in the duplicate YPD control lanes, despite this sample containing protein in 

a concentration (315 μg/ml) not particularly far below that of the preparations from the 

Candida. This suggests that the control preparation contains only small peptides or even just 

individual amino acids, as these are indeed able to generate a signal in BCA assays124, and that 

the protein in the bands of the Candida preparations are EV-associated or, at least, secreted by 

the cultured cells as opposed to being derived from the media.  

The least and most “EV”-rich qEV fractions, from crude EV preparation A of each species, 

that contained detectable levels of protein were also analysed by SDS-PAGE, to compare these 

two types of fractions and determine whether the proteins associated with the “EVs” were at 
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all different to other proteins in the original preparation. Figure 3.15 displays the protein 

banding patterns of said fractions from C. albicans. The bottom of the gel broke off from the 

rest, such that only bands of proteins around 10 kDa or larger can be seen. The “EV”-rich 

fractions 7-9, whose protein concentrations ranged from 26-120 μg/ml, had a similar profile to 

that of the C. albicans preparations (figure 3.14) from which they were made, with the same 

prominent band between 30 and 40 kDa. No bands were seen in fraction 15, presumably due 

to its particularly low concentration of 1.67 μg/ml, but the 30-40 kDa band, along with another 

band slightly above it (both indicated by red markers in the figure) could be seen, very faintly, 

in the other non-“EV” fractions (16-20). More strikingly, some of these latter fractions 

contained a large, bright band at the bottom of the gel, around 10 kDa, which was not observed 

in the “EV”-rich fractions, although it is not known whether a similar band would have been 

present slightly below this in the “EV”-rich fractions if the bottom of the gel had remained 

intact. Therefore, it appears that much of the protein in the C. albicans crude preparations 

consisted of small, non-vesicular proteins, below 15 kDa in molecular weight. 

Figure 3.16 displays the protein banding patterns of fractions from C. auris preparation A, 

specifically the most “EV”-rich fractions, 7 and 8, and the comparatively “EV”-poor fractions 

16-20. Again, only bands at 10 kDa or above can be seen, due to damage to the bottom of the 

gel. The banding pattern of fraction 7 was similar to that of the C. auris crude preparations, but 

– strangely, considering its much lower protein concentration of 50.6 µg/ml – the proteins 

throughout the lane appeared to be stained much more brightly, with the band at ~110 kDa 

being particularly prominent. Fraction 8, which contained protein at a concentration of 14.38 

µg/ml, had a similar profile, albeit but with much fainter stains. Strikingly, though, it contained 

a large band at 10-15 kDa at the bottom of the gel, which was far more prominent than any of 

its other bands and was absent from fraction 7 and the crude preparation, although a similar 

band slightly below this may have been apparent in fraction 7 if the gel had remained intact. 

This 10-15 kDa band was also present in fraction 20, but not the other “EV”-poor fractions. 

This was the only band seen among fractions 16-20, apart from the ~110 kDa bands (indicated 

by the red marker in the figure), which were extremely faint, despite most of these fractions 

containing more protein than fraction 7 according to BCA assay results. This suggests that most 

of the protein in these fractions consists of small peptides below 10 or 15 kDa and/or individual 

amino acids, and the larger proteins in the crude preparation were likely “EV”-associated, being 

seen almost exclusively in the two most “EV”-rich fractions.  
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Fractions (F) 7-9 and 15-20 – assumed to be EV-rich and EV-poor, respectively, based on the 

NTA results of the fractions from crude preparations A and B – of C. albicans and C. auris 

crude EV preparations C were pooled together and concentrated by a factor of 15 and 30, 

respectively. Since the protein in F15-20 was assumed to be largely non-“EV”-associated, 

column concentrators with a 3 kDa molecular weight cut-off (MWCO) were used to 

concentrate the protein in these fractions – in contrast to the 100 kDa MWCO used to 

concentrate F7-9 – in order to avoid loss of soluble protein large enough to form bands in SDS-

PAGE. The resulting concentrations of protein in μg/ml were 323 in C. auris F7-9, 526 in C. 

albicans F7-9, 932 in C. auris F15-20 and 248 in C. albicans F15-20. SDS-PAGE was then 

performed with these concentrated samples, providing a clearer comparison of the “EV”-

associated and non-EV protein profiles than the previous gels with individual fractions from 

preparations A, due to the optimised amount of protein and hence, theoretically, more 

conspicuous bands. This also provided the opportunity for identification of proteins in certain 

bands by mass spectrometry, which would have been difficult to achieve with the relatively 

dilute protein in the bands of the gels loaded with individual fractions.  

Figure 3.17 displays the protein banding patterns of the samples of pooled, concentrated 

fractions. A very bright band was present at 3.5-10 kDa of C. auris F7-9, similar to the band 

that was present in fraction 8 (and 20) from preparation A of this species but not fraction 7 

(figure 3.16) and the crude preparations (figure 3.14). Apart from this, the banding pattern 

roughly resembled that of the crude preparations and fraction 7, with the ~110 kDa band again 

being particularly prominent. The banding pattern of C. auris F15-20 was, in contrast to what 

was expected due to the profiles of fractions 16-20 seen in figure 3.16, similar to that of F7-9, 

albeit with several differences. Unlike the 3.5-10 kDa band in F7-9, bands below 15 kDa were 

not the most prominent of the sample. Other differences included the relative intensities of the 

bands at ~70-75 and ~110 kDa, the presence of a thin but conspicuous band at ~160 kDa in 

F15-20 and the absence of one of the two 30-40 kDa bands in this sample. Notably, the entire 

lanes of F7-9 were much brighter than those of F15-20, indicating that the proteins in the former 

generated a more intense signal despite this sample containing the much lower concentration 

of protein, according to BCA assays, and the gel being stained evenly. This suggests a large 

amount of the protein in F15-20 is composed of small proteins or peptides, or even individual 

amino acids, below 3.5 kDa in molecular weight, which were thus absent from the stained gel.  
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The protein profiles of C. albicans F7-9 and F15-20 were almost identical and approximately 

resembled that of the crude preparations seen in figure 3.14. Notably absent, however, was a 

prominent representation of the ~10 kDa bands of fractions 16, 17 and 19 – seen in figure 3.15 

– in F15-20. The higher of the two faint 30-40 kDa bands of those fractions was also barely 

seen in the concentrated samples. Interestingly, the prominent 30-40 kDa band in both of the 

concentrated C. albicans fractions samples, which is also present in the crude preparations and 

individual fractions, appears to correspond to the 30-40 kDa band shared by C. auris F7-9 and 

F15-20, suggesting these bands may contain homologous proteins that are part of both the 

“EV”-associated and non-vesicular protein components of the crude EV preparations. This 

band, specifically the representative from C. albicans F7-9 (marked as band “3” in figure 3.17) 

was excised from the gel for protein identification by mass spectrometry. Three other bands 

were also excised (“1”, “2” and “4” in the figure) for identification (financial constraints 

prevented such analyses being conducted on more bands). These were C. auris bands chosen 

on the basis of their differential relative intensities between F7-9 and F15-20, to identify 

examples of proteins enriched for the “EV”-associated or non-vesicular protein components of 

the crude EV preparations from C. auris. 
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Figure 3.14. SDS-PAGE protein profiles of crude EV preparations, cells and the YPD control 

Proteins in cell lysates, crude EV preparations “A” and “B” and a control preparation from sterile YPD were 

separated on a NuPage 4-12% Bis-Tris mini Gel by SDS-PAGE, stained with SYPRO Ruby and imaged using 

Chemidoc™ Touch. Red markers indicate visible bands in the crude EV preparations. 

 
 

                                            

Figure 3.15. SDS-PAGE protein profiles of C. albicans qEV fractions 

Proteins in qEV fractions 7-9 and 15-20 from C. albicans crude EV preparation “A” were separated on a NuPage 4-

12% Bis-Tris mini Gel by SDS-PAGE, stained with SYPRO Ruby and imaged using Chemidoc™ Touch. Red markers 

indicate suspected, faint bands in fractions 16-20. 
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Figure 3.16. SDS-PAGE protein profiles of C. auris qEV fractions 

Proteins in qEV fractions 7, 8 and 16-20 from C. auris crude EV preparation “A” were separated on a NuPage 4-

12% Bis-Tris mini Gel by SDS-PAGE, stained with SYPRO Ruby and imaged using Chemidoc™ Touch. Red markers 

indicate a suspected, faint band in fractions 16-20.  

 

 

 

Figure 3.17. SDS-PAGE protein profiles of combined and concentrated qEV fractions 

qEV fractions 7-9 and 15-20 from C. albicans and C. auris crude EV preparations “C” were combined and 

concentrated. The proteins in the resulting samples, in duplicate, were separated on a NuPage 4-12% Bis-Tris mini 

Gel by SDS-PAGE, stained with SYPRO Ruby and imaged using Chemidoc™ Touch. Numbered red markers indicate 

bands that were excised for analysis by mass spectrometry. 
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3.7. Protein Identification 

The most abundant protein species in each of the four bands excised from the gel in figure 3.17 

are shown in tables 3.1-4, identified by mass spectrometry. The unused score is shown for each 

identified protein, which is an indication of the confidence of the particular protein being 

present, based on evidence from unique peptides found in the sample. An unused score between 

2 and 3 indicates only moderate confidence, with scores below 2 indicating quite low 

confidence and higher than 3 indicating high confidence. The sizes of most of the identified 

proteins were outside the expected range for their respective bands, but some of the most 

abundant proteins were within this range.  

Band 1, from the C. auris F7-9 lanes, was positioned between the 80 and 110 kDa marks in the 

gel, closer to the latter. The corresponding band in F15-20 was much weaker relative to other 

bands in its lane, suggesting the “EV”-rich fractions 7-9 are enriched in at least one of the 

proteins in band 1, compared to the “EV”-poor fractions. Despite being 58.9 kDa in size, which 

is well below the expected range of 80-110 kDa, by far the most abundant protein in this band 

was a 1,3-beta-glucanosyltransferase, accounting for almost 50% of the band’s signal (table 

3.1). This protein and another 1,3-beta-glucanosyltransferase found in the band, with a relative 

abundance of 1.26%, are electronically annotated to be cell membrane proteins and possible 

homologues of the C. albicans virulence factor Phr1, which was found in C. albicans “EVs” 

by Wolf et al109. Being only a newly-emerged species, the vast majority of C. auris proteins 

have not yet been experimentally characterised, but many of them share large parts of their 

sequence with C. albicans proteins that have. The second-most abundant protein, accounting 

for 9.44% of the signal, was a 96.9 kDa annotated cytoplasmic protein, elongation factor 2. 

This protein also shares a large degree of its sequence with a protein reported in C. albicans 

EVs, the translation elongation factor Eft2109,110. Several of the remaining proteins, such as 

B9J08_000517 and alpha-1,4 glucan phosphorylase, had similar sequences to cell surface 

proteins that were also reported in C. albicans EVs99,109. Most of the proteins in this band, and 

all three other bands, with the exceptions being the 1,3-beta-glucanosyltransferases and 

B9J08_003550, do not contain N-terminal signal peptides necessary for ‘classical’ secretion, 

suggesting that EV-mediated transport may be the only mechanism of their export from live 

cells.    
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Band 2 was the higher of the two bands between the 30 and 40 kDa marks in the C. auris F7-

9 lanes, which did not appear to have an equivalent in the F15-20 lanes. None of the proteins 

with a relative abundance greater than 1% in this band (displayed in table 3.2) were known to 

possess N-terminal signal peptides. Some of these proteins were shared with band 1, such as 

alcohol dehydrogenase 1 and glyceraldehyde-3-phosphate dehydrogenase. The latter was the 

most abundant protein in the band, accounting for 39.4% of the signal. It is annotated as a 

glycolytic protein with a molecular weight of 35.3 kDa, making it an expected size for this 

band. The second- and third-most abundant proteins were a transaldolase and the alcohol 

dehydrogenase 1, respectively, contributing to 20.8 and 6.13 % of the band’s signal, and they, 

too, were between 30 and 40 kDa in size. The transaldolase is annotated as a cytoplasmic 

protein involved in carbohydrate metabolism, while alcohol dehydrogenase 1 has over 50% 

sequence similarity with C. albicans Adh2, a protein reported in C. albicans EVs and 

previously found in the fungal biofilm matrix and cytoplasm, where it is involved in the 

metabolism of ethanol109,110,125,126. Most of the other proteins in the band with > 1% relative 

abundance also had homologues or similar proteins reported in C. albicans EVs, and many are 

annotated as cytoplasmic proteins or have predominantly cytoplasmic homologues. Their 

functions are thought to include protein folding, glycolysis, ribosomal subunit biogenesis and 

methionine biosynthesis.  

Band 3 was the most prominent band in C. albicans F7-9, between 30 and 40 kDa, although 

corresponding bands were also present in F15-20 and the C. auris samples, as mentioned 

previously. The “EVs” are not necessarily enriched in the proteins of this band, as it exhibits a 

roughly equal intensity with its corresponding band in the non-EV sample, F15-20. One 

protein, the 33.7 kDa hydrolase named glucan 1,3-beta-glucosidase, accounted for more than 

half the signal (table 3.3), and was previously reported in EVs from both of the C. albicans 

strains used by Vargas et al110. This protein, Rbt7 and the two Saps were the only proteins with 

> 1% relative abundance that carry an N-terminal signal peptide. All of the proteins in the table 

with unused scores above 3 have already been reported in C. albicans EVs109,110. Tdh3 and 

Eno1 are glycolytic and immunogenic VFs found in the cell wall, cell membrane, cytoplasm 

and biofilm matrix125–133. Sap2 and Sap3 are secreted aspartic protease VFs capable of 

degrading host proteins, and are also immunogenic134. Alcohol dehydrogenase I has not been 

experimentally characterised, but is annotated for zinc ion binding and oxidoreductase activity, 

while Tal1, found intracellularly and in the cell wall and biofilm matrix, is involved in the 

pentose phosphate pathway of carbohydrate metabolism125,126,135.  
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Not a single identified protein of >1% abundance in band 4 (table 3.4) is within the expected 

size range of 60-80 kDa, apart from the uncharacterised protein B9J08_001958, which had a 

relatively low abundance of 1.17% and an unused score of only 2. This band was present in C. 

auris F15-20, presumed to be an “EV”-poor sample, and was much brighter than its equivalent 

in the presumably “EV”-rich C. auris sample, F7-9. Despite appearing to be mainly non-

vesicular and yet extracted from a culture supernatant, suggesting they were ‘classically’ 

secreted from the C. auris cells, most of the abundant proteins in this band – with the exceptions 

being B9J08_002109, B9J08_003910 and the more abundant of the two 1,3-beta-

glucanosyltransferases – are not annotated with N-terminal signal peptides. Some of these 

proteins, such as B9J08_000614 and the signal peptide-carrying 1,3-beta-

glucanosyltransferase, were also identified in bands 1 or 2. The majority of the signal was 

generated by B9J08_002761, which has annotated involvement in carbohydrate metabolism. 

B9J08_003314, annotated as an extracellular protein, also had a high relative abundance at 

17.1%. One of the proteins is a C. albicans protein that was also identified in band 3, the 

uncharacterised orf19.6065, although with an unused score below 2 it was not a highly 

confident match. Most of the proteins are annotated to the cell surface and/or extracellular 

space, and two of them share over 50% of their sequences with C. albicans proteins reported 

in EVs: the aforementioned 1,3-beta-glucanosyltransferase and B9J08_000614, which has a 

similar sequence to the cell surface protein Ecm3399.  
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Table 3.1. Most abundant proteins in band 1 (C. auris fractions 7-9). Expected size = 80-110 kDa. 

Accession Name Organism Unused 
score 

% Total 
observed 

Size 
(kDa) 

 
A0A2H1A7S4 

1,3-beta-
glucanosyl-
transferase 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CANAR 

 
40.64 

 
46.6 

 
58.9 

A0A0L0NSH5 Elongation 
factor 2 

43 9.44 96.9 

A0A2H0ZMT8 B9J08_003550 
(UCP) 

10 6.47 46.1 

A0A2H1A546 B9J08_000517 
(UCP) 

10 3.70 69.9 

A0A2H1A533 B9J08_000614 
(UCP) 

2.08 3.07 43.9 

 
A0A2H0ZSM6 

alpha-1,4 
glucan 

phosphorylase 

 
24.01 

 
2.93 

 
102.4 

A0A2H0ZIS9 Elongation 
factor 1-alpha 

16.89 2.74 50.0 

A0A2H1A8Z7 B9J08_000476  
(UCP) 

31.09 2.66 100.0 

 
A0A2H0ZKV9 

Plasma 
membrane 

ATPase 

 
20.23 

 
1.55 

 
98.0 

 
A0A2H0ZM53 

Glyceraldehyde-
3-phosphate 

dehydrogenase 

 
9.86 

 
1.36 

 
35.3 

 
A0A2H1A5Q4 

1,3-beta-
glucanosyl-
transferase 

 
12 

 
1.26 

 
59.3 

A0A2H0ZNI5 B9J08_003799 
(UCP) 

10 1.19 37.7 

 
A0A2H0ZIP1 

Alcohol 
dehydrogenase 

1 

 
12 

 
1.07 

 
36.8 

 

Shown are the identified proteins that contributed to ≥ 1% of the signal (“% total observed”) from band 1 of the 

concentrated fractions protein gel (figure 3.17), when analysed by mass spectrometry, based on the most intense 

representatives of high-confidence peptides with a low mass error. The band was excised and processed before 

analysis by a TripleTOF 6600 Quadrupole-Time-of-Flight mass spectrometer coupled to an ultra-high-

performance liquid chromatography (UHPLC) system. The observed peptides were searched against a database 

containing all Uniprot entries for C. auris and C. albicans. Unused score is an indication of the confidence in 

which a protein was identified (greater than 3 is considered confident). Unused scores below 3 are underlined 

in the table. Proteins with a molecular weight between 80 and 110 kDa, which is the expected size for proteins 

in this band, are shown in bold. UCP = Uncharacterised protein; CANAR = Candida auris. 
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Table 3.2. Most abundant proteins in band 2 (C. auris fractions 7-9). Expected size = 30-40 kDa. 

Accession Name Organism Unused 
score 

% Total 
observed 

Size 
(kDa) 

 
A0A2H0ZM53 

Glyceraldehyde-
3-phosphate 

dehydrogenase 

 
 
 
 
 
 
 
 
 

CANAR 

 
44.61 

 
39.4 

 
35.3 

A0A2H0ZES9 Transaldolase 41.04 20.8 35.9 

A0A2H0ZIP1 Alcohol 
dehydrogenase 1 

15.66 6.13 36.8 

A0A2H0ZIS9 Elongation factor 
1-alpha 

16.16 3.61 50.0  

A0A2H1A7F9 Enolase 2 21.98 3.17 47.1  

A0A2H0ZWR9 Pyruvate 
decarboxylase 

18.08 2.70 61.9  

A0A2H0ZD43 Hsp82-like protein 25.89 1.66 81.4  

A0A2H0ZVH2 B9J08_002408  
(UCP) 

10.8 1.28 45.9  

A0A2H0ZYR1 Phosphoglycerate 
kinase 

17.27 1.18 44.4  

 
A0A2H1A6I3 

ATP-dependent 
RNA helicase 

eIF4A 

 
15.28 

 
1.08 

 
44.2  

A0A2H0ZNI5 B9J08_003799 
(UCP) 

10 1.07 37.7 

A0A2H1A7R9 MET6  11.64 1.02 86.2  
 

Shown are the identified proteins that contributed to ≥ 1% of the signal (“% total observed”) from band 2 of the 

concentrated fractions protein gel (figure 3.17), when analysed by mass spectrometry, based on the most intense 

representatives of high-confidence peptides with a low mass error. The band was excised and processed before 

analysis by a TripleTOF 6600 Quadrupole-Time-of-Flight mass spectrometer coupled to a UHPLC system. The 

observed peptides were searched against a database containing all Uniprot entries for C. auris and C. albicans. 

Unused score is an indication of the confidence in which a protein was identified (greater than 3 is considered 

confident). Proteins with a molecular weight between 30 and 40 kDa, which is the expected size for proteins in 

this band, are shown in bold. UCP = Uncharacterised protein; MET6 = 5-methyltetrahydropteroyltriglutamate-

homocysteine methyltransferase; CANAR = Candida auris.  
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Table 3.3. Most abundant proteins in band 3 (C. albicans fractions 7-9). Expected size = 30-40 kDa. 

Accession Name Organism Unused 
score 

% Total 
observed 

Size 
(kDa) 

C4YHM1 Glucan 1,3-beta-
glucosidase 

CANAW 17.2 52.8 33.7 

Q5ABA5  orf19.6065 
(UCP) 

CANAL  2 13.6 37.3 

C4YG95  CAWG_00216 
(UCP)  

CANAW  2.03 6.95 24.8  

A0A1D8PLR0 Rbt7 CANAL 1.43 4.03 36.9 

 
Q5ADM7  

Glyceraldehyde-
3-phosphate 

dehydrogenase 
(Tdh3) 

 
CANAL  

 
13.81 

 
3.87 

 
35.8 

C4YDI1  
/P30575 

Enolase  
/Enolase 1 

(Eno1) 

CANAW 
/CANAL 

 
14 

 
2.84 

 
47.2  

Q5A017  Transaldolase 
(Tal1) 

CANAL  14.82 1.73 35.7 

C4YS13 Alcohol 
dehydrogenase I 

CANAW 8.02 1.69 46.2  

P0CY29 Candidapepsin-3 
(Sap3) 

CANAL 8 1.14 42.8 

P0DJ06  Candidapepsin-2 
(Sap2) 

CANAL  6 1.08 42.3 

 

Shown are the identified proteins that contributed to ≥ 1% of the signal (“% total observed”) from band 3 of the 

concentrated fractions protein gel (figure 3.17), when analysed by mass spectrometry, based on the most intense 

representatives of high-confidence peptides with a low mass error. The band was excised and processed before 

analysis by a TripleTOF 6600 Quadrupole-Time-of-Flight mass spectrometer coupled to a UHPLC system. The 

observed peptides were searched against a database containing all Uniprot entries for C. albicans and C. auris. 

Unused score is an indication of the confidence in which a protein was identified (greater than 3 is considered 

confident). Unused scores below 3 are underlined in the table. Proteins with a molecular weight between 30 and 

40 kDa, which is the expected size for proteins in this band, are shown in bold. UCP = Uncharacterised 

protein; CANAW and CANAL = Candida albicans strains WO-1 and SC5314 / ATCC MYA-2876, respectively. 
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Table 3.4. Most abundant proteins in band 4 (C. auris fractions 15-20). Expected size = 60-80 kDa. 

Accession Name Organism Unused 
score 

% Total 
observed 

Size 
(kDa) 

A0A2H0ZKL3 B9J08_002761 
(UCP) 

 
 

CANAR 

20 65.5 47.2  

A0A2H0ZSR9 B9J08_003314 
(UCP) 

6.25 17.1 30.0  

A0A2H0ZWG0 B9J08_002109 
(UCP) 

12 4.16 115.0   

Q5ABA5  orf19.6065 
(UCP) 

CANAL  1.46 1.74 37.3  

 
A0A2H1A7S4 

1,3-beta-
glucanosyl-
transferase 

 
 
 
 
 
 
 

CANAR 
 

 
6 

 
1.70 

 
58.9  

 
A0A2H1A0L0 

5'/3'-
nucleotidase 

SurE 

 
8 

 
1.52 

 
36.2  

A0A2H0ZW02 B9J08_001958 
(UCP) 

2 1.17 62.9 

A0A2H1A533 B9J08_000614 
(UCP) 

4 1.12 43.9  

A0A2H0ZNU4 B9J08_003910 
(UCP) 

4 1.04 40.3  

 
A0A2H0ZFX3  

1,3-beta-
glucanosyl-
transferase 

 
8 

 
1.03 

 
49.5  

 

Shown are the identified proteins that contributed to ≥ 1% of the signal (“% total observed”) from band 4 of the 

concentrated fractions protein gel (figure 3.17), when analysed by mass spectrometry, based on the most intense 

representatives of high-confidence peptides with a low mass error. The band was excised and processed before 

analysis by a TripleTOF 6600 Quadrupole-Time-of-Flight mass spectrometer coupled to a UHPLC system. The 

observed peptides were searched against a database containing all Uniprot entries for C. auris and C. albicans. 

Unused score is an indication of the confidence in which a protein was identified (greater than 3 is considered 

confident). Unused scores below 3 are underlined in the table. The only protein with a molecular weight 

between 60 and 80 kDa, which is the expected size for proteins in this band, is shown in bold but has an unused 

score below 3. UCP = Uncharacterised protein; CANAR = Candida auris; CANAL = Candida albicans strain 

SC5314 / ATCC MYA-2876. 
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Chapter 4. Discussion 

4.1. Introduction 

Extracellular vesicles from Candida had previously only been isolated through sequential 

centrifugation, at different speeds, and ultrafiltration steps83,96,99,109,110. In this work, a similar 

basic protocol was followed to make a “crude” preparation of C. albicans and C. auris EVs, 

but with an additional purification procedure being used to purify these vesicles from this initial 

extract. For the crude EV preparation, concentrated supernatants were subjected to 

ultracentrifugation only once, and at a lower speed for a longer time (75,000x g for 2.5 hours) 

than the 1-hour ≥100,000x g spins used to pellet C. albicans EVs previously, in order to avoid 

vesicle rupture and reduced yields117,119,136. As there is little support for repeated high-speed 

spins in significantly improving EV purity in the initial ultracentrifuge pellet136, it is likely that 

the quality of the crude EV preparations from C. albicans obtained in this work is similar to 

that of the extracts obtained in the previous studies on C. albicans EVs, particularly Wolf et 

al., who also carried out only one ultracentrifugation step109. Therefore, any observations of 

impurities in the crude preparations of C. albicans EVs obtained in this project could be 

translatable, to some extent, to those earlier studies. However, it must be taken into account 

that different strains, media and incubation conditions were used by the researchers for EV 

extraction. This, among other factors such as the authors not reporting their overall EV 

concentrations, makes it difficult to speculate on the relative amounts of non-vesicular and 

vesicular (EV-associated) RNA and protein – based off results from this project alone – found 

by these authors in their EV extracts, all of which was assumed by them to be vesicular.  

In this project, the chosen medium for EV production and extraction was the nutrient-rich 

undefined medium YPD137, which was autoclaved at 120°C before inoculation and was also 

used by Wolf et al. with strain SC5314109. YPD consists of glucose (dextrose), peptone and 

yeast extract137. Peptone is a mixture of hydrosylates of animal or plant origin, and yeast extract 

is the soluble portion of products from autolysis of yeast cells138. The composition of both of 

these mixtures includes peptides and amino acids, and possibly nucleic acids of unknown 

integrity, and/or single nucleotides138. It was hence suspected that some of the RNA and DNA, 

as well as small peptides or single amino acids that can contribute to the “protein” quantity 

measured by BCA assay124, within a crude EV preparation might have been provided by the 

medium itself, as opposed to the cultured fungi. Quantification of RNA or DNA by Qubit is 

largely unaffected by free nucleotides139, but fragments of DNA and RNA are not always fully 
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degraded into these components by autoclaving140, so it is possible that any nucleic acid in the 

original media could remain intact enough after autoclaving to contribute to the fluorescence 

signal in Qubit assays of the EV preparation, if present. A crude preparation from sterile media 

was therefore used as a control for the molecular characterisations of the equivalent 

preparations from C. albicans and C. auris cultures. The SDB used by Vargas, Gil-bona and 

da Silva also contains peptone141, and therefore, potentially, peptides and nucleic acid. It is 

even possible that some of the RNA species identified in EV extractions by da Silva et al. were 

actually derived from the SDB.    

C. albicans and C. auris were incubated for 24 hours at 37°C in YPD broth before EV 

extraction from the cultures was attempted. These conditions were mimicked for the 

construction of growth curves, which revealed the two organisms were likely to be in a 

stationary phase at the time of EV extraction, and this phase of growth would continue for at 

least another 48 hours (figure 3.3). The morphology of the C. albicans cells at this 24-hour 

mark was predominantly yeast-like (figure 3.1A), but some cells had adopted a hyphal or 

pseudohyphal conformation (figure 3.1B), suggesting the fungi as a whole were undergoing a 

phenotypic switch to filamentous growth. Previous observations suggest EVs are present in C. 

albicans cultures in a far greater abundance after the fungi have transitioned from white to 

opaque colony forms, where many of the cells have undergone this filamentous growth112. 

Perhaps EVs are even more abundant, therefore, in cultures incubated for longer, where a 

higher proportion of cells are in a hyphal state. For this reason, C. albicans EV concentrations 

may have been significantly higher in Wolf’s 3 day-old YPD cultures109 and, as the growth 

dynamics of C. albicans in SDB is similar to that in YPD142, the 2 day-old SDB cultures used 

by Vargas110 and da Silva96 than in the 24 hour-old C. albicans YPD cultures from which I 

attempted to extract EVs.  

4.2. Transmission Electron Micrographic Evidence of EVs  

TEM was employed for viewing candidate EVs in 1 l crude EV preparations and cell pellets. 

Throughout most of the EV preparations from both C. albicans and C. auris, EV-like structures 

were rarely seen. However, patches of small rounded objects were seen in the C. auris sample 

(figure 3.5.2), and vaguely similar structures were seen in the C. albicans sample (figure 

3.4.1B). Although not unequivocally EVs, these are perhaps the most likely candidates, among 

all structures observed in the samples, for being such, due to the moderate staining intensity of 

their interiors and their darker perimeters. Of the cryptococcal EVs reported by Rodrigues et 
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al.89, these candidate EVs are most similar to the electron-dense structures. Interestingly, a 

group of similar structures clustered together was found (figure 3.4.1F). If these entities are 

EVs, it signifies a feature not yet explored in the field: the ability of multiple EVs to cluster as 

a group, the functional significance of which is not known.  

None of the structures seen in either sample bore much resemblance to those displayed in TE 

micrographs from previous studies on candidal EVs. This was possibly due to differences in 

the processing and staining methods used compared to these studies, as the investigators 

embedded their samples in resin83,99,109,110, but the appearance of the purported EVs was also 

strikingly different between each study. There are three possible explanations for this 

observation: The EVs in each study were of a different type; minor differences in processing 

and staining techniques between studies lead to the same types of EVs appearing differently; 

or the structures were actually not EVs, but rather artefacts or other cell-derived structures or 

debris. To conserve media, the samples analysed by TEM in this work were prepared from a 1 

l culture, rather than “2 l” cultures such as those used for EV characterisation. Morphology of 

the structures is unlikely to be affected by this difference in volume, but candidate EVs in these 

samples are theoretically less concentrated than in the 2 l preparations. Perhaps true EVs would, 

therefore, have been more likely to be observed had the sample been prepared from “2 litres” 

of culture.  

TEM analysis of cell pellets from cultures of each species was performed with the intention of 

providing more concrete evidence of EV production than that afforded by TEM of the EV 

preparations, with EVs expected to be observed budding off cells or present near their parent 

cells. Cells and EVs were not seen in the cell pellet of C. albicans, despite the high 

concentration of cells in the original culture, presumably due to complications with one of the 

processing steps, such as fixation or solidification in agarose. Cells were abundantly observed 

in the C. auris pellet (figure 3.6). Small aggregates of material less than 100 nm wide, such as 

those seen in figure 3.6.1C-E, were present near or in association with the wall of many cells, 

but none of these appeared to be membrane-enclosed or were rounded and uniform enough to 

be likely candidates for EVs. In the case of C. albicans, Gil-Bona et al. also observed no EVs 

in their cell samples99, but very faint candidate EVs can be seen apparently budding off a cell 

wall or in the extracellular space very near this cell in a TE micrograph published by Vargas110 

et al. It is possible that EVs were present in the pellet of C. auris cells, but not within a 

geometric space that enabled them to be retained in the ultra-thin sections of sample that were 

imaged.  
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The spherical cytoplasmic ~40-170 nm structures in figure 3.6.2 may perhaps be MVBs 

containing small vesicles. However, no such vesicles can be discerned in the images, and the 

structures are perhaps too small to be MVBs; even ILVs alone are thought to be at least 40 nm 

in diameter77, although they have not been investigated in C. auris thus far, so the size of 

MVBs, if they exist, may be different in this particular organism. Furthermore, the direction of 

travel of the visualised structures is not known, so they may represent early endosomes that 

had recently formed from the cell membrane budding towards the cytoplasm, as opposed to 

MVBs travelling towards the cell membrane. Another salient feature, seen in figure 3.6.2B, is 

a membrane-like protrusion from an obscure cytoplasmic structure possibly extending towards 

the cell membrane. If it were to fuse with the cell membrane, it could possibly function as a 

channel through which cytoplasmic vesicles pass, to later become EVs, such as that seen by 

Anderson et al.112  

All in all, the images obtained through TEM have provided limited evidence of EV production 

by the two species, but candidate EVs and EV-containing structures were observed. Hence, the 

particles, or “EVs”, quantified in the 2 l crude EV preparations and qEV fractions may not be 

truly EVs, in which case none of the protein and nucleic acid in these samples would be EV-

associated. This casts further doubt on the translatability of the C. albicans “EV” and non-

“EV” molecular characteristics observed in this study to what was likely to have been the case 

in the previous studies on C. albicans EVs, as EVs may have been successfully extracted by 

the investigators in these studies and not in this study. However, this is unlikely in the case of 

Gil-Bona’s study99 and the wild-type strain from Wolf’s study, as the structures shown in the 

micrographs of “EVs” in these cases are, I believe, even less conclusive, despite these authors’ 

claims of EV presence. The main reason for the uncertainty in identification of EVs was the 

lack of a valid method to distinguish them from non-vesicular structures, artefacts or even holes 

and bubbles in the images. A method that has been used as such for human exosomes143 is 

immunogold labelling, which requires knowledge of a specific protein contained in the EVs. 

This is one incentive for the identification of protein markers for C. albicans EVs, as antibodies 

specific to such a protein could be manufactured and used for indirect labelling of the protein 

with gold particles, and these can be visualised in EVs through TEM, distinguishing the EVs 

from artefacts in which the protein is not localised143.  
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4.3. Characterisation of EVs and EV contents 

Numerous particles, mostly between 50 and 150 nm in diameter, were detected by NTA in the 

crude EV preparations from both organisms, which were likely produced by or derived from 

the cultured fungi, as the YPD control contained a minimal number of such particles. These 

were, possibly wrongly, assumed to be EVs despite the lack of conclusive evidence of these 

structures in crude preparations from TEM images. The particles were, on average, smaller and 

more numerous in the C. auris preparations than in the C. albicans preparations (figure 3.7), 

and BCA and Qubit assays suggest they contain or are associated with, on average, less protein 

and nucleic acid (figure 3.8 and 3.9, respectively). If these particles are EVs, these results are 

suggestive of differences in EV size, abundance and molecular contents between different 

species of the same fungal genus. Protein and DNA concentrations per CFU and EV were not 

normalised to the amount detected in the YPD control in these figures, because only one 

replicate of the control was used and the actual background (media-derived) levels of these 

molecules in the crude EV preparations may be highly variable. More replicates of media-only 

control preparations, as such, need to be analysed in future to test this crucial hypothesis. Doing 

so might also indicate the likelihood of C. albicans preparation A simply containing much less 

media-derived DNA than the control due to natural variations in the concentration of DNA in 

the original broth, as opposed to errors having occurred during the creation of these samples or 

in the isolation or quantification of DNA from them.  

The YPD control was analysed to indicate how much of the protein and nucleic acid in the 

crude preparations was likely just media-derived, as part of the investigation into whether any 

of these biomolecules were truly EV-associated. However, it should be noted that, having been 

prepared from sterile unadulterated broth, this control may not be a perfect representation of 

the media-derived contents of crude EV preparations from Candida, as the cultured fungi could 

use or alter the contents of the media during incubation. The lack of NTA-detected particles in 

the control suggests its protein and nucleic acid components were not associated with large 

particles. Therefore, the lower volume of media used for the control (1 litre) than for the 

preparations from fungal cultures (2 litres) should not have significantly compromised the 

validity of comparisons between the former and the latter in regard to levels of protein and 

nucleic acid, as the control preparation was concentrated to roughly the same volume as the 

sample preparations using 100 kDa cut-off points, and the vast majority of these molecules 

would likely have been below this threshold in molecular weight. The protein (figure 3.8) and 

DNA (figure 3.9) concentrations per ml of the 1 l of YPD used for the control were over half 
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that of every C. albicans and C. auris crude preparation per ml of culture, suggesting the 

majority of these molecules in the crude EV preparations were media-derived, although at least 

some of these molecules appeared to be derived from the fungi, whether or not they were 

associated with EVs.  

As glycogen was not available after the YPD control was prepared, RNA was not quantified in 

it. The similarity of EPGs of RNA extracts from C. albicans EV preparations with and without 

RNase treatment, reported by da Silva et al.96, suggests the RNA in that case was afforded a 

large degree of protection, presumably being packaged within EVs, with very little being 

media-derived and non-vesicular, arguably legitimising their EV-association regardless of the 

findings in this project. Perhaps the RNA in the crude EV preparations in this work was also 

mostly contained within EVs. Strangely, the RNA concentration data in figure 3.9 is suggestive 

of an “EV”-association for C. auris but not C. albicans, as the concentrations of the three 

replicates from these species cluster around the mean per EV and per CFU or ml of culture, 

respectively. Regardless, RNA levels in YPD controls need to be measured in future to 

determine whether a large proportion of the RNA in the crude EV preparations from Candida 

is likely to be media-derived.  

RNA concentrations in the RNA extractions from crude EV preparations were well below the 

optimum range for accurate profiling by TapeStation. A single, broad peak, however, was 

observed around 3-4,000 nt for replicates of each species (figure 3.10.1), which could represent 

26S rRNA, and detectable levels of RNA of other, smaller, sizes were observed, particularly 

for preparations A. Again, an RNA extraction from the YPD control needs to be analysed to 

verify that the RNAs are not media-derived, and crude EV preparations and/or particular qEV 

fractions could be pulled together and concentrated in future to achieve a high enough RNA 

concentration for TapeStation analysis of RNA in qEV fractions, and more reliable TapeStation 

analysis of the RNA in crude preparations. It would also be desirable to treat an aliquot of an 

EV preparation from each species with RNase before extracting the RNA and compare the 

resulting RNA quantity – as done by da Silva et al.96 – and profile to another aliquot from the 

same biological replicate, without RNase added, to determine whether the RNA is contained 

by EVs.  

Comparisons of qEV fraction data provided a more accurate indication of whether, or how 

much of, the protein and nucleic acid was actually associated with EVs. Due to time constraints, 

qEV fractions from only two biological replicates of crude EV preparations from each species 
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(preparations A and B) were analysed separately. While conclusions cannot be justifiably 

drawn from data of only two replicates, these data hint at the association of at least some of the 

protein and nucleic acid with the particles detected by NTA, whether or not these are truly EVs. 

Along with additional replicates, a YPD control needs to be fractionated and analysed as such, 

as alluded to earlier. The relative diameters of particles in the qEV fractions (figure 3.11) 

indicate that the qEV-SEC technique successfully separated particles into fractions based on 

their size. In the case of C. auris, though, particles below ~70 nm were not separated from each 

other on this basis. Since the average size of C. auris “EVs” in crude preparations is not far 

above 70 nm (figure 3.7), many of the particles in these fractions could be EVs, but it is also 

likely that many are not, such that qEV-SEC failed to separate the EVs of this size from other 

particles. This reflects a major limitation of this purification method in the case of C. auris 

EVs, incentivising the use of an alternative method such as DGC, where the density of these 

structures may permit a more thorough separation from other particles. Regardless of this 

limitation, however, the data in figure 3.13 are indicative of the presence of both “EV”- (NTA-

detected particle-) associated and non-“EV”-associated protein and nucleic acid in the crude 

preparations of C. auris, and the same is true for C. albicans preparations (figure 3.12).  

As alluded to earlier, RNA concentrations for C. albicans crude preparations appear to cluster 

around the mean RNA per ml and per CFU as opposed to the mean RNA / “EV” (figure 3.9). 

This suggests that, unlike C. auris (see figure 3.13), the “EV”-rich fractions 7-9 of C. albicans 

preparations contain no more RNA than the other fractions, with minimal RNA being 

associated with the “EVs”. It is not guaranteed that this is true, however, as none of the C. 

albicans fractions contained enough RNA to be detected by Qubit (figure 3.12), possibly due 

in part to the relatively low amount loaded into the qEV column from both preparations. RNA 

in C. auris fractions 17-19 is unlikely to be vesicular, and could instead be attached to RNA-

binding proteins or other molecules in these fractions. Surprisingly, there appears to be no 

mention of extracellular fungal RNA in a non-EV context in the current literature. Detectable 

levels of DNA were observed only in the fractions with the most NTA-detected particles in 

each replicate of each species (figure 3.12+13). If the particles are truly EVs, this is suggestive 

of DNA being contained in, or associated with, these structures – a feature of fungal EVs which 

has not been previously explored. Possible sources of this DNA are not obvious, as nuclear 

DNA would have to be transported through the nuclear envelope if it is to be loaded into/onto 

EVs. Perhaps the most likely candidates are extrachromosomal circular DNA (eccDNA) in the 

cytoplasm144, or mitochondrial (mt)DNA, as this has been found in mammalian exosomes145. 



 

80 
 

Whether these types of DNA could comprise some of the fungal DNA in biofilms is unclear, 

as very little is known about the nature of fungal biofilm DNA146.  

BCA assay results for qEV fractions (figure 3.12+13) suggest the majority of the protein in the 

crude EV preparations is not “EV”-associated. This finding is not of much surprise, as soluble 

proteins and protein aggregates commonly contaminate ultracentrifugation-based EV 

preparations117. These molecules, along with the RNA and DNA, may be media-derived, 

secreted from live cells or released from lysed, dead cells. The lack of apparent bands in the 

YPD control lanes of the polyacrylamide gel shown in figure 3.14 suggests all, or most, of the 

media-derived protein consisted of small peptides or proteins below 3.5 kDa, with individual 

amino acids possibly also being present. Such bands are evident, however, in the concentrated 

non-“EV”/”EV”-poor fraction lanes in figure 3.17, where they differ between the two species, 

indicating that some of the >3.5 kDa proteins in the crude preparations are non-vesicular but 

derived from the cultured fungi. The presence of large, non-vesicular proteins in these 

preparations also calls into question whether many of the proteins previously reported in C. 

albicans EVs99,109,110 were actually vesicular.  

Despite the use of a 100 kDa MWCO for the concentration of F7-9 from preparations C, the 

concentrations of protein in these samples were considerably higher than the concentrations of 

the individual respective fractions from preparations A and B, which did not reflect the much 

smaller differences between protein concentrations in the crude preparations themselves (figure 

3.8), suggesting the proteins in these fractions were indeed associated with the NTA-detected 

particles, as the majority in the concentrated sample were below 100 kDa in molecular weight 

(figure 3.17). This protein may therefore be truly EV-associated, but the abundance of non-

vesicular protein, even small proteins or peptides below 3.5 kDa, that is also present in the 

crude preparations suggests that fractionation – or other purification procedures – of 

ultracentrifugation-based crude EV preparations absolutely is necessary for accurate 

characterisation of their vesicular protein content.  

4.4. Dominant Proteins in qEV Fractions 

Mass spectrometry was conducted on prominent bands to identify proteins in which the “EVs” 

of the crude preparations – or, in the case of F15-20, the non-“EV” component of these 

preparations – are enriched, perhaps providing an indication of the function of candidal EVs in 

the context of their protein cargo, and the identity of candidate markers for these structures, the 
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knowledge of which could be used for diagnostics – as the presence of EVs could be a 

biomarker for infection – and immunogold labelling of EVs to be visualised by TEM. Many of 

the identified proteins with relative abundances below 1% (not shown) had unused scores 

below 3, suggesting their constituent peptide sequences in the band may have been derived 

from non-candidal contaminants or media-derived proteins, as the confidence of their 

identification was low and the peptides were searched against only the C. albicans and C. auris 

proteins in the database. Most of the proteins in the 4 analysed bands, including many of the 

most abundant ones such as the predominant 1,3-beta-glucanosyltransferase in band 1 (table 

3.1), were not within the expected size range for their respective bands. This is not necessarily 

in indication of erroneous identification, as these proteins may have been present in complexes 

or aggregates in the fractions or may have been processed differently to how they were during 

analysis by previous investigators who provided the data for their entries in the database.  

Given that band 3 appeared to be shared between both the “EV”-rich and non-“EV” C. albicans 

samples (in addition to both C. auris samples), none of the proteins in this band are likely to 

be useful markers of C. albicans EVs. For C. auris, however, the identified glyceraldehyde-3-

phosphate dehydrogenase, transaldolase and alcohol dehydrogenase 1 appear to be useful 

candidate markers (if the NTA-detected particles in the “EV”-rich fractions are true EVs) 

owing to their abundance in band 2 (table 3.2), a band for which the “EV”-poor fractions 15-

20 did not seem to possess an equivalent (figure 3.17), in addition to their sizes and high 

confidence of identification. 

4.5. Limitations and Future Directions 

As with any study on EVs, there exist many limitations in the procedures for isolating and 

characterising the vesicles in this project, which reduce the reliability and accuracy, and 

increase the variability, of the results. Perhaps the most significant pitfalls not yet mentioned 

are those relating to particle sizing and quantification by NTA, such as the subjectivity in the 

most appropriate camera level, screen gain and detection threshold settings limiting the ability 

to compare sizes and concentrations to DLS results from other fungal EV studies as different 

settings yield very different results, and the lack of specificity of particle detection, such that 

there is no indication of whether the particles are actually EVs. Classic DLS is fraught with 

even more shortcomings, such as the inability to resolve multimodal size distributions in a 

sample147, but tuneable resistive pulse sensing (TRPS) and high-resolution flow cytometry 

(hFC) with lipid membrane intercalating fluorescent dyes148 are examples of alternative 
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methods that are somewhat less burdened by subjectivity and, if applied correctly, hFC exhibits 

better specificity for EVs149. However, these techniques are not without major limitations 

themselves; blockage and variable geometry of the nanopore that forms the basis of TRPS leads 

to inaccuracies in particle measurements150, and hFC is unable to detect particles below 100 

nm148, such as – assuming the NTA size data gathered in this study are reasonably accurate – 

the majority of the C. auris “EVs”. Hence, there is currently no “gold standard” for quantifying 

and measuring the size of EVs. The use of a combination of multiple techniques may enhance 

accuracy, but if NTA alone is to be used in a future study, calibration particles such as silica 

microspheres of known sizes and concentration should first be analysed, to determine the 

appropriate settings for measurement of the samples151. 

Another issue is the lack of evidence to negate the possibility of the NTA-detected particles in 

this project being remnants of dead cells such as apoptotic bodies, as opposed to structures 

actively produced by the cells, although it is arguably unlikely that many dead cells are present 

in the culture during this stationary phase of growth at which EV extraction was attempted. 

Cell viability assays would provide additional evidence for or against this assertion, as would 

particle concentration measurements of an EV preparation from a heat-killed culture, for 

comparisons to the concentrations of preparations from normal cultures. Other experimental 

limitations included imprecisions in the quantification assays, such as interference from lipids 

– which are highly abundant in samples of EVs – in BCA assays resulting in overestimated 

protein concentrations152, and loss of EVs and EV contents, if present, during isolation and 

purification procedures, as evidenced by the lack of 100% total recovery of “EVs”, protein and 

nucleic acid among the qEV fractions from crude preparations (figures 3.12 and 3.13). 

Recovery of the molecular contents of, and possibly the “EVs” in, crude EV preparations could 

be enhanced by using a larger volume of eluent in the qEV column and subsequently collecting 

more 500 µl fractions, but analysing each fraction is time-consuming even with just 20 

fractions. Furthermore, the extent of “EV” loss can differ greatly between replicates, as 

revealed by the discrepancy between the total recovery from preparations A and B from both 

species.  

Isolation and purification of EVs are lengthy processes, and the lack of time subsequently 

afforded for analyses of crude preparations and fractions severely limited the amount of such 

analyses that could be conducted within the given time frame. Hence, there is much still to be 

uncovered in follow-up studies on C. albicans and C. auris EVs at the basic level. TEM of C. 

albicans cells should be repeated, due to the failure to image these at a high resolution in this 
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project. TEM should also be used to image candidate EVs in “EV”-rich and “EV”-poor or non-

“EV” fractions, as opposed to simply crude preparations, to observe whether the differences in 

“EV” detection by NTA are reflected by similar differences in the presence of EV-like 

structures in these fractions. “EV” and molecular analyses of more replicates of the qEV 

fractions are also required, if conclusions are to be drawn about the co-purification of “EVs” 

with protein and nucleic acid and therefore the association of these molecules with these 

structures. Concentrations of protein and nucleic acid in qEV fractions and even crude 

preparations were often below or barely above the detection thresholds. Therefore, although it 

necessitates the use of more time and materials due to the lack of enough volume for multiple 

analyses, additional replicates in future need to be concentrated by a larger factor than that used 

in this project. This is necessary to, for example, generate a high enough concentration of RNA 

in fractions, and DNA in crude preparations and fractions, for profiling by TapeStation.  

EV extraction was attempted at only one time-point (24 hours) in only one growth medium 

(YPD). Following studies could investigate the production of candidal EVs over time and in 

various growth conditions, to decipher the optimal conditions for EV extraction. In addition, 

Roswell Park Memorial Institute (RPMI) medium, in place of YPD, should be used in future 

to investigate the feasibility of EV production in vivo, in multicellular hosts such as humans. It 

is also desirable to perform SDS-PAGE on an ultracentrifuge supernatant to compare profiles 

of the EV preparations to the EV-free secretome, as opposed to the whole cell proteome, to 

identify protein markers of EVs that are not classically secreted in bulk, thereby increasing the 

specificity of labelled antibodies against these proteins for the presence of EVs. SDS-PAGE 

and other analyses could also be performed on unaltered YPD, to support the conclusions about 

the nature or identity of media-derived molecules, that were based on YPD control data, which 

are present in crude EV preparations. Furthermore, mass spectrometry on the remaining bands 

that were differentially prominent between the concentrated “EV”-rich fractions and other 

fractions would reveal a more comprehensive list of proteins in which the “EVs” are enriched. 

The functional significance of EV association of these proteins should also be explored, as they 

may form the basis of the functions of the EVs themselves. 

Analyses from the previous studies on C. albicans EVs should be repeated with “EV”-rich 

fractions from qEV-SEC, or other EV samples of a higher purity than crude extractions. Many 

of these analyses could also be performed on equivalent C. auris samples, as early research 

into a potentially important contributor to virulence of this deadly pathogen. For either species, 

the work covered here did not include analyses of lipids, which is another angle from which to 



 

84 
 

study EVs and their molecular cargo. Finally, DNA was shown to possess a possible 

association with fungal EVs for the first time. As alluded to earlier, the functional significance 

of this is not known, but future studies could investigate possible roles of fungal EV DNA, 

such as whether it can be deposited in a biofilm matrix or transfer antifungal resistance factors 

between cells.  

4.6. Conclusion 

Before attention is turned towards artificially preventing or promoting the formation of 

candidal EVs for therapeutic purposes, developing antibodies against protein markers for them, 

using them as candidate vaccines, or applying assumed knowledge of their characteristics in 

other areas of research, the existence and basic attributes of these structures needs to be 

experimentally confirmed, as this is arguably yet to be achieved to a satisfactory standard, 

despite previous investigators claiming otherwise. While the results from this work cannot be 

directly extrapolated to previous studies on C. albicans EVs to corroborate or contradict their 

findings, they make a case for at least some of the protein, and possibly RNA, reported in these 

studies being non-vesicular, necessitating a re-evaluation of their conclusions. Most 

importantly, ultracentrifugation-based extraction of candidal EVs from culture supernatants 

may not be adequate in isolating these structures from non-vesicular contaminants, and further 

purification procedures such as fractionation by size-exclusion chromatography appear to be 

necessary to accomplish this. Alternatively, however, it is possible that the data in this project 

do not reflect the characteristics of candidal EVs, as micrographic evidence of their successful 

extraction, let alone isolation, was limited. Nevertheless, some protein and nucleic acid was 

found to be co-purified, and hence likely associated, with particles that may be true EVs, 

produced by C. albicans in addition to the newly emerged “superbug” C. auris. Modest 

evidence was also provided for the presence of intact ribosomal RNA in EVs from both of 

these species of Candida, the functional significance of which is not clear, in addition to DNA 

and particular proteins, in partial agreement with findings from the aforementioned previous 

studies. It appears, therefore, that candidal EVs may indeed carry important molecules and 

contribute to processes such as virulence, rendering them worthy of continued, albeit more 

thorough and vigilant, investigation.  
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