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2. Summary 

One billion people worldwide are affected by fungal pathogens, of which 1.6 million are 

killed per year – more deaths than by malaria and roughly equal to the number of deaths 

by tuberculosis. A further understanding on how these species adapt to the host and how 

this influences their pathogenicity is crucial to develop successful strategies to prevent, 

diagnose and treat fungal infections. Toward this aim, this study introduces the concepts 

of antivirulence and avirulence genes in human fungal pathogens, based on the well-

established concepts of antivirulence genes in bacterial pathogens and avirulence genes 

in phytopathogenic fungi. Several relevant analogies are presented here, which will help 

us to understand better the pathogenicity of fungi that infect humans: The emergence 

and evolution of virulence through gene loss or inactivation of the so-called antivirulence 

genes; and the reduction of the pathogen’s virulence due to the host recognition of 

avirulence factors. In a comparative approach to the evolution of fungal pathogenesis, 

this work also shows the co-evolution of the most common Candida pathogens with host 

epithelial cells, which led to a general pro-commensal epithelial response in absence of 

damage, and an immune-stimulatory response depending on the species-specific 

damage. 

Candida glabrata is the second most frequent cause of candidiasis despite its inability to 

cause epithelial damage and inflammatory response in vitro or in mice models. The main 

adaptations of this fungus to infection situations are its ability to survive and replicate 

within the phagosome of macrophages, and its high intrinsic resistance to stress and 

antifungals. This work shows that C. glabrata seems to rely at least partially on a 

phenotypic variant, the petite phenotype, which through loss of mitochondrial function 

can increase its success as a pathogen. Despite showing a decrease in fitness, yeasts 

with the petite phenotype are able to resist high concentrations of azole antifungals and 

survive better within macrophages. Importantly, a cross-resistance effect between these 

two exists, since C. glabrata turns petite upon exposure to azoles and after phagocytosis, 

showing for the first time a close connection between antifungal resistance and 

immunoresponse in a pathogenic fungus of humans. This may be of clinical relevance, 

as the petite phenotype was found among clinical isolates.  

In addition, this study elucidates further relevant pathways for the survival and 

persistence of C. glabrata within macrophages, especially for long-tern events after 

phagocytosis. One aspect is the accumulation of trehalose, which in some 
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microorganisms serves as protection against oxidative stress as well as an energy 

source after stress exposure. Here, deletion mutants of the putative trehalase enzymes 

of C. glabrata show a decrease in virulence and ability to survive phagocytosis after four 

days, thus uncovering a new important pathway involved in adaptation of C. glabrata to 

the host. Furthermore, the ability of this fungus to replicate within macrophages has been 

attributed to the utilization of alternative carbon sources in the phagosome, although the 

use of certain carbon sources, like acetate, seems to be detrimental for the survival of 

C. glabrata within macrophages. This work shows how the absence of the antivirulence 

genes encoding acetate transporters benefits long-term survival of C. glabrata within 

macrophages. Together, these results shed light on the metabolic pathways involved in 

replication and persistence of C. glabrata within these immune cells.  

In summary, this work introduces new concepts for a better understanding of the 

emergence and evolution of pathogenic fungi of humans, and focuses on elucidating so-

far unknown strategies of the opportunistic pathogen C. glabrata: the loss of 

mitochondrial function can be beneficial for this fungus under infection, and the 

metabolism of trehalose and acetate influence its virulence potential by affecting its 

survival within the phagosome. 
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3. Zusammenfassung 

Ungefähr eine Milliarde Menschen werden jährlich weltweit mit Pilzerregern infiziert, von 

denen 1,6 Millionen sterben. Das sind mehr Menschen als durch Malaria und etwa 

ebenso viele wie durch Tuberkulose ums Leben kommen. Ein besseres Verständnis 

darüber, wie sich diese pathogenen Pilzarten an den Wirt anpassen und wie dies ihre 

Pathogenität beeinflusst, ist entscheidend für die Entwicklung erfolgreicher Strategien 

zur Prävention, Diagnose und Behandlung von Pilzinfektionen. Zu diesem Zweck werden 

in dieser Studie die Konzepte der Antivirulenz- und Avirulenzgene bei humanen 

Pilzpathogenen vorgestellt, die auf den gut etablierten Konzepten der Antivirulenzgene 

bakterieller Pathogene und der Avirulenzgene phytopathogener Pilze basieren. Es 

werden einige relevante Analogien vorgestellt, die uns helfen werden, die Pathogenität 

von Pilzen, die den Menschen infizieren, besser zu verstehen: Die Entstehung und 

Evolution der Virulenz durch Genverlust oder Inaktivierung der sogenannten 

Antivirulenzgene sowie die Reduktion der Virulenz des Erregers durch die 

Wirtserkennung von Avirulenzfaktoren. In einem vergleichenden Ansatz zur Evolution 

der Pilzpathogenese zeigt diese Arbeit auch die Co-Evolution der häufigsten Candida-

Pathogene mit Wirtsepithelzellen, welche bei fehlender Schädigung zu einer generell 

pro-kommensalen Epithelantwort und in Abhängigkeit von der artspezifischen 

Schädigung zu einer immunstimulierenden Antwort führte. 

Candida glabrata ist trotz fehlender Epithelschädigung und Entzündungsreaktion in vitro 

und bei Mäusen die zweithäufigste Ursache der Candidiasis beim Menschen. Die 

wichtigsten Anpassungen dieses Pilzes an Infektionssituationen sind seine Fähigkeit im 

Phagosom von Makrophagen zu überleben und zu replizieren sowie seine hohe 

intrinsische Resistenz gegenüber Stress und Antimykotika. Diese Arbeit zeigt, dass 

C. glabrata zumindest teilweise auf eine phänotypische Variante, den petite-Phänotyp, 

angewiesen ist, die durch einen Verlust der mitochondrialen Funktion den Erfolg als 

Pathogen steigern kann. Hefen des petite-Phänotyps sind trotz ihrer geringeren Fitness 

in der Lage, hohen Konzentrationen von Azol-Antimykotika zu widerstehen und besser 

in Makrophagen zu überleben. Nennenswert ist, dass ein Kreuzresistenzeffekt zwischen 

diesen beiden Prozessen besteht, da C. glabrata bei Exposition gegenüber Azolen und 

nach Phagozytose petite wird, so dass in dieser Arbeit zum ersten Mal ein enger 

Zusammenhang zwischen antimykotischer Resistenz eines pathogenen Pilzes und der 

humanen Immunreaktion aufgezeigt wird. Dies könnte von klinischer Relevanz sein, da 

der petite-Phänotyp unter klinischen Isolaten gefunden wurde.  
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Darüber hinaus klärt die vorliegende Studie weitere relevante Wege für das Überleben 

und die Persistenz von C. glabrata innerhalb von Makrophagen auf, insbesondere für 

Langzeitereignisse nach der Phagozytose. Ein Aspekt ist die Akkumulation von 

Trehalose, die in einigen Mikroorganismen sowohl als Schutz vor oxidativem Stress als 

auch als Energiequelle nach Stressbelastung dient. Deletionsmutanten der putativen 

Trehalase-Enzyme von C. glabrata zeigen eine Abnahme der Virulenz und der Fähigkeit, 

die Phagozytose vier Tage lang zu überleben, und decken damit einen neuen wichtigen 

Weg auf, der an der Anpassung von C. glabrata an den Wirt beteiligt ist. Weiterhin wurde 

die Fähigkeit dieses Pilzes sich in Makrophagen zu vermehren auf die Nutzung 

alternativer Kohlenstoffquellen im Phagosom zurückgeführt, obwohl die Verwendung 

bestimmter Kohlenstoffquellen, wie Acetat, für das Überleben von C. glabrata in 

Makrophagen nachteilig zu sein scheint. Diese Arbeit zeigt, dass das Fehlen der 

Antivirulenz-Gene, die für Acetat-Transporter kodieren, das langfristige Überleben von 

C. glabrata innerhalb humaner Makrophagen begünstigt. Zusammengenommen geben 

diese Ergebnisse Aufschluss über die Stoffwechselwege, die an der Replikation und 

Persistenz von C. glabrata innerhalb dieser Immunzellen beteiligt sind.  

Zusammenfassend stellt diese Arbeit neue Konzepte für ein besseres Verständnis der 

Entstehung und Evolution pathogener Pilze des Menschen vor und konzentriert sich 

dabei auf die Aufklärung bisher unbekannter Strategien des opportunistischen Erregers 

C. glabrata: Der Verlust der Mitochondrienfunktion kann für diesen Pilz während der 

Infektion von Vorteil sein. Außerdem wirkt sich der Stoffwechsel von Trehalose und 

Acetat auf sein Virulenzpotenzial aus, da dieser das intraphagosomale Überleben des 

Pilzes beeinflusst. 
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4. Introduction 

4.1 The kingdom Fungi 

The kingdom fungi is considered to be a major eukaryotic lineage, estimated to 

encompass 5.1 million species (Blackwell 2011) – similar in diversity to animals and 

comprising ten times more species than the kingdom plants. Fungi can be found 

everywhere, from the stratosphere, deserts, to deep ocean sediments, antarctic glaciers, 

and even our gut (Naranjo-Ortiz and Gabaldon 2019). Fungi have been crucial for the 

colonization of land by plants (Humphreys, Franks et al. 2010). For millions of years both 

organisms have co-evolved while maintaining diverse types of relationships: from 

symbiotic to biotrophic fungi, which feed on living plants; necrotrophic, which kill the 

plants to feed on them; and saprophytic, which feed on already dead plants. Fungi have 

also established mutualistic associations with animals. Arthropods, like ants and 

termites, are known to cultivate and feed on fungi (Gordon and Phillips 1998); ruminants, 

like cows or moose, rely on anaerobic fungi to degrade the cellulose in their rumen 

(Gordon and Phillips 1998). We humans are also colonized by different species of fungi, 

which constitute our mycobiota. The most common genera identified in the human 

gastrointestinal tract are Candida, Penicillium, Wallemia, Cladosporium, 

Saccharomyces, Aureobasidium, Aspergillus, and Malassezia  (Ghannoum, Jurevic et 

al. 2010, Hoffmann, Dollive et al. 2013, Dupuy, David et al. 2014, Lewis, Chen et al. 

2015, Limon, Skalski et al. 2017, Sokol, Leducq et al. 2017). Although the gut mycobiota 

represents less than 1% of the total flora in the gastrointestinal tract (Qin, Li et al. 2010, 

Arumugam, Raes et al. 2011), more and more studies show how it can support a healthy 

immune response and therefore establish and maintain not only commensal but also 

mutualistic relationships with the host (reviewed by Iliev and Leonardi 2017, Limon, 

Skalski et al. 2017, Lai, Tan et al. 2019). 

However, fungi are also important contributors to human disease. Fungal-host 

relationships in general can be understood as depending on whether any and if so, how 

much damage is elicited by the interaction. Based on this measure, they can be divided 

into commensalism, colonization, and disease, in order from no damage to significant 

damage (Pirofski and Casadevall 2008). More than 500 species of fungi are able to 

cause disease in humans. Inflammatory bowel disease, allergic airways diseases, and 

dermatitis, among others, have been associated with alterations in fungal abundance 

and species composition, with a strong contribution of host genetic factors, age, life style, 

and bacterial microbiota (Lai, Tan et al. 2019). Life-threatening fungal infections mainly 
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occur as opportunistic interactions, meaning that the host is usually in a position of 

immunodeficiency or illness: Immunodeficiency, due to neutropenia, corticosteroids 

treatment, chemotherapy or HIV infection, constitutes an important risk factor for invasive 

opportunistic fungal infections (Badiee and Hashemizadeh 2014). Moreover, dysbiosis, 

a significant change in the normal microbiome as a result for example of antibiotic 

treatment, is known to predispose the host to superficial and invasive fungal infections 

(Oksala 1990, Samonis, Gikas et al. 1993, Abbott 1995, Ben-Ami, Olshtain-Pops et al. 

2012). 

4.2 Host-fungal co-evolution: The host side 

More than 1.5 million people are killed annually by fungi, which in total affect over a billion 

people. Specifically, skin, nail and hair fungal infections are estimated to affect nearly a 

billion people, many millions suffer from mucosal candidiasis, and serious fungal 

diseases affect more than 150 million people (Bongomin, Gago et al. 2017). The life-

threatening fungal infections are frequently associated with high mortality rates reaching 

up to 95% (Pfaller and Diekema 2007, Brown, Denning et al. 2012, Enoch, Yang et al. 

2017). Fungi must have the ability to overcome many host protective mechanisms to 

cause infection, such as an ambient temperature of 37°C (in the human body) and the 

host immune response (Kohler, Hube et al. 2017). In addition, pathogenic fungi must be 

capable to attach to and invade a range of different tissues and acquire nutrients during 

infections (Kohler, Hube et al. 2017).  

The high body temperature in mammals constitutes an important protection against 

fungal diseases, to such an extent that it likely provided a strong evolutionary survival 

advantage for these animals. Indeed, it has been proposed that endothermy and 

homeothermy have been fundamental evolutionary traits that mammals and birds 

developed as a potent nonspecific defense against most fungi (Robert and Casadevall 

2009, Casadevall 2012). In fact insects, which are ectotherm animals, fall prey to many 

fungal species (Ortiz-Urquiza, Luo et al. 2015, Shang, Feng et al. 2015), and when 

infected, they rise their body temperature by a so-called “behavioral fever” to increase 

their survival chances (Ouedraogo, Goettel et al. 2004, Anderson, Blanford et al. 2013). 

Furthermore, the adaptive immune response of vertebrates confers them with a strong 

protection against mycotic infections, and the activation of this arm of the immune system 

is critical to eradicate the fungal infection (Verma, Wuthrich et al. 2014). Therefore, the 

potent mammalian resistance to fungi is likely due to a combination of vertebrate-level 

immunity and endothermy as a result of (among other factors) selection by pathogenic 

fungi (Casadevall 2012).  
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Nevertheless, all animals, from sponges to humans, also rely on a generic immune 

response that is able to recognize fungal pathogen-associated molecular patters 

(PAMPs), such as the abundant fungal cell wall component β-(1,3)-glucan, and prevent 

fungal invasion. In mammals this first response is taken care of by the innate immune 

system, which mainly uses phagocytosis by neutrophils and macrophages as antifungal 

mechanisms: After recognition of PAMPs, neutrophils in the blood stream or in infected 

tissues and tissue-resident macrophages engulf these microorganisms into vesicles 

called phagosomes, where production of reactive oxygen species (ROS), a strong 

decrease in pH, and influx of lytic enzymes will kill most phagocytosed pathogens 

(Drummond, Gaffen et al. 2014, Lionakis, Iliev et al. 2017). Neutrophils can also employ 

extracellular chromatin-based traps called Neutrophil Extracellular Traps (NETs) to 

capture and inhibit the growth of microorganisms when the fungal structures, such as 

hyphae or aggregates, are too large to phagocytose (Drummond, Gaffen et al. 2014, 

Lionakis, Iliev et al. 2017).  

Mucosal epithelial cells are in constant interaction with commensal and pathogenic 

microbes and therefore also take part in the immune response towards these 

microorganisms. Intestinal epithelial cells, which are colonized by a diverse range of 

microbes, can prevent disease or promote commensalism by dampening pro-

inflammatory responses through glucocorticoids and type I interferon signaling (Sato, 

Hata et al. 1998, Cima, Corazza et al. 2004, Coste, Dubuquoy et al. 2007, Munakata, 

Yamamoto et al. 2008, Kotredes, Thomas et al. 2017, Soderholm and Pedicord 2019). 

In the case of colonization by fungi, this has not been shown yet. Rather, studies have 

focused mainly on the host response when damage is the outcome of the host-fungal 

interaction: As invading fungi disrupt host tissues through hyphae and digestive 

enzymes, the host epithelial cells release antimicrobial peptides and cytokines to 

promote a protective immune response (Abbott 1995, Drummond, Gaffen et al. 2014, 

Lionakis, Iliev et al. 2017, Salazar and Brown 2018). During vaginal infection the toxin 

candidalysin, produced by C. albicans, damages the epithelial cells causing the release 

of endogenous molecules, called Damage-Associated Molecular Patterns (DAMPs), 

which activates the immune system promoting pathological inflammatory responses, 

also called immunopathology (Moyes, Wilson et al. 2016, Richardson, Willems et al. 

2018).  

As a last antifungal immune barrier, the host relies on nutrient depletion, termed 

“nutritional immunity”, by which essential metals such as iron, zinc or copper are 

sequestrated. These micronutrients are required by pathogens as co-factors for 
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respiration or oxidative stress detoxification (Hood and Skaar 2012).  

4.3 Host-fungal co-evolution: The fungal side 

In addition to host susceptibility as a major factor in the development of disease, fungal 

pathogens require virulence factors (Brunke, Mogavero et al. 2016). Conventionally, 

virulence factors refer to microbial attributes that cause direct host damage and are not 

involved in the viability of the microbe, with a classical example being toxins (Casadevall 

and Pirofski 1999). However, other microbial attributes can trigger, for example, 

inflammatory self-damaging host responses and therefore can also be considered 

(indirectly acting) virulence factors. Similarly, the damage exerted by conventional 

virulence factors can indirectly lead to a stronger host inflammatory response that then 

increase the damage outcome (Casadevall and Pirofski 2001, Pirofski and Casadevall 

2008). Therefore, we have (as part of this work) suggested a new, extended concept, 

where a virulence factor refers to all those microbial attributes that directly or indirectly 

lead to host damage (Siscar-Lewin, Hube et al. 2019). Therefore, a virulence factor is 

defined in the context of a host and not by an intrinsic quality alone.  

In human fungal pathogens, such virulence factors can be involved in surpassing the 

host barriers (temperature and immune response), in attachment, invasion, and nutrient 

acquisition. Similar attributes and functions can often be found in both commensal and 

environmental opportunistic fungal pathogens, but are generally considered to have 

emerged from different selection processes (Marcos, de Oliveira et al. 2016, Kohler, 

Hube et al. 2017).  

Kaemmer et al. and Pekmezovic et al. have shown that different opportunistic Candida 

species exhibit species-specific transcriptional responses and patterns of pathogenicity 

when incubated with human blood or with epithelial cells, respectively (Kaemmer, 

McNamara et al. 2020; Pekmezovic, Hovhannisyan et al. 2021). This agrees with the 

hypothesis that pathogenesis has emerged several times in commensal fungi that are 

also opportunistic pathogens, and the pressures that lead to virulence or to an increase 

in virulence are not yet well understood. For instance, the phylogenetically closely related 

species, C. albicans and C. dubliniensis, show different adaptations to the host and differ 

in their virulence potential, although they both are considered human commensals and 

opportunistic pathogens (Moran, Coleman et al. 2012). Moreover, environmental 

opportunistic pathogens, like Aspergillus, Cryptococcus or Coccidioides spp. exhibit sets 

of efficient host adaptations and immune evasion strategies that trigger severe and 

persistent infections, despite the human host not being their primary niche (Moran, 

Coleman et al. 2011, Kohler, Hube et al. 2017). In addition, virulence factors differ 
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drastically even between species with a high prevalence and incidence in the clinical 

settings, like the damaging species C. albicans and C. glabrata, where the latter does 

not form hyphae nor elicit significant damage or immune responses. Yet, both are 

considered important human commensals and opportunistic pathogens (Brunke and 

Hube 2013, Enoch, Yang et al. 2017). These examples point out the complexity and 

variety in the emergence and evolution of virulence in fungi. 

By broadening our view of the field of pathogenesis to include bacterial pathogens and 

plant-pathogenic fungi, we can better understand the emergence of virulence and the 

specificities of virulence factors in fungal pathogens of humans. On the one hand, in the 

field of bacterial pathogens the term antivirulence genes is commonly used to describe 

those genes that encode factors detrimental for the virulence phenotype, and which tend 

to be lost as the microorganisms specialize more and more in a pathogenic lifestyle 

(Bliven and Maurelli 2012). On the other hand, in the field of plant-pathogenic fungi, the 

concept of avirulence genes is widely used, which refers to those genes encoding 

virulence factors that, as a result of host-pathogen co-evolution, are specifically 

recognized by the host immune system and trigger a host’s protective response against 

the pathogen (Lo Presti, Lanver et al. 2015). Evolutionary speaking, analogous 

processes should be at work in the human-fungal interactions, and this study therefore 

includes a closer look at concepts in the light of fungal pathogenesis in humans (Siscar-

Lewin, Hube et al. 2019). 

4.3.1 Commensal fungi 

The commensal yeast C. albicans has been associated with humans since the early 

hominid evolution (Lott, Fundyga et al. 2005), and it resides in the oral cavity, vagina, 

and gastrointestinal tract of healthy humans as a harmless commensal. However, during 

this long and close relationship with its host it seems that C. albicans has gained or 

improved its ability to surpass the protective host barriers, likely via the so-called 

“commensal virulence school” (Hube 2009). Today, this species is the main etiologic 

agent responsible for mucosal disease and nosocomial invasive candidiasis globally, 

with a mortality rate of approximately 40% (Guinea 2014, Bongomin, Gago et al. 2017). 

The main virulence trait of C. albicans is its ability to filament by forming hyphae. In this 

morphology, C. albicans is able to cross the epithelial barriers and invade the host tissues 

and cause cell damage by secretion of the toxin candidalysin. This peptide is one of the 

few “classical virulence factor” identified in human pathogenic fungi so far (Moyes, 

Wilson et al. 2016, Allert, Forster et al. 2018, Naglik, Gaffen et al. 2019). Interestingly, 

one of the strongest filament-inducing conditions is a combination of body temperature 
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and serum, pointing out the adaptation of the pathogenicity mechanisms of C. albicans 

to the conditions in the human host (Ernst 2000, Thompson, Carlisle et al. 2011). 

Additional hyphae-associated genes, such as genes encoding adhesins and proteinases 

are uniquely expressed under filamentation and are involved in attachment to host cells 

and nutrient acquisition, respectively (Hube, Sanglard et al. 1997, Theiss, Ishdorj et al. 

2006, Naseem, Araya et al. 2015). Furthermore, C. albicans also uses its hyphae to 

escape from phagocytes as it can filament within the phagosome and kill and burst the 

immune cells by both hyphae-associated processes and physical forces: At early times 

after phagocytosis C. albicans’s growing hyphae together with proper cell surface 

exposure and architecture of the hyphae mediates early macrophage killing by activating 

a pro-inflammatory cell death, called pyroptosis, but after eight hours the elongation of 

hyphae cause death by piercing the immune cell (McKenzie, Koser et al. 2010, 

Uwamahoro, Verma-Gaur et al. 2014). This commensal fungus also shows tailored 

mechanisms against the host's immune barriers that environmental fungi, like Aspergillus 

fumigatus, do not have. For instance, C. albicans relies on diverse and versatile 

mechanisms to obtain iron from different host-specific sources, like heme or ferritin, 

whereas A. fumigatus uses a more generic siderophores system to acquire 

environmental iron (Schrettl, Bignell et al. 2004, Gerwien, Skrahina et al. 2018). In 

addition, upon copper deprivation (as an antimicrobial host strategy), C. albicans is the 

only microorganism reported so far to be able to swap cofactors and use manganese 

instead of copper for the detoxifying enzyme superoxide dismutase (Li, Gleason et al. 

2015). These constitute clear examples of the adaptation of C. albicans to the human 

host, likely as a result of a commensal lifestyle during its evolution, which in turn has 

enabled the fungus to use these adaptions beyond the commensal framework and 

become pathogenic. 

Intriguingly, the evolution of other commensal fungi has not followed the same direction, 

and although many have become opportunistic pathogens, they show different host 

adaptations and virulence potential. For example, C. dubliniensis, the phylogenetically 

closest species to C. albicans (Gilfillan, Sullivan et al. 1998, McManus, Coleman et al. 

2008), is much less virulent despite being phenotypically very similar. Like C. albicans, 

C. dubliniensis is present in the normal oral flora of healthy individuals, but in the lower 

percentage of 3% compared to a 50% incidence of C. albicans (Chen C. and X. 2018). 

However, the percentage of C. dubliniensis is up to ten times higher in HIV-positive 

individuals (Coleman, Sullivan et al. 1997). Despite this, epidemiologic studies show 

twenty times less incidence of C. dubliniensis compared to C. albicans in systemic 

infections (Kibbler, Seaton et al. 2003, Odds, Hanson et al. 2007, Pfaller and Diekema 
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2007). Importantly, C. dubliniensis generally shows less filamentation than C. albicans. 

Genome comparison between two species shows a loss of several virulence-related 

genes in C. dubliniensis (Moran, Coleman et al. 2012). Evolutionary, it also did not 

expand important hyphae-associated gene families, considered to be involved in the 

host-pathogen interaction, which are important for C. albicans virulence (Moran, 

Coleman et al. 2012). Interestingly, C. dubliniensis, as well as C. tropicalis (another 

pathogenic Candida species) contain genes homologous to the C. albicans ECE1 gene, 

which encodes the toxin candidalysin. Surprisingly, synthetic versions of candidalysin 

from these species are even more potent than candidalysin from C. albicans (Jonathan 

Richardson, personal communication). However, both species elicit less epithelial 

damage than C. albicans. The reason may be a lower ECE1 expression (or Ece1 

processing and secretion). This may be related to their poorer filament induction and 

hyphal maintenance, which may result in lower overall toxin production and, 

consequently, epithelial damage (Jonathan Richardson, personal communication). 

Alternatively, ECE1 in these species is expressed in an entirely different context. All this 

points to a model where C. dubliniensis is undergoing reductive evolution as commensal 

adaptation to a niche in which virulence traits (like those of C. albicans) are not 

advantageous (Moran, Coleman et al. 2011). On the other side, virulence traits of C. 

albicans seem to provide the fungus a high advantage and adaptiveness specifically 

during infection: In 2014 Wartenberg et al. showed that a mutant of C. albicans which 

was incapable of forming hyphae evolved to recover the ability to form hyphae, and in 

turn regained its virulence, when co-incubated continuously with macrophages 

(Wartenberg, Linde et al. 2014). Evidently these phagocytes represented an environment 

where the specific virulence traits of C. albicans are required for its survival.  

Nonetheless, virulence factors can become detrimental for the fungus even during 

infection when they are identified by the host and trigger strong antifungal immune 

responses. In this case they can become avirulence factors, since their recognition by 

the host reduces the progression of the pathogen (Lo Presti, Lanver et al. 2015, Siscar-

Lewin, Hube et al. 2019). Candidalysin is one example of a factor with a dual property 

as a virulence and avirulence factor (Siscar-Lewin, Hube et al. 2019, Koenig, Hube et al. 

2020). This toxin acts as a virulence factor when damaging epithelial cells and 

macrophages to allow the fungus to invade tissue and evade the immune system. It is 

an avirulence factor when the damage it generated promotes and activates antifungal 

immunity against the invading C. albicans in immunocompetent hosts (Moyes, Wilson et 

al. 2016, Verma, Richardson et al. 2017, Kasper, Koenig et al. 2018, Drummond, 

Swamydas et al. 2019). Other virulence factors, like the transporter Dur31, have been 
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targets during the host-pathogen co-evolution and are used by the host to the detriment 

of C. albicans. Dur31 is required for full virulence in vitro but also transports highly 

cytotoxic human antimicrobial peptides into the fungal cell, thereby committing 

C. albicans to a suicide-like process (Mayer, Wilson et al. 2012).  

Thus, C. albicans has evolved towards a more virulent phenotype in contrast to its more 

commensal relative C. dubliniensis. The virulence traits have conferred C. albicans an 

adaptive advantage outside the commensal framework. This, however, comes with the 

price of being more “visible” to the host, who has learnt to counterattack C. albicans’ 

most damaging virulence factor, thereby allowing a healthy host to keep the fungal 

virulence potential in check. 

4.3.2 Environmental fungi 

The ability of fungi to cause diseases has not only emerged as a result of host-fungus 

co-evolution. Environmental fungi, such as Aspergillus, Cryptococcus, Coccidioides or 

Histoplasma spp., also exhibit the “pathogenic requirements” that allow them to cause 

diseases. These virulence traits are thought to have evolved in the so-called 

“environmental virulence school”, as these microorganisms encounter environmental 

conditions (changes in pH, high temperatures, phagocytosis by soil amoeba, etc) that 

are similar to the ones they face within the host (Bliska and Casadevall 2009, Kohler, 

Hube et al. 2017, Casadevall, Fu et al. 2019). Along with these adaptations, there are 

often genetic signs of evolution towards an animal-associated lifestyle, which similarly 

supports development of pathogenesis. A typical sign is the loss of genes that are non-

adaptive in the new animal niche – making them antivirulence genes, since their function 

impairs host adaptation and virulence progression (Bliven and Maurelli 2012, Siscar-

Lewin, Hube et al. 2019). One example of this can be found in Coccidioides spp., which 

are considered an emergent disease-causing fungal group due to their increased 

incidence as agents of infection in recent years (Hector, Rutherford et al. 2011). These 

species inhabit arid or semi-arid regions with alkaline soil and elevated average 

temperatures. Accordingly, the fungi can tolerate high temperatures up to 60°C. 

Compared to their non-pathogenic relatives, these fungi exhibit an increased number of 

keratinase-encoding genes, but have lost genes involved in plant matter digestion (a 

nutrient source in the environment). These keratinase enzymes provide nutrients to the 

fungus when growing as a mycelium on the animal carcass, then the fungus becomes 

accessible to the environment and spreads in the soil until encounters a new host (Del 

Rocio Reyes-Montes, Perez-Huitron et al. 2016). 

The expansion of these genes is a clear sign of the close association and adaptation of 
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this fungus to animals during the evolution from a plant-saprophytic fungus to an animal 

pathogen (Sharpton, Stajich et al. 2009, Siscar-Lewin, Hube et al. 2019), a process in 

which the plant-degrading enzymes became antivirulence genes.  

Another environmental opportunistic pathogen is Cryptococcus neoformans, a common 

cause of fungal meningoencephalitis in immunocompromised people, especially in those 

with HIV/AIDS. It is found as an environmental saprophyte, often in bird droppings 

(Kohler, Hube et al. 2017, Zaragoza 2019). As a result of adapting to these niches, 

including birds, C. neoformans is able to grow at a temperature of 37°C. Its main 

virulence factors are a glucurono- and galactoxylomannan capsule that blocks 

phagocytosis, and cell wall-associated melanin that confers resistance to many chemical 

and physical stresses (Zaragoza 2019). In addition to its capsule, this pathogen has 

sophisticated ways to survive phagocytosis. For instance, it is able to prevent 

phagosome acidification, detoxify the oxidative environment within the phagosome, and 

escape macrophages in a nonlytic manner (Ding, Festa et al. 2013, Kohler, Hube et al. 

2017, Zaragoza 2019). These adaptations are thought to have evolved as a result of its 

interaction with environmental predator amoebae (Steenbergen, Shuman et al. 2001, 

Casadevall, Fu et al. 2019). Certain mutations occur frequently in vivo, e.g. in genes 

responsible for capsule organization and melanin production. These mutations influence 

the host inflammatory response and fungal stress resistance, respectively, giving rise to 

hypervirulent and persistent mutants of C. neoformans. As such, they are again good 

candidates for putative antivirulence genes in human pathogens (Siscar-Lewin, Hube et 

al. 2019). 

Lastly, Aspergillus species are widespread in the environment but are usually found on 

decaying organic matter. A. fumigatus is one of the main causative agents of respiratory 

and systemic fungal infections (Sugui, Kwon-Chung et al. 2014). It shows a high 

thermotolerance that makes it resistant to human fever, as well as tolerance to a wide 

range of stresses, such as osmotic and oxidative stress, desiccation and starvation – all 

of them feature in accordance with its saprophytic lifestyle in soil (Paulussen, Hallsworth 

et al. 2017). A. fumigatus also produces gliotoxin as its most abundant mycotoxin, which 

is considered to have evolved and be produced as a secondary metabolite against 

environmental phagocytic amoebae (Hillmann, Novohradska et al. 2015). Nevertheless, 

gliotoxin also constitutes a virulence factor with suppressive properties against innate 

and adaptive immunity (Arias, Santiago et al. 2018). Another main virulence factor is cell 

wall melanin. It is present in A. fumigatus spores where it is involved in antigen masking, 

prevention of phagosome maturation, and protection against oxidative stress (Gomez 

and Nosanchuk 2003, Paulussen, Hallsworth et al. 2017). However, the virulence factor 
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melanin can turn into an avirulence factor in hosts that recognize it via a specific C-type 

lectin receptor and trigger a protective immune response. A single nucleotide 

polymorphism of this receptor was identified in humans to negatively affect the myeloid 

inflammatory responses and increase the susceptibility of stem-cell transplant recipients 

to disseminated Aspergillus infections (Stappers, Clark et al. 2018). This, therefore, 

serves as another example of the potential dual properties of fungal virulence factors, 

which can confer virulence or avirulence functions depending on host adaptations, 

conditions and responses. Interestingly, in this case the host has evolved to recognize 

and develop a counterattack against the environmental fungus A. fumigatus despite the 

lack of ongoing commensal interaction (Siscar-Lewin, Hube et al. 2019).  

Therefore, environmental fungi show pathogenicity traits which are analogous to 

commensal fungi. These have in part emerged or have been enhanced by the loss of 

antivirulence genes in the fungi. The presence of avirulence genes in environmental fungi 

shows that the host adapted to the pathogen’s virulence traits, which in itself is an 

indication of host-pathogen co-evolution, likely due to intermittent contact. 

4.4 Candida glabrata 

4.4.1 Importance of C. glabrata as a fungal pathogen 

Candida glabrata is considered a commensal of the human mucosa and its incidence as 

an opportunistic pathogen has been increasing in the last forty years. It has risen to 

become the most prominent non-Candida albicans Candida (NCAC) species to cause 

disease (Hazen 1995, Fidel, Vazquez et al. 1999, Rodrigues, Silva et al. 2014). 

Nowadays, this fungus constitutes about one-third of the isolates from candidemia cases 

in the US, and its incidence is also steadily increasing in European countries and in 

Australia (Lamoth, Lockhart et al. 2018). Besides the risk factors mentioned above for 

commensal fungal infections, elderly people are especially at risk of C. glabrata 

infections (Perlroth, Choi et al. 2007, Pfaller and Diekema 2007). Even though the clinical 

importance of this fungus is increasing, C. glabrata’s pathogenicity strategies differ to a 

large extent from C. albicans and still remain poorly understood (Brunke and Hube 2013). 

Important scientific efforts have focused on understanding the evolutionary emergence 

of virulence traits in C. glabrata through genomic and metabolic studies.  

Since 2004, when the C. glabrata genome became available, genomic sequence 

comparisons of the brewer’s yeast Saccharomyces cerevisiae and C. glabrata have been 

performed, as it was shown that phylogenetically C. glabrata was more closely related 

to S. cerevisiae than to C. albicans (Dujon, Sherman et al. 2004, Roetzer, Gabaldon et 
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al. 2011). Furthermore, later phylogenetic studies showed that C. glabrata belongs to the 

Nakaseomyces genus, which contains three environmental species (Nakaseomyces 

delphensis, Candida castellii and Nakaseomyces bacillisporus) (Kurtzman 2003) and 

two milder pathogens (Candida nivariensis and Candida bracarensis) in addition to C. 

glabrata (Alcoba-Florez, Mendez-Alvarez et al. 2005, Correia, Sampaio et al. 2006). 

Recent work has compared the genomes of the Nakaseomyces genus and changed the 

view of the emergence of virulence in C. glabrata (Gabaldon, Martin et al. 2013, 

Gabaldon and Carrete 2016). These new results show that what were considered 

specific pathogenic traits of C. glabrata in comparison to S. cerevisiae, are in fact events 

that the whole genus, environmental and pathogenic species, underwent. Among these 

traits are an optimal growth at temperatures close to 37°C and certain auxotrophies, such 

as nicotinic acid, pyridoxine and thiamine, which have been suggested to be a result of 

niche-specific host adaptation (Casadevall 2008). Importantly, Gabaldón et al. also 

showed the independent expansion of virulence-related genes, such as the EPA gene 

family (Epithelial adhesins) and the presence of YPS tandem arrays (Aspartyl 

proteases), only in the pathogenic species, and here especially in C. glabrata (Gabaldon, 

Martin et al. 2013).  

Furthermore, four genes were identified in the lineage of C. glabrata that show signatures 

of positive selection in form of accelerated evolutionary rates (dN/dS ratio >1) (Gabaldon, 

Martin et al. 2013). It has been suggested that the selection pressure that acted or still 

acts on these genes may be related to a new environment to which C. glabrata was or 

is adapting to – for instance, the human host. Lastly it has been speculated that the ability 

for commensalism and pathogenesis in the Nakaseomyces genus may have emerged 

from an environmental ancestor that came into frequent contact with the mammalian gut. 

Such interactions may have given rise to species that can persist in such environment 

and develop further adaptations (Gabaldon, Martin et al. 2013). Based on this, in 2019 

Gabaldón and Fairhead questioned the assumption that C. glabrata is a natural 

commensal of the human mucosa, and alternatively suggested it to be a nomadic 

opportunistic commensal (Gabaldon and Fairhead 2019). Evidences that support such 

a claim are the isolation of C. glabrata from different, unrelated environments (coffee 

beans, cloaca swabs of several bird species, mobile phones), large diversity between 

clades, and a lack of geographic correlation of the genotypes of C. glabrata clinical 

isolates (Carrete, Ksiezopolska et al. 2018). All in all, whether the human is a natural 

niche for C. glabrata or not, this fungus clearly possesses the tools which enabled it to 

become one of the most relevant fungal opportunistic pathogen of humans.  
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4.4.2 Pathogenic traits of C. glabrata 

C. glabrata is a haploid fungus that does not form hyphae and elicits much less damage 

and inflammation than C. albicans during interaction with host cells in vitro and in mice, 

but is still able to disseminate and invade host tissues (Jacobsen, Brunke et al. 2010, 

Jacobsen, Grosse et al. 2011, Atanasova, Angoulvant et al. 2013). This fungus relies on 

numerous adhesins-encoding genes, the EPA genes for epithelial adhesion and biofilm 

formation. For these reasons, they are considered to be one of its main virulence factors 

(Cormack, Ghori et al. 1999, De Las Penas, Pan et al. 2003, Kojic and Darouiche 2004, 

von Eiff, Jansen et al. 2005). For dissemination without hyphae (which in many fungi are 

the tissue-penetrating structures), it has been suggested that C. glabrata relies on 

endocytosis or epithelial disruption by action of humans (catheters) or other microbes 

(e.g. epithelial disruption by C. albicans’s hyphae) (Perlroth, Choi et al. 2007, Coco, Bagg 

et al. 2008). Furthermore, C. glabrata triggers only a low pro-inflammatory response, 

where the only significantly induced cytokine is GM-CSF both in vitro and in vivo 

(Jacobsen, Brunke et al. 2010, Seider, Brunke et al. 2011). This cytokine is responsible 

for the activation and recruitment of macrophages. Interestingly, although C. glabrata is 

recognized and engulfed by these immune cells (Seider, Brunke et al. 2011), viable 

yeasts are able to arrest phagosome maturation and acidification. Then, C. glabrata can 

duplicate within the phagosome until escaping the phagocyte by bursting free, which is 

considered another of its main pathogenic traits (Seider, Brunke et al. 2011, Kasper, 

Seider et al. 2014, Kasper, Seider et al. 2015, Sprenger et al. 2018).  

The cell surface-associate proteases encoded by the YPS gene family seem to be 

involved in preventing macrophage activation, since their deletion mutants trigger strong 

macrophage activation and killing of the fungus (Kaur, Ma et al. 2007). The fungus is 

also able to largely suppress the production of ROS in the phagosome, and it possesses 

a catalase, Cta1 that is more active than those of C. albicans and S. cerevisiae and that 

may provide the fungus with a high tolerance to ROS within the phagosome (Cuellar-

Cruz, Briones-Martin-del-Campo et al. 2008). Nevertheless, it has been shown that ROS 

may not act alone in killing the fungus. This seems to happen rather due to its 

combination with additional stresses, since experimental suppression of ROS by 

macrophages did not increase the fungal survival (Kasper, Seider et al. 2015). Within the 

phagosome this yeast also seems to rely on carbon sources other than glucose, 

activating the glyoxylate cycle, gluconeogenesis, and autophagy to survive and replicate 

independent of readily accessible glucose (Rai, Balusu et al. 2012, Fukuda, Tsai et al. 

2013, Seider, Gerwien et al. 2014, Chew, Brown et al. 2021). In this context many efforts 
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have been taken to elucidate how the assimilation of available carbon source affects 

yeast growth, immune-evasion, survival and persistence within the macrophages; 

antifungal resistance and biofilm formation (Ene, Cheng et al. 2013, Brown, Brown et al. 

2014, Mota, Alves et al. 2015, Chew, Ho et al. 2019). 

The accumulation of trehalose, a simple non-reducing sugar containing two glucose 

subunits, could also play a role in the survival of C. glabrata within macrophages, as it 

has been shown that this molecule does not only serve as a carbon source, but also as 

an intracellular and extracellular protectant against different stresses (Pedreno, 

Gonzalez-Parraga et al. 2007, Sanchez-Fresneda, Martinez-Esparza et al. 2014, 

Eleutherio, Panek et al. 2015, Sanchez-Fresneda, Guirao-Abad et al. 2015). This 

carbohydrate interacts with proteins and lipids of the membrane structures to bolster 

them against oxidation and denaturation from inside and outside, in conditions of 

dissecation, oxidation, and high temperatures (Elbein, Pan et al. 2003). Trehalose is 

exclusively synthesized by bacteria, fungi, and plants, and it has been shown to have a 

biological function as an anti-stress agent during infection for different species of human 

pathogenic fungi (Alvarez-Peral, Zaragoza et al. 2002, Van Dijck, De Rop et al. 2002, 

Alcoba-Florez, Mendez-Alvarez et al. 2005). 

Another very important pathogenic trait of C. glabrata is its high intrinsic resistance to 

azole antifungals (Ostrosky-Zeichner, Rex et al. 2003) and the rapid development of 

resistance to even higher concentrations of azoles (Warnock, Burke et al. 1988, 

Hitchcock, Pye et al. 1993, Sanglard, Ischer et al. 1999, Bennett, Izumikawa et al. 2004, 

Pfaller, Diekema et al. 2004, Tsai, Krol et al. 2006). Azoles inhibit the enzyme lanosterol 

demethylase, the product of the ERG11 gene, which is involved in ergosterol synthesis. 

As a result, there is an alteration of the structure and function of the cell membrane, 

which causes an arrest of fungal growth. In combination with the antifungal immune 

response, this will result in clearance of the fungus (Ghannoum and Rice 1999). 

Fluconazole is the main antifungal used in cases of candidemia and refractory infection, 

mainly due to its low price and low cytotoxicity. However do to the intrinsic and rapid 

emergence of C. glabrata resistance to this drug, the use of other drugs, such as 

voriconazole, echinocandins or amphotericin B is now advised as a first-line treatment 

for C. glabrata infections (Pappas, Kauffman et al. 2016).  

The most common azole resistance mechanism found in C. glabrata is the activation of 

the transcription factor Pdr1. This in turn triggers the constitutive expression of the ABC 

transporters-encoding genes CDR1 and CDR2, which confer azole resistance by export 

of the drug (Sanglard, Ischer et al. 2001, Vermitsky, Earhart et al. 2006, Whaley and 
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Rogers 2016). Gain-of-function (GOF) mutations in the PDR1 gene account for the 

majority of cases of acquired azole resistance reported so far (Sanguinetti, Posteraro et 

al. 2005, Ferrari, Ischer et al. 2009, Whaley and Rogers 2016, Whaley, Zhang et al. 

2018). Moreover, the activation of Pdr1 not only acts on the expression of efflux pump 

genes but also on other genes involved in multidrug resistance, including the EPA genes, 

lipid metabolism-related genes, cell wall structure genes, and stress response and Golgi-

ER-related genes (Vermitsky, Earhart et al. 2006). Furthermore, a high expression level 

of CDR1 was shown to be responsible for increased fungal burden and thus virulence in 

a mice model of infection, although the mechanism remains unknown (Ferrari, 

Sanguinetti et al. 2011). In addition to PDR1 activation by GOF mutations, azole 

resistance has been reported to occur in C. glabrata and S. cerevisiae after loss of 

mitochondrial function, mainly due to complete (rho0) or partial loss (or presence of 

deleterious mutations) (rho-) of mitochondrial DNA (mtDNA) (Lipinski, Kaniak-Golik et al. 

2010). Yeasts of both species continue to be viable after this loss and grow as small 

colonies, earning them the name of petite-positive yeasts (Goldring, Grossman et al. 

1970, Chen and Clark-Walker 2000, Sanglard, Ischer et al. 2001), unlike other yeast, 

such as the opportunistic pathogens C. albicans and C. neoformans (Chen and Clark-

Walker 2000, Toffaletti, Nielsen et al. 2004). 

The petite phenotype is characterized by small colonies, long generation times, and lack 

of growth in alternative carbon sources (reviewed by Day 2013). Additionally, the loss of 

mtDNA triggers changes in the mitochondrial membranes leading to diminished 

membrane association of Psd1, the phosphatidylserine decarboxylase, in the 

mitochondrial inner membrane (Gulshan, Schmidt et al. 2008). This diminished 

association triggers the activation of the transcriptional factor Pdr1 and subsequently 

PDR1-dependent efflux pumps activation and azole resistance (Hallstrom and Moye-

Rowley 2000, Traven, Wong et al. 2001, Zhang and Moye-Rowley 2001, Gulshan, 

Schmidt et al. 2008; Bouchara et al., 2000; Brun et al., 2003; Brun et al., 2004; Ferrari et 

al., 2011; Kaur, Castano, & Cormack, 2004; Tsai et al., 2006). The petite phenotype can 

be induced by incubation with high concentrations of ethidium bromide or azole 

antifungals (Goldring, Grossman et al. 1970, Bouchara, Zouhair et al. 2000, Sanglard, 

Ischer et al. 2001): Ethidium bromide inhibits mtDNA synthesis and degrades the existing 

mtDNA (Goldring, Grossman et al. 1970), while the exact mechanism how azoles trigger 

mitochondrial dysfunction is not clear. Inhibition of synthesis or degradation of mtDNA 

by azoles has not been reported yet, and azoles are rather connected to a temporary 

loss of mitochondrial function (Kaur, Castano et al. 2004).  
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Very few petite mutants of C. glabrata have been isolated from patients with candidiasis 

(Peng, Dong et al. 2012), and of those some were undergoing fluconazole treatment 

(Bouchara, Zouhair et al. 2000, Posteraro, Tumbarello et al. 2006). Only one of these 

petite clinical isolates has been further characterized, and it was shown to be more 

virulent in animal models (Ferrari, Sanguinetti et al. 2011). However, when the isogenic 

respiratory-competent strain from an earlier isolation was made petite by ethidium 

bromide treatment, it showed decreased virulence. Another study reported that an 

ethidium bromide-induced petite showed much lower virulence in animal models than 

the parental strain (Brun, Dalle et al. 2005). Thus, the clinical relevance of these mutants 

is still controversial. The slow growth of petite mutants limits their identification in the 

clinics, and consequently the investigation of the possible implications of this phenotype 

in C. glabrata's adaptation to the host and virulence. 

4.5 Mitochondria and pathogenicity 

The aerobic respiratory chain is a metabolic process through which ATP is formed. The 

electron transport chain is made up of a series of complexes (normally four: I, II, III, IV), 

that transfer electrons from electron donors to electron acceptors via redox reactions, 

and couples this electron transfer with the transfer of protons across a membrane. In 

aerobic respiration, the flow of electrons finishes in the cytochrome c oxidase (Complex 

IV) where molecular oxygen is used as the final electron acceptor. Although it is not an 

essential pathway for many microorganisms to survive, it provides the most efficient 

energy production from nutrient oxidation and is used by both prokaryotes and 

eukaryotes. If this process is blocked in heterotrophic organisms, their energy demand 

can only be met by fermentable carbon sources. Then, the more inefficient fermentation 

can result in slow-growing colonies with a small size, called small colony variants (SCV) 

in bacteria and petite mutants in yeasts (Goldring, Grossman et al. 1970, Goldring, 

Grossman et al. 1971, Proctor, von Eiff et al. 2006, Day 2013). Although these mutants 

are considered physiologically impaired due to their slow growth and metabolism, they 

show other physiological changes that affect the host-pathogen interplay and can 

become adaptive during pathogenesis (Day 2013). A good example can be found with 

the important intracellular pathogens Staphylococcus aureus and Salmonella enterica 

serotype Typhimurium that are known to persist in normally lethal environmental 

conditions, forming SCVs. These SCVs show a decreased antibiotic susceptibility, and 

are linked to chronic and relapsing, often therapy-refractory infections (Proctor, von Eiff 

et al. 2006). Moreover, they show reduced expression of virulence factors, but higher 

adhesion, which promotes internalization in host cells and facilitate immune-evasion and 
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long-term persistence within their hosts (Proctor, von Eiff et al. 2006, Johns, Purdy et al. 

2015, Kahl, Becker et al. 2016). As a result, SCVs from many gram-positive and -

negative bacteria have been recovered from clinical tissues, including abscesses, blood, 

bones and joints, the respiratory tract, and soft tissues (Proctor, von Eiff et al. 2006, Kahl, 

Becker et al. 2016). The emergence of SCVs has been reported to happen due to defects 

in the electron transport chain, mainly as a result of mutations in the synthesis pathways 

of the intermediates of the electron transport chain components, such as menadione or 

haem (Kohler, von Eiff et al. 2003, von Eiff, Jansen et al. 2005, Seggewiss, Becker et al. 

2006). Therefore, when these compounds are supplemented, SCVs are still able to 

switch back to respiratory metabolism (Proctor, von Eiff et al. 2006). It has been proposed 

that SCVs may contribute to bacterial heterogeneity, which might confer an adaptive 

advantage upon environmental changes (Day 2013, Tuchscherr, Pollath et al. 2019).  

For fungi, S. cerevisiae and C. glabrata are so far the only known petite-positive yeast 

species with importance to humans (Chen and Clark-Walker 2000). In addition to the 

pleiotropic drug resistance, the petite phenotype of the baker's yeast has been found to 

be more resistant to heat shock and stress, which is correlated with an increased life 

span (Kennedy, Austriaco et al. 1995, Traven, Wong et al. 2001). Only C. glabrata petite 

mutants have been (rarely) found in infections (Bouchara, Zouhair et al. 2000, Posteraro, 

Tumbarello et al. 2006), and so far only one petite mutant has been published to possess 

any pathogenic advantage although a direct connection of its virulence to the petite 

phenotype could not be shown (Ferrari, Sanguinetti et al. 2011). Analogous to the SCVs, 

these strains have been isolated from patients under antifungal treatment (Bouchara, 

Zouhair et al. 2000) and with recurrent fungemia (Posteraro, Tumbarello et al. 2006). 

Moreover, the single C. glabrata petite strain that has been further characterized showed 

decreased susceptibility to antifungals and increased fungal burden in animal models of 

infection (Ferrari, Sanguinetti et al. 2011).  

In yeast the petite phenotype can result from two major types of mitochondrial 

dysfunction: Mutations that affect the function the electron transport chain (components 

of the electron transport chain, ATP synthase complex, heme biosynthesis or fatty acid 

metabolism, which affect mitochondrial membrane integrity), or a total or partial loss of 

mtDNA (Contamine and Picard 2000). Petites can arise spontaneously, and many 

decades ago the frequency of this event was reported as 0.1-1% for S. cerevisiae (Chen 

and Clark-Walker 2000). This number can be increased by incubation in glycerol, with 

heat, light, low concentrations of antibiotics (which inhibit protein synthesis), and with 

membrane-active agents, like phenyl alcohol or isopropanol (reviewed by Day 2013). 

The stability of the petite phenotype is not yet clear, as some studies using antibiotics or 
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azoles showed a reversion of petite of C. glabrata to wild type when the drug was 

removed (Williamson, Maroudas et al. 1971, Kaur, Castano et al. 2004). Thus, the 

environmental or clinical significance of the petite phenotype is not known yet. Similarly, 

whether there are selective pressures or genetic predispositions for the appearance of 

such mutants in the host or the environment remains unknown. 
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5. Aims of this study 

Fungal infections are becoming more and more prevalent worldwide (Bongomin, Gago 

et al. 2017). Learning how pathogenic fungal species develop their host-adaptive 

mechanisms and further their pathogenicity is crucial to understand the emergence and 

evolution of virulent species. With this aim, Manuscript I introduces the concepts of 

antivirulence and avirulence genes in human fungal pathogens, based on the well-known 

antivirulence genes in bacterial pathogens and avirulence genes in the plant fungal 

pathogens. The specific adaptations of different Candida yeasts to the human host are 

investigated in Manuscript II as examples for such a fungal-host co-evolution. Indeed a 

species-specific response of the most common Candida pathogens can be shown in 

response to contact with host epithelial cells, while the epithelial cells exhibit a pro-

commensal response to all of these fungi in absence of damage. 

C. glabrata represents one of the most important causes of candidiasis (Enoch, Yang et 

al. 2017). The lack of epithelial damage and inflammatory response, the ability to survive 

and replicate within the phagosome, and the high intrinsic resistance to stress and 

antifungals, has made stealth and persistence the main pathogenic traits of this fungus 

(Brunke and Hube 2013, Rodrigues, Silva et al. 2014, Kasper, Seider et al. 2015). In 

Manuscript III we show that C. glabrata additionally relies on the bed-hedging strategy 

of petite phenotype that allows this commensal yeast to succeed as a pathogen – 

something that would otherwise be considered a loss of functionality. Despite showing a 

decrease in fitness, cells with the petite phenotype are able to resist high concentrations 

of azole antifungals and survive better within the macrophages at early time points. 

Furthermore, such a strategy shows a cross-resistance effect, since C. glabrata turns 

petite upon exposure both to azoles and to phagocytosis, showing for the first time the 

interplay between antifungal resistance and immune evasion in a human pathogenic 

fungus. Importantly, there are indications for a clinical relevance of this growth 

phenotype, as petites are found among clinical isolates.  

In a further investigation of phagocyte-specific adaptations, this study also elucidates 

relevant pathways for the survival and persistence of C. glabrata within macrophages. 

On the one hand, the trehalose known to accumulate in yeasts serves as protection 

against oxidative stress as well as a carbon source after stress exposure (Eleutherio, 

Panek et al. 2015). Deletion mutants of the putative trehalase enzymes of C. glabrata in 

Manuscript IV show a decrease in virulence and their mid- to long-term survival of 
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phagocytosis, thus uncovering a new important pathway involved in adaptation of C. 

glabrata to the host’s immune response. On the other hand, replication of C. glabrata in 

the phagosome has been attributed to the utilization of alternative carbon sources 

(Kasper, Seider et al. 2015). However, the use of certain carbon sources, like acetate, 

seems to be rather detrimental to the evasion and survival of C. glabrata upon exposure 

to macrophages (Mota, Alves et al. 2015). The findings in Manuscript V demonstrate that 

the absence of acetate transporters benefits long-term survival of C. glabrata within 

macrophages, shedding light on the metabolic pathways involved in replication and 

persistence of C. glabrata within these immune cells and raising the possibility that these 

transporters act as antivirulence factors in the specific context of the phagosome. 
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6. Manuscripts 

6.1 Manuscript I 

Antivirulence and avirulence genes in human 

pathogenic fungi 

Sofía Siscar-Lewin, Bernhard Hube and Sascha Brunke 

Virulence. 2019; 10(1): 935–947. Published online 2019 Nov 11. DOI: 

10.1080/21505594.2019.1688753 

Summary:  

A range of fungi can cause superficial to systemic diseases in humans. This review 

introduces new concepts and gives an overview over the evolutionary mechanisms that 

led to the emergence of fungal pathogenicity and virulence. It focuses on the loss of non-

adaptive genes in the host niche, named antivirulence genes, and those that impairs 

fungal progression within the host, the so-called avirulence genes. This review shows 

the analogy, to some extent, between the well-known antivirulence genes in pathogenic 

bacteria and the avirulence genes in phytopathogenic and even human-pathogenic fungi. 

Thus, this review introduces new concepts which are so far nearly unknown in the field 

of human pathogenic fungi, to broaden our view of human-fungal interplay and better 

understand the emergence and evolution of virulence in human pathogens. 

The candidate is: 

 First author   Second author   Corresponding author   Coauthor 
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6.2 Manuscript II 

Candida pathogens induce protective 

mitochondria-associated type I interferon 

signalling and a damage-driven response in 

vaginal epithelial cells 

Marina Pekmezovic, Hrant Hovhannisyan, Mark S. Gresnigt, Elise  Iracane, João 

Oliveira-Pacheco, Sofía Siscar-Lewin, Eric Seemann, Britta Qualmann, Till Kalkreuter, 

Sylvia  Müller, Thomas  Kamradt, Selene Mogavero, Sascha Brunke, Geraldine Butler, 

Toni Gabaldón, Bernhard Hube 

Nature Microbiology. 2021. Published online 2021 Mar 22. DOI: 10.1038/s41564-021-

00875-2 

Summary:  

The phylogenetically diverse species Candida albicans, C. glabrata, C. parapsilosis, and 

C. tropicalis are the main etiological agents of vulvovaginal candidiasis. This article 

shows the interaction between these species and vaginal epithelial cells during an in vitro 

model of infection. The four species exhibit highly species-specific transcriptional 

profiles, meaning that they display different pathogenicity patterns. In contrast, the host 

cells show a comparable response to all species at early stages of infections, which 

promotes a protective type I interferon response through a sub-lethal mitochondrial 

signaling. At later time points the host response shifts to a more species-dependent 

manner, as the species exert epithelial cell damage though species-specific 

mechanisms, such as secretion of the toxin candidalysin by C. albicans. This paper 

shows for the first time an epithelial response to Candida species in which an early 

commensal interaction is promoted, which at later time points diverges to a species-

specific, damage-driven response. 

The candidate is: 
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Experimental Writing 

Provision of 
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6.3 Manuscript III 

Transient mitochondria dysfunction confers 

fungal cross-resistance between macrophages 

and fluconazole  

Sofía Siscar-Lewin, Toni Gabaldón, Alexander M. Aldejohann, Oliver Kurzai, Bernhard 

Hube, Sascha Brunke 

mBio. 2021. DOI: 10.1128/mBio.01128-21 

Summary:  

In microbes, the loss or inactivation of antivirulence genes is an evolutionary signature 

of their adaptation to a pathogenic lifestyle. Candida glabrata is an important 

opportunistic pathogen related to the baker’s yeast, Saccharomyces cerevisiae. Unlike 

C. albicans, the most highly pathogenic Candida species, C. glabrata does not form 

hyphae and elicit epithelial damage. Its main pathogenic traits are its intrinsic high level 

of azole resistance and its ability to persist within phagocytes. During C. glabrata’s 

evolution as a pathogen, the mitochondrial DNA polymerase gene, CgMIP1, has been 

under positive selection. Here it is shown that CgMIP1 deletion triggers the respiratory-

deficient petite phenotype through the loss of mitochondrial DNA and, subsequently, loss 

of mitochondrial function. Despite its slow growth, yeasts with the petite phenotype show 

increased azole and ER stress resistance, and survive better after phagocytosis. The 

same phenotype is induced by fluconazole and by exposure to macrophages, conferring 

a cross-resistance between antifungals and immune cells. The macrophages-derived 

petite can revert back to wild type growth once outside the phagosome, which confers 

the yeast a better fitness in competitive conditions. The petite phenotype can also be 

found in clinical isolates. This work suggests that the petite phenotype can be 

advantageous to C. glabrata during infection, and potentially be a relevant cause for the 

development of azole resistance in the clinics. Mitochondrial function may thus be 

considered a potential antivirulence factor. 
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6.4 Manuscript IV 

 

The involvement of the Candida glabrata 

trehalase enzymes in stress resistance and gut 

colonization 

Mieke Van Ende, Bea Timmermans, Giel Vanreppelen, Sofía Siscar-Lewin, Daniel 

Fischer, Stefanie Wijnants, Celia Lobo Romero, Saleh Yazdani, Ona Rogiers, Liesbeth 

Demuyser, Griet Van Zeebroeck, Yuke Cen, Karl Kuchler, Sascha Brunke , Patrick Van 

Dijck 

Virulence. 2021; 12(1): 329-345. Published online 2021 Jan 12. DOI: 

10.1080/21505594.2020.1868825 

Summary:  

Candida glabrata is an opportunistic human fungal pathogen and the second most 

important cause of candidiasis. This fungus uses the sugar trehalose for stress tolerance 

and also as an energy source. In this article three trehalase enzymes of this pathogen 

are identified: Ath1, Nth1, and Nth2. The possible role of these enzymes in pathogenicity 

is characterized by creating single, double, and triple mutants lacking the corresponding 

genes and subjecting them to in vitro and in vivo experiments. Ath1 was found to be 

essential for growth on trehalose as a carbon source; Nth1 was important for oxidative 

stress resistance, which was verified by the lower survival rate of the NTH1 deletion 

strain in human macrophages. No significant phenotype was observed for mutants 

lacking Nth2. Nevertheless, the triple deletion strain showed a reduced adhesion to 

catheters, was unable to establish a stable colonization of the gastrointestinal tract in 

mice, and showed reduced survival in macrophages after four days of phagocytosis. 

Furthermore, mice infected intravenously with the triple deletion strain appeared 

healthier than the wild type control. These results shed light on the important role of the 

trehalose metabolism in C. glabrata pathogenicity and open the possibility of new 

antifungal targets to combat fungal infections caused by this pathogen. 
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6.5 Manuscript V 

Acetate assimilation is an integral part of Candida 

glabrata persistence within the human host’s 

macrophages 

Rosana Alves, Sofía Siscar-Lewin, Cláudia Lima Duarte, Bea Timmermans, Mieke Van 

Ende, Sascha Brunke, Margarida Casal, Patrick Van Dijck, Sandra Paiva  

Summary:  

Candida glabrata is an opportunistic pathogen able to persist and replicate within the 

phagosome of macrophages, where it can use alternative carbon sources, such as 

carboxylic and fatty acids, to survive and replicate. Acetate transporters and channels 

might be important for Candida glabrata pathogenicity as it has been shown that the 

metabolism of acetate modulates immune recognition of this yeast. This study aims to 

analyze the role of C. glabrata acetate transporters and channels during interaction with 

host macrophages. Deletion mutants were subjected to human monocyte-derived 

macrophages in a long-term experiment where they showed an increased survival within 

the phagocytes. This work provides information on the metabolic processes that support 

C. glabrata survival and persistence within macrophages, and the potential antivirulence 

function of acetate metabolism during long-term phagosomal residence of this fungus. 

Status: In preparation. 
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Abstract 

Candida glabrata is considered to be a commensal yeast that has evolved distinct 

strategies to survive and proliferate within the human host, thereby becoming an 

important opportunistic pathogen. This fungus is able to persist and replicate within the 

phagosome of macrophages, where alternative carbon sources, such carboxylic and 

fatty acids are abundant and may be used by this pathogen to survive and replicate. 

Previously it has been shown that the metabolism of acetate influences biofilm formation 

and antifungal drug resistance, and it also modulates immune recognition of this fungus. 

Acetate transporters and channels might therefore be important for Candida glabrata 

pathogenicity. This work investigates the role of C. glabrata acetate transporters and 

channels during interaction with host macrophages. With this aim, deletion mutants were 

subjected to human monocyte-derived macrophages in a long-term experiment. We 

found that deletion mutants of acetate transporters showed an increased survival during 

long-term residence in phagocytes, which sheds light on the metabolic processes that 

supports C. glabrata survival and persistence within macrophages, unveiling a potential 

antivirulence function of acetate metabolism during long-term phagocytosis of this 

fungus. 

Key words: Fungal pathogenesis, phagocytosis, acetate tranporters, antivirulence 

factors. 



Manuscripts 
 

110 

 

Introduction 

Pathogenic fungi like Candida glabrata have evolved distinct strategies to survive and 

proliferate within the human host, including sophisticated mechanisms to rapidly adapt 

to a diverse range of environmental stresses (Seider, Heyken et al. 2010, Seider, 

Gerwien et al. 2014, Kasper, Seider et al. 2015, Miramon and Lorenz 2017). During 

gastrointestinal and vaginal colonization, glucose is scarce and alternative, 

nonfermentable carbon sources, mostly acetate and lactate (Yamaguchi, Sonoyama et 

al. 2005, Amabebe and Anumba 2018) may support growth, proliferation and survival of 

Candida. This also presumably happens within the phagosome, as many studies show 

an upregulation of genes involved in carboxylic acids metabolism during phagocytosis 

(Lorenz, Bender et al. 2004, Danhof, Vylkova et al. 2016). Adaptation of pathogenic fungi 

to these environments requires dramatic transcriptional and metabolic changes, 

including a switch to a respiratory metabolism and the overexpression of carboxylate 

transporters to assimilate these nonfermentable carbon sources. Some components of 

these metabolic pathways are required for full virulence in animal models of candidiasis 

(Lorenz and Fink 2001, Barelle, Priest et al. 2006, Ramirez and Lorenz 2007, Chew, Ho 

et al. 2019), highlighting the importance of nutrient assimilation for the success of these 

yeasts as human pathogens. 

C. glabrata is able to persist and replicate within the phagosome of macrophages, where 

alternative carbon sources, such carboxylic and fatty acids are abundant and may be 

used by this pathogen to survive and replicate (Lorenz, Bender et al. 2004, Seider, 

Heyken et al. 2010, Seider, Gerwien et al. 2014, Kasper, Seider et al. 2015). Previously 

it has been shown that the metabolism of acetate influences biofilm formation and 

antifungal drug resistance, and it also modulates immune recognition of this fungus 

(Mota, Alves et al. 2015). The putative acetate transporter gene, ADY2a (from here on 

referred to as Acetate Uptake Transporter: ATO) is upregulated in C. glabrata during 

interaction with macrophages (Kaur, Ma et al. 2007) and neutrophils (Fukuda, Tsai et al. 

2013). The same is the case for the homologue of the S. cerevisiae acetate channel 

gene, FPS1, during interaction with macrophages (Seider, Heyken et al. 2010). 

Therefore, acetate transporters and channels might be important for C. glabrata 

pathogenicity via their functions in immune cell interactions. However, it was also 

observed that acetate-grown C. glabrata cells are better phagocytosed and killed than 

cells grown in glucose, showing that the presence of acetic acid is not  necessarily 

advantageous for fungal cells to deal with macrophage defences (Mota, Alves et al. 

2015).  
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This work aims to provide insight into the role of C. glabrata acetate transporters and 

channels during interaction with human macrophages. First, we show that each 

C. glabrata Ato protein can complement the loss of ScAto function in baker's yeast. In 

parallel, deletion of these genes significantly diminished the uptake of acetate by 

C. glabrata. Wild type and mutants were then subjected to human monocyte-derived 

macrophages in a long-term experiment to study the physiological role of these 

transporters and channels. We found that, although some of the genes were upregulated 

in the wild type after long periods of phagocytosis, their deletion mutants showed an even 

increased survival during long-term residence in phagocytes. This sheds light on the 

metabolic processes that support C. glabrata survival and persistence within 

macrophages, making these transporters potential antivirulence genes. 

Results  

Construction of C. glabrata mutants of putative acetate transporters and 

channels 

C. glabrata ATO1 (systematic identifier CAGL0M03465g), ATO2 (CAGL0L07766g), and 

ATO3 (CAGL0A03212g) were annotated as putative acetate plasma membrane 

transporter genes based on the sequence similarities of their encoded proteins (protein 

BLAST identities of 74.30%, 73.66%, and 31.07%, respectively) to the S. cerevisiae 

acetate transporter Ato1 (YCR010C) (Paiva, Devaux et al. 2004, Ribas, Soares-Silva et 

al. 2019). C. glabrata FPS1 (CAGL0C03267g) and FPS2 (CAGL0E03894g) were 

annotated as putative acetate channel genes based on the sequence similarities of their 

encoded proteins (protein BLAST identities of 53.79% and 46.94%, respectively) to the 

S. cerevisiae aqua(glycerol)protein Fps1 (YLL043W), involved in acetic acid uptake 

(Mollapour and Piper 2007). In C. glabrata, these genes were previously observed to be 

upregulated in the presence of acetic acid at pH 5.0 (Mota, Alves et al. 2015), supporting 

their role as potential acetate transporters or channels.  

To determine the physiological function of these proteins, each gene was successively 

deleted in the C. glabrata ΔHTL strain by using the SAT1 flipper method (Figure 1A). 

Two rounds of integration/excision generated deletion strains that differ from the wild 

type parental strain only by the absence of the target gene and the presence of a single 

FRT site. The integration of each nourseothricin cassette and subsequent excision was 

confirmed by colony PCR, using primers that bind either upstream and inside the 

cassette (X-upstream-fw and NAT-rv, where X represents the target gene; Figure 1C; 

Supplementary Table 4) or upstream and downstream of the deleted open reading 

frames (X-upstream-fw and X-downstream-rv; Figure 1D; Supplementary Table 4). As a 
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control, the same PCR reactions were performed with genomic DNA from the parental 

strain (Figure 1B), where all five target genes were intact, according to the published 

C. glabrata genome at the Candida Genome Database (Skrzypek, Binkley et al. 2017). 

Gene deletion experiments resulted in five different single mutants (ato1Δ, ato2Δ, ato3Δ, 

fps1Δ, and fps2Δ), two double (ato1Δato2Δ and fps1Δfps2Δ), one triple 

(ato1Δato2Δato3Δ) and one quintuple (ato1Δato2Δato3Δfps1Δfps2Δ) mutants (Table 1). 

Figure 1. Schematic representation of the SAT1 flipper method and diagnostic tests for the 

verification of correct cassette integration and deletion. A. Integration of nourseothricin (nat1) cassette 

by homologous recombination (regions of homology are approximately 100 bp long) and subsequent 

excision induced by the expression of FLP. B. Colony PCR reactions were performed on the genomic DNA 

of the parental strain as a control using X-upstream-fw and X-downstream-rv primers, where X represents 

the target gene (Supplementary Table 4). Each primer binds approximately 500 bp upstream or downstream 

of the target gene. C. Colony PCR reactions were performed on seven nurseothricin-resistant colonies 

obtained after transformation with the nat1 cassette, using X-upstream-fw and NAT-rv primers 

(Supplementary Table 4). NAT-rv primer binds approximately 500 bp downstream of the start of the cassette. 

D. Colony PCR reactions were performed on seven hygromycin-resistant colonies obtained after 

transformation with the FLP expression plasmid to confirm gene deletion, by using X-upstream-fw and X-

downstream-rv primers. 

Lack of genes encoding putative acetate transporters leads to a diminished uptake 

of acetate by the mutants 

C. glabrata mutant cells were also tested regarding their ability to transport radiolabeled 

acetic acid (Figure 2). The data show that a single deletion of any of the tested genes is 

sufficient to reduce the ability of the cells to transport acetate (statistically significant for 

all except the fps1 strain; Figure 2). This data supports the hypothesis that these 

genes encode putative plasma membrane transporters and channels that mediate the 

transport of acetic acid.  
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Figure 2. Transport assays support Ato and Fps function as acetate transporters.  

Percentage of 1 mM 14C-acetic acid uptake, at pH 5.0, normalized to the velocity of transport of C. glabrata 

ΔHTL as 100%. Cells were cultivated in Synthetic Complete (SC) medium with 2% glucose until mid-

exponential growth, washed and transferred for another 6 h growth in SC supplemented with 0.5% acetic 

acid, pH 5.0. Error bars show standard deviations. The data shown are mean values of triplicates of at least 

three independent experiments and significance was determined using two-way ANOVA with Tukey’s 

multiple comparison test. *p < 0.05, ** p < 0.01 and ***p < 0.001 indicate statistically significant results. 

Heterologous expression of C. glabrata acetate transporters and channels 

in S. cerevisiae IMX1000 restore growth on acetic acid 

To further determine if the function of the Ato proteins is conserved in C. glabrata, we 

examined the ability of CgATO1, CgATO2, CgATO3, CgFPS1, and CgFPS2 to rescue 

the S. cerevisiae IMX1000 growth defect on acetic acid. This strain is deleted in 25 

membrane-protein-encoding genes, including all the transporters known to mediate 

acetic acid uptake, namely ScATO1, ScATO2, ScATO3, and ScFPS1 (Mans, Hassing et 

al. 2017). As a control, we used the well-characterized acetate transporter gene ScATO1 

(Paiva, Devaux et al. 2004). Each gene was independently expressed in the IMX1000 

strain in Synthetic Defined (SD) medium supplemented with 0.5% acetic acid. The pH of 

the medium was adjusted to 6.0, in order to guarantee that a high percentage of 

dissociated acid (acetic acid pKa=4.76) is present and enter the cell by a mediated 

transport mechanism. The obtained results show that the expression of each gene was 

sufficient to restore growth with acetate, suggesting that they play a role in acetate uptake 

(Figure 3). 
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Figure 3. S. cerevisiae IMX1000 mutants heterologously expressing C. glabrata Ato transporters or 

Fps channels grow better on acetic acid. CgATO1, CgATO2, CgATO3, CgFPS1, and CgFPS2 were 

independently cloned into the p416-GPD expression vector (Supplementary Table 3) and used to transform 

the IMX1000 strain. Serial dilutions were spotted on Synthetic Defined (SD) solid medium containing either 

glucose (2% w/v, pH 6.0) or acetate (0.5% v/v, pH 6.0) and supplemented with the required amino acids for 

growth. Pictures were taken after 9 days of incubation at 18ºC. Experiments were performed in triplicate, 

showing consistent results among all the independent assays. 

To study the expression and subcellular localization of these proteins, we also used 

S. cerevisiae IMX1000 cells transformed with plasmids harboring genetic fusions of the 

transporter-encoding genes with fluorescent tags. The coding sequence of the 

fluorescent mCherry tag was cloned at the 3’ end of each gene and introduced into the 

pBC6 expression vector, which contains the constitutive and strong TEF promoter. We 

were able to test only two of the transporters, CgAto1 and CgFps1, due to technical 

issues. Confocal microscopy revealed that both CgAto1-mCherry and CgFps1-mCherry 

localize to the plasma membrane (Figure 4). Although the mCherry signal was found 

predominantly at the cell surface for both fusion proteins (Figure 4), some fluorescence 

was also seen associated with intracellular structures in both cases. These structures 

resemble the endoplasmic reticulum, suggesting that the overexpression of these 

proteins, driven by the TEF strong promoter, may result in some ER retention. In contrast 

to CgAto1-mCherry, the CgFps1-mCherry signal was not uniformly distributed over the 

cell surface but rather appeared in patches, as previously reported for ScFPS1 (Figure 

4) (Tamas, Luyten et al. 1999).   
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Figure 4. C. glabrata Ato1 transporter and Fps1 channel localize to the plasma membrane. The S. 

cerevisiae IMX1000 strain was transformed with pBC6 plasmids containing CgATO1 (left) or CgFPS1 (right), 

both tagged at their 3’ end with the fluorescent marker mCherry (Supplementary Table 3). Representative 

images of a series taken with a Zeiss LSM 780 confocal microscope equipped with a 63 x NA1.4 oil 

immersion lens. Scale bars, 5 µm.   

Relative expression of C. glabrata acetate transporters and channels during 

phagocytosis by human monocyte-derived macrophages 

C. glabrata is particularly well-adapted to the intracellular environment of phagocytes 

(Kaur, Ma et al. 2007, Rai, Balusu et al. 2012, Fukuda, Tsai et al. 2013), being able to 

survive and replicate for extended periods of time within these cells (Seider, Gerwien et 

al. 2014, Duggan, Essig et al. 2015). The upregulation of CgATO1 following 

phagocytosis has been supported by independent studies either in macrophages (Kaur, 

Ma et al. 2007) or neutrophils (Fukuda, Tsai et al. 2013). This transporter has also been 

shown to influence phagocytic uptake and killing of C. glabrata (Mota, Alves et al. 2015). 

We investigated the expression profile of C. glabrata ATO1, ATO2, ATO3, FPS1, and 

FPS2 after phagocytosis by human monocyte-derived macrophages. C. glabrata cells 

were challenged with these phagocytes and retrieved at several time points over a period 

of seven days (Figure 5). As a control, we used yeasts from a log-phase YPD culture. 

Early after engulfment (6 h), we observed an upregulation of all investigated genes, with 

the exception of CgATO3 (Figure 5). In particular, the expression of CgATO2 was 

induced about 8-fold, a level which was maintained over time (Figure 5). CgATO1 was 

the most upregulated gene over time (Figure 5), supporting previous reports (Kaur, Ma 

et al. 2007, Fukuda, Tsai et al. 2013). On the other hand, the expression of CgFPS2 

decreased over time, recahing about 16-fold downregulation at days 4 and 7 (Figure 5). 

Interestingly, the expression profile of the cells following phagocytosis was very similar 

with the one observed in cells growing in a long-term, stationary YPD culture (stars, 

Figure 5), but different from the one found when cells were growing in a log-phase YPD 
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culture (inverted triangles, Figure 5). This suggests that C. glabrata cells within 

macrophages might be starving just like those experiencing a long stationary phase.  

 

  

Figure 5. Relative expression of C. glabrata acetate transporters and channels during phagocytosis 

by human monocyte-derived macrophages. Relative expression of CgATO1, CgATO2, CgATO3, 

CgFPS1, and CgFPS2 in response to phagocytosis by macrophages after 0, 6, 24 (1 day), 48 (2 days), 96 

(4 days), and 168 h (7 days) based on microarray data. Triangles and stars indicate the expression of genes 

in C. glabrata cells when growing in log-phase YPD (left side, ▼) and long-term YPD (right side, ★), 

respectively.  

Acetate transporter mutants show higher survival after long-term macrophage 

experiment 

The triple and quintuple acetate transporter mutants of C. glabrata were subjected to 

phagocytosis by human monocyte-derived macrophages for 7 days, monitoring their 

survival at the time points of 3 hours, 1 day, 4 days, and 7 days. All strains showed similar 

uptake rate and killing rate during the first hours (data not shown), but a significant better 

survival of both mutants after 7 days (Figure 6). These results point to a relevant role of 

the acetate transporters during long-term phagocytosis. 

 

Figure 6. Acetate transporter mutants show increased survival in a long-term macrophage 

experiment. The triple ato∆ mutant (A) and quintuple ato∆fsp∆ mutant (B) survive better than the wild type 

after 7 days inside of phagocytes. Mean ± SD, n=3 with 3 independent donors in 3 independent experiments, 

each point represents an independent survival event. Statistically significantly different values (unpaired, 
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two-tailed Student's t-test on log-transformed ratios) are indicated by asterisks as follows: ***, p ≤ 0.001. 

Discussion 

Acetate is present in different human niches: Produced by intestinal microbiota in the 

intestine (Yamaguchi, Sonoyama et al. 2005), on the vaginal mucosa (Amabebe and 

Anumba 2018), and within the phagosome (Lorenz, Bender et al. 2004, Danhof, Vylkova 

et al. 2016). It is known that one of the main pathogenicity mechanisms of the 

opportunistic pathogen C. glabrata is its ability to persist and replicate within the 

phagosome (Seider, Heyken et al. 2010, Seider, Gerwien et al. 2014, Kasper, Seider et 

al. 2015). In this study, the possible role of acetate transporters and channels in the 

persistence and growth of C. glabrata during phagocytosis was investigated. First, it was 

shown that the putative acetate transporter (ATO) and channel (FSP) genes are involved 

in the uptake of acetate from the medium, and that they can restore growth of an S. 

cerevisiae strain which lacks these transporters on acetate-containing medium. 

Furthermore only two genes of the ATO gene cluster were found to be upregulated during 

a long-term phagocytosis experiment, in agreement with previous observations during 

short-term interactions with phagocytes (Kaur, Ma et al. 2007, Fukuda, Tsai et al. 2013). 

This pattern of upregulation is similar to late stationary phase after most nutrients are 

depleted, and indicates a condition of starvation within the phagosome. In this scenario, 

the transporters would take up the acetate present in the phagosome and use it as 

carbon source, supporting growth and persistence of the fungus. However, contrary to 

this assumption, we observed that triple and quintuple mutants, lacking all ATO or all 

ATO and FSP genes, survived even better during long-term residence in macrophages 

(7 days). Mota et al. previously observed that acetate-grown wild type C. glabrata cells 

are better phagocytosed and killed than those grown in glucose medium (Mota, Alves et 

al. 2015). In addition, in the presence of acetate the mutant ato1∆ was much more 

refractory to killing when compared to wild type cells (Mota et al., 2015). That study 

concluded that the presence of acetic acid is not an advantage for fungal cells confronted 

with macrophages. These results also agree with recent observations that show a higher 

mannan exposure upon exposure to acetate, which may lead to increased uptake by 

phagocytes (Keppler-Ross, Douglas et al. 2010) and a lower oxidative stress resistance 

(Chew, Ho et al. 2019). Taken together, those previous observations and our new results 

indicate that metabolism of acetate within the phagosome could be disadvantageous for 

C. glabrata during long-term phagocytosis. Especially since removing all putative acetate 

transporters and channels led to a significantly increased survival, these genes could be 

classified as potential antivirulence genes of C. glabrata (Siscar-Lewin, Hube et al. 

2019).  
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It is known that deletion mutants can trigger compensatory mechanisms (Schwarzmuller, 

Ma et al. 2014) that could be responsible for the overall increased survival of the multiple 

deletion mutants, such as the upregulation of other carboxylic acid, fatty acid or amino 

acid transporters, which are known to be used by phagocytosed fungi (Lorenz, Bender 

et al. 2004, Seider, Heyken et al. 2010, Seider, Gerwien et al. 2014, Kasper, Seider et 

al. 2015). For intance, it has been recently proposed that the most pathogenic Candida 

species, C. albicans, responds differently to each alternative carbon source, which it 

encounters during infection (carboxylic acids such as lactate, amino acids, and N-

acetylglucosamine), inducing a specific pattern of protection from host-relevant stressors 

(Williams and Lorenz 2020). Exposure to these nutrients alters interactions with immune 

cells, likely as a result of significant changes in the fungal cell wall (Williams and Lorenz 

2020). Analogously to C. albicans, increased uptake and metabolism of other alternative 

carbon sources in the acetate-transporters/channels mutants of C. glabrata might 

therefore be beneficial for the fungus to survive long-term residence within macrophages.  

Material and methods 

Yeast strains, plasmids, primers and growth conditions 

The yeast strains, plasmids and primers used in this study are listed as Supplementary 

data.  All C. glabrata mutant strains (Supplementary Table 1) were generated from the 

C. glabrata ΔHTL reference strain, derived from the ATC2001 strain with deletions in the 

histidine (HIS3), tryptophan (TRP1), and leucine (LEU2) loci (Jacobsen, Brunke et al. 

2010). Cultures were routinely grown either in YPD (1% yeast extract, 2% peptone and 

2% glucose), synthetic complete (SC) medium (0.67% yeast nitrogen base with 

ammonium sulfate, 2% glucose or 0.5% acetic acid, supplemented with a complete 

amino acid mixture - CSM from Formedium) or synthetic defined (SD) medium (0.67% 

yeast nitrogen base with ammonium sulfate, 2% glucose or 0.5% acetic acid, 

supplemented with the appropriate mixture of amino acids) at 37ºC. Both SC and SD 

media were buffered either at pH 5.0 or 6.0, as specified for each experiment. For solid 

YPD, SC or SD media, 1.5% agar was added.  

Heterologous expression of C. glabrata transporters and channels in S. cerevisiae 

C. glabrata ATO1 (CAGL0M03465g), ATO2 (CAGL0L07766g), ATO3 

(CAGL0A03212g), FPS1 (CAGL0C03267g), and FPS2 (CAGL0E03894g) were cloned 

into the p416-GPD vector (Mumberg, Müller et al. 1995) by homologous recombination 

using the Escherichia coli strain DH5 (Jacobus and Gross 2015). Each gene was 

amplified by PCR from about 50 ng of genomic DNA from the C. glabrata ΔHTL strain 

per 50 µL reaction volume. Yeast specific primers were designed based on the available 
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C. glabrata genome at CGD (Skrzypek, Binkley et al. 2017) and are listed in 

Supplementary Table 4 (p416-GPD-x-fw and p416-GPD-x-rv, where x represents the 

target gene). PCRs were carried out using Phusion High-Fidelity DNA Polymerase 

(Thermo Fisher Scientific) following the manufacturer’s instructions. The thermocycler 

setting consisted of one step of 98ºC for 30 sec, 30 cycles of 98ºC for 30 sec, 56ºC for 

30 sec and 72ºC for 1 min, and one step of 72ºC for 10 min. The p416-GPD vector was 

digested with FastDigest EcoRI (Thermo Fisher Scientific) for 1 h in the appropriate 

buffer, following the manufacturer’s instructions. Competent E. coli cells were 

transformed by the heat shock method (Maniatis, Fritsch et al. 1998). Briefly, each PCR 

fragment was mixed with the linear vector in a 10 µL volume of pure water. Then this 

volume was transferred into a microcentrifuge tube containing 50 µL of thawed 

competent cells and the mixture was incubated for 20 min on ice. Heat shock was carried 

out by placing the tubes in a water bath for 45 s at 42°C. Immediately after the heat 

shock, cells were placed on ice for 5 min. Then the thermal-shocked cells were recover 

in LB medium at 37°C for 1 h. After that time, cells were plated on solid LB medium 

containing ampicillin as selective antibiotic. Cells grew overnight at 37°C. To test for 

positive clones, cells from 8 randomly chosen colonies were tested by colony PCR, as 

previously described, using primers p416-GPD-X-fw and p416-GPD-X-rv 

(Supplementary Table 4). Plasmid DNA was purified from selected positive clones to 

confirm the correct insertion of the fragment into the vector by sequencing (Eurofins 

Genomics GmbH, Germany). 

Fluorescent microscopy 

C. glabrata cells were grown overnight for fluorescent microscopy using SD-glucose 

medium supplemented with histidine and leucine as described above. A volume of 1 mL 

of each cell culture was harvested, concentrated and manually immobilized on slides. 

Cells were immediately visualized under a Zeiss LSM 780 inverted confocal microscope 

using a 63x oil immersion objective and the 488 nm argon laser. Images were processed 

using the Zeiss ZEN 2010 software (Carl Zeiss, Jena, Germany). 

Mutant generation 

Gene deletions were performed in the ΔHTL strain by homologous recombination, using 

the SAT1 flipper method (Shen, Guo et al. 2005). Briefly, a cassette containing the C. 

albicans NAT (CaNAT1) gene, which confers nourseothricin resistance, flanked by FLP 

recombinase recognition target (FRT) sites, was amplified by PCR from the pYC44 

plasmid (Supplementary Table 2) (Yanez-Carrillo, Orta-Zavalza et al. 2015), using 

forward and reverse primers that included 100 nucleotides noncoding sequence 
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upstream or downstream of each selected gene (Supplementary Table 3). The PCR 

reaction was performed using Ex Taq DNA Polymerase (Takara) according to the 

manufacturer’s protocol. The thermocycler setting consisted of one step of 98ºC for 

30 sec, 30 cycles of 98ºC for 30 sec, 60ºC for 30 sec and 72ºC for 2 min, and one step 

of 72ºC for 10 min. The correct size of each fragment was confirmed by electrophoresis. 

C. glabrata ΔHTL cells from a YPD preculture were diluted into 50 mL fresh YPD medium 

to an optical density at 600 nm (OD600nm) of approximately 0.2 and grown at 37ºC for 3-

4 h to an OD600nm of approximately 1.5. Cells were then collected by centrifugation at 

3000 g for 5 min, washed two times with 50 mL of sterile water and finally resuspended 

in 8 mL of sterile water. After addition of 1 mL of 10× TE (100 mM Tris-HCl, 10 mM EDTA, 

pH 7.5) and 1 mL of 1 M lithium acetate (pH 7.5), the suspension was incubated in a 

rotary shaker at 200 rpm for 30 min at 37ºC. Then, 250 µL of 1 M dithiothreitol were 

added to the cell culture and incubated for 1 h at 37ºC with shaking. After addition of 40 

mL of sterile water the cells were centrifuged at 3000 g for 5 min, and kept on ice until 

the electroporation step. Cells were washed sequentially two times in 25 mL of ice-cold 

water, one time in 5 mL of ice-cold 1 M sorbitol and resuspended in 500 µL of ice-cold 

1 M sorbitol. For each transformation, 45 µL of electrocompetent cells and 5 µL of the 

amplified NAT cassette (approximately 1 µg) were mixed and electroporated at 1.5 kV; 

200 ; 25 µF. Recovery was carried out by adding 2 mL of YPD and incubating at 37ºC 

for 4 h with shaking. Cells were then harvested at 3000 g for 5 min, resuspended in 100 

µL of sterile water and plated on YPD containing 200 µg·mL-1 of nourseothricin (clonNAT; 

Jena Bioscience GmbH, Germany). Resistant colonies were picked after 1-2 days of 

growth and confirmed by colony PCR analysis, using x-upstream-fw and NAT-rv primers, 

where x represents the target gene (Supplementary Table 3). The PCR reaction was 

performed using a Taq DNA Polymerase. The thermocycler setting consisted of one step 

of 98ºC for 10 min, 30 cycles of 98ºC for 30 sec, 60ºC for 30 sec and 72ºC for 1 min, and 

one step of 72ºC for 10 min. Positive confirmed transformants were streaked on YPD 

plates containing 200 µg·mL-1 of clonNAT for further use. To create the multiple mutants, 

the NAT cassette was removed by transforming the clonNAT resistant mutants with the 

pLS10 vector expressing the FLP1 recombinase (Supplementary Table 3). Strains 

containing the plasmid were selected on YPD plates containing 300 µg·mL-1 of 

hygromycin B (HYG; Invitrogen, CA, USA). Resistant colonies were picked up after 2 

days of growth and confirmed by colony PCR analysis using primers x-upstream-fw and 

x-downstream-rv (Supplementary Table 3), as previously described.  

Transport assays 

Measurement of transport activity in C. glabrata strains was performed as previously 
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described (Sa-Pessoa, Paiva et al. 2013). Briefly, C. glabrata cells were incubated in 50 

mL of SC medium supplemented with 2% glucose (pH 5.0) at 37ºC, 200 rpm, until 

OD600nm ≈ 0.5. Then cells were harvested by centrifugation, washed twice in sterile water, 

resuspended in SC medium supplemented with 0.5% acetic acid, pH 5.0, and incubated 

again for 6 hours. Cells were then washed with sterile water and resuspended in 0.1 M 

potassium phosphate buffer, pH 5.0, to a final concentration of about 5-15 mg·mL-1 dry 

weight. Then, 30 μL of each yeast cell suspension were added to 60 μL of phosphate 

buffer in a microtube and after 2 min of incubation at 30ºC, the reaction was started by 

the addition of 10 μL of an aqueous solution of [1-14C]acetate, sodium salt (10 mM, pH 

6.0; specific activity of 2000 d.p.m./nmol) purchased from Perkin Elmer. The reaction 

was stopped by the addition of ice-cold 100 mM non-labelled acid at pH 6.0 after 15 

seconds. The reaction mixtures were centrifuged at 4ºC for 5 min at 16,000 g, the pellet 

was resuspended by vortexing in 1 mL of ice-cold water, centrifuged again and finally 

resuspended in 1 mL of scintillation liquid (Opti-Phase HiSafe II; LKB FSA Laboratory 

Supplies). Radioactivity was measured in a Packard Tri-Carb 2200CA liquid scintillation 

spectrophotometer with d.p.m. correction.  

Isolation and differentiation of human monocyte-derived macrophages (hMDMs) 

Blood was obtained from healthy human volunteers with written informed consent 

according to the declaration of Helsinki. The blood donation protocol and use of blood 

for this study were approved by the Jena institutional ethics committee (Ethik-

Kommission des Universitätsklinikums Jena, Permission No 2207–01/08). Human 

peripheral blood mononuclear cells (PBMCs) from buffy coats donated by healthy 

volunteers were separated through Lymphocytes Separation Media (Capricorn 

Scientific) in Leucosep™ tubes (Greiner Bio-One) by density centrifugation. Magnetically 

labeled CD14 positive monocytes were selected by automated cell sorting (autoMACs; 

MiltenyiBiotec). To differentiate PBMC into human monocyte-derived macrophages 

(hMDMs), 1.7×107 cells were seeded into 175 cm² cell culture flasks in RPMI1640 media 

with L-glutamine (Thermo Fisher Scientific) containing 10 % heat-inactivated fetal bovine 

serum (FBS; Bio&SELL) and 50 ng·mL-1 recombinant human macrophage colony-

stimulating factor M-CSF (ImmunoTools). Cells were incubated for five days at 37°C and 

5 % CO2 until the medium was exchanged. After another two days, adherent hMDMs 

were detached with 50 mM EDTA in PBS and seeded in 96-well plates (4×104 

hMDMs/well) for survival-assay, in 12-well-plates (4×105 hMDMs/well) for intracellular 

replication assay with 100 U·mL-1  γ-INF, and 24-well-plates for long-term experiment 

(1.5×105 hMDMs/well) without γ-INF. Prior to macrophage infection, medium was 

exchanged to serum free-RPMI medium and 100 U·mL-1 γ-INF. For long-term 
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experiment, the medium was exchanged to RPMI1640 containing 10 % human serum 

(Bio&Sell 1: B&S Humanserum sterilised AB Male, Lot: BS.15472.5). 

Long-term phagocytosis-survival assay 

The long-term experiment was perform in 24-well-plates were the cells were infected 

with a MOI of 1 and incubated for one week at 37°C and 5% CO2. After 3 h of 

coincubation, cells were washed with PBS and the medium was exchanged to 

RPMI 1640 containing 10 % human serum. For the 3 h time point both supernatant and 

lysate were plated. From the day 1 to day 7 times points, one third of the medium was 

exchanged every day by fresh RPMI 1640 with 10% human serum. At 3 hours, 1 day, 4 

days, and 7 days the lysate of 4 different wells was diluted accordingly and 200 CFU 

were plated on 8 YPD agar plates, which were afterwards incubated for 48 h at 37°C.  

Statistical analysis 

All the results were obtained from at least three biological replicates (indicated in figure 

legends). Mean and standard deviations of these replicates are shown. MDMs used in 

experiments were isolated from at least three different donors (see figure legends). 

Supplementary Table 1. C. glabrata strains used and generated in this study. 

Name Relevant genotype Parental strain Origin 

ΔHTL ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT ATCC 2001 
(Schwarzmuller, 

Ma et al. 2014) 

CGRA01 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::natNT2 
ΔHTL This study 

CGRA04 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT 
CGRA01 This study 

CGRA07 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato2Δ::natNT2 
ΔHTL This study 

CGRA10 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato2Δ::FRT 
CGRA07 This study 

CGRA13 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato3Δ::natNT2 
ΔHTL This study 

CGRA16 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato3Δ::FRT 
CGRA13 This study 

CGRA19 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

fps1Δ::natNT2 
ΔHTL This study 

CGRA22 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

fps1Δ::FRT 
CGRA19 This study 

CGRA25 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

fps2Δ::natNT2 
ΔHTL This study 

CGRA28 ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT CGRA25 This study 
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fps2Δ::FRT 

CGRA31 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

fps1Δ::FRT fps2Δ::natNT2 
CGRA22 This study 

CGRA34 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

fps1Δ::FRT fps2Δ::FRT 
CGRA31 This study 

CGRA37 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::natNT2 
CGRA04 This study 

CGRA40 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT 
CGRA37 This study 

CGRA43 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT ato3Δ::natNT2 
CGRA40 This study 

CGRA46 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT ato3Δ::FRT 
CGRA43 This study 

CGRA49 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT ato3Δ::FRT fps1Δ::natNT2 
CGRA46 This study 

CGRA52 
ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT atot3Δ::FRT fps1Δ::FRT 
CGRA49 This study 

CGRA55 

ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

atot1Δ::FRT ato2Δ::FRT ato3Δ::FRT fps1Δ::FRT 

fps2Δ::natNT2 

CGRA52 This study 

CGRA58 

ATCC 2001 his3Δ::FRT leu2Δ::FRT trp1Δ::FRT 

ato1Δ::FRT ato2Δ::FRT ato3Δ::FRT fps1Δ::FRT 

fps2Δ::FRT 

CGRA55 This study 

CGRA61 ΔHTL + pBC6-mcherry-CgATO1 ΔHTL This study 

CGRA63 ΔHTL + pBC6-mcherry-CgATO2 ΔHTL This study 

CGRA66 ΔHTL + pBC6-mcherry-CgATO3 ΔHTL This study 

CGRA69 ΔHTL + pBC6-mcherry-CgFPS1 ΔHTL This study 

CGRA72 ΔHTL + pBC6-mcherry-CgFPS2 ΔHTL This study 

 

Supplementary Table 2. S. cerevisiae strains used in this study. 

Name Relevant genotype Parental strain Origin 

IMX1000 

MATa ura3-52 trp1-289 leu2-3112 his3Δ can1::cas9-

natNT2 

mch1Δ mch2Δ mch5Δ aqy1Δ itr1Δ pdr12Δ mch3Δ 

mch4Δ yil166cΔ hxt1Δ jen1Δ ady2Δ aqr1Δ thi73Δ fps1Δ 

aqy2Δ yll053cΔ ato2Δ ato3Δ aqy3Δ tpo2Δ yro2Δ azr1Δ 

yhl008cΔ tpo3Δ 

CEN.PK113-7D 

(Mans, 

Hassing et al. 

2017) 

SCRA01 IMX1000 + p416-CgATO1 IMX1000 This study 

SCRA04 IMX1000 + p416-CgATO2 IMX1000 This study 

SCRA07 IMX1000 + p416-CgATO3 IMX1000 This study 

SCRA10 IMX1000 + p416-CgFPS1 IMX1000 This study 

SCRA13 IMX1000 + p416-CgFPS2 IMX1000 This study 
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SCRA16 IMX1000+ p416-ScATO1 IMX1000 This study 

Supplementary Table 3. Plasmids used and generated in this study. 

Name Description Origin 

pYC44 Plasmid containing CaNAT1 flanked by FRT sites 

(Yanez-Carrillo, 

Orta-Zavalza et al. 

2015) 

pLS10 Plasmid expressing FLP1 recombinase (HYGR) Van Dijck Lab 

p416-GPD Yeast expression vector containing GPD promoter 
(Mumberg, Müller 

et al. 1995) 

pBC6 Yeast expression vector containing TEF promoter Van Dijck Lab 

pYC42 Recipient mCherry replicative vector 

(Yanez-Carrillo, 

Orta-Zavalza et al. 

2015) 

pYC55 Recipient YFP replicative vector 

(Yanez-Carrillo, 

Orta-Zavalza et al. 

2015) 

p416-CgATO1 Plasmid expressing Cg-ATO1 from GPD promoter This study 

p416-CgATO2 Plasmid expressing Cg-ATO2 from GPD promoter This study 

p416-CgATO3 Plasmid expressing Cg-ATO3 from GPD promoter This study 

p416-CgFPS1 Plasmid expressing Cg-FPS1 from GPD promoter This study 

p416-CgFPS2 Plasmid expressing Cg-FPS2 from GPD promoter This study 

pBC6-mcherry-

CgATO1 
Plasmid expressing N-tagged CgATO1 with mCherry This study 

pBC6-YFP-CgATO1 Plasmid expressing N-tagged CgATO1 with YFP This study 

pBC6-mcherry-

CgATO2 
Plasmid expressing N-tagged CgATO2 with mCherry This study 

pBC6-YFP-CgATO2 Plasmid expressing N-tagged CgATO2 with FP This study 

pBC6-mcherry-

CgATO3 
Plasmid expressing N-tagged CgATO3 with mCherry This study 

pBC6-YFP-CgATO3 Plasmid expressing N-tagged CgATO3 with YFP This study 

pBC6-mcherry-CgFPS1 Plasmid expressing N-tagged CgFPS1 with mCherry This study 

pBC6-YFP-CgFPS1 Plasmid expressing N-tagged CgFPS1 with YFP This study 

pBC6-mcherry-CgFPS2 Plasmid expressing N-tagged CgFPS2 with mCherry This study 

pBC6-YFP-CgFPS2 Plasmid expressing N-tagged CgFPS2 with YFP This study 

Supplementary Table 4. Oligonucleotides used in this study. 

Oligonucleotide name Sequence 

ato1-pYC44-fw 

TTACTAGATATAAAAAAAAAAAGTTACCTTTTTTTTTTTATTGAACGTACACTGCA

CATAATTAAA 

TTGTTTCAAAATTAAGTTCCTACACAAATTTCAGgctctagaactagtggatcc 

ato1-pYC44-rv 
GACTAGCACGACATTTGTTATTATTATTGTTAGTGTTTTGTTTTATGGTTTAAATT

GAAATTAAAA 
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CCGTAAGATTTGAAATTGCAGAAGTTCAAAAAAAagggaacaaaagctggtacc 

ato2-pYC44-fw 

GACTTGATGTGGTTTCGATTGAAATTTACTTGTAGAACAGGTATAGATATTTGCT

GGATAGGTAA 

TATACCAGTTGAATAATCAAAGAAACATAAAAAAAgctctagaactagtggatcc 

ato2-pYC44-rv 

AATTTCAGGAAAATTTAAATTGTTGCATACAGTAAAGTAGCGATTTATTTTTTTTC

ATTATGTGCA 

TTTCTTAAGCTCTGCATCAGTTATTGTTAATATTagggaacaaaagctggtacc 

ato3-pYC44-fw 

AATTCCCTTGTGCACTCGTAAATTCAGTGTAGAACTCGTAAAAAATTGTGTACAA

TATTACCGAT 

AAGCCACAAACACAATAACTAATCATATAAGTCACgctctagaactagtggatcc 

ato3-pYC44-rv 

CGTGAAGTAAAAATTATGCTATCTTGATGAGCGCAGAGTCTGGAGATGTGTAGA

TTTTCGGAATA 

TAATTAAAAGGGACGAGATGAAGTTAGTTTTGGATagggaacaaaagctggtacc 

fps1-pYC44-fw 

CCGTCTAGCATTTTCTGGATATACATTATAAAAATACAATCAAAAATCAATAAAA

AACAATCTAGA 

CTGATACTATTCTGATACTAAAGTATAACAAAAAgctctagaactagtggatcc 

fps1-pYC44-rv 

AATAATGCTAGAAAATGGGACGTGCTCTATCTCTTCCTTCCTGGGAACAGAAGC

ACATTGAGGT 

ATACTATCCATGGGCATGACGATTCGTTCCGTTTATagggaacaaaagctggtacc 

fps2-pYC44-fw 

GACTATCTCAAAACAATACTAAAACAACTCGACAATCTACATTTTACTACTTTTCT

TTGAAGAATA 

ATATACTACACTTTGAGACTCCAGCTTGACAAAGgctctagaactagtggatcc 

fps2-pYC44-rv 

GAATCATCAAATATTGCGTAAGTTATAAATATAACCTGGCGTTATGAGTGGAGT

GGTAACAATTCA 

TGTAAACTCACATTTACTTTATGAGTAAGAGACCagggaacaaaagctggtacc 

ato1-upstream-fw GCTGTCTTTCGAATATCAACAACAC 

ato1-dowstream-rv GCTCTGTTTCAATTGTAGATCAATAGG 

ato2-upstream-fw GGTATTGAGTTCATCTCCGGTATAA 

ato2-dowstream-rv GTTACTGTGAGCGAAATATGAAGTAGTA 

ato3-upstream-fw CGATGCACAGAACGGATAAATTAAG 

ato3-dowstream-rv CTCGATGAACCCAGTGATGTC 

fps1-upstream-fw GTATATCGGATTACTTGTGCGCT 

fps1-dowstream-rv CTACTTGACGCTCGGACTG 

fps2-upstream-fw GTCCACGGACTTACCTATTCTG 

fps2-dowstream-rv CCTTGATGGACATAATAAGCTTCCT 

NAT-rv CGTCAAGACTGTCAAGGAGGG 

p416-GPD-ATO1-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGTCTGACAAAGATCAAGG 

p416-GPD-ATO1-rv TCGACGGTATCGATAAGCTTGATATCGAATTTAGTATAGGGTCTTTTCGTTT 

p416-GPD-ATO2-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGGTTTCTATTAGCTCCAG 

p416-GPD-ATO2-rv TCGACGGTATCGATAAGCTTGATATCGAATTCTAAAAAAACACCTTCTCGTTA 

p416-GPD-ATO3-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGAGCTCATCATCCTCACA 

p416-GPD-ATO3-rv TCGACGGTATCGATAAGCTTGATATCGAATTTTAGTTTGGCATCATGATGG 

p416-GPD-FPS1-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGTCTCATCAGCAAGGG 

p416-GPD-FPS1-rv TCGACGGTATCGATAAGCTTGATATCGAATTTCAGTTACTGTTCTTGGAAC 
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p416-GPD-FPS2-fw 
CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGGAATCTATTCATGATGCTAT

G 

p416-GPD-FPS2-rv TCGACGGTATCGATAAGCTTGATATCGAATTCTAATATGACACCTTCTCATCA 

pBC6-BamHI-CgATO1-

fw 
TTTCTAGAACTAGTGGATCCACAATGTCTGACAAAGATCAA 

pBC6-CgATO1-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTATAGGGTCTTTTCGTTTG 

pBC6-BamHI-CgATO2-

fw 
TTTCTAGAACTAGTGGATCCACAATGAGCTCATCATCC 

pBC6-CgATO2-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCAAAAAACACCTTCTCGTTAG 

pBC6-BamHI-CgATO3-

fw 
TTTCTAGAACTAGTGGATCCACAATGAGCTCATCATCCTCACAG 

pBC6-CgATO3-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTTTGGCATCATGATGGCTC 

pBC6-BamHI-CgFPS1-

fw 
TTTCTAGAACTAGTGGATCCACAATGTCTCATCAGCAAGGG 

pBC6-CgFPS1-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTTACTGTTCTTGGAACTGT 

pBC6-BamHI-CgFPS2-

fw 
TTTCTAGAACTAGTGGATCCACAATGGAATCTATTCATGAT 

pBC6-CgFPS2-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCATATGACACCTTCTCATCAG 

D12-linker-mCherry-fw GGAGGATCTGGAGGCGGGAGCGGCGGAGGTTCTATGGTGAGCAAGGGCGA 

D13-mCherry-SacII-rv AAACCCCGGGGCGGCCGCGGCTACTTGTACAGCTCGTCC 

D14-linker-YFP-fw GGAGGATCTGGAGGCGGGAGCGGCGGAGGTTCTatgAGTAAAGGAGAAGAAC 

D15-YFP-SacII-rv AAACCCCGGGGCGGCCGCGGCTATTTGTATAGTTCATCC 
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7. Discussion 

7.1 Evolution of fungal virulence: Learning from avirulence and antivirulence 

factors 

Fungi, as any other living organism, need to complete their life cycle, which principally 

means to reproduce. To that end, they have developed a number of adaptations to 

acquire nutrients and protect themselves from threats in their environment. Commensal 

fungi of humans are a special case, as they have adapted to an environment with a 

relatively constant nutrient availability, temperature, and an absence of strong 

fluctuations in the environment (drastic changes in temperature, pH, toxic compounds 

and competition). During the evolution as commensals, these microbes have inactivated 

or lost genes that are not adaptive in the host environment, becoming more specialized 

to their host niches. These genetic events may have allowed commensal fungi to gain 

virulence potential, as the loss of these genes, the so-called antivirulence genes, also 

have a positive effect in the establishment and progression of an infection. Thus in 

conditions of host immunodeficiency and dysbiosis, these fungi can realize their 

virulence factors and become pathogenic, and are then called opportunistic pathogens. 

However, in normal conditions of immunocompetence these opportunistic pathogens are 

still kept in check by the host immune response and other microbiota, which prevents 

uncontrolled colonization, damage, and disease. Furthermore, under conditions of 

immunocompetence the host immunosurveillance, which co-evolved with these fungi, 

can recognize their virulence factors or activities and exploit them to its own benefit or 

initiate counter activities, keeping the fungi functionally avirulent. Nowadays, however, 

the number of immunocompromised hosts is increasing e.g. due to malignancies or by 

advanced medical interventions, and environmental and commensal fungi can more 

readily cause severe diseases by employing their specific virulence factors (Brown, 

Denning et al. 2012, Kohler, Hube et al. 2017).  

The human host has evolved to allow fungal and other, especially bacterial commensals, 

to thrive on its mucosae, and positive effects of a stable mycobiome for the host have 

been reported (reviewed by Iliev and Leonardi 2017, Limon, Skalski et al. 2017, Lai, Tan 

et al. 2019). The IFN-1 mitochondrial-dependent immunomodulatory pathway is an 

explicit example of how the host detects and tolerates the presence of Candida species 

as commensals on vaginal epithelial cells, despite them being the most common causes 

of vulvovaginal candidiasis (Pekmezovic, Mogavero et al. 2019). Only upon epithelial 
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damage, the host activates its antifungal defense mechanisms in species-specific 

manner, depending on the level of damage caused by each Candida species 

(Pekmezovic, Hovhannisyan et al. 2021).  

Since the degree of host damage defines how virulent a fungus is, high virulence would 

therefore only be adaptive when damage and disease are necessary in the fungus' life 

cycle, e.g. to spread to other hosts, as it is the case for many obligate pathogens. These 

pathogens, such as Yersinia pestis or Mycobacterium tuberculosis possess specific 

virulence factors which cause disease symptoms, because their survival of host 

counterattacks and their transmission depend on it (Du and Wang 2016, Ehrt, 

Schnappinger et al. 2018). In contrast, the majority of fungal opportunistic pathogens 

lack such highly specialized factors, since their survival is normally not linked to host 

damage and their transmissibility does not depend on such outcome (Casadevall and 

Pirofski 2019). Recently it has been suggested that many virulence traits of C. albicans, 

the most pathogenic Candida species, may have rather evolved to enable the fungus to 

spread by causing limited mucous membrane infections. These would occur mainly in 

infants, since they are the human population naturally susceptible to C. albicans: Thrush 

is common in children before developing anti-Candida adaptive immunity (Jennison 

1977). Infected infants may spread the fungus to their immune-competent relatives and 

so maintain Candida as a commensal in a large population of human hosts. In this model, 

C. albicans would adjust its virulence determinants to act (in a limited fashion) against 

infants, accidentally enabling the fungus to eventually drive devastating invasive 

infections among the large immunocompromised populations nowadays (Kohler, Acosta-

Zaldivar et al. 2020). The virulence traits of C. albicans would therefore be beneficial for 

the stable existence of the fungus among the human population. However, related 

commensal Candida species, like C. dubliniensis, do not show virulence attributes similar 

to C. albicans, and in fact seem to be losing virulence potential over evolutionary 

timescales (Moran, Coleman et al. 2012). This can be explained by a different strategy: 

In the trade-off between host damage and host response, they follow the route of less 

immune recognition and damage, while maintaining the ability to colonize new host 

niches. This may explain why the two very closely related commensal species, C. 

albicans and C. dubliniensis are evolving separately and differ in virulence – more 

virulent and more commensal, respectively, – and why the degree of virulence in both, 

commensal and environmental fungi, can change drastically within the same population 

upon changes in the host environment. 

Unlike C. dubliniensis, C. albicans seems to have evolved toward increased virulence. 
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More virulent phenotypes may confer the ability to conquer new niches beyond the 

commensal environment, but as a result of host-pathogen co-evolution, the host also has 

“learnt” to recognize such virulence factors and counterattack to stop the invading 

pathogen. In that scenario, the fungal virulence factors become then avirulence factors, 

and the pathogen, therefore, may need to regain virulence potential by evolutionary 

attenuating immune recognition. In this way, pathogen and host would benefit, as the 

pathogen increases its chance to establish itself in new niches, but induces less damage 

in the host. One possible example for this is candidalysin in Candida species (Moyes, 

Wilson et al. 2016, Siscar-Lewin, Hube et al. 2019, Koenig, Hube et al. 2020). Despite 

being the main cause of damage by C. albicans, the intrinsic ability of synthetic versions 

of candidalysin from the different species to cause damage and epithelial immune 

response is actually more potent in the related, less pathogenic species C. dubliniensis 

and C. tropicalis (Jonathan Richardson, personal communication). In these species the 

damage potential and thus the immune reaction may be attenuated by reducing the 

expression of the genes coding for this toxin (ECE1) during infection. Potentially, ECE1 

orthologues in these species may have very specific functions and may only be 

expressed under very defined conditions. In contrast, in C. albicans ECE1 shows the 

highest transcript levels, but the peptide itself seems to have less damage potential and 

immune reactivity – thus keeping its virulence and, importantly, its avirulence effects 

during infection lower. In agreement with this view, the precursor of candidalysin, 

containing Lys and Arg (KR) at the C-terminus is more toxic than the final mature toxin 

ending with Lys (K). The lower damage and immune trigger capacity may have resulted 

from the co-evolution of host and pathogen. A weaker toxin would not only prevent a fast, 

strong epithelial disruption, but also a strong and rapid immune reaction, which would be 

detrimental for the infection progression and for the host, since it would lead to a higher 

cell and tissue damage. These differences may boil down to a minor structural variation: 

while the candidalysin secondary structure is similar in all three species, the presence of 

a central proline in the two milder pathogens and its absence in C. albicans has been 

shown as an important reason for the differences in activity. In addition, the C-terminus 

of the C. albicans candidalysin is more sensitive to amino acid substitutions, which 

decreases its biological activity (epithelial damage, calcium influx and cytokine secretion) 

in contrast to C. dubliniensis or C. tropicalis candidalysins (Jonathan Richardson, 

personal communication). 

Similar examples of such adaptations to escape immune surveillance have been 

reported in plant pathogenic fungi, where avirulent effectors can “regain” their virulence 

potential in a variety of manners, from mutations in their gene sequence, to changes in 

the regulation of their expression by epigenetic and epistatic mechanisms (Na and Gijzen 
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2016). For instance, certain strains of the hemibiotrophic fungi leaf tomato mold 

Cladosporium fulvum show mutations in avirulence genes that produce modified 

avirulent effectors. These are not recognized anymore by the receptors of resistant (to 

the avirulent form) plants, but still exert their (original) virulence traits. Therefore the 

plant’s immune response, known as hyper-sensitive response (HR) (localized cell death 

at the site of infection, enforcements of plant cell walls, release of reactive oxygen 

species, and de novo production of antimicrobial compounds) is no longer activated, and 

its resistance is thereby lost – turning the fungal avirulence gene back into a virulence 

gene (Iida, van't Hof et al. 2015) (Figure 1). Thus, as a result of co-evolution, the 

pathogens evolved a counter-strategy against the host attack on the pathogen’s 

virulence weapons, allowing the infection to progress again. Analogously, these events 

that have been accepted as important in plant pathogens are also at work in fungal 

pathogens of humans (Koenig, Muller et al. 2021). Those human pathogenic fungi, which 

are normally associated with their host as commensals, depend on viable hosts. These 

fungi may thus also prevent a possible self-damaging host response, similarly to 

biotrophic fungi, that would not only be detrimental for the host’s health, but also for the 

pathogen’s survival.   

 

Figure 1. Analogy of avirulence factor’s evolution of two pathogenic fungi (plant and human) during 

host-pathogen interaction. The upper scheme shows the co-evolution of the hemibiotrophic plant pathogen 

Cladosporium fulvum with its host tomato plant (Lycopersicon spp). The fungus possesses the counter-
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defensive virulence factor Avr4 that protects the fungal cell walls against hydrolysis by plant chitinases (van 

Esse, Bolton et al. 2007), which form part of the plant’s basal defense, making the host susceptible of 

infection. This factor is recognized by the plant receptor Cf-4 that activates plant immunity, rendering the 

plant resistant and the pathogen avirulent (Postma, Liebrand et al. 2016). As a further step of fungi 

counterattack, the factor Avr4 undergoes mutation and high selective pressure to regain virulence potential 

by preventing recognition Cf-4 and activation of plant immunity (Iida, van 't Hof et al. 2015). In the figure 

bellow the human pathogenic fungus Candida albicans produces the toxin candidalysin that allows the 

fungus to gain nutrients from host cells during invasion of host epithelium and to escape from macrophages, 

which form part of the first line of host immune defense. A certain threshold of candidalysin activates the 

epithelial “danger response” and the inflammasome in macrophages promoting the release of 

immunostimulatory cytokines and the activation of antifungal defense response by recruiting neutrophils to 

the site of infection (Moyes, Wilson et al. 2016, Kasper, Koenig et al. 2018). A recent study shows that C. 

albicans’s candidalysin is less damaging and immunostimulatory than the homologous synthetic versions in 

other related species likely due to the toxin’s amino acid sequence (Jonathan Richardson, personal 

communication). Both scenarios represent how the emergence and evolution of a virulence factor is a trade-

off between escaping detection and optimizing the virulence-related functions. 

In both commensal and environmental fungal species many genes are identified as 

putative antivirulence genes whose loss or inactivation can increase the virulence 

potential of the fungus and may thereby confer an adaptive advantage during infection 

(Siscar-Lewin, Hube et al. 2019). The loss of some of these genes may have been the 

first step toward host adaptation and pathogenicity, for example in certain fungi that 

cause American endemic mycoses, like Coccidioides spp. and Histoplasma capsulatum 

(Kohler, Hube et al. 2017). These species are also considered primary pathogens, 

meaning that they can cause disease in immunocompetent hosts. The loss of enzymes 

that can digest plant matter allowed these typical soil-dwelling fungi to specialize in 

degrading animal matter, eventually being able to infect mammalian hosts, like rodents 

and bats (Figure 2) (Sharpton, Stajich et al. 2009, Siscar-Lewin, Hube et al. 2019). 

H. capsulatum can infect bats and is well adapted to the environment of the 

phagolysosome, being able to survive within macrophages with low inflammation and 

eventually promoting chronic infections (Taylor, Chavez-Tapia et al. 1999, Horwath, 

Fecher et al. 2015). In humans, this chronic infection in immunocompetent hosts is 

usually asymptomatic (Kandi, Vaish et al. 2016). Similarly, Coccidioides spp. can cause 

mild respiratory infections, of which the majority (60%) are asymptomatic (Galgiani, 

Ampel et al. 2005), and in rare occasions it (maybe “accidentally”) can reach the central 

nervous system (Hector, Rutherford et al. 2011). Furthermore, in many commensal and 

environmental fungi, the loss of antivirulence genes increases immune evasion and 

stress resistance, which specifically increases fungal fitness within the mammalian host 

(Siscar-Lewin, Hube et al. 2019). These examples support the assumption that the 

evolution of fungal virulence with its loss of antivirulence genes seems to promote 
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persistence rather than direct host damage, even in primary pathogenic fungi, unlike 

what is generally observed in bacterial obligate pathogens (Ehrt, Schnappinger et al. 

2018, Demeure, Dussurget et al. 2019). However, in the special case of 

immunocompromised patients, fungal phenotypes that usually confer resistance and 

survival in the host can cause severe damage due to their increased susceptibility. 

 

Figure 2. The loss of antivirulence genes as a hallmark of evolution towards virulence. A) The loss of 

genes involved in degrading decaying plant matter is possibly an important step during the evolution of 

certain plant saprophytic fungi to animal-associated and pathogenic fungi (Moran, Coleman et al. 2011). B) 

Spontaneous inactivating mutations in the gene SGF29 lead to increased melanization, which is associated 

with an increase in virulence in animal models. These mutations have been found in patients with prevalent 

cryptococcal infections (Arras, Ormerod et al. 2017). The downregulation of ALL1 gene promotes phenotypic 

switching in C. neoformans with a change in capsule polysaccharide composition, which inhibits 

phagocytosis and impairs cell-mediated immune responses. This has been shown to happen during chronic 

cryptococcal infections (Jain, Li et al. 2009). SM: smooth colony variant, MC: mucoid colony variant. 

During infection, opportunistic fungi face stressful conditions derived from the host 

immune responses (e.g. phagocytosis, oxidative stress, acidic pH, enzymatic digestion, 

and starvation), and antifungal treatment. The presence of regulatory mechanisms to 

switch to more virulent phenotypes on demand would confer an adaptive advantage for 

opportunistic pathogenic fungi to evade or surpass the immune responses and survive 

antifungals, promoting persistence. The inactivation or loss-of-function mutation of 

antivirulence genes lead to more adaptive phenotypes during infection as it is the case 

of the gene SGF29 (encoding SAGA-acetyltransferase associated factor Sgf29), in the 

opportunistic pathogen C. neoformans, whose loss of function lead to an increase in 

melanization and in turn better fitness during infection and hypervirulence (Arras, 

Ormerod et al. 2017). Importantly, SGF29 loss-of-function mutations have been found in 
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clinical isolates from patients with prevalent infections, underlining the importance of loss 

of antivirulence genes in the development and outcome of an infection (Arras, Ormerod 

et al. 2017) (Figure 2).  

Fungi can also adapt their physiology to changing environments by a mechanism called 

phenotypic switching. This mechanism is a cellular process that enables microbes to 

adapt to fluctuating environments undergoing rapid changes without the handicap of 

accumulating disadvantageous mutations (Jain, Guerrero et al. 2006). Importantly, 

phenotypic switching is a reversible mechanism. This process has been observed for 

pathogenic fungi, defined as spontaneous emergence of colonies with altered colony 

morphology as well as changes on the cellular level (Soll 1992). C. neoformans relies on 

phenotypic switching between a virulent mucoid form (MC) and a smooth colony variant 

(SM) during human infection to evade clearance by the immune responses and/or 

antifungal treatment, promoting infection persistence (reviewed by Jain, Guerrero et al. 

2006). There are several possible molecular mechanisms for phenotypic switching in 

human pathogenic microbes: The downregulation of antivirulence genes like ALL1 

(Allergen 1) involved in the structure of the capsule polysaccharide has been shown to 

be involved in phenotypic witching from SC to MC (Jain, Li et al. 2009) (Figure 2); a 

downregulation of transcription has also been shown in C. albicans and C. neoformans 

(Sonneborn, Tebarth et al. 1999, Jain, Li et al. 2009) and the inactivation of genes by 

mutation is known for example in Pseudomonas aeruginosa (Martin, Schurr et al. 1993). 

Other cases of a loss which promotes phenotypic switching and higher colonization and 

persistence are respiratory or mitochondrial mutants, such as the numerous bacterial 

SCVs, but also the petite phenotype of C. glabrata (Day, 2013; Kahl et al. 2016). The 

fact that the absence of those genes’ and physiological functions is triggering a more 

virulent phenotype classifies them as potential antivirulence genes (Siscar-Lewin, Hube 

et al. 2019). 

In conclusion, it is clear that fungal pathogenicity has emerged independently and has 

taken multiple directions, even in closely related species, which makes it difficult to 

understand the biological niches and evolutionary pressures that gave rise to these 

pathogens. The co-evolution of host and commensals is an example of that: On the one 

hand it led to the emergence of more specialized commensal species, whereas on the 

other hand the closest relative of these commensals have evolved towards more virulent 

phenotypes whose virulent factors are beneficial in conditions of host 

immunosuppression, but become avirulence factors in conditions of 

immunocompetence. In addition, the loss or inactivation of antivirulence genes in some 
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opportunistic pathogens, either commensals and environmental fungi, provide the 

grounds for the emergence to animal-associated fungi and a diversity of phenotypes that 

eventually contribute to the rapid adaptation to fluctuating environments, like those 

encountered during infection and antifungal treatment. The fact that virulence factors of 

commensal fungi evolve to prevent exacerbate host damage in immunocompromised 

host (lower virulence) and immunorecognition in immunocompetent host (lower 

avirulence) suggests a pathogen’s evolutionary trajectory towards milder virulent forms 

far from the virulence exhibited by a obligate pathogens, but rather persistence.  

7.2 Mitochondria as an antivirulence factor 

As introduced above, phenotypic switching is an important strategy that microorganisms 

like yeasts evolved to achieve heterogeneity. Heterogenous populations can survive 

better in fluctuating and stressful environments, since they will more likely include 

individuals that can survive and thrive under a given condition. Here applies the concept 

of bet hedging strategy, which occurs when some phenotypes show a decreased fitness 

in their typical conditions in exchange for increased fitness in stressful conditions 

(Holland, Reader et al. 2014). Besides C. neoformans, other important opportunistic 

pathogens, like C. albicans also undergo phenotypic switching during infection (Jain, 

Guerrero et al. 2006, Alby and Bennett 2009) allowing them to evade the immune 

responses and promoting persistence. In C. albicans, the switch between white and 

opaque phenotypes is modulated in response to multiple forms of cell stress, such as 

oxidative stress. The opaque phenotype is less efficiently phagocytosed by 

macrophages and does not secrete a chemoattractant, which is perceived by leukocytes 

and promotes inflammation, as the white phenotype does (Alby and Bennett 2009). 

Therefore it is thought that the transition to opaque cells could promote immune evasion 

and better survival to the oxidative stress generated by the immune system during 

infection (Alby and Bennett 2009). Whether this proposed principle is linked to the 

different mating potential of C. albicans opaque versus white switching phenotypes 

(Miller and Johnson 2002) remains to be investigated. 

C. neoformans, as mentioned above, undergoes phenotypic switching during chronic 

infections, which promotes immune evasion and enhances virulence (Jain, Guerrero et 

al. 2006). Furthermore, by comparing the growth of two S. cerevisiae populations with 

different switching rates, it was shown that the adaptive value of the ability for rapid 

phenotype switching depends on the frequency of environmental changes. The fast-

switching phenotype outgrew the slow switcher under rapidly environment fluctuations, 

and vice versa when fluctuations were rare. This suggests that cells may adjust their 
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phenotype switching rates to the frequency of environmental changes (Acar, Mettetal et 

al. 2008). This would predict a high spontaneous rate of emergence of SCVs in bacterial 

pathogens and petites in yeast upon frequent, stressful changes in the environment, 

such as temperature and carbon sources, if these phenotypes can be adaptive (Day 

2013, Tuchscherr, Pollath et al. 2019).  

According to the data obtained in this work, a lack of mitochondrial function may provide 

an advantage for C. glabrata during infection. Despite the fitness impairment under 

optimal growth conditions due to this dysfunction, here it was shown that it also confers 

two efficient adaptation traits: On the one hand the resistance to antifungal drugs is 

significantly increased, and on the other hand early survival in host phagocytes is much 

higher. These additional resistances should exert a strong selection in favor of the petite 

phenotypes during typical human infections. It is therefore reasonable to assume that 

they have clinical significance and that the petite phenotype is a bet-hedging strategy in 

which the yeast is able to cope with adverse conditions at a price of reducing overall 

growth (Lowery, McNally et al. 2017). Nevertheless, recent experimental evolution 

approaches have shown that C. glabrata virulence does not always correlate positively 

with its growth rate, and so the costs of resistance and lack of respiratory metabolisms 

of the petites do not necessarily interfere with a virulent phenotype (Duxbury, Bates et 

al. 2020).  

While the immediate advantages of losing mitochondrial function are clear from the data, 

it still remains unknown which external factors and selection pressures led to C. 

glabrata's ability to switch to the petite phenotype. One can speculate that the cross-

resistance of C. glabrata petite between at least two major stresses during infection 

(antifungals and phagocytosis) is a very beneficial adaptation to the host in general, 

which may have its roots in its commensal lifestyle. In addition the ER stress resistance 

is an important adaptive advantage to the host environment since it is known that ER 

stress is a relevant general stress that pathogens regularly face during infection (Kaur, 

Ma et al. 2007, Cohen, Lobritz et al. 2013, Tiwari, Thakur et al. 2015). First, the cross-

resistance phenomenon as well as the ER stress is consistently observed in different C. 

glabrata isolates, but is absent in S. cerevisiae, although other petite-defining features 

are identical. Secondly, CgMIP1 shows the highest positive selection ratio among all 

genes in the evolutionary line leading to C. glabrata. It seems unlikely to be coincidence 

that this gene is involved in the replication and maintenance of mtDNA, the principal 

factor that determines the petite phenotype.  

How the initiation of the petite phenotype is triggered in vivo remains unknown. The lack 

of a common specific mutation pattern in the CgMIP1-coding sequences of the petite 
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clinical strains makes it unlikely that a (reversible) mutation is involved in this switch of 

phenotype. An alternative explanation is an epigenetic regulation, which has been 

similarly suggested in the past to play a role in mitochondria-related azole resistant 

(Kaur, Castano et al. 2004). Interestingly, the variation in the mitochondrial signal peptide 

(MSP) between the petites and the respiratory-competent clinical strains observed here 

offers another hypothesis to explain a potential phenotypic switching: A protein with an 

altered, possibly less strong MSP may not be always directed correctly to the 

mitochondria, especially under stressful conditions where increased protein misfolding 

(ER stress) triggers a stricter sorting, and eventually the mtDNA would not be duplicated. 

As a consequence the number of mitochondrial polymerase molecules would be reduced 

and so would the mitochondrial DNA and lastly, function, triggering the petite phenotype.  

The stability and reversibility of the petite phenotype constitute another important factor 

in its adaptive potential. While the petite phenotype confers an adaptive advantage 

during infection and antifungal treatment, in the absence of these stressors the same 

phenotype would strongly impair C. glabrata fitness even in its normal commensal 

environment. Due to its slow growth, it most likely would be quickly outcompeted by the 

surrounding microorganisms and the non-petite yeasts. Although mitochondrial function 

can in principle be recovered, our study shows that the majority of petites that arise in 

vitro and in vivo have lost their mtDNA and show an irreversible petite phenotype. It 

seems possible that this might be a result of an imperfectly working switching mechanism 

between petite and wild type. In this model, CgMIP1 would switch between activation 

and inactivation depending on the external stress conditions and control mitochondrial 

function through synthesis of mtDNA, where at a low threshold the mitochondrial function 

is reduced to near zero, but some mtDNA molecules remain as templates for future DNA 

replication. Since this mechanism may not be precisely regulated in the still evolving 

pathogen yet, all mtDNA is lost in many cases and with it the ability to revert to wild type. 

The variations in the MSP sequences of clinical strains are compatible with this scenario, 

as DNA mutations are known to revert in commensal and pathogenic bacteria giving rise 

to phenotypic diversity (Moxon, Bayliss et al. 2006, Bayliss 2009, Palmer, Lipsitch et al. 

2013). In those cases, certain genes show Simple Sequence Repeat (SSR) tracts in their 

sequence where the DNA replication is less efficient and change the number of 

repetitions causing a shift of the downstream reading frame. This results in incorrect 

translation, and consequently a “switching off” of the gene. These mutations are called 

phase-variable and are both, frequent and reversible, leading to rapid, stochastic on-off 

switching of gene expression and the associated phenotype. They can exist even before 

the onset of selective pressure “prime” the organism for rapid adaptation (Palmer, 
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Lipsitch et al. 2013). Such a mechanism has been shown for the important bacterial 

pathogen, Yersinia pestis. This pathogen has evolved from Yersinia pseudotuberculosis 

by many losses of antivirulence genes, and unlike Y. pseudotuberculosis, it also shows 

a phase-variable mutation in the ureD gene, which can switch from wild type sequence 

to mutant, and vice versa (Sebbane, Devalckenaere et al. 2001, Chouikha and 

Hinnebusch 2014, McNally, Thomson et al. 2016). The ureD gene that is inactivated by 

these spontaneous mutations encodes the urease accessory protein necessary for the 

function of the urease enzyme, whose activity would be toxic in the pathogen’s flea 

vector. Once the bacterium leaves one of the host organisms, the flea, ureD mutation 

spontaneously reverts and urease function is recovered for the stages of its life cycle 

when it is needed (Sebbane, Devalckenaere et al. 2001, Chouikha and Hinnebusch 

2014, McNally, Thomson et al. 2016). If an analogous mechanism is to be assumed for 

CgMIP1, further research is needed to elucidate whether the changes in the MPS are 

frequently found in clinically isolated C. glabrata petites, whether their frequency differs 

in different geographical zones, and whether these mutations lead to significant structural 

changes of the MPS which affect its function.  

Furthermore, it has been shown that point mutations in the polymerase domain of the 

orthologous MIP1 gene in S. cerevisiae triggered the emergence of petites, and this 

frequency increased with higher temperatures (28°C and 36°C). Specifically, the 

mutation E900G yielded from 6% petites at 28°C to 92% at 36°C (Baruffini, Ferrero et al. 

2007). Of these petites, 33% and 88%, respectively, were completely devoid of mtDNA, 

referred to as rho0. The remaining petite contained amplified mtDNA fragments that maps 

to various positions of the mtDNA, referred to as rho− (Baruffini, Ferrero et al. 2007). 

These retained mtDNA fragments could rescue the wild type phenotype by homologous 

recombination when the strain was crossed with a respiratory-deficient mutant harboring 

mutated mtDNA, as observed before (Tzagoloff, Akai et al. 1975, Baruffini, Lodi et al. 

2006). Interestingly, the wild type strain of C. glabrata and its two most related human 

pathogenic associated species, N. nivariensis and N. bracarensis show the substitution 

E926D compared to the homologous and petite frequency-related E900 position in S. 

cerevisiae. In contrast, the related environmental species N. delphensis, N. bacillisporus 

and C. castelli share the residue at this position (E926) with S. cerevisiae. Moreover, we 

also found that some genomic DNA of the sequenced petites showed mtDNA fragments, 

similar to the S. cerevisiae rho− strains, although so far we did not test whether they could 

serve as a template to rescue mtDNA and restore the wild type phenotype. Such rescue 

by crossing would therefore be possible if C. glabrata mating can happen in vivo, which 

many recent publications indicate so, as this species has conserved the majority of the 
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genes required for mating and cell type identity (Yanez-Carrillo, Robledo-Marquez et al. 

2014) and genomic footprints of recombination shows compelling evidence that this 

yeast is able to have sex (Gabaldon and Fairhead 2019), although it has never been 

shown in vitro. 

These findings support the argument that MIP1 has evolved differently, at least in the 

pathogenic species most closely related to S. cerevisiae that show a mutation in MIP1, 

which similarly what happens in S. cerevisiae, leads to high frequency of petites. In 

addition, some C. glabrata clinically isolated petites seem to be rho− (partial loss or 

mutated mtDNA) rather than rho0 (complete loss of mtDNA), and may still retain the ability 

to restore mitochondrial function when crossed with respiratory-deficient mutants 

harboring point mutations in genes encoding respiratory proteins, similarly to S. 

cerevisiae (Tzagoloff, Akai et al. 1975, Baruffini, Lodi et al. 2006). 

In conclusion, the loss of an important fungal physiological function, like mitochondrial 

activity, can lead to beneficial and adaptive consequences under stress that outweigh 

the fitness impairment by the functional loss. The mitochondrial polymerase Mip1 

therefore constitutes the first example of a potentially reversible antivirulence factor in a 

human fungal pathogen with clinical importance. 

7.3 Clinical relevance of the petite phenotype 

In the human body, there are a number of scenarios in which the petite phenotype can 

be selected for and become a health threat: 1) In the gut and during inflammation, yeasts 

are faced with low oxygen levels (Anand, Gribar et al. 2007, Nizet and Johnson 2009, 

Zheng, Kelly et al. 2015) where the lack of respiratory growth in petites is not 

disadvantageous anymore, since the wild type cannot use the mitochondrial respiratory 

chain. In this scenario wild type and petite would have comparable metabolic capacities, 

but the petites still would have the advantage of a higher stress resistance. 2) A high 

number of fungal infections happen in patients under immunosuppression due to 

treatment with chemotherapeutics (Badiee and Hashemizadeh 2014). It has been shown 

that S. cerevisiae turns petite in presence of chemotherapeutics used in the clinics, since 

many of them negatively affect mitochondria function (Buschini, Poli et al. 2003, Gorini, 

De Angelis et al. 2018). A similar effect seems likely for C. glabrata, but has not yet been 

established. 3) Upon infection C. glabrata will encounter phagocytes like macrophages, 

and the presence of ROS in the phagosome can impair mitochondrial function, thereby 

triggering petite phenotypes, which will endure early stages after phagocytosis better 

than the wild type. While the petite phenotype is disadvantageous when staying 

intracellularly for a long time, as shown at least in vitro by the data presented here, petite 
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cells might escape the immune cells before this disadvantage becomes visible. 

Alternatively, a sub-population of petites might benefit from the replication efficiency of 

an otherwise wild type population which can burst the macrophage within the first days 

(Seider, Brunke et al. 2011). Finally, petite cells could make use of a non-lytic escape 

route as it has been reported for other yeasts, like C. albicans and C. neoformans 

(Seoane and May 2020), although this has not been observed yet for C. glabrata. 4) In 

patients, treatment with azole antifungals will have an effect on C. glabrata outside the 

phagocytes after its escape or before phagocytosis, and this selection would likely be 

one of the major sources of petite phenotypes in the clinical setting. The use of triazoles, 

especially fluconazole, constitutes one of the main treatments for candidiasis (Pappas, 

Kauffman et al. 2016). Since C. glabrata is intrinsically resistant to such drugs, the 

recommendation for C. glabrata infections is to administer very high doses, 

approximately 400 to 800 mg of fluconazole per day in adults, which are around ten to 

twenty times the MIC50 (in mg ml-1) reported for this fungus (Arendrup 2017). Of special 

clinical importance is the fact that petites may be able to reverse when the azole 

treatment ceases, and regain its general fitness. Wild type C. glabrata could then thrive 

in those scenarios where oxidative phosphorylation is advantageous and becoming 

petite is non-adaptive (i.e. fast replication within phagosomes with alternative carbon 

sources and direct competition with bacteria and other fungi) (Figure 3). 
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Figure 3. C. glabrata is a petite-positive yeast whose loss of mitochondrial function can become 

advantageous under infection conditions. A) Loss of mitochondrial function in petite-positive yeasts gives 

rise to small colonies with increased expression of efflux pumps-related genes, in C. glabrata mostly via 

upregulation of the transcription factor gene PDR1. B) Model that represents the adaptability and selection 

of the petite phenotype in C. glabrata during infection (phagocytosis and azole antifungal treatment) in 

contrast to the selection of the wild type during commensal conditions. Percentages represent the 

reversibility of petite phenotype to wild type after azole exposure and phagocytosis, respectively. Escaping 

petites can be under positive selection in the body due to continuing azole and phagocytic actions. Under 

commensal condition, where competition with other microbiota favors yeasts with high replication rates, the 

wild type is better adapted and outcompetes naturally occuring petites. 

Nonetheless, the current clinical situation seems not to agree with the potential threat 

that the petite phenotype represents, since very few petite have been recovered from 

patients undergoing candidiasis (Bouchara, Zouhair et al. 2000, Posteraro, Tumbarello 

et al. 2006) and the ones analyzed in this study were only found when isolation protocols 

were modified in a diagnostic unit on request. Therefore, a likely explanation for this 

could be the inefficiency of conventional diagnostic methods in identifying petites, since 

they require cultivation of the pathogen (Kozel and Wickes 2014). The time of incubation 

is critical to identify petites: A minimum of 48 h is necessary to obtain visible colonies 

from petites, which is too long in situations where an early treatment decision is crucial. 

For further identification of potential petite colonies culture in non-fermentable carbon 

sources, growth on TTC agar or mtDNA detection by RT-qPCR could be useful methods, 

but once again they require long times. In addition, the use of chromogenic media 

(CHROMagar Candida, France) (Nadeem, Hakim et al. 2010) can also lead to 

misdiagnosis, as the color of petite colonies differs from typical C. glabrata and 

resembles S. cerevisiae (data not shown). If a diagnostic step could be introduced to 

discern petites, targeted treatment would become possible: One possibility would be the 

selection of the treatment based on first plate data (i.e. presence of C. glabrata), while 

the plates are kept incubating to assess whether petites appear. Then these can be 

analyzed in order to take further decision on the patient treatment. New diagnosis tools 

can be applied for these analysis that use genome sequencing and proteomics (high-

throughput -omics technologies) to detect specific patterns down to the species level and 

potentially phenotypic diversity. Such methods would likely be able to identify petite 

mutants based on their lack of mtDNA and metabolic differences (Consortium and 

Gabaldon 2019). 

Further research is therefore necessary to estimate the incidence and prevalence of 

petite phenotypes in the clinics. Of special importance would be to find common genetic 

or phenotypic patterns that can serve as diagnostic biomarkers. In addition, if the 
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conclusions of this work are applicable to the clinical situation, the use of triazoles, 

antibiotics or chemotherapeutics could lead to a possible selection of the more chemo- 

and immune-resistant petite phenotype. In this case, such a treatment should be 

accompanied by surveillance for an appearance of these mutants to specifically prevent 

and/or treat C. glabrata petite infections. 

7.4 Further host adaptations and pathogenicity traits of C. glabrata 

In its non-petite form, the capacities of C. glabrata to not only withstand the harsh 

conditions in phagosomes, but also to replicate within macrophages, has been 

recognized as one of its main pathogenic traits (Kasper, Seider et al. 2015). Part of the 

research in this thesis has therefore focused on a better understanding of the processes 

that allow this fungus to survive within macrophages without resorting to a phenotypic 

change. One of these processes is the trehalose metabolism. It is known that trehalose 

buildup contributes to stress resistance in several microorganisms, such as fungi, plants, 

and small invertebrates (Elbein, Pan et al. 2003), but also the catabolism of trehalose is 

used as an energy source under hunger conditions (Eleutherio, Panek et al. 2015) – two 

key issues which are encountered during phagocytosis by pathogens (Sprenger, Kasper 

et al. 2018). Three trehalases have been identified in C. glabrata that are responsible for 

the degradation of trehalose, presumably acting in different life stages and cell 

compartments. The deletion of any of the three or of all in combination is detrimental to 

the survival of C. glabrata after phagocytosis, but interestingly, this was only detectable 

after four days of co-incubation (Van Ende, Timmermans et al. 2021). This fact is in 

agreement with a potential role in carbon storage mobilization during long-term 

starvation. As expected, the triple mutant was significantly impaired in gut colonization 

in animal experiments, meaning these enzymes are relevant not only in the phagosome, 

but also to withstand the stressful condition (i.e. lack of nutrients) in the gut (Van Ende, 

Timmermans et al. 2021). These results agree with a recent publication that shows a 

decrease in virulence of the ATH1 deletion mutant in C. glabrata (Lopes, Munoz et al. 

2020) as well as in other fungi, like C. albicans and C. parapsilosis (Pedreno, Gonzalez-

Parraga et al. 2007, Sanchez-Fresneda, Guirao-Abad et al. 2015). However, in contrast 

to what we observed in C. glabrata, in these fungi the tolerance to stress was not affected 

or was even higher due to the protective effect of the undigested trehalose on cellular 

macromolecules (Pedreno, Gonzalez-Parraga et al. 2007, Sanchez-Fresneda, Martinez-

Esparza et al. 2014, Sanchez-Fresneda, Guirao-Abad et al. 2015). Therefore in 

C. glabrata accumulation of trehalose may play a different role, if any, in stress 

resistance compared to these other fungal pathogens.  
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The decrease in virulence of trehalase mutants of C. albicans and C. parapsilosis has 

been shown to be connected to defects in hyphae and pseudohyphae formation 

(Pedreno, Gonzalez-Parraga et al. 2007, Sanchez-Fresneda, Guirao-Abad et al. 2015). 

Since C. glabrata is not a dimorphic fungus, there must be a different explanation for this 

phenomenon. In this fungus instead, a lack of trehalose mobilization could explain why 

the deletion mutants survive phagocytosis at early time points, but are cleared at a higher 

rate than the wild type after several days: most likely, the phagocytosed yeasts are 

starving for carbon within the phagosome, but only the wild type can obtain it from 

storage by the degradation of trehalose.  

Furthermore, trehalose is not synthesized by humans (Van Dijck, De Rop et al. 2002, 

Elbein, Pan et al. 2003), which raises the question about the use of trehalases by a 

(generally) commensal yeast like C. glabrata. It has been proposed that during 

commensal colonization this yeast may benefit from trehalose released by dead 

surrounding microorganisms (Lopes, Munoz et al. 2020), or otherwise constitute 

remnants of some other niche (e.g. environment) not associated with humans, in 

agreement with former speculation (Gabaldon and Fairhead 2019). On the other hand, 

the lack of trehalose synthesis in humans opens the possibility to use these pathways as 

new targets to treat fungal infections. Trehalose synthesis enzymes have been 

considered as a promising antifungal target before, since their deletion negatively affects 

the progression of fungal infections (Alvarez-Peral, Zaragoza et al. 2002, Van Dijck, De 

Rop et al. 2002, Perfect, Tenor et al. 2017). In addition, this work has now shown that 

trehalases as degrading enzymes would also constitute a valuable antifungal target, 

since yeasts lacking these enzymes show reduced virulence potential. 

Finally, this thesis also provided data on the influence of acetate uptake on the survival 

of C. glabrata during long-term phagosomal residence. Despite the fact that this fungus 

seems to rely on alternative carbon sources to grow and replicate in glucose-poor niches 

like the phagosome (Kaur, Ma et al. 2007, Fukuda, Tsai et al. 2013, Chew, Ho et al. 

2019, Chew, Brown et al. 2021), the lack of all putative acetate transporters (Ato) and 

channels (Fps) increased survival after seven days of phagocytosis. This leads to a new 

hypothesis about the metabolism of C. glabrata during long-term phagosomal residence: 

On the one hand, it is known that growth of C. albicans and C. glabrata in alternative 

carbon sources triggers cell wall changes and different stress-resistance phenotypes 

(Brown, Brown et al. 2014, Chew, Ho et al. 2019, Williams and Lorenz 2020), which 

influences recognition and killing by macrophages (Williams and Lorenz 2020). Thus, 

according to the results presented here C. glabrata would preferably use other alternative 
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carbon source to prevent a higher uptake and killing by macrophages when using 

acetate. This also agreed with previous observations that show that growth of wild type 

C. glabrata in acetate renders the fungi more susceptible to be taken up and killed by 

phagocytes (Mota, Alves et al. 2015), likely due to the higher mannan exposure and 

lower oxidative-stress resistance that has been reported for these conditions in another 

study (Chew, Ho et al. 2019). On the other hand, two of the Ato transporters were shown 

to be upregulated during the long-term residence of the yeast within macrophages, 

leading to the idea that acetate is nevertheless used under these conditions, and that the 

upregulation of other carboxylic acid transporters may be complementing the lack of 

acetate transporters and channels. This would allow a better uptake of carbon, 

supporting survival and growth. Further experiments are necessary to assess these 

hypotheses: 1) The expression of other transporters of alternative carbon sources (other 

carboxylic acids, fatty acids, amino acids), in the wild type and acetate-transporter 

mutants during a long-term phagosomal residence experiment; 2) long-term growth of 

the wild type in different carbon sources and a subsequent phenotypic screening on 

stress condition and macrophage interaction, similar to what has been previously done 

for C. albicans (Williams and Lorenz 2020); and 3) deletion and characterization of gene 

candidates in a long-term macrophage experiment. 

Altogether, these experiments show the specific strength of the long-term macrophage 

co-incubation model that was only recently developed (Daniel Fischer, unpublished data, 

Manuscript IV and Manuscript V). The impact of certain metabolic processes only 

becomes visible after longer time periods within the phagosome, but are most likely 

highly relevant for C. glabrata's pathobiology. A typical short-term phagocytosis 

experiment would not have been able to detect the role of the trehalose and acetate 

metabolism in the survival and persistence of C. glabrata during phagocytosis.  

7.5 Conclusion  

In the present work new concepts to broaden our understanding on fungal pathogenesis 

and its evolution have been developed. These will aid further research to uncover key 

factors involved in fungal pathogenicity and the host’s protective responses, a crucial 

step to develop successful strategies to prevent, diagnose, and treat fungal infections. 

Specifically, this works shows that the potential to lose and gain gene functions is an 

important driver for pathogenicity in vitro and likely in the clinic. As an example for this, 

the petite phenotype has been identified as a pathogenic strategy of the opportunistic 

fungus C. glabrata, which despite its fitness cost due to loss of mitochondrial function, 

shows adaptability to conditions of infection and antifungal treatment. Importantly, in this 
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work it was possible to observe the switch from wild type to petite mutants only through 

in vitro long-term exposure to human macrophages, which presumably emulates the in 

vivo situation better than the conventional short-term protocols (Seider, Gerwien et al. 

2014). In agreement with that, in 2010 Jacoben et al., concluded that C. glabrata relies 

on yet unknown immune evasion strategies that enable the fungi to survive, disseminate, 

and persist within mammalian hosts, and even when infection was performed with amino 

acid auxotrophic mutants they disseminated and persisted in immunocompetent mice 

similarly to the wild type (Jacobsen, Brunke et al. 2010). Therefore this method could do 

and has allowed us to show that C. glabrata uses further specific adaptations for long-

term macrophage survival, such as the use of different available carbon sources (storage 

trehalose from within the fungus and acetate from the phagosome), which could be at 

work during C. glabrata’s survival, dissemination and persistence in vivo. Clearly, having 

a look beyond what the reference strain is doing in the short-term under standard 

laboratory conditions is a worthwhile approach to decipher C. glabrata's virulence 

strategies, and therefore we need to shift the focus on finding more "life-like" accessible 

experimental set-ups, and this new model is an excellent compromise between in vivo 

and simpler in vitro. Moreover, these adaptations seem very distinct from the closely 

related yeast S. cerevisiae, indicating that the same genes or functions have been 

adapted in C. glabrata to the specific requirements in the host niche. Altogether, the 

results presented here therefore highlight the very specific physiological pathways that 

help to make this fungus a successful pathogen of humans. 
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9. Appendix 

9.1 Abbreviations 

ABC  ATP binding cassette 

ATP  adenosine triphosphate 

DAMPs Damage-Associated Molecular Patterns 

e.g.  latin: exempli gratia, for example 

GOF  gain-of-function 

HR  hyper-sensitive response  

i.e.  latin: id est, that is to say 

MC  mucoid colony 

MIC  minimum inhibitory concentration 

MSP  mitochondrial signal peptide 

mtDNA  mitochondrial DNA 

NCAC  non-Candida albicans Candida 

NETs  Neutrophil Extracellular Traps 

PAMPs Pathogen-Associated Molecular Patters  

SC  smooth colony 

SCV  Small Colony Variants 

SSR  Simple Sequence Repeat 

ROS  reactive oxygen species 

VVC  vulvovaginal candidiasis 
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