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Summary 

Pathogenic fungi of humans and plants are an important, yet frequently underestimated 

problem in the medical care system and in agriculture. Especially fungi which are 

pathogenic for humans might become even more relevant in the near future: 

anthropogenic climate change and the use of clinical antimycotic compound classes in 

agriculture promote selection mechanisms which enhance the probability that new 

and/or resistant fungal species or strains will cause infections in humans. Still, only few 

treatment options for fungal infections are available today. In this work, a two-pronged 

approach was followed: 

A) A diversification of agriculturally and clinically used antimycotics could contribute to 

better clinical treatment options: by directly enhancing the available clinical treatment 

options and/or by introducing antimycotics with a different mode of action into agriculture, 

which should alter selection pressures for environmentally derived fungal pathogens. 

This should lead to less frequent appearances of environmental fungal pathogens with 

resistances in the clinic. To this end, the mode of action and possible applications of the 

new antifungal jagaricin were investigated in this study. As its mode of action, lysis of 

susceptible biological membranes by formation of large lesions which allow Ca2+ flux was 

identified. Correspondingly, tolerance of the fungus towards jagaricin was determined to 

a large part by its ability to detect jagaricin-induced Ca2+ influx. This relied mainly on the 

calcineurin signalling pathway, which was required to initiate adequate membrane repair 

processes. The application spectrum of jagaricin in its unmodified form was found to be 

limited to agricultural applications, as jagaricin was found to be toxic for human, but not 

plant cells. 

B) A comprehensive understanding of the interactions of human pathogenic fungi with 

the human immune system during antimycotic treatment can allow the development of 

targeted treatment strategies. This requires knowledge of both, the immune system 

components which determine the interaction on the host side and the selection pressures 

exerted by antifungal treatment and immune reactions which act on the fungal pathogen. 

It has been shown before that immune evasion is of great importance in 

Candida glabrata infection processes. Especially its interaction with mononuclear cells 

plays a key role: C. glabrata exhibited a comparatively high affinity to these immune cells 

in several in vitro and in vivo infection models and has been shown to survive and 

replicate within their phagosomes, probably by interfering with phagolysosome 

maturation. However, previous models were not able to reflect long-term persistence of 

C. glabrata yeasts in macrophages as part of its immune evasion process. This scientific 

model gap was closed with the methods developed in this work, and important fungal 

mechanisms and contributing factors were characterized by large scale approaches 
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(transcriptome, mutant library screening). Among the most important results, C. glabrata 

was found to be under constant stress in the phagosome within the week-long 

investigation period. Accordingly, fungal factors which are important for the entry into, 

maintenance of, and exit from cellular quiescence were found to be critical for 

persistence of C. glabrata in macrophages. Correspondingly, large energy-consuming 

processes like the gene expression apparatus were continuously downregulated in 

C. glabrata yeasts, at least on the transcriptional level. A continuously applied long-term 

treatment with antimycotics (caspofungin, amphotericin B) in vitro was not able to fully 

eradicate C. glabrata yeasts from human macrophages, which points to a possible 

clinical relevance of yeasts which persist in a cellular quiescent state in macrophages. 

Specific aspects of the quiescent cellular state of C. glabrata in macrophages were 

investigated or discussed further, e.g. the role of the protectant molecule trehalose and 

its metabolism, the phosphate metabolism, and the potential function of the yet 

unidentified sexual cycle of C. glabrata in macrophages. Thereby, the new long-term 

model revealed potential explanations on why clinical treatment of C. glabrata infections 

is often difficult and on the potential evolutionary selection paths of C. glabrata in a 

clinical infection. 

Both approaches which were employed in this study – the investigation of a potential 

drug, which was discovered from interactions of fungi with their environment, and the 

study of pathogenicity mechanisms of yeasts – have the potential to expand our 

knowledge on the interactions of fungi with their environment. This knowledge can be 

used in the future to treat pathogenic fungi and improve existing treatment strategies. 
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Zusammenfassung 

Human- und pflanzenpathogene Pilze sind ein bedeutendes, aber oft unterschätztes 

Problem in Gesundheitswesen und Landwirtschaft. Besonders die Bedeutung 

humanpathogener Pilze könnte in naher Zukunft noch zunehmen: der anthropogene 

Klimawandel und der Einsatz von auch in der Klinik verwendeten Antimykotikaklassen 

in der Landwirtschaft fördert Selektionsmechanismen, die das Auftreten neuer und/oder 

resistenter Pilzspezies und -stämme wahrscheinlicher machen. Dennoch stehen 

weiterhin nur wenige Behandlungsmöglichkeiten für Mykosen zur Verfügung. In dieser 

Arbeit wurde nun ein mehrgleisiger Lösungsansatz verfolgt. 

A) Eine Diversifizierung der landwirtschaftlich und klinisch eingesetzten Antimykotika 

könnte dazu beitragen, dass Behandlungsmöglichkeiten in der Klinik verbessert werden: 

sowohl durch mehr verfügbare klinische Behandlungsoptionen und/oder durch Nutzung 

von Antimykotika in der Landwirtschaft mit anderem Wirkmechanismus als in der Klinik, 

was zu einem anderen Selektionsdruck auf Umweltpathogene führt. Letzteres sollte zu 

einem verringerten Auftreten antimykotikaresistenter Umwelt-Pilzpathogenen in der 

Klinik führen. Zu diesem Zweck wurde in dieser Arbeit der Wirkmechanismus und das 

Anwendungsspektrum des neuen Antimykotikums Jagaricin untersucht. Als 

Wirkmechanismus konnte die Lyse von empfänglichen Biomembranen durch die 

Erzeugung großer, Ca2+-durchlässiger Läsionen identifiziert werden. Entsprechend ist 

die pilzliche Jagaricin-Toleranz wesentlich davon bestimmt, Jagaricin-verursachten 

Ca2+-Influx über den Calcineurin-Signalweg wahrzunehmen, um adäquate 

Membranreparaturprozesse einleiten zu können. Das Anwendungsspektrum von 

Jagaricin wäre nach diesen Ergebnissen in seiner unveränderten Form wurde auf 

landwirtschaftliche Anwendungen eingeschränkt, da sich Jagaricin als toxisch für 

humane, aber nicht pflanzliche Zellen herausgestellt hat.  

B) Ein genaueres Verständnis der Interaktion humanpathogener Pilze mit dem 

menschlichen Immunsystem im Kontext einer antimykotischen Behandlung kann die 

Entwicklung gezielterer Behandlungsstrategien ermöglichen. Dies benötigt 

insbesondere Kenntnisse über die Bestandteile des menschlichen Immunsystems, die 

die Interaktion bestimmen und die durch antimykotische Behandlung und Immunreaktion 

auf das Pilzpathogen wirkende Selektion.  

Für die humanpathogene Hefe Candida glabrata konnte in vorangegangenen Arbeiten 

gezeigt werden, dass Immunevasion von zentraler Bedeutung im Infektionsprozess ist. 

Dabei kommt der Interaktion mit mononukleären Zellen eine Schlüsselrolle zu, da 

C. glabrata eine relativ hohe Affinität zu diesen Immunzellen in mehreren in vitro und 

in vivo-Infektionsmodellen aufwies und in deren Phagosom mutmaßlich durch 

Interferenz mit dem Phagolysosom-Reifungsprozess überleben und sich vermehren 
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kann. Bisherige Modelle waren aber nicht in der Lage, über einen längeren Zeitraum die 

Persistenz von C. glabrata-Hefen in Makrophagen als Teil des 

Immunevasionsprozesses abzubilden. Diese Modelllücke wurde im Rahmen dieser 

Arbeit geschlossen und zentrale Mechanismen und Faktoren auf der Pilzseite durch 

Verwendung von breit angelegten Analysemethoden (Transkriptom, Mutantenbibliothek-

Screening) charakterisiert. Als zentrales Ergebnis konnte herausgearbeitet werden, dass 

C. glabrata auch über den eine Woche langen Untersuchungszeitraum im Phagosom 

von Makrophagen unter anhaltendem Stress steht und entsprechend Faktoren für die 

Einleitung, die Aufrechterhaltung und den Exit aus einem zellulären Ruhestatus 

entscheidend sind für die Persistenz von C. glabrata in Makrophagen. Passend dazu 

sind große energiezehrende Prozesse wie Genexpression auf transkriptioneller Ebene 

in den Hefen durchgängig herunterreguliert. Eine durchgängig aufrechterhaltene 

langfristige Behandlung mit Antimykotika (Caspofungin, Amphotericin B) war in vitro 

nicht in der Lage, C. glabrata-Hefen vollständig aus humanen Makrophagen zu 

entfernen, was auf eine klinische Relevanz dieser in Makrophagen in einem zellulären 

Ruhezustand persistierenden Hefen hinweist. Einige speziellere Aspekte des zellulären 

Ruhestatus von C. glabrata in Makrophagen wurden weiter untersucht bzw. diskutiert 

(z.B. die Rolle des Protektants Trehalose und seines Metabolismus, der 

Phosphatmetabolismus und die mögliche Funktion des noch unbekannten sexuellen 

Zyklus von C. glabrata in Makrophagen). Damit konnten mit dem neuen Langzeitmodell 

weitere wichtige Anhaltspunkte gewonnen werden, warum die klinische Behandlung von 

C. glabrata-Infektionen oft schwierig ist und in welchen evolutionären Selektionspfaden 

sich C. glabrata-Hefen während einer klinischen Infektion bewegen. 

Beide in dieser Studie verwendeten Ansätze – die Untersuchung potentieller Wirkstoffe, 

die aus der Interaktion von Pilzen mit ihrer Umgebung stammen und die Untersuchung 

von Pathogenitätsmechanismen von Hefen – sollen letztlich über die Studie von 

Interaktionen von Pilzen mit ihrer Umgebung Wissen zu generieren, dass sich zur 

Behandlung von Pilzpathogenen einsetzen lässt und damit zur Verbesserung der 

Behandlungsstrategien beitragen könnte.  
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1 Introduction 

 

1.1   Unique features and the environment define the fungal interactome  

The fungal kingdom encompasses an estimated 2.2 to 3.8 million species (Hawksworth 

and Lücking 2017), suggesting by sheer numbers that large phenotypic and genetic 

diversity will exist among the species. Nevertheless, all fungi share some common 

characteristics restricting or predetermining their interactions with other organisms to 

certain outcomes. These common characteristics include e.g. a near-universal 

incorporation of ergosterol into membranes, strict heterotrophy, and a rigid chitin-

containing cell wall. The morphology of fungi can mostly be divided into hyphal and 

filamentous structures, yeasts, and spores. Larger networks or functional structures can 

emerge exclusively via hyphae formation, e.g. in the case of fruiting body formation. 

Some examples might illustrate how these typical characteristics determine possible 

interaction outcomes: The heterotrophic lifestyle requires that the fungus searches out 

its nutrient source while the rigid cell wall and lack of motility structures (with the notable 

exception of chytridimycota) limit its mobility primarily to growth. Therefore, fungi 

developed a plethora of strategies involving abiotic factors as well as biotic interaction 

partners to deal with these limitations or even turn them into an advantage. E.g., the 

formation of vast numbers of spores which are widely distributed by ejection mechanisms 

or external factors like wind or animals ensure that fungi reach new substrates for 

renewed growth. Other fungi manage to socialize with other organisms like plants or 

termites which provide them with a constant nutrient supply, rendering own mobility 

unnecessary for the length of the interaction.  

Accordingly, fungi are known to play parts in all types of inter-organismal interactions: 

competition (e.g. with other microorganisms in soil), predation (e.g. yeasts as prey for 

amoebae, carnivorous fungi as predator of nematodes (Pramer 1964), parasitism and 

pathogenic interactions (e.g. plant- or animal-infecting fungal pathogens as parasites 

and bacteria-infected mushroom caps as hosts), commensalism (e.g. certain yeasts in 

the gut of animals), amensalism (e.g. allergic reactions provoked by moulds) and 

mutualism (e.g. mycorrhiza, fungi hosting endosymbiotic bacteria). Each interaction in 

their specific environments puts special demands on the fungal partner. For example, 

the ability to survive within a human host as commensal or pathogen strictly requires the 

ability to grow at 37°C. The temperature optimum of most fungi lies in the range of 12 – 

30°C, with only a few species being able to grow beyond 35°C (Robert and Casadevall 

2009). Endothermic regulation of body temperature thereby (partially) explains how 

mammals and birds were able to restrict the number of their fungal pathogens to several 

hundreds, while the number of fungal pathogens of insects and plants have been 
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estimated to be between 10,000 to 50,000, or even (in the tropics) 270,000 species 

(Hawksworth and Rossman 1997; Robert and Casadevall 2009). However, global 

warming might redefine this game (Garcia-Solache and Casadevall 2010); evolutionary 

adaptation to higher temperatures is likely not per se impossible for most fungi, but is 

restricted by the niches they inhabit with their lower temperature. A raising mean 

temperature in many biotopes may make the step to life in mammals easier in the future, 

which was suggested as a reason for the appearance of C. auris as a global pathogen 

of humans (Casadevall, Kontoyiannis, and Robert 2019; Jackson et al. 2019; Misseri, 

Ippolito, and Cortegiani 2019). 

In summary, generic fungal and the species-specific attributes in particular determine 

whether and how a certain fungal species will be able to react, adapt, and evolve in 

interaction with another organism. If these interactions happen frequently, the adaptive 

traits get fixed within the population in the long run.  

 

1.2  Reasons for studying fungal competitive and predator-prey 

interactions  

Knowledge about interactions of fungi with other organisms can have significant value 

for human health. Especially parasitic or pathogenic interactions are of importance: first, 

knowledge about virulence factors and pathogenicity mechanisms allows to develop 

treatment strategies. Human-pathogenic fungi cause billions of infections each year. 

While most of them are topical, systemic fungal infections cause roughly one and a half 

million deaths per year worldwide (Brown et al. 2012). In addition, fungal phytopathogens 

can cause devastating losses of crop yields (Maarten J. Chrispeels 2003; Meena and 

Kanwar 2015; Doehlemann et al. 2017), and pathogens of fungi can significantly lower 

the yield in mushroom farms (Kobayashi and Crouch 2009; Largeteau and Savoie 2010). 

Second, many fungi as well as their interaction partners deploy biologically active 

molecules – e.g. secondary metabolites, peptides or enzymes – as part of competitive 

or predator-prey interactions. These molecules, often evolved from microbiological 

competition, are of outstanding interest for development of future therapeutics: for 

example, a significant proportion of antibiotics in use today comes from or was inspired 

by secondary metabolism of microbes which interact with fungi or from the fungal partner 

in this interaction (Netzker et al. 2018).   

 

1.3   Fungi in parasitic and pathogenic interactions: fungi as host 

Fungi are not only infectious agents, but can themselves be infected by a broad variety 

of organisms like (myco)viruses, bacteria or other fungi. In addition, many other 

organisms like animals, insects or slime moulds feed on fungi, and plants like the non-
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photosynthetic bird´s-nest orchid parasitize on fungi. In contrast to animals and plants, 

knowledge about fungal immunity is limited and in part controversially debated. Similar 

to innate immunity in animals and plants, physical barriers and defence molecules 

certainly do play a role: interaction with bacteria has been shown to lead to induction of 

secondary metabolite clusters (Schroeckh et al. 2009; Brakhage 2013; Ipcho et al. 2016; 

Künzler 2018; Netzker et al. 2018; Stroe et al. 2020; Jomori et al. 2020), and at least one 

study reported transcriptional induction of iron scavenging mechanisms and secondary 

metabolite clusters in response to bacterial microbe-associated molecular patterns 

(MAMPs) (Ipcho et al. 2016).  

Mushroom-infecting bacteria  

In addition to parasitic insects and other fungi, several bacterial species are among the 

most important pests in commercial mushroom cultivation (Kobayashi and Crouch 2009; 

Largeteau and Savoie 2010). These include e.g. the causative agents of brown blotch 

disease, Pseudomonas tolaasii and Pseudomonas reactans, and the causative agent of 

soft rot disease, Janthinobacterium agaricidamnosum. The Pseudomonas species both 

possess membrane-active virulence factors: WLIP (White Line Inducing Principle; 

P. reactans) and tolaasin (P. tolaasii) (Coraiola et al. 2006; Scherlach et al. 2013), while 

lesions on mushroom tissue elicited by J. agaricidamnosum are caused by its virulence 

factor jagaricin (Graupner et al. 2012). Aside from mushroom cultivation, not much is 

known about mushroom cap infections by bacteria or other organisms in the natural 

environment. 

Jagaricin belongs to the class of lipopeptides (Graupner et al. 2012). These molecules 

are composed of a lipid chain linked to a linear or cyclic peptide moiety. Such a chemical 

configuration is associated with activity on membranes, but action towards cell wall 

biosynthetic enzymes has also been described for similar molecules (Denning 2003; 

Zhao et al. 2017). The cell wall and membrane have been used as targets for the 

development of antifungal drugs in the past: all three classes of antimycotics (azoles, 

echinocandins, polyenes) in use today for treatment of invasive fungal infections act 

either directly on or via biosynthetic enzymes of these targets – this limitation to few 

targets is due to the limited set of cellular differences between fungal and mammalian 

cells. Since some lipopeptides are already in clinical use due to their antifungal or 

antibacterial properties (e.g. echinocandins, polymyxins, daptomycin), examination of 

further, newly identified members of this molecule class could be promising. Jagaricin 

has been shown to have activity against medically relevant fungal pathogens (Graupner 

et al. 2012), warranting further investigations into its mode of action and application 

possibilities. 
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1.4   Fungi in parasitic and pathogenic interactions: fungal pathogens 

Diseases caused by fungi 

Research on pathogenic fungi today focuses on fungi which infect humans, as this has 

immediate implications for human health. Another focus are phytopathogenic fungi that 

can cause devastating crop yield losses in agriculture (Maarten J. Chrispeels 2003; 

Meena and Kanwar 2015; Doehlemann et al. 2017). In human infections by fungi, one 

has to distinguish between topical and systemic manifestations. While topical infections 

can be further classified into superficial, cutaneous, and subcutaneous, depending on 

the amount and depth of dermal and underlying tissue involved, systemic infections (i.e. 

spreading in most or all organs) are typically classified as being caused by either primary 

or opportunistic fungal pathogens. While the former have the potential to infect healthy 

individuals, the latter normally cause disease “only” in the immunocompromised. 

Typically the primary fungal pathogens can be found within the order Onygenales 

(Histoplasma spp., Coccidioides spp.). Cryptococcus spp. cause disease in healthy as 

well as immunocompromised individuals, while typical opportunistic pathogens (causing 

infection only in immunocompromised patients) include e.g. Candida spp. and 

Aspergillus spp. (e.g. reviewed in (Köhler et al. 2017)).  

Candida spp. differ from e.g. Aspergillus spp. in their association with the human host: 

while Candida spp. typically are commensals, Aspergillus spp. come from the 

environment. This also becomes apparent in the transmission routes: spores of 

Aspergillus spp. typically enter the human host via the respiratory system and cause 

primarily lung infections, while Candida spp. can breach human epidermal barriers, 

causing superficial infections on skin, oral, and vaginal tissue, or even systemic 

infections by translocation through the gastrointestinal tract barrier. While transmission 

routes are comparatively well investigated for C. albicans (Allert et al. 2018), the species 

most frequently responsible for Candidiasis, these are unknown so far for many other 

Candida species like C. glabrata (Brunke and Hube 2013). Although both species bear 

the same generic name, C. glabrata is actually only distantly related to C. albicans and 

rather related to the baker’s yeast, Saccharomyces cerevisiae (Kurtzman and Robnett 

1997; Dujon et al. 2004; Butler et al. 2009). In this regard, it is perhaps unsurprising that 

both Candida species show quite distinct biological behaviours. This includes 

morphotypes – C. albicans can grow as yeast (and variations thereof), pseudohyphae, 

and hyphae, and it also forms chlamydospores (Noble, Gianetti, and Witchley 2017), 

while C. glabrata mainly grows as yeast (and variations thereof) and rarely in 

pseudohyphal form (Csank and Haynes 2000; Lachke et al. 2002; Sasani et al. 2016). 

Another difference is their sexual behaviour – C. albicans can undergo a parasexual 

cycle that is induced by switching mechanisms (Hull, Raisner, and Johnson 2000; Magee 



Introduction 

9 

and Magee 2000; Miller and Johnson 2002; Bennett and Johnson 2003), while mating of 

C. glabrata has never been shown directly despite the presence of mating gene 

orthologues within its genome (Wong et al. 2003; Srikantha, Lachke, and Soll 2003; 

Muller et al. 2008) and indications of mating in the environment (Carreté et al. 2018). As 

a last example, they differ in terms of aggressivity in confrontation with the host (immune 

system). The first line of immune defence against pathogens is built by epithelial barriers 

as well as cellular (mainly phagocytes like neutrophils and mononuclear cells) and 

molecular components of the innate immune system. Phagocytic cells exhibit different 

behaviours according to their function in the immune system: neutrophils are recruited 

mainly within the first hours of the infection and aggressively fight against invading 

pathogens by secretion of antimicrobial molecules, neutrophil extracellular trap (NET) 

formation and/or phagocytosis (Brinkmann et al. 2004; Urban et al. 2006; Timár, Lőrincz, 

and Ligeti 2013). In contrast, monocytes follow a time-delayed but long-lasting kinetic 

and remain up to weeks, while resident tissue macrophages and dendritic cells 

permanently screen their environment to detect threats early (pages 64/65 in (Murphy et 

al. 2009)). All mononuclear cells mainly fight invaders by phagocytosis, followed by 

antigen presentation for initiation of adaptive immunity (pages 64/65 and 240-247 in 

(Murphy et al. 2009)), although similar to NET formation, the formation of macrophage 

extracellular traps (METs) has been described (Doster et al. 2018). In both cases, 

phagocytosis aims at destroying the pathogen by creation of a hostile environment 

including restriction of nutrients and trace metals, direct pathogen attack by generation 

of reactive species, antimicrobial peptides and exposure to degradative enzymes 

(Flannagan, Heit, and Heinrichs 2015; Erwig and Gow 2016; Sprenger et al. 2018; 

Piacenza, Trujillo, and Radi 2019; Uribe-Querol and Rosales 2020). Phagosomes 

mature into phagolysosomes by fusion with endosomal and lysosomal vesicles, a 

process which potentially can be hijacked by pathogens (Haas 2007; Erwig and Gow 

2016; Levin, Grinstein, and Canton 2016; Pradhan et al. 2019; Uribe-Querol and Rosales 

2020). While the neutrophil phagosome has an alkaline pH, the phagosome of 

mononuclear cells is acidified (Thomas, Lehrer, and Rest 1988; Erwig and Gow 2016; 

Piacenza, Trujillo, and Radi 2019). In order to cause infection, fungal pathogens have to 

find a strategy to overcome or deal with these obstacles. 

For example, C. albicans reacts to immune cells by hyphal growth (e.g. when engulfed 

in macrophages) (Vázquez-Torres and Balish 1997; Lorenz, Bender, and Fink 2004) and 

secretion of a membrane pore-forming toxin, Candidalysin (Moyes et al. 2016; Kasper et 

al. 2018; König, Hube, and Kasper 2020), as well as lipases and proteases (Borg-von 

Zepelin et al. 1998; Naglik et al. 2004; Paraje et al. 2008; Paraje et al. 2009), which 

generally leads to host tissue damage and a strong immune response (Moyes et al. 
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2016; Swidergall et al. 2019; Ho et al. 2019; Ho et al. 2020). In contrast, C. glabrata uses 

an immune evasion strategy (Jacobsen et al. 2010; Seider et al. 2011; Seider et al. 2014; 

Kasper, Seider, and Hube 2015), as shown by much less damage to host cells in vitro 

(Seider et al. 2011) and its low virulence in systemic murine infection models compared 

to C. albicans, although it can persist for weeks in both, immunocompetent and 

immunocompromised mice (Brieland et al. 2001; Jacobsen et al. 2010; Cheng et al. 

2014). C. glabrata has exhibited a higher affinity to mononuclear cells than other 

Candida spp. in several in vitro and in vivo infection models (Brieland et al. 2001; 

Jacobsen et al. 2010; Cheng et al. 2014; Duggan et al. 2015), and is able to survive and 

replicate within these immune cells (Otto and Howard 1976; Kaur, Ma, and Cormack 

2007; Roetzer et al. 2010; Seider et al. 2011). While in vitro and ex vivo models are 

available for investigations into the short-term interaction of C. glabrata with 

macrophages, none of these models can represent a persistent intracellular state simply 

due to the limitation of yeast overgrowth within two to three days within these models. 

 

1.5   Antifungal resistance causes treatment failure in the clinic 

Modern medicine has increased the number of immunocompromised patients at risk for 

these opportunistic fungi, and widespread use of antifungals in the clinic, but also in 

agriculture, has led to the emergence and spread of resistant and less susceptible 

species (Verweij et al. 2009; Arendrup and Patterson 2017; Perlin, Rautemaa-

Richardson, and Alastruey-Izquierdo 2017). This is well-documented for azoles in 

commensal (Pfaller 2012) and environmental fungal species (Verweij et al. 2009; Howard 

and Arendrup 2011), as well as for echinocandins and sporadically for polyenes for 

commensals (Pfaller et al. 2012; Perlin, Rautemaa-Richardson, and Alastruey-Izquierdo 

2017). Resistances can also develop during long-term treatment (Cowen et al. 2014; 

Jensen et al. 2015; Perlin 2015). This manifests e.g. as acquired resistance against 

azoles in C. albicans, a shift from C. albicans to less susceptible non-C. albicans 

Candida species – e.g. C. glabrata – as the causative pathogens in Candidiasis (Pfaller 

2012; Perlin, Rautemaa-Richardson, and Alastruey-Izquierdo 2017), and recently as 

increasing echinocandin resistance found in C. glabrata (Alexander et al. 2013; Perlin, 

Rautemaa-Richardson, and Alastruey-Izquierdo 2017) and the rise of the frequently multi 

drug-resistant pathogen, C. auris (Chowdhary, Sharma, and Meis 2017). Inefficacy of 

one or several antimycotics causes considerable treatment challenges given that only 

three classes of antimycotics – azoles, echinocandins and polyenes – are currently 

available for treatment of systemic fungal infections. This partially explains why death 

rates remain unacceptably high for invasive fungal infections (Berman and Krysan 2020). 

An improvement of this situation requires – apart from introduction of new antifungals – 
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an improved understanding what causes clinical treatment failure, how resistance 

develops or where it comes from and the development of prevention strategies.  

 

1.6  Resistance, tolerance, persistence and quiescence of fungal 

pathogens 

Since there is some persisting confusion on the use of the term “resistance” in the 

literature, and it is often confounded with concepts like “tolerance”, a clarification of terms 

is necessary. The meaning of “resistance” depends, among others, on the author’s 

intentions and scientific background. In general, resistance could be defined as the ability 

of a treated species to grow without reduction in its growth rate in the presence of an 

inhibitory substance. It is often mediated by mechanisms like enhanced drug efflux or 

target changes. Apart from the basic resistance level which is further defined by drug 

kinetics, a fungal strain under antimycotic treatment can gain further resistance which 

will lead to a shift towards a higher drug concentration which is necessary to inhibit fungal 

growth, typically in strict defined standard in vitro assays. These are generally used to 

define the minimal inhibitory concentration (MIC) needed for inhibition of fungal growth. 

For clinicians, the most important information is whether the respective clinical isolate 

can still be inhibited by application levels of the drug which can still be tolerated by the 

patient. Therefore, clinically approved drugs most often have established breakpoint 

concentrations which classify if a given clinical isolate is still treatable. In contrast, basic 

researchers often employ a different use of the term resistance, here in the sense that 

e.g. a certain mutant is “more resistant” or “more susceptible” towards the drug in 

comparison to the wild type.  

In contrast to resistance, tolerance towards an antimycotic is linked to an altered cellular 

state or cell cycle progression which allows (slowed down) growth even “in the presence 

of an antifungal drug at concentrations above the MIC” (Berman and Krysan 2020), which 

becomes visible only if e.g. an antimycotic assay is incubated longer than the standard 

24 hours used for definition of resistance. Importantly, tolerance against antifungals 

typically relies on central (stress) signalling pathways like the calcineurin pathway. 

Therefore, inhibition of these pathways is a possible way to abolish fungal tolerance (e.g. 

reviewed in (Berman and Krysan 2020)).  

Finally, entry into persistence allows a small part of the population (for fungicidal drugs 

typically less than 1 %) to survive in a quiescent, non-growing state even under high 

antimycotic concentrations (exceeding even tolerance levels). Only after removal of the 

drug, these cells might be able to restart growth (LaFleur, Kumamoto, and Lewis 2006; 

Khot et al. 2006; Lewis 2010; Wuyts, Van Dijck, and Holtappels 2018; Berman and 

Krysan 2020). Persistence is not inheritable but a stochastic process: a population grown 
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from survivor cells (= persister cells) incubated with the same conditions as the initial 

population will show the same rate of persister cell formation (LaFleur, Kumamoto, and 

Lewis 2006; Wuyts, Van Dijck, and Holtappels 2018). However, multiple rounds of 

treatment and population re-growth from persister cells can lead to enrichment of isolates 

with enhanced persister cell formation rates (Lafleur, Qi, and Lewis 2010).  

A prerequisite for persistence is quiescence. In short, quiescence can be defined as 

“reversible absence of proliferation” (Sagot and Laporte 2019) and in yeast is typically 

linked to a strong reduction of important energy-consuming processes like protein 

biosynthesis (Boucherie 1985; Fuge, Braun, and Werner-Washburne 1994; Ju and 

Warner 1994; DeRisi, Iyer, and Brown 1997). Quiescence must be differentiated from 

senescence (non-reversible absence of proliferation), which is complicated by the fact 

that a quiescent cell can become senescent with time. However, quiescence alone is not 

sufficient to explain the survival of yeast persister cells. The conditions which led to the 

induction of quiescence (like lack of a certain nutrient) have a strong influence on its 

characteristics, and even within the same environment, individual cells can display 

heterogeneous properties (Gray et al. 2004; Coller, Sang, and Roberts 2006; Boer et al. 

2010; Klosinska et al. 2011; Laporte et al. 2011; Palková, Wilkinson, and Váchová 2014; 

Miles and Breeden 2017; Laporte et al. 2017; Laporte et al. 2018). In fact, the decision 

to enter quiescence is taken before the “last” cell cycle has been completed (Argüello-

Miranda et al. 2018) and e.g. build-up of the reserve carbohydrate glycogen in yeast 

batch-cultures is triggered before onset of glucose exhaustion, followed by onset of 

trehalose accumulation as well as triglyceride and steryl ester accumulation in lipid 

droplets during the diauxic shift (reviewed in (François and Parrou 2001)).  

Accordingly, the transition into, maintenance of and exit from quiescence are tightly 

regulated processes which develop along certain guard rails like the cAMP-PKA and 

mTOR pathway in yeast, which integrates diverse metabolic cues such as availability of 

nitrogen and fermentable carbon sources. Inactivation of these pathways is required for 

proper entry into quiescence, while activation of these pathways is required for exit from 

quiescence (reviewed in (De Virgilio 2012)). In contrast, the Snf1 kinase pathway is 

dispensable under ideal growth conditions, but controls several key traits during the 

diauxic shift which prepare the cell for quiescence. Accordingly, cells without Snf1 rapidly 

lose viability during the stationary phase (Thompson-Jaeger et al. 1991; De Virgilio 

2012).  

Various further metabolites, metabolic pathways and storage molecules affect 

quiescence: intracellular trehalose for example stabilizes protein structures (Singer and 

Lindquist 1998; Jain and Roy 2009; Goldberg et al. 2009; Kyryakov et al. 2012), but is 

also suggested to fuel glycolysis for a rapid exit from quiescence ((Laporte et al. 2017) 
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and reviewed in (Valcourt et al. 2012)). This is important since flux through glycolysis is 

strictly required for exit from quiescence (Laporte et al. 2011). As a last example, the 

loss of polyphosphate-degrading enzymes has been shown to lead to loss of cell viability 

in the stationary phase (Sethuraman, Rao, and Kornberg 2001). In addition to cessation 

of growth and cell division, quiescent yeast cells exhibit a broad shut-down of cellular 

metabolism and gene expression (e.g. reviewed in (De Virgilio 2012; Sagot and Laporte 

2019)). This is linked to formation of storage bodies which protect biomolecules from 

stress or sequester away critical regulators of cellular metabolism. Their targets include 

e.g. mRNA (cytosolic P-bodies, stress granules), enzymes (cytosolic filaments), 

cytoskeleton components (cytosolic actin bodies, nuclear microtubule bundles), specific 

protein complexes (cytosolic proteasome storage granules [PSG], cytosolic heat shock 

protein granules) as well as the reorganization of mitochondria into cortical vesicles, 

chromosome condensation and formation of telomeric hyper-clusters and relocation of 

Hsp90 to the nucleus (reviewed in (Sagot and Laporte 2019)). In addition, cell wall 

remodelling controlled by the cell wall integrity (CWI) pathway is critical for maintaining 

viability of quiescent cells (Krause and Gray 2002; Levin 2005). Some of these structures 

are also triggered by stress conditions independently of entry into quiescence (Laporte 

et al. 2018; Sagot and Laporte 2019). In total these phenotypic and functional alterations 

enable quiescent cells to maintain viability especially in the long-run better than 

proliferating cells, even if they are exposed to diverse stressors like antimycotic treatment 

(e.g. (Allen et al. 2006) and reviewed in (Lewis 2010; Bojsen, Regenberg, and Folkesson 

2017; Berman and Krysan 2020)).  

In summary, tolerance and persistence can explain clinical treatment failure of in vitro 

susceptible fungal strains (Bojsen, Regenberg, and Folkesson 2017; Berman and 

Krysan 2020). It has been proposed that resistant strains can emerge from drug tolerant 

and persistent variants, as selection for resistance can act on such a surviving population 

(Cowen and Lindquist 2005; Berman and Krysan 2020).  

 

1.7  Antifungal resistance and fungal evolution: mechanisms and driving 

forces  

What, then, drives and determines resistance development, especially in a clinical 

context? The likelihood of resistance acquisition is largely linked to the mode of action – 

it is more likely for fungistatic drugs like azoles than for fungicidal drugs like polyenes – 

as well as length of exposure (Berman and Krysan 2020). Fungal infections can be 

prolonged and often temporarily symptom-free (e.g. reactivation of C. neoformans 

infections established early in childhood) or become chronic (e.g. chronic 

mucocutaneous candidiasis) if a subpopulation of the infecting fungus adopts a 
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(persisting) state which the immune system either tolerates or is not able to eliminate 

(Alvarez-Rueda et al. 2012; Coelho, Bocca, and Casadevall 2014; Jabra-Rizk et al. 2016; 

Misme-Aucouturier et al. 2017). Similarly, fungi that reside in niches where antifungal 

concentrations reach only low effective levels, e.g. in biofilms or in the gall bladder, can 

develop resistance (Taff et al. 2013; Hsieh, Brunke, and Brock 2017). Therefore, 

identification and evaluation of possible reservoirs – like the putative intracellular 

persistence of C. glabrata within macrophages – is critical to ensure treatment success.  

Apart from fungal evolution during antifungal treatment, evolutionary processes prior to 

infection can influence infection outcome. In general, the ability to cause infections of 

humans is thought to have evolved in natural reservoirs. In this model, environmental 

species evolve in an “environmental virulence school” (Casadevall 2008; Bliska and 

Casadevall 2009) while commensals pass through a “commensal virulence school” 

(Hube 2009). Both hypotheses posit that conditions and the biotic and abiotic interactions 

in their environments trained these species to gain critical properties needed for 

virulence. A good example is the ability to survive within phagocytic immune cells: while 

environmental fungi like Aspergillus spp. are exposed to amoebae within soil 

(Novohradská, Ferling, and Hillmann 2017), commensal fungi like Candida spp. might 

face occasionally confrontation with macrophages which continuously sample the 

gastrointestinal tract (Hube 2009). In both cases, fungal cells resistant to such occasional 

attacks have a selection advantage in the long term. Altered selection pressures within 

the environment – e.g. antibiotic treatment, immunosuppression or altered host diets for 

commensals, antifungal treatment of crops or temperature increase due to climate 

change for environmental species – therefore will lead to novel adaptations or shifts in 

species distribution patterns. In consequence, the effects of such changes will be visible 

in the clinic. 
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1.8  Aims 

This study’s aim is to investigate two types of interactions of fungi with other organisms 

which have potential consequences for clinical applications: First, an antifungal 

substance which is produced by bacteria preying on fungi, jagaricin, will be evaluated for 

its efficacy against fungal pathogens of humans. Second, the ability of the yeast 

pathogen, C. glabrata, to persist within human macrophages during infection will be 

characterized as an example for direct human-fungal interactions. Both approaches 

complement each other, as the latter will reveal potential modes for the development of 

resistances, while the former will help to find ways to counteract these. In detail, the 

following specific aims will be addressed in this work: 

➢ Determination of the mode of action of the novel antifungal jagaricin and the 

possible tolerance and resistance mechanisms of pathogenic fungi 

➢ Assessment of possible applications for jagaricin 

➢ Establishment of the first model for studies of long-term interactions of human 

macrophages with a fungal pathogen 

➢ First identification of strategies and genes required for the ability of C. glabrata 

to persist within human macrophages  

➢ Discussion of microevolution in infection processes under antimycotic treatment  
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2 Manuscripts 

2.1  Manuscript I 

Disruption of Membrane Integrity by the Bacterium-Derived Antifungal 

Jagaricin 

Daniel Fischer, Guido Gessner, Taicia Pacheco Fill, Robert Barnett, Kyrylo Tron, 

Katharina Dornblut, Florian Kloss, Pierre Stallforth, Bernhard Hube, Stefan H. 

Heinemann, Christian Hertweck, Kirstin Scherlach and Sascha Brunke 

Antimicrob Agents Chemother 63:e00707-19.  

DOI: https://doi.org/10.1128/AAC.00707-19. 

Summary: 

This study investigated the mode of action of jagaricin, a virulence factor of the bacterium 

Janthinobacterium agaricidamnosum known to be responsible for mushroom soft rot 

disease. In addition to its role as a virulence factor, jagaricin is of special interest given 

its reported antifungal activity against fungal pathogens of humans. In this manuscript, it 

is shown by electrophysiological methods that jagaricin exerts its function by inducing a 

breakdown of the plasma membrane chemiosmotic potential. In agreement with this 

observation, a transcriptome analysis of Candida albicans showed that the yeast 

responds to jagaricin by shutting down membrane-potential driven transport processes. 

Measurement of intracellular Ca2+ levels revealed that jagaricin-mediated membrane 

breakdown leads to rapid Ca2+ influx suggesting formation of large-sized membrane 

lesions. This matches with data from Candida mutants, which show that the Ca2+-sensing 

calcineurin pathway is essential for tolerance to sublethal jagaricin levels. 

Further investigations into jagaricin´s possible applications showed that the antifungal in 

its unmodified form is toxic for human cells, as indicated e.g. by its haemolytic activity, 

but it could be used against phytopathogens in agriculture, since it does not affect plant 

growth.  

 

Own Contribution: 

Daniel Fischer designed the study and planned, performed, evaluated and interpreted 

the following experiments: C. albicans PI assay, susceptibility tests of C. albicans and 

C. glabrata mutants and clinical isolates, C. albicans transcriptomic response, hemolysis 

assay and checkerboard assays. Daniel Fischer further initiated, discussed and 

evaluated the following experiments: Dictyostelium discoideum, phytopathogenic fungi 

and plant susceptibility testing; Patch clamp assays, Ca2+ influx assays with Fura-2-AM, 

https://doi.org/10.1128/AAC.00707-19
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a black lipid membrane assay and CMC measurements. 

Daniel Fischer generated and/or compiled all figures, coordinated the experimental work 

between groups, and wrote the manuscript. 

 

Estimated authors’ contributions: 

Daniel Fischer   55% 

Guido Gessner   5% 

Taicia Pacheco Fill   4% 

Robert Barnett   2%  

Kyrylo Tron    2% 

Katharina Dornblut   2% 

Florian Kloss    1% 

Pierre Stallforth   1% 

Bernhard Hube   2% 

Stefan H. Heinemann  2% 

Christian Hertweck   2%  

Kirstin Scherlach   7% 

Sascha Brunke  15% 
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Complete  supplemental  material  for  this  article  may  be  found  at: 

https://aac.asm.org/content/63/9/e00707-19/figures-only#fig-data-additional-files and  is  

included in the enclosed CD ROM (folder: Jagaricin). Tables S1A, S1B and S2 are 

Excel files and were therefore not included in the printed version.  
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2.2 Manuscript II 

Fine-Scale Chromosomal Changes in Fungal Fitness 

Daniel Fischer, Bernhard Hube and Sascha Brunke 

Curr Fungal Infect Rep (2014) 8:171–178.  

DOI 10.1007/s12281-014-0179-9 

Fine-Scale Chromosomal Changes in Fungal Fitness | SpringerLink 

Reprinted by permission from Springer Nature Customer Service Centre GmbH. 

Springer Nature, Current Fungal Infection Reports. Fine-Scale Chromosomal Changes 

in Fungal Fitness, Daniel Fischer, Bernhard Hube and Sascha Brunke. Copyright: 

©Springer Science+Business Media New York 2014 

Summary: 

Like all forms of life on earth, fungal pathogens are under continuous selection pressure 

in ever-changing environments. This review summarizes the current knowledge on 

typical fungal microevolution strategies – with a focus on small scale genetic exchanges 

– which may be important to understand the progression of human fungal diseases. 

Important parameters which determine this process are discussed: selection pressures 

prior to and during infection, infection routes, organ specificities, antifungal drug 

treatment, and genetic diversity of the infecting fungus or fungal population. In sum, 

fungal microevolution influences the outcome of fungal infections and therefore needs to 

be taken into account also in clinical settings, but a deeper understanding of these 

processes may also provide us with new clinical intervention possibilities.   

 

Own Contribution: 

Daniel Fischer conducted literature research, generated the figure, and wrote the 

manuscript. 

 

Estimated authors’ contributions: 

Daniel Fischer   70% 

Bernhard Hube   10% 

Sascha Brunke  20% 

 

 

Prof. Bernhard Hube 

https://link.springer.com/article/10.1007%2Fs12281-014-0179-9
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2.3 Manuscript III 

A model of long-term Candida glabrata-macrophage interaction links 

quiescence with intramacrophagal persistence 

Daniel Fischer, Marcel Sprenger, Jörg Linde, Bernhard Hube, Sascha Brunke 

In preparation for submission to mSphere. 

 

Summary: 

Different fungal pathogens interact preferentially with different host (immune) cells and 

the different kinds of interactions determine disease outcomes. Candida glabrata has 

been shown in several in vitro and in vivo experimental settings to interact preferentially 

with mononuclear cells. Since C. glabrata is known to modify phagolysosome maturation 

in vitro and can thereby survive and replicate inside of macrophages, the outcome of this 

interaction is likely to have a strong impact on outcome of C. glabrata infections. This 

work, like previous studies, proposes that in vivo a part of this interaction consists of a 

long-term residence of C. glabrata yeasts within mononuclear cells, a scenario which 

would be especially relevant in chronic or recurrent diseases. Until now, such a scenario 

could not be modelled, as C. glabrata-macrophage models are typically characterized 

by fast intracellular yeast replication followed by bursting of the macrophage within 

roughly two days. Here, we established the – to our best knowledge – first C. glabrata-

macrophage model(s) which represent this “missing part of the whole story”. By 

combining data from a barcode sequencing-based C. glabrata mutant library screen and 

a C. glabrata transcriptome analysis, we identified several factors and processes which 

are critical for persistence in macrophages. Among them, several regulators of yeast 

quiescence were found, implying a role of this process in long-term survival within 

macrophage. In addition, constant antimycotic treatment was found to be insufficient for 

complete eradication of intramacrophagal C. glabrata. This proves that persistence in 

macrophages is possible even in the face of antifungal treatment, probably involving 

quiescent yeasts. Furthermore, C. glabrata transcriptionally induced genes involved in 

the mating response, an unexpected finding in a yeast whose sexual cycle was never 

observed, and which warrants further investigations. In summary, our results support the 

idea that C. glabrata can use mononuclear cells as a niche for persistence during (long-

term) infections, and the methods and models developed in the study will allow future, 

deeper investigations of this topic.       

Own Contribution: 
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Daniel Fischer planned, performed (with technical help), evaluated, and interpreted all 

experiments, generated all figures, and wrote the manuscript. The Bar-Seq data analysis 

pipeline was established by Sascha Brunke and Jörg Linde together with Daniel Fischer. 

Most of the new mutant strains first described in this study were created by Daniel 

Fischer, with technical help for the barcoded reference strains and with the exception of 

C. glabrata ATCC2001 yeGFP.  

 

Estimated authors’ contributions: 

Daniel Fischer   74% 

Marcel Sprenger  2% 

Jörg Linde   1% 

Bernhard Hube   3% 

Sascha Brunke  20% 
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A model of long-term Candida glabrata-macrophage interaction links quiescence 

with intramacrophagal persistence 

Authors 

Daniel Fischer, Marcel Sprenger, Jörg Linde, Bernhard Hube, Sascha Brunke 

Abstract 

The yeast Candida glabrata is a facultative pathogen of humans. In mice models of 

infection, C. glabrata shows low virulence, but can persist over long periods in infected 

organs. During experimental infections in vitro and in vivo, C. glabrata is predominantly 

in association with mononuclear cells and it has been shown that the fungus can survive 

and replicate within macrophages. This  has led to the hypothesis that C. glabrata might 

hide within mononuclear cells for immune evasion. However, no models were available 

up to now to investigate the long-term intramacrophagal persistence of C. glabrata. Here, 

we present a new C. glabrata macrophage model which allows following its life inside 

macrophages over several days. This model, together with large-scale approaches – a 

Bar-Seq based mutant library screen and transcriptomes of C. glabrata – allowed us to 

identify several critical fungal stress adaptation factors and processes for 

intramacrophagal persistence, many linked to quiescence regulation in yeast. 

Importantly, C. glabrata inside of macrophages were not eradicated completely by 

treatment with antifungal agents such as amphotericin B or caspofungin. These findings 

support the hypothesis that C. glabrata might use macrophages as persistence niche 

and possibly as a starting point to cause re-infection of the host.  

Abbreviations 

human monocyte derived macrophages (hMDMs); colony forming unit (cfu) 

Introduction 

Candida glabrata is a facultative human-pathogenic hemiascomycete closely related to 

the baker´s yeast Saccharomyces cerevisiae (Kurtzman and Robnett 1997; Dujon et al. 

2004; Butler et al. 2009). Although C. glabrata is considered to be mostly harmless for 

healthy individuals, it frequently causes superficial infections and can become a serious 

threat in immunocompromised, especially elderly individuals (Fidel, Vazquez, and Sobel 

1999; Diekema et al. 2002; Weinberger et al. 2005; Li, Redding, and Dongari-Bagtzoglou 

2007). In this patient population, C. glabrata can give rise to systemic infections with 

potentially fatal outcome due to sepsis (Perlroth, Choi, and Spellberg 2007). There are 

some special characteristics of C. glabrata when compared e.g. to Candida albicans, the 

most prominent Candida species. In the clinical setting, C. glabrata often has a higher 



Manuscript III 

59 

intrinsic resistance towards azoles and can quickly acquire resistance against azoles 

(Pfaller et al. 2011; Pfaller et al. 2012; Farmakiotis, Tarrand, and Kontoyiannis 2014; 

McCarty and Pappas 2016), but also echinocandins (Pfaller et al. 2011; Pfaller et al. 

2012; Alexander et al. 2013; Farmakiotis, Tarrand, and Kontoyiannis 2014), and much 

less frequently to polyenes (Vandeputte et al. 2007; Vandeputte et al. 2008), which is 

associated with a higher rate of treatment failure. In its morphology, C. glabrata is limited 

to yeasts (and potentially pseudohyphae (Csank and Haynes 2000)) – in stark contrast 

to the polymorphic C. albicans whose morphological flexibility is fundamental for its 

ability to infect mammalian hosts (Sudbery 2011). It also lacks an orthologue of the 

candidalysin toxin-encoding ECE1 gene of C. albicans and typically causes only little 

damage to human epithelial and immune cells, with a limited inflammatory response 

in vitro (Aybay and Imir 1996; Filler et al. 1996; Schaller et al. 2002; Li and Dongari-

Bagtzoglou 2007; Seider et al. 2011) and in vivo (Brieland et al. 2001; Arendrup, Horn, 

and Frimodt-Møller 2002; Jacobsen et al. 2010).  

Consequently, in comparison to C. albicans, C. glabrata is typically much less virulent in 

murine infection models (Brieland et al. 2001; Cheng et al. 2014). However, C. glabrata 

has been shown to persist at appreciable numbers, but without clinical symptoms for 

weeks in different organs of immunocompromised as well as immunocompetent mice, 

both in a model of disseminated (Brieland et al. 2001; Jacobsen et al. 2010) and intra-

abdominal candidiasis (Cheng et al. 2014). In both models C. glabrata was found 

associated with mononuclear cells (Brieland et al. 2001; Jacobsen et al. 2010; Cheng et 

al. 2014). An in vitro study with different fungal species showed preferential uptake of 

C. glabrata by monocytes (Duggan et al. 2015), and in an ex vivo model of human 

bloodstream infections, C. glabrata was more often associated with monocytes than 

other Candida species (P. Kämmer et al., mBio, accepted). Importantly, C. glabrata has 

also been shown to survive and replicate within macrophages in vitro (Otto and Howard 

1976; Kaur, Ma, and Cormack 2007; Roetzer et al. 2010; Seider et al. 2011), and for 

these reasons we and others previously discussed macrophages as a potential site for 

C. glabrata immune evasion and persistence (Seider et al. 2011; Kasper, Seider, and 

Hube 2015).  

In addition to the previously mentioned resistance to antifungals, otherwise susceptible 

fungal cells can also enter a non-susceptible, quiescent state under certain 

circumstances. This has been shown e.g. for planktonic, quiescent S. cerevisiae cells, 

which in this state are not susceptible to voriconazole and caspofungin (Bojsen, 

Regenberg, and Folkesson 2014). Thus, subpopulations of infecting fungi can potentially 

survive in an antifungal-tolerant state and outlast treatment to re-establish infection 

afterwards (e.g. reviewed in (Berman and Krysan 2020)). Therefore, it seems possible 
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that C. glabrata cells can remain in macrophages for long periods of time, where they 

adopt this quiescent state and thus are protected from both immune assaults and 

antifungals.  

Investigations into yeast-host interactions on longer time scales have been performed in 

different mice models (Jacobsen et al. 2010; Cheng et al. 2014) or in a granuloma model 

(Misme-Aucouturier et al. 2017). However, so far it was not possible to study the 

interaction of C. glabrata with mononuclear cells on a longer time scale in isolation, as 

C. glabrata replicates profusely inside standard ex vivo and in vitro macrophage models 

and usually overgrows the macrophages within two to three days (Seider et al. 2011). 

Such models, therefore, seem unlikely to reflect the normal in vivo interaction of yeasts 

and macrophages, especially in respect to potentially quiescent subpopulations.  

Here, we used novel models of at least week-long C. glabrata-macrophage interactions, 

which allow us to investigate the fungal genes and processes required for 

intramacrophagal persistence. We probed a large-scale mutant library (Schwarzmüller 

et al. 2014) and obtained C. glabrata transcriptomes during this long-term interaction. 

Our analysis shows that, among others, stress adaptation factors linked to yeast 

quiescence and a tight regulation of energy homeostasis and of the cell wall structure is 

critical for fungal persistence. Furthermore, our data show persistence of intracellular 

C. glabrata cells despite continuous treatment with common antifungal agents. 

Surprisingly, we also found that C. glabrata cells show a transcriptional pattern indicative 

for a mating response during their residence inside macrophages. 

Results 

The C. glabrata-macrophage persistence model 

Our previous studies showed that C. glabrata is associated with mononuclear cells 

in vivo, raising the question whether macrophages might serve as the site of persistence 

during infection. We, therefore, decided to establish an in vitro model that enables us to 

study the long-term interaction between the fungus and macrophages. After several 

adjustments to a previous system (Seider et al. 2011), our final model uses human 

monocyte-derived macrophages in RPMI medium supplemented with 10% active human 

serum and a strict medium exchange regime which includes a washing step after 3 h of 

yeast-macrophage co-incubation to remove non-phagocytosed cells (for details see 

method section). We chose seven days of co-incubation as our last assay time point, but 

longer persistence periods are possible with this setting. Macrophage cell viability over 

all seven days was confirmed by propidium iodide staining protocols (Fig. 1). In the rare 

event of yeast overgrowth the affected well was discarded when microscopic inspection 

revealed extracellular C. glabrata cells. These cut-offs were set very strict for cfu-based 
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assays, while we allow some escaping yeasts in pool experiments where hyper-fit strains 

may otherwise be accidentally discarded (Fig. 2). In contrast to previously published data 

on macrophage-C. glabrata interaction, determination of cfu counts in our model showed 

a significant drop between 3 and 24 hours of co-incubation followed by a macrophage 

donor-dependent, further, much slower decline (Fig. 3A). Overall, we obtained a largely 

stable population of about 3.1 % (0.7 - 7.6 %) of the original phagocytosed inoculum 

which survived inside the human macrophages for at least seven days. 

Addition of caspofungin or amphotericin B at MIC100 after six hours of co-incubation led 

only to a moderate (29-35 %) additional decrease in intracellular cfus over the course of 

one day, indicating that the fungi are somewhat protected inside the macrophages. After 

seven days of constant antimycotic treatment, the cfus dropped significantly to about 4.1 

% (caspofungin) or 8.9 % (amphotericin B) of the non-treated control, and increasing the 

caspofungin concentration fivefold did not further enhance intracellular killing (Fig. 3B). 

These numbers are roughly comparable to survival levels of persister cells under in vitro 

antimycotic treatment  (LaFleur, Kumamoto, and Lewis 2006; Al-Dhaheri and Douglas 

2008; Bojsen et al. 2016; Wuyts, Van Dijck, and Holtappels 2018), although the 

underlying phenotypes might be not directly comparable given the differences of the 

treatment strategies. We did not increase the amphotericin B concentration further since 

this directly affected the macrophages (data not shown). Intracellular C. glabrata 

persistence can therefore occur even under administration of antifungals and is therefore 

possibly relevant also in clinical situations.  

Establishment of the Bar-Seq technique 

A pooled approach allows the intramacrophagal long-term survival of many mutants to 

be determined at the same time (Fig. 4). We made use of a previously established large-

scale, barcoded C. glabrata deletion mutant library [Suppl. Table 1; (Schwarzmüller et 

al. 2014)] with a modification of a previously described detection and quantification 

approach (Brunke et al. 2015). We here used amplicon sequencing (instead of 

microarrays) of the up- and downstream barcode sequences that flank the selection 

marker used for gene disruption. Our amplification primers additionally contained 

varying, experiment-specific 10 nt sequences at their 5´ end (Suppl. Table 2) to allow 

multiplexing of samples.  

For our persistence experiments, mutants were distributed into 16 randomized pools with 

a size of 39-50 strains each. Inocula preparation aimed for the same relative amounts 

for all mutants. All inocula were additionally plated on YPD medium to determine the 

actual starting distribution of the mutants as reference for all further calculations (Fig. 

4B). The samples were taken after one and seven days of co-incubation with 

macrophages, and the supernatant and macrophage lysate were combined and plated 
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on YPD for DNA isolation from colonies and barcode amplification. After sequencing, 

counts were normalized to the median count values for each pool as a comparison which 

is independent of parental strains. Since different mutants of the collection have different 

parental strains (Schwarzmüller et al. 2014), we determined how this alternative 

normalization approach correlates with an individual parent-referenced approach. 

Correlation was good to excellent with Pearson r values of 0.81 and 0.92 for one and 

seven days, respectively (Suppl. Fig. 1). The distribution of depleted and enriched strains 

follows the expected pattern: the majority shows wild type-like survival, and more 

mutants were depleted than enriched in comparison to the wild types (compare Fig. 5 

and Suppl. Fig. 1). Accordingly, the wild types showed higher recovery than the median 

of the strains created in the respective background. However, the median-normalized 

mean recovery (recovery of both barcodes, geometric mean) was in part statistically 

significant different between different wild type strains (Fig. 5B; e.g. after seven days 

1.21 for BC, 1.08 for H-BC and 1.63 for HLT-BC). These differences are reflected in 

statistically significant differences of the recovery of strains from these different wild type 

backgrounds (Suppl. Fig. 1). The strain background and its auxotrophies therefore 

seems to have an influence on the intracellular persistence of C. glabrata in 

macrophages, in contrast to what we found previously in a systemic mice infection model 

(Jacobsen et al. 2010). Therefore, we used parent-normalized values for all pools except 

16, for which no direct parent strain is available (Schwarzmüller et al. 2014); for the latter, 

we employed median normalization, with cut-off accordingly adjusted (see Material and 

Methods, Fig. 7+8, Suppl. Fig. 2, Suppl. Tables 3+4). 

Pool experiments are usually competition experiments among the tested mutants. To 

ensure that as few yeasts as possible share the same phagosome and influence each 

other, we characterized the distribution pattern of a fluorescent C. glabrata strain within 

the macrophages over the seven day time course. As expected, over time and with 

declining cfu counts, more and more macrophages did not contain any C. glabrata 

anymore. However, the number of yeasts per infected macrophage remained largely 

stable at low numbers, with the majority containing 1-2 yeasts (Fig. 6). We conclude that 

there should only be a limited competition or influence between cohabitating yeasts. 

 

Identification of genes required for intracellular persistence   

The number of depleted mutant strains (cut-off factors: pool 1-15 < 0.5; pool 16 < 0.7, 

p<0.1) increased between 1 and 7 days, indicating continuing selective forces at work 

inside the macrophages (Suppl. Table 3). Additionally, most (27/29) C. glabrata mutants 

which were depleted already after one day, showed further depletion with prolonged 
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incubation. To reflect this increasing depletion, we set the cut-off for 7 days depletion to 

a more stringent 0.35 (0.5 pool 16, p<0.1). Of the 101 mutants depleted after seven days, 

at day one 94 would not have been considered depleted at the 7d cut-off, and 75 not 

even at the less stringent cut-off of day 1, while 18 were not depleted at all (≥1.0, ≥1.2) 

after one day. These different numbers also indicate that some genes are permanently 

required in macrophage interactions and some mainly during persistence.  

Finally, of all mutants that met the cut-off criterion at seven days, 30 were even strongly 

reduced to less than 0.15 (0.25, p<0.05; Fig. 7, Suppl. Table 3). To obtain a general 

impression of the underlying processes, we used GoTermFinder (Boyle et al. 2004) to 

identify enriched GO terms within this group which we then summarized using Revigo 

(Supek et al. 2011). Based on multiple testing corrected p values with a cut-off of 0.05, 

we found among the strongly depleted mutants GO terms pertaining to cellular 

component biogenesis, kinase activity, lipid binding, and to the cell wall, both to its 

biogenesis and the regulation of its organisation (Suppl. Table 4, Suppl. Fig. 2). For 

regulation of cell wall organisation, this includes (cut-off < 0.35, < 0.5) mutants of parts 

of the MAPK pathways (cell wall integrity pathway: Δbck1, Δmkk1, Δslt2; general 

adapter: Δste50; osmosensory signalling pathway: Δsho1, but interestingly not Δpbs2, 

Δsko1, Δmsn2, Δmsn4) and mutants which affect the activity of the cell wall integrity 

MAPK cascade (Δypk2, ΔCAGL0I07513g, Δstt4, Δsac7; Fig. 7). Especially interesting is 

Δssd1, which was the second most strongly depleted mutant in the mutant pool after 

seven days. The S. cerevisiae orthologue of the gene affects the cell wall through 

regulation of mRNA stability of cell wall biosynthesis effectors (Uesono, Toh-e, and 

Kikuchi 1997; Kaeberlein and Guarente 2002; Jansen et al. 2009; Kurischko, Kim, et al. 

2011). We found four further mutants whose orthologous genes are involved in mRNA 

trafficking, metabolism, and translation efficiency (Δpop2, ΔCAGL0L06226g, Δaep3, 

Δspt4).  

At a level of < 0.35 (0.5, p<0.1) after seven days, the deleted genes potentially directly 

related to cell wall biosynthesis can be categorized into those involved in protein 

glycosylation (Δanp1, Δmnn10, Δvig9, Δktr2, Δpmt2) and those which are so far 

functionally uncharacterized  (Δshe10, Δecm33). Furthermore, GO terms relating to 

chromatin modification can be found, including “chromosome organization” in the 

Revigo-summarized GO term list (Fig. 8, Suppl. Table 4). This is due to mutants for 

genes coding for members of histone acetyltransferase complexes like SAGA (Δada2, 

Δgcn5, Δspt8) and SAS (Δsas5), but also histone deacetylase complexes like RPD3L 

(Δsin3, Δpho23, Δsds3), SET3 (Δset3), the Sum1p/Rfm1p/Hst1p complex (Δhst1), the 

HDA1 complex (Δhda1), and finally the histone deacetylase gene HST3. Histone 

methyltransferases (Δset2, Δswd1), the HIR complex (Δhir2, Δhir3) regulating histone 
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gene transcription, and mediator-related gene deletion mutants (Δanc1, Δgal11a) were 

similarly depleted, as was a mutant in the general chromatin remodelling Paf1 complex 

(Δrtf1).  

Mutants of four transcription factors were depleted whose regulated genes contribute to 

stress responses: Sfl1 as part of the cAMP-PKA pathway (see also below), Yap7 which 

is a transcriptional repressor of the nitric oxide oxidase (Merhej et al. 2015), Yrr1 which 

activates multi-drug resistance genes in S. cerevisiae (Cui et al. 1998; Le Crom et al. 

2002) and Hac1 which controls transcription of genes relevant for the unfolded protein 

response (UPR; (Miyazaki et al. 2013)). Genes encoding proteins involved in metabolic 

pathways are generally underrepresented in our mutant collection (Schwarzmüller et al. 

2014) but we found ∆oaf1 (orthologue controls transcription of lipid oxidation genes; (Luo 

et al. 1996; Rottensteiner et al. 1997; Karpichev et al. 1997; Karpichev and Small 1998; 

Baumgartner et al. 1999)) depleted at day 1 (no statistical significance) and day 7 

(p=0.013) while Δpho4 (the deleted gene is necessary for expression of phosphate-

starvation genes; (Kerwin and Wykoff 2009)) was depleted specifically at day 7. 

Furthermore, mutants were depleted which lack transcription factors relevant for nitrogen 

metabolism regulation like Gln3, Ste12, and Cagl0l02585gp, as well as for ion 

homeostasis (Hap2, Hap3, Hap5, Imp2; but not Aft2, Sef1, Ccc1 and Fth1). Again 

specifically depleted at day 7, but not day 1, were mutants of members of the AMP-

activated Snf1p kinase complex (Δsnf1, Δsnf4). In contrast, mutants of the cAMP-PKA 

signalling pathway showed a general trend towards depletion already after one day and 

mainly further depletion after seven days (Δgbp2, Δpde2, Δsfl1, Δbcy1, Δgpa2, Δgpr1). 

We found only three depleted mutants directly involved in metabolic pathways – one 

each for glycolysis (Δpfk1), gluconeogenesis (ΔCAGL0H06633g = best hit in 

S. cerevisiae is PCK1) and the TCA and/or glyoxylate cycle (Δaco1). Their time courses 

differed markedly: Δpfk1 was strongly depleted within one day and decreased no further, 

ΔCAGL0H06633g was not depleted after one, but clearly after seven days, and for 

Δaco1 the depletion increased over time. Nutrient depletion was also visible in the form 

of autophagy (enriched GO term, p-value <0.05) which includes previously mentioned 

genes, the t-SNARE mutant Δpep12, the Atg1 kinase regulating subunit mutant Δatg13 

and the ESCRT-III complex mutants Δsnf7 and Δdid4. The most severely depleted 

mutant at seven days finally, Δslm1 and the related, also depleted mutants Δstt4, Δsla2, 

Δsac7, Δrom2, Δswf1, Δmon2, Δvps1, Δpkh2, Δypk2 lack genes which are involved in 

endocytosis, actin cytoskeleton organization and/or cytokinesis. 

Characteristics of long-term macrophage-C. glabrata interactions 

To better understand the biological basis of the mutants' enrichment or depletion, we 
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went on to characterize the long-term model in more detail using the wild type. We started 

by determining the dynamics of the cytokine levels during the experiments. Our 

measurements showed secretion of the pro-inflammatory cytokines, IL-6, IL-8, and TNF-

α by hMDMs in response to C. glabrata in our persistence model (Fig. 9A). IL-6 and IL-

8 levels peaked after one day and steadily declined afterwards, likely being diluted by 

the daily media exchange. However, while there was clearly no renewed secretion of IL-

6 after day one, IL-8 secretion seemed to continue at least between days one and two 

(Fig. 9B). In contrast, TNF-α levels similarly peaked after one day, but rapidly declined 

to zero after approximately three days, which suggests active removal in addition to the 

dilution effect (Fig. 9B). Interestingly, when we used LPS as a control, the hMDMs 

secreted IL-8 over the whole time course, in contrast to the C. glabrata infection, and IL-

6 secretion stopped only after three days. TNF-α secretion was more similar and ended 

after one day (Suppl. Fig. 3).   

We turned to transcriptional analyses to follow the long-term fate of the fungi inside the 

macrophages, with slight changes to the protocol to allow for sufficiently high RNA yields 

at the late time points. With a higher C. glabrata MOI and addition of caspofungin to the 

medium (see method section for technical details) we obtained sufficient RNA for our 

analyses. Caspofungin influenced intracellular survival of C. glabrata (Fig. 3B), which 

may have an unavoidable effect on the later time points of C. glabrata in hMDMs (1d, 

2d, 4d, 7d). We sampled different time points of C. glabrata yeast in co-incubation with 

hMDMs (0 [yeast pre-infection], 0.25, 1, 2, 4, 7d) and control conditions (logarithmic 

growth in complex medium [YPD] and 7d incubation in different media [YPD, YNB pH6, 

RPMI + 10% HS]). 

At a global scale, the number of differentially regulated genes was highest between the 

two first time points, and the difference between consecutive time points steadily 

declined over the course of the experiment (Suppl. Fig. 4, Suppl. Table 5), indicative of 

a stabilizing transcriptional equilibrium. The immediate answer of C. glabrata (0d vs 

0.25d) towards phagocytosis comprises mainly a broad metabolic adaptation to a 

nutrient-poor environment (compare e.g. Suppl. Table 6; (Kaur, Ma, and Cormack 

2007)): Large energy-consuming processes like all aspects of gene expression 

(transcription, translation, ribosomal components, RNA processing; Suppl. Table 6) are 

downregulated, while use of alternative carbon sources (e.g. fatty acids, certain amino 

acids; Suppl. Tables 6 + 7), the tricarboxylic acid cycle, and the respiratory chain are 

upregulated. Furthermore, genes that mediate the response to reactive oxygen species 

were found upregulated. In more detail, we found the following processes to determine 

the transcriptional pattern of C. glabrata persisting within macrophages: 

Cell cycle arrest and pheromone response 
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Unsurprisingly, the core response during the long-term incubation compared to 

logarithmic growth included upregulation of genes annotated with the GO term “cell cycle 

arrest”, while genes associated with cell cycle progression were downregulated (Suppl. 

Table 6). For some of these processes (like DNA replication and S phase) 

downregulation was observed only at mid-term (1d, 2d) and the transcription resumed 

later (Suppl. Table 8). This suggests an entry into normal cell cycles at later time points. 

Surprisingly for a fungus for which mating has not been observed so far, we found several 

strong signs of the pheromone response developing over time within the macrophages. 

The mating type switch-mediating HO endonuclease homologue (as assigned in 

S. cerevisiae) was strongly upregulated within the first two days, and the orthologue of 

the gene for its transcriptional repressor ASH1 (CAGL0D00462g), was downregulated 

(Suppl. Tables 5 + 7). Also, despite our ATCC 2001 strain being mating-type α, we 

observed a likely upregulation of both mating type pheromones and receptor genes. 

Similarly, the orthologue of a gene for an a-pheromone secretion transporter in 

S. cerevisiae, STE6, was expressed at permanently higher levels in hMDMs than during 

growth in medium, and the orthologue of AXL1, required for pheromone maturation, was 

found temporarily up-regulated. Of the MAP kinase pathway relaying the pheromone 

signal, we found several components to be upregulated after 7d of C. glabrata-hMDM 

co-incubation vs YPD log growth (FUS3, STE5, STE50, STE11, and PTP3). 

Furthermore, the orthologous gene for the transcriptional repressor of mating in 

S. cerevisiae, ADF1, is strongly downregulated early on. However, genes of effectors 

directly involved in mating (e.g. FIG1, FUS1, PRM1, JEM1, and FUS2) showed no 

relevant expression changes. In summary, the transcriptomic response of C. glabrata 

during long-term engulfment by hMDMs shows signs of a mating pheromone response. 

Notably, parts of this response were also visible, albeit to a lesser extent, during long-

term medium culture. 

Genes associated with transcriptional regulation 

A significant part of the early C. glabrata answer (0d to 0.25d) to hMDM engulfment 

consisted of a downregulation of genes involved in gene expression (Suppl. Tables 6 + 

7 + 8), which however may be explained by a transient upregulation of these processes 

in the inoculum compared to logarithmic growth (Suppl. Fig 5). However, individual direct 

comparisons, at every time point of the time series, of engulfed yeasts vs logarithmic 

growth also showed enrichment of the downregulation of gene expression processes 

(Suppl. Tables 7 + 8). This indicates that a repression of the gene expression apparatus 

is an ongoing process for yeasts within the phagosome and not limited to the initial 

change in environment. Notably, some aspects of gene expression like translation and 
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amino acid activation were even stronger repressed in the YNB medium 7d control 

condition (Suppl. Table 8), suggesting further downregulation of gene expression is 

possible respectively alternative ways of its detailed arrangement exist.  

Regulation of cell wall associated genes  

The accessibility of different cell wall components to macrophage receptors is often 

critical for intracellular survival of pathogens as they largely determine the immune cell's 

immediate response. While the initial yeast cell wall structure is determined before 

infection, cell wall synthesis or repair processes in long-term interactions can change the 

outcome and may be required to cope with the stresses inside the phagosome. We 

observed both stable and transient transcriptional upregulation of MAPK cascades 

components (cell wall integrity, HOG, pseudohyphal growth, and pheromone pathways) 

in phagocytosed yeast vs YPD log growth (Suppl. Tables 7 + 8), which indicates an 

active cell wall remodelling.  

There was a general tendency for genes annotated with GO terms like “cell wall” to be 

upregulated mainly at later time points (4d and especially 7d) when compared to log 

growth, while the long-term medium control conditions showed a tendency towards 

downregulation of genes associated with cell wall-associated GO terms (Suppl. Table 

8). Furthermore, the hMDM 7d time point showed upregulation of cell surface-associated 

GO terms in comparison to all other time points and conditions (Suppl. Table 8). 

Metabolism and associated (transport) processes 

As expected, the general metabolic situation for C. glabrata inside hMDMs was poor 

compared to growth in YPD: all hMDM time points as well as long-term medium controls 

showed marked downregulation of biosynthetic processes in general. Catabolic 

processes in contrast were generally upregulated. However, a detailed view discloses a 

more nuanced picture. 

Phagocytosed yeasts (main response between 0.25d – 2d) as well as the long-term 

controls showed signs of an upregulation of the glycolysis/gluconeogenesis-driving 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphate 2-phosphatase activity in 

comparison to YPD log growth (e.g. increased transcript levels of orthologues of 

S. cerevisiae PFK26 and FBP26; Suppl. Tables 7 + 8). This would allow the fungus 

increased control over and fast switching between glycolysis and gluconeogenesis. 

However, only the gluconeogenesis orthologues PCK1 (CAGL0H06633g) and FBP1 

(CAGL0H04939g) were upregulated vs YPD log growth in hMDMs at all time points and 

in long term controls (Suppl. Table 7), indicating that fungal gluconeogenesis takes place 

within the phagosome. In support of that, genes annotated with the GO terms 

“tricarboxylic acid cycle”, “glyoxylate cycle” and “2-methylcitrate cycle” were enriched at 
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all time points for hMDM phagocytosed yeast and long-term controls, while genes of the 

pentose phosphate shunt showed no marked regulation in hMDMs (Suppl. Table 8). 

Genes related to aerobic respiration were induced in all hMDM time points in comparison 

to logarithmic growth (Suppl. Table 8). 

Mobilization of storage carbohydrates is indicated by a consistent upregulation of 

trehalose utilization genes at all time points in hMDMs and long-term cultures vs 

logarithmic growth (Suppl. Tables 7 + 8). However, late in hMDM interaction (7d) the 

opposite GO term, “trehalose biosynthetic process”, was also enriched among 

upregulated genes and two long-term conditions (Suppl. Tables 7 + 8). Among the three 

C. glabrata genes which are putatively involved in glycogen degradation (GPH1, GDB1, 

and SGA1), only the gene for the glucoamylase, SGA1, was consistently upregulated in 

hMDMs (and in the long-term controls; Suppl. Table 7). Interestingly, in S. cerevisiae 

transcription of SGA1 is sporulation-specific (Colonna and Magee 1978; Clancy, Smith, 

and Magee 1982) which suggest differences in the regulation between C. glabrata and 

baker's yeast for this enzyme. However, deletion of SGA1 had no major effect on 

persistence of C. glabrata in hMDMs (Suppl. Table 3).  

Genes involved in lipid degradation were consistently upregulated in hMDMs at all time 

points (as well as in long-term controls) compared to log growth in YPD (Suppl. Table 8). 

Accordingly, GO terms indicating lipid biosynthetic processes were associated with 

downregulated genes, especially in the YNB and RPMI long-term control conditions and 

in hMDM after 1d (but less so at 7d; Suppl. Table 8).  

Genes involved in autophagic processes, especially mitophagy, were enriched among 

the upregulated genes for all time points within macrophages and during long-term 

cultivations, with the latter showing the higher upregulation in direct comparison with the 

7d hMDM time point (Suppl. Table 8). GO terms like “protein localization to vacuole” and 

“protein localization by the Cvt pathway” showed similar patterns (Suppl. Table 8) which 

together with the upregulation of some genes involved in “endosome” and “late 

endosome” (compared to YPD log growth) could represent the attempt to acquire 

nutrients by uptake of extracellular macromolecules and shuttling of nutrients into the 

vacuole (Suppl. Table 8).  

In general, ion homeostasis showed no marked up- or downregulation for all hMDM time 

points in relation to YPD log growth. Among the long-term controls, only RPMI with serum 

showed a clear upregulation of genes involved in iron ion homeostasis compared to 

logarithmic growth (Suppl. Table 8). RPMI with serum also was the only condition where 
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the genes for the iron homeostasis regulator, AFT1 (Gerwien et al. 2016), and for the 

high-affinity iron uptake transporter, FTR1 (Sharma, Purushotham, and Kaur 2016), 

(Suppl. Table 7) were upregulated. In contrast, SEF1, encoding a regulator of iron-

consumption processes (Gerwien et al. 2016), and CCC1, coding for a putative vacuolar 

iron importer (Sharma, Purushotham, and Kaur 2016) were consistently upregulated in 

hMDMs and in the long-term controls (Suppl. Table 7).  

As expected, several GO terms describing the stress response against oxidative stress 

were upregulated in hMDMs compared to YPD log growth, especially at early time points 

(Suppl. Table 8). This indicates a significant antimicrobial response by the human 

macrophages in the form of oxidative stress.  

Single mutant tests resemble the screening results 

Pool experiments always bear the risk of unpredictable interactions among the tested 

strains. To get a better insight whether the pool mutant screening data is valid for single 

mutants in interaction with macrophages, we created single deletion mutants in an 

independent, non-auxotrophic background. Three representative genes with different 

phenotypes of their mutants were chosen, ranging from strong depletion at day 7 (Δssd1: 

mean recovery 0.01), intermediate depletion (Δshe10: 0.31) to minor depletion (Δdit2: 

0.43) compared to their triple-auxotrophic background strain (Suppl. Table 3 and Fig. 5 

+ 10). Despite their independent creation, the newly created strains Δssd1 and Δshe10 

exhibited a nearly identical survival as their pool mutant counterparts (Fig. 10). The 

already minor phenotype of Δdit2 was however not reproducible with the newly created 

strain (Suppl. Fig. 6), indicating that robust, but maybe not subtle, pool phenotypes can 

translate into single strain behaviour. We therefore considered, in this manuscript, only 

mutants with a recovery (at seven days) of less than 0.35 (0.5 for pool 16) as “depleted” 

for the sake of our pool experiments and analysed the two mutants, Δssd1 and Δshe10, 

in more detail.  

To test whether SSD1 and SHE10 play a general role in long-term survival of C. glabrata, 

we incubated mutants lacking these genes for seven days in YNB pH 6 medium and 

tested survival by cfu plating. Cfu counts of the wild type declined to around 58% of the 

inoculum; the Δshe10 mutants showed a similar decline, while the two Δssd1 mutants 

showed a much more pronounced decline to less than half the wild type survival (40 % 

and 43 % of wild type levels, Fig. 10). Therefore, SSD1 seems to be necessary for long-

term survival of C. glabrata.  

Transcriptional responses of C. glabrata Δshe10  

The gene SHE10 is not characterized yet in C. glabrata, while its S. cerevisiae 
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orthologue is known to encode a protein involved in the assembly of the outer spore wall, 

with a likely function in the assembly of the dityrosine layer (Lin et al. 2013). To unveil 

the function of C. glabrata She10, we performed microarray analyses of the Δshe10 

mutant both during logarithmic growth and after seven days in YPD, reflecting the 

controls we used for the hMDM persistence experiment. The Δshe10 mutant did not 

show any marked differences in overall gene regulation during YPD log growth compared 

to the wild type, consistent with either a redundant or negligible role of She10 under 

optimal growth conditions (Suppl. Table 9). Only during long-term incubation in YPD, the 

wild type and the Δshe10 mutant show differences in their transcriptional profiles (Suppl. 

Table 9). GO terms of upregulated genes in the Δshe10 mutant generally relate to 

transport (Suppl. Tables 10 + 11), while downregulated genes show patterns of a general 

reduction of gene expression and endoplasmic reticulum (ER) function (e.g. “(protein O-

linked) glycosylation” and “ergosterol biosynthetic process”; Suppl. Table 11). This might 

indicate that She10 plays a role in ER organization. Such a role would fit with the deletion 

mutant data of the hMDM persistence model, as strains lacking genes with roles in ER 

functions (protein glycosylation, unfolded protein response) and in the downstream 

secretory pathway were frequently detected in this screen. 

Discussion 

With this work we addressed the question whether C. glabrata can persist within 

macrophages as a possible lifestyle in the host? Furthermore we questioned whether 

such a lifestyle would affect antimycotic treatment of C. glabrata, which, consequently, 

would have implications for the clinical situation. Most importantly, we aimed to unravel 

the characteristics of such a long-term interaction and to identify fungal factors which are 

critical for intracellular persistence. To do so, we established an in vitro model of 

intracellular C. glabrata persistence. 

Establishment of a long-term C. glabrata-macrophage interaction model 

The possibility that C. glabrata can replicate and reside within macrophages for several 

days during infection has been considered for long (Otto and Howard 1976; Kaur, Ma, 

and Cormack 2007; Roetzer et al. 2010; Seider et al. 2011; Kasper, Seider, and Hube 

2015). There are, however, currently no models available that can imitate such long term 

host-pathogen interactions for in-depth investigations . Here, we established the first 

model (to our knowledge) to investigate intracellular persistence of C. glabrata within 

human monocyte-derived macrophages (hMDMs). With our in vivo-like experimental 

parameters, like the presence of human serum, our model strikes a balance between 

hindering extracellular yeast overgrowth via evasion or escape from macrophages and 
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obtaining sufficiently high cfu numbers for downstream experiments. With the exception 

of the transcriptional analysis, which required high numbers of yeasts, it was not 

necessary to employ any antimycotic treatment to remove extracellular yeasts. In this 

“standard C. g. – hMDM persistence model”, yeast cfus decline rapidly during the first 

day, which is followed for the next days (up to a week) by a macrophage donor-

dependent progress ending either in stable cfu counts or a further decline (Fig. 3A). 

Superficially, this seems to contradict previous publications describing the high potential 

of C. glabrata to survive and replicate within the phagosome of macrophages in vitro 

(Otto and Howard 1976; Kaur, Ma, and Cormack 2007; Seider et al. 2011; Kasper, 

Seider, and Hube 2015). We suggest that the conditions in our model allow the human 

macrophages to more efficiently control or kill phagocytosed yeasts than previous 

models (as indicated by the initial steep decline in cfu). C. glabrata then probably 

continues to replicate inside macrophages at a low rate, likely more comparable to the 

in vivo situation, leading to a mostly steady equilibrium of replication and killing. It is 

noteworthy that the generally non-pathogenic baker´s yeast Saccharomyces cerevisiae 

is not able to replicate inside macrophages even in “classical” in vitro models (Seider et 

al. 2011), while C. albicans is able to kill macrophages by hyphal outgrowth within hours 

(de Brabander et al. 1980; Westman et al. 2018). Clearly, C. glabrata differs from both 

these related fungi in its interaction with human macrophages, and future studies may 

reveal which host factors are critical to control the switch between intracellular 

C. glabrata persistence and replication. 

Influence of antimicrobial treatment on C. glabrata-macrophage long-term 

interaction 

With this persistence model available, we tested the influence of antimycotic 

administration of clinically relevant antimycotics after intracellular C. glabrata ingestion, 

which may affect persistence in a clinical situation. We observed additional killing of 

intramacrophagal yeasts by antimycotics after seven days. This is in accordance with 

previous data on non-persisting yeasts where such combined macrophage-antimycotic 

action was observed at earlier time-points (Baltch et al. 2005; Bopp et al. 2006; Baltch 

et al. 2008) although these previous models allowed intra- and extramacrophagal 

proliferation. Both antimycotics used in this study (caspofungin and amphotericin B) 

failed, however, to completely eradicate intracellular C. glabrata. This provides evidence 

that intracellular persistence of C. glabrata within macrophages is possible despite 

antifungal treatment and therefore might be of relevance in a clinical treatment scenario.  

Genes and processes needed for persistence of C. glabrata in human MDM´s  

The potential clinical relevance of a C. glabrata persistent state within macrophages 
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motivated us to study this long-term interaction in more detail. Our data supported the 

prevalent notion of the phagosome as a nutrient-limited and stressful environment (Kaur, 

Ma, and Cormack 2007; Roetzer et al. 2010; Rai et al. 2012; Kasper, Seider, and Hube 

2015). We found biosynthesis and the transcriptional and translational machineries to be 

generally downregulated, which indicates a cell cycle arrest. This matched the mutant 

screen findings that important energy homeostasis regulators show early or late-stage 

depletion after phagocytosis.  

Unsurprisingly, the C. glabrata transcriptome within hMDMs showed signs of a classical 

response to oxidative stress, and also disposal of damaged organelle parts: in 

agreement with a previous study, (Roetzer et al., 2010), autophagy of mitochondria was 

a strongly enriched functional category, likely due to damage by ROS formation in the 

respiratory chain. The amplitude of the response towards exogenous oxidative stress 

declined over time which indicates that either the generation of intraphagosomal ROS 

was not kept up at full level and/or that C. glabrata adapted sufficiently to be protected 

without further up-regulation.  

C. glabrata´s cell wall in the long-term interaction with macrophages 

The cell wall plays a central role in host-fungus interactions and can influence the 

immunological reaction of phagocytes (Gow, Latge, and Munro 2017; Hünniger and 

Kurzai 2019) while it is itself under severe attack inside the phagosome, which requires 

efficient cell wall repair responses. The approaches used by us limit the analysis of this 

aspect somewhat: we had to use a cell wall-affecting antimycotic in our transcriptome 

experiment, and the cytokine response of macrophages in the pool experiments reflect 

the  response to a mixture of strains. Nevertheless, in accordance with previous studies 

(Kaur, Ma, and Cormack 2007; Rasheed, Battu, and Kaur 2018) we found that 

C. glabrata initiates and needs active cell wall remodelling in response to macrophage 

internalization. This includes transcriptional upregulation of gene associated with cell 

wall integrity, cell wall-regulating MAP kinase pathways, and the redirection of cellular 

resources towards cell wall repair and biosynthesis. Furthermore, severely depleted 

mutants in hMDM persistence included mutants lacking genes encoding proteins of the 

cell wall integrity pathway (Bck1, Mkk1, Slt2). Interestingly, this was not the case for 

genes coding for proteins of the cell integrity-controlling calcineurin pathway (CNA1, 

CNB1, RCN1, CRZ1; Suppl. Table 3). In summary, specific cell wall repair processes 

are required for persistence of C. glabrata in macrophages. 
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Where does the energy come from in the phagosome?  

C. glabrata reacts to the nutrient limitation within the phagosome by a mobilization of 

energy storages, e.g. through upregulation of autophagy (shown to be important 

previously by (Roetzer et al. 2010; Rai et al. 2015; Chew et al. 2019)), carbohydrate and 

lipid utilization as well as of certain amino acid degradation pathways (Suppl. Table 8). 

Glucose production is also indicated by activation of the glyoxylate and 2-methylcitrate 

pathways, regulation of gluconeogenesis and glycolysis flux rates via fructose-2,6-

bisphosphate levels as well as high expression of specific gluconeogenic genes (Kaur, 

Ma, and Cormack 2007; Rai et al. 2012). Interestingly, together with the phenotype of 

the ∆pfk1 mutant, this would mean that two contrasting metabolic pathways are important 

for intraphagosomal yeast survival, glycolysis (PFK1, mutant depleted from early time 

points on) and gluconeogenesis (PCK1, mutant depleted at late time points). The 

differences of their depletion kinetics may be a hint to differing contributions to survival 

– e.g., while glucose availability within the phagosome is thought to be limited for fungal 

pathogens (Sprenger et al. 2018), glycolysis could be important to quickly mobilize 

energy from the active glycogen and trehalose utilization pathways to withstand suddenly 

occurring stresses. Alternatively, PFK1 may be required for the return from an induced 

quiescent state inside the macrophages (Laporte et al. 2011). Gluconeogenesis could 

be needed (in later stages) to maintain a constant pool of sugar skeletons for cell wall 

repair or synthesis and/or for the NADPH-regenerating oxidative pentose phosphate 

pathway. The importance of gluconeogenesis for engulfed C. glabrata yeasts has also 

been suggested by earlier transcriptomic findings (Kaur, Ma, and Cormack 2007). While 

the deletion of the upregulated malate dehydrogenase gene MDH2 led to no marked 

phenotype (Suppl. Table 3) despite its function in gluconeogenesis of S. cerevisiae 

(Gibson and McAlister-Henn 2003), both C. glabrata and S. cerevisiae encode three 

malate dehydrogenases with potential functional redundancies. In summary, the results 

show a reliance of C. glabrata on gluconeogenesis in macrophage persistence.  

In agreement with previous studies (Kaur, Ma, and Cormack 2007; Rai et al. 2012), 

C. glabrata genes involved in β-oxidation were upregulated in direct response to 

macrophage engulfment, and we here show that that these genes remain upregulated 

also during long-term interaction. A deletion mutant of OAF1, whose orthologous gene 

in S. cerevisiae is a transcriptional activator of β-oxidation and peroxisome genes, was 

found depleted after 7d in hMDM persistence and might therefore be an important 

regulator in this context. In addition to fatty acids, β-oxidation can enable the use of 

acetate, and interestingly C. glabrata strongly induces genes coding for putative acetate 

transporters and one of its two putative Acetyl-CoA synthetases. Based on our data, it is 

not possible to tell which carbon source (acetate or fatty acids) is used, and whether it is 
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derived from internal sources or the phagosome. We did detect an up-regulation of genes 

annotated with the GO terms “lipase activity” and “phospholipase activity”, but our 

available mutants and transcriptional data did not provide clear evidence that C. glabrata 

feeds on exogenous lipids within the phagosome. One problem may be functional 

redundancy: for example, a C. glabrata phospholipase double mutant (Δplb1Δplb2) is 

known to persist less within abscesses in a murine model of intra-abdominal candidiasis 

while single deletion mutants showed wild type like behaviour (Cheng et al. 2014). Our 

single deletion mutants of such genes showed no marked phenotype (Suppl. Table 3), 

but our data shows that future investigations into the role of (phospho)lipases may prove 

to be very fruitful. 

Finally, engulfed yeast cells do not completely shut down the flux through nitrogen-

containing metabolic pathways: While our transcriptional data proves again that gene 

expression is immediately restricted after uptake by macrophages (Lorenz, Bender, and 

Fink 2004; Kaur, Ma, and Cormack 2007), C. glabrata seems to maintain constant low-

level translation during persistence in hMDMs.  

Iron metabolism 

Contrary to the expectation of the phagosome being actively depleted of iron, we did not 

find any direct signs of iron restriction with our hMDM persistence model. Neither was 

the high-affinity iron uptake significantly regulated, nor did we observe a phenotype for 

deletion mutants of the vacuolar iron im- and exporter genes CCC1 and FTH1 (Gerwien 

et al. 2016). However, deletion of HAP2, HAP3, HAP5 and FET3 led to a marked 

depletion in the hMDM mutant screen within seven days (Fig. 7, Suppl. Table 3). Hap2, 

Hap3 and Hap5 are part of the CCAAT-binding factor complex which is active under iron 

replete conditions (Thiébaut et al. 2017), and Fet3 putatively encodes a copper 

ferroxidase involved in high-affinity iron uptake (Sharma, Purushotham, and Kaur 2016). 

However, such a counter-intuitive lack of an iron starvation response by C. glabrata has 

recently been observed in a human blood infection model (P. Kämmer et al., mBio, 

accepted), where other Candida species exhibited a strong transcriptional signal of iron 

restriction. It may therefore represent a unique strategy of C. glabrata during host 

interactions. 

Does C. glabrata enter a quiescent state during persistence in hMDMs? 

The conditions C. glabrata faces within the phagosome like nutrient limitation and 

oxidative stress are well known to initiate cellular quiescence in other environments. In 

addition, the yeast´s reaction encompassing e.g. autophagy, alternative carbon source 

utilization, cell cycle arrest, decreased translation and putatively enhanced aerobic 

respiration, resembles processes frequently described to be associated to quiescence 
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(for a review see (Valcourt et al. 2012; Sagot and Laporte 2019)). Furthermore, a number 

of the deletion mutants identified within our screen is involved in the establishment, 

maintenance or exit from quiescence like e.g. mutants of the cAMP-PKA pathway, the 

Snf1 kinase pathway, the cell wall integrity pathway, Ssd1, the Rpd3 complex (Toda et 

al. 1985; Thompson-Jaeger et al. 1991; Herman 2002; Gray et al. 2004; De Virgilio 2012; 

McKnight et al. 2015; Miles and Breeden 2017; Miles et al. 2019). The same is likely true 

for some of the other chromatin modifying factors we identified, given the central roles of 

chromatin silencing for quiescence establishment and (most likely) of Acetyl-CoA levels 

for the decision to  enter quiescence (Kuang, Ji, and Boeke 2018); and finally potentially 

Pfk1 (Laporte et al. 2011). However, the concept of quiescence encompasses a broad 

diversity of cellular states and their realizations also depend on the actual trigger for 

quiescence (Sagot and Laporte 2019). Although quiescence is thought to convey in 

general enhanced stress resistance (Valcourt et al. 2012), not all of these states might 

be compatible with survival within a macrophages phagosome, since a minimum of 

reaction ability might be required to counter the macrophage stressors. We would 

suggest that the main C. glabrata population in our hMDM persistence model cycles 

between quiescence and cell division since we expect that C. glabrata actually does 

have access to exogenous nutrient supply, although in a limited amount which slows 

down the yeast´s growth rate, but nevertheless should allow constant growth. This 

assumption is supported by previous C. glabrata-macrophage models where C. glabrata 

replicates rapidly within the phagosome (Otto and Howard 1976; Kaur, Ma, and Cormack 

2007; Roetzer et al. 2010; Seider et al. 2011), an observation which cannot be solely 

explained by reliance on internal energy storages. Furthermore, our transcriptome data 

supports this view since we found (1) that S-phase regulating and DNA replication genes 

were initially strongly repressed (1d), but converge towards the levels reached at 

logarithmic growth conditions at the later time points (7d) and (2) that the shutdown of 

central cellular processes like (aspects of) translation can be much more pronounced or 

realized in a different manner under different conditions, like within the YNB 7d control. 

Regarding quiescence, there are some interesting questions remaining: (1) to what 

extent is the re-induction of the yeasts cell cycle dependent on the macrophage status 

and the amount of stress exerted by it over time? It is noteworthy that the levels of 

proinflammatory cytokines which may promote a more effective antifungal macrophage 

response constantly decline within our model and that this correlates with re-induction of 

the yeasts' cell cycle. (2) Does the surviving C. glabrata population under antimycotic 

treatment within macrophages represent the equivalent of a “persister population” under 

antimycotic treatment without macrophages? This would mean that these cells are in a 

more pronounced quiescent state, and they may possess typical characteristics like an 
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altered cell membrane composition and a strengthened cell wall. In general, it is 

assumed that successful antimycotic treatment in the clinic relies on the effect of the 

antifungal therapy in combination with the ability of the patient’s immune system to 

eradicate fungal persister cells (Lewis 2010; Bojsen, Regenberg, and Folkesson 2017). 

In summary, while the intracellular C. glabrata population clearly adopts quiescence 

characteristics, the surviving mechanisms of the persistent yeast cell population in our 

model especially under antimycotic treatment requires further investigations, as well as 

the conditions which must be fulfilled that such an intracellular state can be established.  

C. glabrata initiates a transcriptional mating response inside macrophages 

One unusual finding was that long-term incubation, especially within hMDMs, seems to 

trigger a mating-like transcriptional response in C. glabrata. There is a precedent in a 

distantly related fungus: For Cryptococcus neoformans a transcriptional mating 

response is triggered after 24 h in the phagosome (Fan et al. 2005). Induction of mating 

genes could therefore represent a conserved response of fungal pathogens to prolonged 

exposure to macrophage phagosomes. In general, the induction of mating is induced in 

some yeast species by nutrient limitation and / or stress (Bernstein and Johns 1989; 

Mochizuki and Yamamoto 1992; Miyata et al. 1997; Davey 1998; Dumitru et al. 2007; 

Huang et al. 2009; Alby and Bennett 2009; Barsoum, Rajaei, and Åström 2011), the 

situation present in phagosomes. A C. glabrata clade analysis suggests that it is able to 

mate (Carreté et al. 2018) despite a lack of direct observation, and it can be assumed 

that C. glabrata, like other yeast species, links the decision to mate to a non-beneficial 

environment. However, deletion mutants of parts of the mating pathway or its associated 

effectors were mainly unchanged in survival, with the exception of Δste12 and Δste50, 

both of which also take part in other signalling pathways. For the moment, whether 

mating type switching (or even mating) happens within phagosomes remains elusive – 

and if yes, it is unclear whether it provides any advantage or constitutes an “accidental” 

reaction to the environment. While intraphagosomal mating of the descendants would 

not increase genetic diversity, one or the other mating type, or a hypothetical diploid, 

may still be intrinsically more resistant to the stress inside the phagosome. 

SHE10 is necessary for long-term persistence of C. glabrata in hMDMs and likely 

functions in the ER 

SHE10 was of interest to us since the deletion mutants showed a medium-level depletion 

in macrophages. In S. cerevisiae, the orthologous gene product and its paralog OSW7 

were shown to be involved in the assembly of the dityrosine layer, a part of the outer 

spore wall (Lin et al. 2013). As such, it had potential connections to the mating program 

and the resistance properties of the cell envelope. A large-scale localization study in 
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S. cerevisiae found She10 and Osw7 in the ER (Yofe et al. 2016), and an in silico study 

suggested that S. cerevisiae She10 carries a GPI anchor (De Groot, Hellingwerf, and 

Klis 2003). In C. glabrata, She10 and Osw7 are both present despite C. glabrata´s 

tendency to eliminate redundant genes (Brunke and Hube 2013), and both were 

identified within a membrane-enriched proteome sample (Pais et al. 2016), but not in the 

secretome (Rasheed, Kumar, and Kaur 2020). The C. glabrata protein is also predicted 

to have an N-terminal signal peptide for ER localization (Suppl. Fig. 7). Our transcriptome 

analysis of a Δshe10 mutant showed only few differences to the wild type during long-

term incubation in YPD, mostly related to the ER stress response. Our attempts to detect 

signs of a (spore-independent) dityrosine layer deposition were inconclusive (data not 

shown). The precise function and basis for the protective effect of She10 inside 

macrophage phagosomes therefore remains elusive. Based on our data we however 

suggest that CgShe10 (and possibly CgOsw7) might play a function within the secretory 

pathway; e.g. in control of protein localization or quality of protein glycosylation. A similar 

role is also possible for its S. cerevisiae counterpart, the precise function of which is also 

still unclear. 

SSD1 is necessary for short- and long-term survival in response to multiple stressors 

The deletion of SSD1 had a striking effect on survival in macrophages, which was 

confirmed by an independently constructed mutant in a different background. In contrast 

to SHE10, SSD1 is well-characterized in S. cerevisiae: It encodes an mRNA-binding 

protein which, in dependency of its phosphorylation state, can act as translational 

repressor or mediator of polarized mRNA localization (Uesono, Toh-e, and Kikuchi 1997; 

Shepard et al. 2003; Hogan et al. 2008; Jansen et al. 2009; Kurischko, Kim, et al. 2011; 

Kurischko, Kuravi, et al. 2011; Wanless, Lin, and Weiss 2014). It is therefore involved in 

a broad variety of functions like regulation of cell wall integrity, transcription, cellular 

aging, transition into quiescence, and protein homeostasis (Stettler et al. 1993; 

Kaeberlein et al. 2004; Reinke et al. 2004; Jansen et al. 2009; Mir, Fiedler, and Cashikar 

2009; Li et al. 2009; Kurischko, Kim, et al. 2011; Li et al. 2013; Miles et al. 2019). Ssd1 

has a preference for a specific subset of mRNAs, including cell wall protein-encoding 

mRNAs (Hogan et al. 2008; Jansen et al. 2009). At least one of them is delivered by 

Ssd1 to sites of polarized growth for subsequent translation, which is enabled by Cbk1-

mediated inhibition of Ssd1´s repressor function (Kurischko, Kim, et al. 2011). Upon 

stress or on entry into the stationary phase which is accompanied by release of Ssd1 

from Cbk1-mediated inhibition, Ssd1 delivers the mRNAs instead to accumulating P-

bodies where they are either stored or degraded (Holmes et al. 2004; Brengues, Teixeira, 

and Parker 2005; Jansen et al. 2009; Kurischko, Kim, et al. 2011). Ssd1 can also affect 

the stability of non-Ssd1 bound mRNAs (Jansen et al. 2009; Li et al. 2009). Thereby, 
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Ssd1 controls when and where cell wall growth and remodelling takes place, but also 

mediates global gene expression (Stettler et al. 1993; Hogan et al. 2008; Jansen et al. 

2009; Li et al. 2009; Kurischko, Kim, et al. 2011). This central place in cell wall integrity 

is certainly linked to its role in conferring resistance against host-derived antimicrobial 

peptides in C. albicans (Gank et al. 2008; Jung et al. 2013).  

Based on our data and the role of Ssd1 in S. cerevisiae, we suggest that C. glabrata 

Ssd1 plays a role in the transition to quiescence after uptake by macrophages. The 

recruitment and degradation of mRNA coding for growth processes is most likely a 

central step in adapting to the phagosome environment. In fact our data shows a fast 

decrease in mRNAs coding for components of the ribosome – a process which is among 

the targets for Ssd1 in baker’s yeast (Li et al. 2009). In accordance with this hypothesis, 

transcription of SSD1 was upregulated in hMDMs and during long-term stationary phase, 

compared to log growth (Fig. 10). Finally, a C. g. Δssd1 strain was also found depleted 

in our previous pool experiments in systemically infected mice and in a fruit fly model 

(Brunke et al. 2015). In conclusion, Ssd1 seems to play a similar central role in 

C. glabrata as described in S. cerevisiae in conferring stress resistance, and especially 

so for the long-term persistence in macrophages and in vivo. 

 

Material and Methods 

Ethics statement 

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). 

Yeast strains and growth conditions 

If not stated otherwise, C. glabrata strains were routinely streaked on YPD (1% yeast 

extract, 2% peptone, 2% glucose, pH 7) agar and incubated one day at 37 °C 

(C. albicans SC5314 two days at 30 °C). Yeast colonies on plates were stored at 4 °C 

for up to one month. Yeast cultures were routinely grown overnight in YPD (1% yeast 

extract, 2% peptone, 2% glucose, pH ≈ 7) at 37 °C (C. glabrata) or 30 °C (C. albicans) 

with shaking (180 rpm). For an overview of C. glabrata strains used within this study, see 

Suppl. Tables 1 + 12. 

For long-term incubation (7d) under carbon source limitation, overnight cultures of 

C. glabrata strains were pelleted, washed twice with sterile dH2O (centrifugation 1 min 

5,000 g), adjusted to 106 yeast cells/mL in YNB pH 6 in a total volume of 50 mL, and 

incubated for seven days at 37°C with shaking (180 rpm). Inoculum and seven day 
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samples were diluted to appropriate concentrations and plated for subsequent cfu 

counting (4 technical replicates per time point and mutant).  

Lysis of C. glabrata infected macrophages for yeast plating (24 well plate) 

After removal of supernatant and optionally two further washing steps for removal and 

separate plating of extracellular yeast, macrophages were lysed by addition of either 

0.5% Triton-X-100 (100 µL per well) or 0.05% Triton-X-100 (1 mL per well) and incubated 

15 min with light shaking (≤ 30 rpm). Then, an additional volume of dH2O or PBS was 

added, the well content mixed with a pipette and transferred to a falcon or Eppendorf 

tube. Optionally, each well was washed twice and the washing fluid was added to the 

lysate to obtain a total count. Appropriate dilutions were plated onto YPD agar plates, 

incubated for 24 hours at 37°C and optionally stored until examination or further 

processing at 4°C.  

C. glabrata-macrophage persistence model 

Differentiation of human monocytes into human monocyte-derived macrophages 

(hMDMs) 

Preparation of hMDMs was performed as described before (Sprenger et al. 2020) based 

on selection of monocytes by magnetic automated cell sorting of CD14 positive 

monocytes and a differentiation period of seven days. Adherent hMDMs were detached 

with 50 mM EDTA in PBS and seeded in RPMI supplemented with 2 mM glutamine + 

10% fetal bovine serum (FBS, Gibco) + 50 ng/mL M-CSF (ImmunoTools) (if not stated 

otherwise: 1.5×105 MDMs per well in a 24 well plate) and incubated overnight. Incubation 

of hMDMs was always performed at 37°C and 5% CO2. Before infection with C. glabrata, 

the previous medium was removed, hMDMs were washed once with PBS, and RPMI + 

10% human serum (from AB male donors; sterile-filtered, Bio&Sell) was added.  

Mutant pool experiments 

Barcoded C. glabrata strains from YPD agar were used to inoculate 500 µL YPD in 2 mL 

safe-lock Eppendorf tubes per culture. These were incubated for at least 17 hours at 

37°C with shaking (180 rpm). Pools of C. glabrata mutants were prepared by mixing 

individual cultures in a one-to-one ratio based on OD600 measurements and stored on 

ice until use (see Suppl. Table 1 for mutant pool compositions). The C. glabrata pools 

were pelleted, washed twice with PBS (centrifugation 5 min 4,248 g) and finally 

resuspended in 5 mL PBS. The pools were adjusted with RPMI to 1.05×107 yeast 

cells/mL. An appropriate dilution was used for plating the inocolum onto YPD agar (seven 

plates of 2,000 cfus each per pool). 

hMDMs were infected with C. glabrata mutant pools (MOI 7, 100 µL yeast solution) and 
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incubated 3h before extracellular yeasts were removed by washing twice with sterile 

PBS, after which 1 mL fresh medium was added. From wells intended for seven days 

co-incubation, 0.5 mL of supernatant was removed after one day and 1 mL fresh medium 

was added (total volume 1.5 mL). On each following day, 0.5 mL was replaced with fresh 

medium. All wells were constantly checked for appearance of yeast microcolonies by 

naked eye. Before macrophage lysis and yeast plating, each well was systematically 

checked for extracellular yeasts with an inverse microscope, and only wells that met the 

cut-off criteria (compare Fig. 2) were used for plating.  

For plating after one and seven days of co-incubation, the supernatant was discarded 

and macrophage lysates were used. The yeast concentration was adjusted to obtain 

seven plates with ≈2,000 colonies each by stepwise dilution. For the seven days’ time-

point, six wells were prepared per pool and per biological replicate. The intact wells (i.e. 

no microcolonies) were used for plating, aiming again for ≈2,000 colonies per plate. 

Colony counts were determined with an automated colony counter (protoCOL 3, 

Synbiosis) to ensure sufficiently high numbers to cover all individual mutants. Yeast 

colonies from all YPD agar plates that had not substantially more than the expected 

2,000 colonies were scraped, dissolved in PBS and pooled per pool for DNA isolation 

(Brunke et al. 2015).  

Single mutant tests 

For the preparation of yeast inocula, overnight cultures of C. glabrata strains were 

pelleted, washed twice with sterile dH2O (centrifugation 1 min 5,000 g) and adjusted to 

1.5×106 yeasts/mL with sterile dH2O and briefly stored at room temperature if required. 

The single mutant test procedure deviated from the mutant pool only in its MOI of 1 (100 

µl suspension) and an additional plating at three hours. The inoculum solution was 

diluted as independent quadruplicate samples. For the time points, four individual wells 

of infected hMDMs were plated individually. After three hours, the pooled supernatant 

and PBS used for washing were plated in addition to the lysate. At one and seven days, 

the supernatant was removed without washing, and the hMDMs lysed and plated. Cfu 

counts on YPD agar plates were determined manually. 

Cytokine measurements 

Samples were treated as during the single mutant test. The supernatants of two wells 

per biological replicate were gently mixed, precipitates removed by centrifugation (10 

min 10.000 g), and stored in aliquots at -20°C until use. Medium without supplements 

served as negative control, and LPS (at 100 ng/mL) and C. albicans SC5314 (MOI 1, up 

to one day) were used as positive controls. Quantification of cytokines was performed 

by Enzyme-linked Immunosorbent Assay according to the manufacturer’s instructions 
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(Ready-SET-Go! ELISA; Thermo Fisher Scientific). 

Transcriptome analysis 

For transcriptomes, 4.2×106 or 9.8×106 hMDMs were seeded in 75 cm2 or 175 cm2 cell 

culture flasks (Greiner), respectively, and incubated for two days. C. glabrata ATCC2001 

overnight cultures were pelleted, washed twice with dH2O (centrifugation 5 min 4,248 g), 

dissolved in RPMI (storage on ice from this point on), and adjusted to 5×108 yeast 

cells/mL with RPMI. An aliquot of the adjusted yeast solution stored on ice was taken as 

“time point zero”. hMDMs were infected after media exchange, but with an MOI of 20 

and incubated for three hours before extracellular yeasts were removed by washing twice 

with sterile PBS, and 9 mL (75 cm2) or 20 mL (175 cm2) fresh media was added. 

Caspofungin was added after six hours and added to keep a (theoretical) level of 5 

µg/mL. For prolonged co-incubation, another 9 mL (75 cm2) or 20 mL (175 cm2) fresh 

medium was added after one day. The same volume was replaced daily with fresh 

medium. Samples were taken after 6 hours and one, two, four and seven days. 

For media transcriptomes, C. glabrata overnight cultures were pelleted, washed twice 

with dH2O (centrifugation 5 min 4,248 g), and adjusted to OD600 = 0.1 in YPD or RPMI + 

10% human serum or to OD600 = 1 in YNB pH 6. YPD and YNB pH 6 cultures were 

incubated at 37°C with shaking (180 rpm) in Erlenmeyer flasks. RPMI + 10% human 

serum cultures remained stationary in 175 cm2 cell culture flasks at 37°C with 5% CO2. 

Samples were taken during log-growth phase in YPD (OD600 = 2-4) and after seven days 

of incubation for all media. 

RNA was isolated using a modified freeze-thaw protocol (Lüttich, Brunke, and Hube 

2012). hMDMs were first lysed in AE buffer + 10% SDS to remove human DNA and RNA 

by centrifugation (2 min, 12,000 g, 4°C). The yeast pellet(s) was frozen in liquid nitrogen. 

β-mercaptoethanol was used at a final concentration of ≈5% in AE buffer for yeast 

resuspension. Cy5-labeled cRNA (Cy5 CTP; GE Healthcare) was generated using the 

QuickAmp Labeling Kit (Agilent). Samples were co-hybridized with a common Cy3-

labeled reference (RNA from mid-log phase grown C. glabrata ATCC2001) on Agilent 

arrays (8-by-15K format), scanned in a GenePix 4200AL with GenePix Pro 6.1 (Auto 

PMT, pixel size 5 µm) and analysed with GeneSpring 14.8 (Agilent) and Revigo (Supek 

et al. 2011).  

C. glabrata mutant generation 

The barcoded reference strains H-BC (ATCC2001 Δhis3 (REF)) and BC (ATCC2001 

(REF)) as well as the strains for the single mutant tests (ATCC2001 Δssd1, ATCC2001 

Δdit2, ATCC2001 Δshe10) were generated using the TEF1P-NAT1-TEF1T marker 

cassette originating from pJK863 (Shen, Guo, and Köhler 2005) used in the previous 



Manuscript III 

82 

 

study for construction of mutants in the ATCC2001 Δhis3 Δleu2 Δtrp1 background 

[compare Suppl. Table 3 in reference] (Schwarzmüller et al. 2014). All reference (REF) 

strains contain individual barcodes. For detailed information on strain construction, see 

Suppl. Method 1.  

Pool experiments: barcode amplification, next generation sequencing and data 

analysis 

PCR and PCR fragment purification 

Amplicons of ≈150 bp containing up and down barcodes were generated from isolated 

gDNA with Phusion HighFidelity DNA polymerase (NEB) (detailed program in Suppl. 

Method 2). The primers added 10 bp of experiment-specific sequence on each side (Fig. 

4, Suppl. Fig. 8) to allow multiplexing (see Suppl. Table 2 for primer sequences). The 

same primer pairs were used for replicates and samples for direct comparisons to ensure 

identical amplification efficiencies. Pool 16 mutants required a different primer set due to 

their alternative NAT1 cassette (Schwarzmüller et al. 2014). PCR fragments were 

purified using the QIAquick PCR purification Kit (Qiagen, Cat. No 28106) and their 

concentration determined with a NanodropR ND-1000 spectrophotometer (PEQLAB). 

The purified amplicons were pooled at 150 ng each, these libraries again purified and 

quality assured by Nanodrop measurement and gel electrophoresis. 

Sequencing 

The libraries were paired-end sequenced on an Illumina sequencing platform (GATC). 

Amplicon sequences were sorted by their experiment- and mutant-specific barcodes 

using a local BLAST search against the expected barcode regions. Data were 

normalized as described in the text and Suppl. Table 3 (see description). Cut-offs for 

definition of mutant depletion were set slightly different in dependency of the 

normalization method (parent or median) used. If not stated otherwise, cut-off and 

corresponding p-values refer always to the fulfilment of the criteria by at least one 

barcode. Mean recovery values represent combined recovery values of Up and Down 

barcodes (geometric mean calculation). 

Life cell imaging experiments 

hMDMs were prepared as described above and 0.8 × 105 hMDM cells were seeded into 

8 well µ-slides (ibidi, Cat. No. 80826) in a final volume of 395 µL per well. A C. glabrata 

ATCC2001 or ATCC2001 yeGFP overnight culture was pelleted, washed twice with 

sterile PBS (centrifugation 1 min 5,000 g), and adjusted to 2.2 × 107 yeast cells/mL in 

RPMI. Each well was infected with 25 µL of this solution (MOI 7) and incubated together 
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with uninfected controls at 37°C and 5% CO2 for seven days with media exchange: at 

three hours, the wells were washed twice with PBS and supplemented with 300 µl RPMI 

+ 10% human serum, then daily exchange of 200 µl medium. Fluorescence micrographs 

were obtained with an Zeiss AXIO Observer.Z1 (Carl Zeiss Microscopy) under cell 

culture atmospheric conditions. Viability was ensured by adding 1 µL propidium iodide 

(1 mg/mL) before obtaining micrographs.  

Statistics 

Experiments were performed in biological replicates from independent samples (n ≥ 3) 

unless stated otherwise. All experiments were performed unblinded. Data points in 

graphs represent either arithmetic or geometric means (see individual graphs) ± the 

standard deviations. Data were analysed using GraphPad Prism 7 (GraphPad Software, 

Inc., La Jolla), Excel 2010, GeneSpring GX (v14.8; Agilent Technologies, Inc., Santa 

Clara, CA), and Revigo (Supek et al. 2011). Where applicable, samples were tested for 

significance (P < 0.05 unless stated otherwise) using a two-sided t test, and GO-term 

enrichment was determined by using the Fisher exact test. 
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Figures and figure legends 

Fig. 1 

 

Fig. 1 PI staining of C. glabrata-infected hMDMs at indicated time points.  
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Fig. 2 

 
Fig. 2 Cut-off criteria for disposal of individual wells depending on the type of assay. EY 
= extracellular yeast. 
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Fig. 3 

 

Fig. 3 (A) C. glabrata ATCC2001 cfu development during persistence in hMDMs starting 

at MOI 1. Significant decreases in numbers are seen between zero and three hours (p = 

0.0017) for the whole sample between three and 24 hours (p = 0.0002) for intracellular 

yeasts (LYS). Mean ± standard deviation of 6 biological replicates (dots); two-tailed, 

paired Student´s t-test; ns > 0.05 (non-significant), * = 0.01 - 0.05, ** = 0.001 - 0.01, *** 

< 0.001. (B) Same as in (A), but with addition of 1 µg/mL AMB, 4 µg/mL CAS or DMSO 

control (for AMB) from 6h after infection. SN, supernatant; LYS, lysate. 
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Fig. 4 

 

Fig. 4 Design for screening of a C. glabrata mutant library by barcode sequencing. (A) 

All library mutants contain a NAT1 cassette flanked by barcode (BC) sequences which 

are unique within each pool. Barcodes can be PCR-amplified by the constant regions U1 

and D1. (*) The use of three different types of NAT1 cassettes in the mutant library 

(Schwarzmüller et al. 2014) makes the use of a further primer set necessary, with slightly 

different amplicon sizes. The majority of mutants contain the NAT1 cassette shown here 

(see Suppl. Fig. 8 for more information on the cassettes). The primers also add a 10 nt 



Manuscript III 

97 

experiment-specific tag (E) at both ends to allow multiplexing of experiments in libraries. 

(B) Schematic overview of a typical pool experiment with barcoded mutants. For the 

hMDM pool screening, individually grown C. glabrata mutants were mixed into pools for 

hMDM infection at a one-to-one ratio. The inoculum and lysates taken at day one and 

seven were plated. The colonies were used for DNA isolation, followed by barcode 

amplification and sequencing. The barcode sequence counts were normalized to the 

inoculum samples. 

 

Fig. 5 

 

Fig. 5 (A) Distribution of mean recovery scores throughout the whole mutant library in 

the C. glabrata-hMDM persistence model. Values were normalized to their pool sample 

median and corrected by the strain’s inoculum counts. The three wild types are indicated 

by coloured symbols; the vast majority of mutants were depleted compared to the wild 

types, especially at day seven. (B) Distribution of the wild type enrichment within each 

individual pool. Values were normalized to their pool sample median and corrected by 

the wild type’s inoculum counts. Bars depict the geometric mean + 95% confidence 

interval; dots represent the geometric mean of 3 biological replicates of the wild type 

within a pool. Two-tailed, paired Student´s t-test; non-significant p-values (> 0.05) are 

not depicted, * = 0.01 - 0.05, ** = 0.001 - 0.01, *** < 0.001. 
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Fig. 6 

 

Fig. 6 Distribution of C. glabrata yeasts inside macrophages. Yeasts were constitutively 

expressing yeGFP and were quantified in all macrophages (left) or only macrophages 

which had taken up at least one yeast (right). The amount of macrophages containing 

no yeast(s) steadily increased over time, but the distribution of yeast numbers in hosting 

macrophages remained mostly constant. This suggests that the killing capacity of 

macrophages is not impaired by high yeast burdens. Macrophages were randomly 

chosen and intracellular yeasts identified by their green fluorescence. Counting 

continued until at least 150 yeast-containing macrophages were detected. Geometric 

means for 2 biological replicates are shown. 
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Fig. 7 

 

Fig. 7 A selection of C. glabrata mutants depleted during long-term interaction with 

human macrophages, using the stringent cut-off levels of 0.5 (1d) and 0.25 (7d) for pools 

1-15 and 0.7/0.35 for pool 16 (to be met by at least one barcode, p<0.01). Additional 

genes in the categories that met the standard cut-offs (e.g. used in Fig. 8) are listed as 
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“further”. The corresponding wild types are indicated as “ref. strain”, and the 

normalization method are shown with different scales. The change between days one 

and seven of co-incubation is indicated by arrows (“7d/1d”). “Gene names” are taken 

from Candida genome database gene symbols for C. glabrata or, if lacking, of the 

S. cerevisiae homolog. MR = mean recovery. 

 

Fig. 8 

 

Fig. 8 GO term enrichment of genes depleted below (A) a parent normalized recovery of 

0.5 (for at least one barcode, p<0.1; pools 1-15) respectively a median-normalized 

recovery of 0.7 (for at least one barcode, p<0.1; pool 16) after one day or (B) a parent 

normalized recovery of 0.35 (for at least one barcode, p<0.1; pools 1-15) respectively a 

median-normalized recovery of 0.5 (for at least one barcode, p<0.1; pool 16) after seven 

days. The GO terms (with p < 0.05) were summarized by Revigo and the most enriched 

for each domain shown (for more information see Suppl. Table 4). 
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Fig. 9  

 

Fig. 9 Cytokine secretion patterns of hMDMs in response to the wild type strain 

C. glabrata ATCC2001 (MOI 1) in the C. glabrata-hMDM persistence model. Note that 

cytokine levels are influenced by the media exchange strategy used (3h: total exchange, 

addition of 1 mL medium; 1d: removal of 0.5 mL supernatant and addition of 1 mL 

medium; on each following day: removal of 0.5 mL supernatant and addition of 0.5 mL 

medium; see Methods). (A) Total cytokine levels calculated from measured cytokine 

supernatant concentrations. (B) Calculated amount of newly secreted cytokines in 

between the indicated time point and the previous time point. Negative values might 

indicate cytokine degradation or removal.  
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Fig. 10 

 

Fig. 10 Summary of test results regarding C. glabrata SHE10 and SSD1 genes. A) Mean 

recovery (MR) results of C. glabrata ATCC2001 HLT ∆ssd1 and C. glabrata ATCC2001 
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HLT ∆she10 in hMDMs normalized by their reference strain in the mutant pool screening 

approach. B) Inoculum- and reference strain-normalized recovery of cfus from mutants 

tested singly in the hMDM persistence model or incubated for 7d in YNB pH6. 3h, 

supernatant and lysate (uptake process); 1d and 7d, lysate only (persistence stage). 

Three biological replicates with four technical replicates each. A), B) Bars depict 

geometric means + 95% confidence interval; dots represent the geometric mean of 

technical replicates (B) respectively Up and Down barcode (A) for individual biological 

replicates. Two-tailed, one sample t-test against 0 of log-transformed values; * p < 0.05, 

** p < 0.01, *** p < 0.001. C) SHE10 and SSD1 transcript levels (log2FC) relative to YPD 

logarithmic growth (log) during long-term interaction with hMDMs and in control 

conditions. Log NIV = log normalized intensity values. 
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Supplement 

Supplemental figures and legends 

Suppl. Fig.  1 
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Suppl. Fig.  1 (A) Distribution of mean recovery (MR) scores throughout mutants of 

either HLT-BC, H-BC, BC background (BG) or from pool 16 from the mutant library in 

the C. glabrata-hMDM persistence model. Values were normalized to their pool sample 

median and corrected by the strain’s inoculum counts. The mutant background partially 

influenced the distribution pattern. (B) Distribution of log10 MR in dependency of mutant 

background. Significant differences in mean recovery between reference strains (Fig. 5) 

are reflected by significant differences between distributions of mutants with different 

backgrounds. Values were normalized to their pool sample median and corrected by the 

strains inoculum counts. Bars depict the geometric mean + 95% confidence interval; dots 

represent the geometric mean of 3 biological replicates for each mutant. Two-tailed, 

paired Student´s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001. (C) Correlation of 

enrichment values calculated by different normalization approaches (parent or median 

normalization). Correlation was good to excellent indicated by Pearson r values ranging 

from 0.9061 (95% confidence interval 0.8906 to 0.9195, two tailed p<0.0001) at day one 

to 0.9435 (95% confidence interval 0.9340 to 0.9517, two tailed p<0.0001) at day seven. 
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Suppl. Fig. 2 

 

Suppl. Fig. 2 GO term enrichment of genes depleted below a parent-normalized 

recovery of 0.15 (for at least one barcode, p<0.1; pools 1-15) or a median-normalized 

recovery of 0.25 (for at least one barcode, p<0.1; pool 16) after seven days. Enriched 

GO terms were further analysed based on uncorrected p-values (cut-off p < 0.05) using 

Revigo. The top 12 Revigo-summarized GO terms per functional category (biological 

process, component, molecular function) are shown here (for more information see 

Suppl. Table 4). 
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Suppl. Fig. 3 
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Suppl. Fig. 3 Cytokine secretion patterns of hMDMs in response to LPS (A, B) or 

C. albicans SC5314 (MOI 1, C) in the C. glabrata-hMDM persistence model. Note that 

cytokine levels are influenced by the media exchange strategy used (3h: total exchange, 

addition of 1 mL medium; 1d: removal of 0.5 mL supernatant and addition of 1 mL 

medium; on each following day: removal of 0.5 mL supernatant and addition of 0.5 mL 

medium). (A, C) Total cytokine levels calculated from measured cytokine supernatant 

concentrations. (B) Calculated amount of newly secreted cytokines since the previous 

time point. Negative values might indicate cytokine degradation or removal. 
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Suppl. Fig. 4 

 

Suppl. Fig. 4 Number of at least twofold (p<0.1) up- or down-regulated genes (A) 

between individual hMDM time points and YPD logarithmic growth, (B) between 

sequential hMDM time points, and (C) between the hMDM 7d time point and individual 

hMDM time points. 
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Suppl. Fig. 5 

 

Suppl. Fig. 5 Overlap of at least twofold (p<0.1) differentially regulated genes. “All 

entities” represents all 5205 C. glabrata ORFs represented on the microarray, while 

“Gene expression” represents all 2182 C. glabrata ORFs involved in this process 

(manually curated based on gene expression (associated) GO terms, Suppl. Table 7, 

lines 93-2324). (A) Downregulated and (B) upregulated genes in hMDMs 0d compared 

to hMDM 0.25d or logarithmic growth in YPD.  

Suppl. Fig. 6 

 

Suppl. Fig. 6 The subtle C. glabrata ∆dit2 pool phenotype does not translate into a 

robust phenotype in a single mutant test in the hMDM persistence model. A) Mean 

recovery (MR) results of C. glabrata ATCC2001 HLT ∆dit2 in hMDMs normalized by its 

reference strain in the mutant pool screening approach. B) Inoculum- and reference 

strain-normalized recovery of cfus from C. glabrata ATCC2001 ∆dit2 clones tested singly 

in the hMDM persistence model. 3h, supernatant and lysate (uptake process); 1d and 

7d, lysate only (persistence stage). Three biological replicates with four technical 

replicates each. A), B) Bars depict geometric means + 95% confidence interval; dots 
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represent the geometric mean of technical replicates (B) respectively Up and Down 

barcode (A) for individual biological replicates. Two-tailed, one sample t-test against 0 of 

log-transformed values; * p < 0.05, ** p < 0.01, *** p < 0.001. 

Suppl. Fig. 7 

 
 

Suppl. Fig. 7 CgSHE10 signal peptide prediction. Analysis was done using SignalP 5.0 

(Almagro Armenteros et al. 2019) and similar results were obtained by using Phobius 

(Käll, Krogh, and Sonnhammer 2004) and Philius 3.0 (Reynolds et al. 2008) (not shown). 
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Suppl. Fig. 8 

 
Suppl. Fig. 8 Schematic internal arrangement of “Low GC NAT” and “High GC NAT” 

cloning cassettes, which were used in (Schwarzmüller et al. 2014) in addition to the 

TEF1P-NAT1-TEF1T cassette (based on pJK863) used in Fig. 4. Arrows indicate primer 

binding sites for barcode amplification. Note that while all three NAT1 cassettes contain 

identical U1, U2, D1 and D2 sequences, the NAT1 cassettes and the amplicon sizes 

differ. For mutants containing the “High GC NAT” cassette, barcode amplification 

requires a different set of primers (Suppl. Table 2), and therefore, all these mutants were 

combined in the separate pool 16 (Suppl. Table 1). 
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Supplemental tables 

Suppl. Table 1 

C. glabrata mutant pools composition for Bar-Seq analysis originating mainly from 

(Schwarzmüller et al. 2014) and some from (Seider et al. 2014; Gerwien et al. 2016; 

Gerwien et al. 2017; Kasper et al. 2014). Reference strains are always included in pools 

1-15, while no reference strain is available for pool 16. Mutants which according to a 

NGS test run and subsequent Sanger sequencing did not contain the expected barcodes 

(Schwarzmüller et al. 2014) were corrected to the found barcodes (marked in green; 

applies to 15 mutants). In case we cannot exclude that these mistakes are linked to a 

false ORF annotation, ORFs are marked in red (12 out of in total 661 strains). 

Suppl. Table 2 

Primers used for amplification of barcodes.  

Suppl. Table 3 

C. glabrata-hMDM Bar-Seq mutant analysis: Inoculum and reference strain-normalized 

mean recovery values after one or seven days incubation in the C. glabrata-hMDM 

persistence model for all C. glabrata mutants quantified by Bar-Seq. 

Suppl. Table 4 

C. glabrata-hMDM Bar-Seq mutant analysis: GO term enrichment of genes depleted 

below a recovery of 0.5 (pool 16: 0.7; p<0.1) after one day (sheet “1d”) or of 0.15 (0.25; 

sheet “7d_low recovery”; p<0.05) or 0.35 (0.5; “7d_intermediate-low recovery”; p<0.1) 

after seven days for at least one barcode. Revigo-summarized GO terms based on 

uncorrected p-values (cut-off p < 0.05) are preceded by “R”.  

Suppl. Table 5 

Microarray-derived transcriptomes of the C. glabrata ATCC2001-hMDM experiment and 

(long-term) controls. This file includes a list of genes twofold up- or downregulated 

between the indicated conditions (see “overview” sheet; asymptotic p-value computation, 

no multiple testing correction of p-values). Reflecting the experimental design, paired t-

tests were used for comparisons between hMDM time points, while unpaired t-tests were 

used for all other comparisons. Statistical significance threshold for inclusion p < 0.1, all 

comparison in direction condition 1 to condition 2. Relative transcript levels were 

calculated with GeneSpring 14.8 (Agilent). 

Suppl. Table 6 

GO term analyses of the gene lists in Suppl. Table 5. GO term analyses performed in 

GeneSpring 14.8 (Agilent) using the GO term annotation of the Candida Genome 
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Database (Skrzypek et al. 2017). 

Suppl. Table 7 

Microarray-derived transcriptomes of the C. glabrata ATCC2001-hMDM experiment and 

(long-term) controls. This file includes gene expression patterns in relation to YPD log 

growth respectively the 7d time point in hMDMs. Specific processes can be found in 

sheet “specific process_YPD log ref”. Compare the following lines to find the desired 

processes: 

Process Lines 

Selected pheromone / mating (-associated) genes (list manually 

curated) 
5-89 

Gene expression (-associated) processes 93-2324 

Cell wall integrity (CWI) and CWI controlling pathways 2328-2423 

Glycolysis + gluconeogenesis 2426-2468 

Trehalose metabolism 2472-2485 

Glycogen metabolism 2488-2510 

Iron metabolism 2513-2552 

Induced amino acid catabolism and uptake paths 2556-2583 

Lipid catabolism and uptake 2587-2655 

 

C. g. gene names in brackets were individually added, mostly based on “best hit” 

annotations in S. c. by the Candida Genome Database (Skrzypek et al. 2017), and do 

not represent official annotations. 

Suppl. Table 8 

Microarray-derived transcriptomes of the C. glabrata ATCC2001-hMDM experiment and 

(long-term) controls. This file includes enrichment patterns of selected GO terms in 

twofold up- or downregulated (p<0.1) genes in relation to YPD log growth respectively 

the 7d time point in hMDMs. Compare the following lines to find the desired processes: 

Process Lines 

Gene expression 6-40 

(MAP kinase) signaling 44-53 

Cell surface / cell wall 57-63 

Cell surface / plasma membrane 67-75 

Carbohydrate metabolism (i. a. glycolysis, gluconeogenesis, citrate 

cycle, glyoxylate cycle, 2-methylcitrate cycle, pentose phosphate 

shunt, trehalose metabolism, glycogen metabolism) 

79-162 
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Process Lines 

Lipid metabolism 166-240 

Mitochondria, respiration 244-255 

Autophagy 259-275 

Vacuole, vacuolar transport, endocytosis 279-302 

Iron homeostasis 306-324 

Oxidative stress response 328-349 

Nitrogen metabolism > amino acid metabolism 353-450 

Cell cycle, DNA replication 454-647 

Suppl. Table 9 

ATCC2001 Δshe10 vs wild type ATCC2001 microarray analysis. Number of 

differentially regulated genes (ATCC2001 Δshe10 vs wild type ATCC2001) in 

dependency of growth phase and mathematical calculation method. 

Condition Regulation 2fold regulation Volcano-Plot (2fold regulation, 

p<0.1) 

YPD log 

growth 

Up 6 2 

Down 20 12 

YPD 7d Up 495 27 

Down 336 25 

Suppl. Table 10 

ATCC2001 Δshe10 vs wild type ATCC2001 microarray analysis. This file includes a 

summary of genes twofold up- or downregulated between the indicated strains and 

conditions (see “overview” sheet; without p-value computation or with asymptotic p-value 

computation, no multiple testing correction of p-values, paired t-test, p < 0.1). Relative 

transcript levels were calculated with GeneSpring 14.8 (Agilent). 

Suppl. Table 11 

GO term analyses of the gene lists (without p-value computation) in Suppl. Table 10. GO 

term analyses performed in GeneSpring 14.8 (Agilent) using the GO term annotation of 

the Candida Genome Database (Skrzypek et al. 2017) and GO terms for 7d incubation 

in YPD (uncorrected p-value < 0.05) were summarized using Revigo (Supek et al. 2011). 

SHE10 (CAGL0I04092g) was removed from regulated gene lists prior to GO term 

analysis. 

Suppl. Table 12 

Lists of wild type strains, mutants (except for pool mutants listed in Suppl. Table 1), 

oligonucleotides and plasmids used within this study. Apart from being constructed within 
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this study, strains originate from (Schwarzmüller et al. 2014), oligonucleotides originate 

from (Schwarzmüller et al. 2014; Gerwien et al. 2016; Sprenger et al. 2020) and plasmids 

originate from (Schwarzmüller et al. 2014; Sprenger et al. 2020). 

 

Supplemental Methods 

Suppl. Method 1: C. glabrata mutant generation details 

Strain name: ATCC2001 (REF) 

Abbreviation: BC 

Genotype: ATCC2001 Δtrp1::TRP1-TEF1p-NAT1-TEF1t 

The TEF1P-NAT1-TEF1T cassette originating from pJK863 (Shen, Guo, and Köhler 

2005) used in the previous study for construction of mutants in the ATCC2001 Δhis3 

Δleu2 Δtrp1 background [compare Suppl. Table 3 in reference] (Schwarzmüller et al. 

2014) was PCR amplified from the U1 to the D1 sequence using appropriate primers by  

in parallel integrating new barcode sequences (in between of U1 and U2 respectively D1 

and D2) and at both ends appropriate overlapping end regions with the ends of a Xma I-

linearized pTRP1 plasmid (Sprenger et al. 2020) for In-Fusion®HD Cloning Kit 

(Clontech, Cat. No. #639649)-based cloning of the PCR product into the Xma I-linearized 

plasmid pTRP1. The construct was PCR amplified from successful cloned plasmids and 

transformed into C. g. ATCC2001 Δtrp1 (Karl Kuchler, unpublished) by using a modified 

heat-shock based method (heat shock for 15 min at 44°C; (Walther and Wendland 

2003)). Mutants were selected on YPD agar plates containing 200 µg/mL Nurseothricin 

and further checked for prototrophic growth on SD agar. 

 

Strain name: ATCC2001 Δhis3 (REF) 

Abbreviation: H-BC 

Genotype: ATCC2001 HIS3::TEF1p-NAT1-TEF1t 

As above, the TEF1P-NAT1-TEF1T cassette was PCR amplified from the U1 to the D1 

sequence using appropriate primer by in parallel integrating new unique barcode 

sequences (in between of U1 and U2 respectively D1 and D2). Additionally, > 500 bp 

flanking regions of the HIS3 gene were PCR amplified with primers that added an 

overlapping sequence with a Xba I-linearized pUC19 on one and a U1 respectively D1 

overlapping sequence on the other side. The resultant PCR fragments were fused 

together and integrated into the Xba I-linearized vector pUC19 using the In-Fusion®HD 

Cloning Kit (Clontech, Cat. No. #639649). The resultant plasmid pUC19 Δhis3-NAT1 was 
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linearized with Xmn I and transformed into C. glabrata ATCC2001. Mutants were 

selected on YPD agar plates containing 200 µg/mL Nurseothricin and further checked 

for growth inability on synthetic defined medium (SD) agar. 

Strain names:   ATCC2001 Δssd1 (A / B) 

ATCC2001 Δdit2  (A / B) 

ATCC2001 Δshe10 (A / B) 

Genotypes:   ATCC2001 SSD1::TEF1p-NAT1-TEF1t 

   ATCC2001 DIT2::TEF1p-NAT1-TEF1t  

ATCC2001 SHE10::TEF1p-NAT1-TEF1t 

All mutants that were investigated in detail were constructed again in the ATCC2001 

background. The deletion cassettes from the mutant library clones (Schwarzmüller et al. 

2014) were amplified together with > 500 bp flanking regions and used for transformation. 

Mutants were selected on YPD agar plates containing 250 µg/mL Nurseothricin and 

validated by PCR, Southern Blot and Sanger sequencing of the barcodes. 

Suppl. Method 2: PCR programs for PCR amplification of barcodes from mutant 

pools 

PCR program 1: Used for amplification of Up-barcodes from pool 1-15. HF buffer was 

used for amplification. 

Step  Temperature  [°C] Time 

1x Initial Denaturation 98 30 s 

10x Denaturation 98 10 s 

Annealing 60 10 s 

Elongation 72 5 s 

18x Denaturation 98 10 s 

Annealing 68 10 s 

Elongation 72 5 s 

1x Final Elongation 72 5 min 

1x Hold 10 ∞ 

PCR program 2: Used for amplification of Down-barcodes from pool 1-15. HF buffer 

was used for amplification. 

Step  Temperature [°C] Time 

1x Initial Denaturation 98 30 s 

10x Denaturation 98 10 s 

Annealing 65 10 s 

Elongation 72 5 s 

18x Denaturation 98 10 s 

Annealing 72 10 s 

Elongation 72 5 s 

1x Final Elongation 72 5 min 

1x Hold 10 ∞ 

PCR program 3: Used for amplification of Up- and Down-barcodes from pool 16. GC 

buffer was used for amplification. 
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Step  Temperature [°C] Time 

1x Initial Denaturation 98 30 s 

10x Denaturation 98 10 s 

Annealing 65 10 s 

Elongation 72 5 s 

18x Denaturation 98 10 s 

Annealing 72 10 s 

Elongation 72 5 s 

1x Final Elongation 72 10 min 

1x Hold 10 ∞ 

 

Suppl. References 

Almagro Armenteros, J. J., K. D. Tsirigos, C. K. Sønderby, T. N. Petersen, O. Winther, 
S. Brunak, G. von Heijne, and H. Nielsen. 2019. 'SignalP 5.0 improves signal peptide 
predictions using deep neural networks', Nat Biotechnol, 37: 420-23. 

Gerwien, F., A. Safyan, S. Wisgott, S. Brunke, L. Kasper, and B. Hube. 2017. 'The Fungal 
Pathogen Candida glabrata Does Not Depend on Surface Ferric Reductases for Iron 
Acquisition', Front Microbiol, 8: 1055. 

Gerwien, F., A. Safyan, S. Wisgott, F. Hille, P. Kaemmer, J. Linde, S. Brunke, L. Kasper, 
and B. Hube. 2016. 'A Novel Hybrid Iron Regulation Network Combines Features from 
Pathogenic and Nonpathogenic Yeasts', mBio, 7. 

Käll, L., A. Krogh, and E. L. Sonnhammer. 2004. 'A combined transmembrane topology 
and signal peptide prediction method', J Mol Biol, 338: 1027-36. 

Kasper, L., K. Seider, F. Gerwien, S. Allert, S. Brunke, T. Schwarzmüller, L. Ames, C. 
Zubiria-Barrera, M. K. Mansour, U. Becken, D. Barz, J. M. Vyas, N. Reiling, A. Haas, K. 
Haynes, K. Kuchler, and B. Hube. 2014. 'Identification of Candida glabrata genes 
involved in pH modulation and modification of the phagosomal environment in 
macrophages', PLoS One, 9: e96015. 

Reynolds, S. M., L. Käll, M. E. Riffle, J. A. Bilmes, and W. S. Noble. 2008. 
'Transmembrane topology and signal peptide prediction using dynamic bayesian 
networks', PLoS Comput Biol, 4: e1000213. 

Schwarzmüller, T., B. Ma, E. Hiller, F. Istel, M. Tscherner, S. Brunke, L. Ames, A. Firon, 
B. Green, V. Cabral, M. Marcet-Houben, I. D. Jacobsen, J. Quintin, K. Seider, I. Frohner, 
W. Glaser, H. Jungwirth, S. Bachellier-Bassi, M. Chauvel, U. Zeidler, D. Ferrandon, T. 
Gabaldón, B. Hube, C. d'Enfert, S. Rupp, B. Cormack, K. Haynes, and K. Kuchler. 2014. 
'Systematic phenotyping of a large-scale Candida glabrata deletion collection reveals 
novel antifungal tolerance genes', PLoS Pathog, 10: e1004211. 

Seider, K., F. Gerwien, L. Kasper, S. Allert, S. Brunke, N. Jablonowski, T. Schwarzmüller, 
D. Barz, S. Rupp, K. Kuchler, and B. Hube. 2014. 'Immune evasion, stress resistance, 
and efficient nutrient acquisition are crucial for intracellular survival of Candida glabrata 
within macrophages', Eukaryot Cell, 13: 170-83. 

Shen, J., W. Guo, and J. R. Köhler. 2005. 'CaNAT1, a heterologous dominant selectable 
marker for transformation of Candida albicans and other pathogenic Candida species', 
Infect Immun, 73: 1239-42. 

Skrzypek, M. S., J. Binkley, G. Binkley, S. R. Miyasato, M. Simison, and G. Sherlock. 



Manuscript III 

119 

2017. 'The Candida Genome Database (CGD): incorporation of Assembly 22, systematic 
identifiers and visualization of high throughput sequencing data', Nucleic Acids Res, 45: 
D592-D96. 

Sprenger, M., T. S. Hartung, S. Allert, S. Wisgott, M. J. Niemiec, K. Graf, I. D. Jacobsen, 
L. Kasper, and B. Hube. 2020. 'Fungal biotin homeostasis is essential for immune 
evasion after macrophage phagocytosis and virulence', Cell Microbiol, 22: e13197. 

Supek, F., M. Bošnjak, N. Škunca, and T. Šmuc. 2011. 'REVIGO summarizes and 
visualizes long lists of gene ontology terms', PLoS One, 6: e21800. 

Walther, A., and J. Wendland. 2003. 'An improved transformation protocol for the human 
fungal pathogen Candida albicans', Curr Genet, 42: 339-43. 
 

Complete  supplemental  material  for  this  article  is included in the enclosed CD ROM 

(folder: CgMDM persistence). Suppl. Tables 1-8 and 10-12 are Excel files and were 

therefore not included in the printed version.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Manuscript IV 

120 
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Summary: 

Trehalose is a disaccharide with a well-established double role as a storage and 

protector molecule in fungi: while its cleavage provides two glucose molecules for 

support of (re-)growth, the molecule itself stabilizes membranes as well as proteins and 

hinders denatured protein aggregation; due to these properties, it protects cells against 

e.g. thermal, oxidative, and antifungal stress. Accordingly, it typically accumulates either 

in response to or in expectation of stress and in absence of nutrients. However, since 

trehalose “freezes” membranes and proteins, it also hampers refolding by chaperones 

after the immediate stress ends. Therefore, a fast breakdown of trehalose is critical to 

start regrowth after stress relief. C. glabrata is assumed to possess three trehalase 

enzymes: the acid trehalase Ath1 and two putative cytoplasmic neutral trehalases, Nth1 

and Nth2. In this study, we confirm previous findings that Ath1 acts on extracellular 

trehalose. In agreement with a putative role in stress recovery, Nth1 was found to be 

important for resistance against oxidative stress. While all single deletion mutants of 

trehalase encoding genes individually showed a persistence defect in human monocyte-

derived macrophages, only a triple deletion mutant showed lowered colonisation in a 

murine gut colonisation model and a somewhat decreased ability to cause clinical 

symptoms in a systemic murine infection model. In summary, this study provides new 

insights into the role of trehalose metabolism in fungal stress resistance and 

pathogenicity mechanisms. 
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manuscript.  



Manuscript IV 

121 

Estimated authors’ contributions: 

Mieke Van Ende  30% 

Bea Timmermans  30% 

Giel Vanreppelen  7% 

Sofía Siscar-Lewin  5% 

Daniel Fischer   3% 

Stefanie Wijnants  2% 

Celia Lobo Romero  2% 

Saleh Yazdani   2% 

Ona Rogiers   2% 

Liesbeth Demuyser  2% 

Griet Van Zeebroeck  2% 

Yuke Cen   2% 

Karl Kuchler   2% 

Sascha Brunke  2% 

Patrick Van Dijck  7% 

 

 

Prof. Bernhard Hube 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Manuscript IV 

122 

 

The involvement of the Candida glabrata trehalase enzymes in stress resistance 

and gut colonization 
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Abstract 

Candida glabrata is an opportunistic human fungal pathogen and is frequently present 

in the human microbiome. It has a high relative resistance to environmental stresses and 

several antifungal drugs. An important component involved in microbial stress tolerance 

is trehalose. In this work, we characterized the three C. glabrata trehalase enzymes 

Ath1, Nth1 and Nth2. Single, double and triple deletion strains were constructed and 

characterized both in vitro and in vivo to determine the role of these enzymes in 

virulence. Ath1 was found to be located in the periplasm and was essential for growth on 

trehalose as only carbon source, while Nth1 on the other hand was important for 

oxidative stress resistance, an observation which was confirmed by the lower survival 

rate of the NTH1 deletion strain in human macrophages. No significant phenotype was 

observed for Nth2. The triple deletion strain was unable to establish a stable colonization 

of the gastrointestinal (GI) tract in mice. Furthermore, this strain had an attenuated 

virulence upon systemic infection in mice. 

 

Author Summary 

Candida glabrata is a fungus causing both superficial as well as life-threatening 

infections in humans. Most vulnerable are intensive care unit patients, elderly or 

transplant recipients due to an impaired immune system. At present, only few antifungal 

drug classes are available to treat these infections and resistance against these drugs is 

rising. Therefore, there is an urgency for the development of new antifungal drugs. This 

work focused on the investigation of a biological pathway used by C. glabrata to deal 

with stressors encountered in the human body: the trehalose metabolism. We 

characterized different enzymes involved in this pathway and discovered that removing 

three enzymes at the same time causes a decrease in virulence. This study provides 

new insights in the stress resistance of C. glabrata and opens up future possibilities to 

discover new antifungal drugs to tackle the fungus. 
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Introduction 

Annually, invasive fungal infections cause 1.5 million deaths [1, 2]. Candida species are 

among the most frequently isolated human fungi, with a mortality rate of up to 50% [1, 3, 

4]. Of all Candida spp., Candida albicans is isolated most frequently [5]. However, the 

introduction of fluconazole as the first line antifungal used in the clinic caused a decrease 

in the number of C. albicans infections and introduced an increase in infections caused 

by inherently more fluconazole tolerant species, such as Candida glabrata [5-8]. 

C. glabrata bloodstream infections are associated with high mortality rates and therefore, 

this fungus is becoming a major threat in hospitals [9, 10]. The most important virulence 

factors of C. glabrata are its capacity to grow very rapidly at 37°C, adherence to various 

substrates and subsequent biofilm formation, its ability to intrinsically tolerate certain 

antifungal drugs, and its rapid adaptation to stresses [11-13]. In the human body, 

environmental stresses are ubiquitous, such as nutrient limitation and stress imposed by 

the host immune response. This activates the C. glabrata general stress response, which 

includes the induction of genes encoding enzymes involved in trehalose metabolism [14]. 

Trehalose is a non-reducing glucose disaccharide with a double role in fungi. It serves 

as a storage carbon source but is also crucial as a stress protectant molecule by 

stabilizing proteins and membranes, thereby causing resistance to antifungal drugs, 

oxidative stress and heat stress [15-21]. The trehalose biosynthesis pathway is defined 

by two main enzymes: trehalose-6-phosphate synthase (Tps1) and trehalose-6-

phosphate phosphatase (Tps2). Tps1 converts uridine diphosphate (UDP)-glucose and 

glucose-6-phosphate into trehalose-6-phosphate (T6P) and UDP, after which Tps2 

hydrolyzes T6P into trehalose and free phosphate (Fig S1). Trehalose as well as the 

enzymes linked to its biosynthesis have been described to be involved in virulence and 

pathogenesis, with functions in infection, biofilm formation, etc. [21-28]. Despite their 

absence in the human body and their long-known role in virulence, still no Tps1 or Tps2 

inhibitor has been discovered and brought to clinical trials or to the clinic. As trehalose 

accumulates under stress conditions and thereby ‘freezes’ proteins and membranes, a 

fast hydrolysis of trehalose upon relief of stress is essential to resume growth in 

Saccharomyces cerevisiae [29, 30]. This hydrolysis is mediated by trehalase enzymes. 

Fungal species generally have two trehalase enzymes: a neutral and an acid trehalase 

enzyme. In the yeast model organism S. cerevisiae, the neutral trehalase enzyme 

ScNth1 is regulated by cAMP-dependent phosphorylation and ensures endogenous 

trehalose metabolization [31-33]. It requires divalent cations (Ca2+ and Mn2+) and has 

a pH optimum of 7 [34, 35]. This neutral trehalase shows higher activity during 

exponential growth on fermentable carbon sources and is located in the cytoplasm of the 

cells [36]. On the other hand, fungal acid trehalase enzymes contain either a 



Manuscript IV 

124 

 

transmembrane domain or a signal peptide and are therefore located on the outside of 

the fungal cell; in the cell membrane, periplasm or cell wall [37-39]. The extracellular 

localization ensures hydrolysis of external trehalose [39-41]. In S. cerevisiae, the acid 

trehalase enzyme is also present in the vacuole [37, 38]. The acid trehalase enzyme has 

an optimal pH of 4.5 and is not regulated by cAMP, phosphorylation or divalent cations 

[36]. 

Based on sequence homology with the S. cerevisiae trehalase enzymes, the C. glabrata 

genome encodes three trehalase enzymes: Ath1, Nth1 and Nth2. C. glabrata very rapidly 

hydrolyzes extracellular trehalose, a feature which is used in the clinic to diagnose 

C. glabrata infections in a quick and cost-effective way [42-48]. Recently, Ath1 

(CAGL0K05137g) was found to be responsible for this extracellular trehalose 

fermentation [41]. The Ath1 orthologues in C. albicans (CaATC1) and C. parapsilosis 

(CpATC1) were found to be involved in virulence and stress resistance. The CaATC1 

and CpATC1 deletion strains showed both an increased thermotolerance and an 

increased resistance towards oxidative stress [49-51]. Whereas these results would 

suggest an increase in virulence, this was not observed using a systemic mouse model, 

where these deletion strains showed a reduced virulence [49, 51]. The C. glabrata 

neutral trehalases, Nth1 (CAGL0M10439g) and Nth2 (CAGL0C04323g) are considered 

to be cytosolic trehalases responsible for the hydrolysis of intracellular trehalose. In 

C. albicans, deletion of the neutral trehalase CaNTC1 does not affect virulence in a 

mouse model of systemic infection [52]. 

Based on the importance of the trehalose metabolism for virulence in other pathogenic 

fungi and the observation that C. glabrata consumes extracellular trehalose very rapidly, 

we aimed to characterize the C. glabrata trehalase enzymes [49-51]. Therefore, we 

constructed the single, double and triple trehalase deletion strains. To our knowledge, 

there are no prior publications in which a mutant lacking all three trehalase enzymes in 

a pathogenic yeast strain is characterized. To characterize the trehalases and to 

investigate the role of trehalose breakdown in virulence, in vitro growth of the deletion 

strains was first assessed on different relevant fermentable carbon sources. We confirm 

the data of Zilli, Lopes [41], where it was shown that the acid trehalase Ath1 is required 

for utilization of exogenous trehalose. Moreover, we show that this enzyme is present in 

the periplasm. Hence, we hypothesized that the Ath1 enzyme could play a role in 

colonization of the human gut. To test this, we infected the gastrointestinal tract of mice 

with the different C. glabrata trehalase deletion strains and followed the colonization over 

time. In contrast to our expectation, the ath1∆ mutant showed a wild type phenotype, 

whereas the triple deletion strain was unable to form a stable colonization of the GI tract. 

Next, we assessed the role of the trehalases in the stress response. In contrast to the 
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situation in C. albicans and C. parapsilosis [50, 53], we show that C. glabrata Nth1 is 

involved in the oxidative stress response. As C. glabrata has the capability to survive 

and replicate in immune cells, the trehalase mutant strains were tested for survival in 

human macrophages. After four days, the single deletion strains and the triple deletion 

strain showed a reduced survival in the macrophages compared to the wild type. Finally, 

we also tested the single trehalase deletions and the triple deletion strain for virulence in 

a mouse model of systemic infection. A small, yet significant increase in mortality rate 

was observed for the nth1∆ strain whereas the mice infected with the triple deletion strain 

appeared healthier. Together, these results indicate that the trehalase enzymes could 

be a good target for the development of new antifungal drugs. However, targeting only 

one of the enzymes is expected to be insufficient or not effective. Targeting all three 

trehalase enzymes with a competitive inhibitor could be more profitable. 

 

Results 

C. glabrata trehalase enzymes are phylogenetically closely related to S. cerevisiae 

trehalase enzymes 

Despite what its name suggests, C. glabrata is more related to species within the 

Saccharomycetaceae clade than to species within the Candida clade [54, 55]. Therefore, 

we used the S. cerevisiae trehalase protein sequences in a BLASTP search to identify 

the C. glabrata trehalase enzymes. In this manuscript, genes/proteins of other species 

than C. glabrata are indicated with a prefix. For the neutral trehalases ScNth1 

(YDR001C) and ScNth2 (YBR001C), the C. glabrata Nth1 (CAGL0M10439g) and Nth2 

(CAGL0C04323g) were identified as closest orthologs respectively. These proteins are 

highly conserved to their S. cerevisiae orthologs, as reflected by the high percentage of 

amino acid identity (80% for Nth1 and 68% for Nth2). As is the case for S. cerevisiae, 

Nth1 and Nth2 are highly similar with one another (71% amino acid identity), indicating 

that these enzymes are most probably the result of the whole genome duplication event 

[56]. NTH1 encodes for a polypeptide of 769 amino acids with a molecular mass of 87.4 

kDa, while NTH2 encodes for a polypeptide of 750 amino acids with a molecular mass 

of 86.5 kDa. Both Nth1 and Nth2 amino acid sequences contain neither a 

transmembrane domain nor a signal sequence [57, 58]. Alignment of Nth1 with CaNth1 

(CR_00560W_A) shows 58% amino acid identity, reflecting the more distant 

phylogenetic relationship between C. glabrata and C. albicans. 

For the acid trehalase ScAth1 (YPR026W), Ath1 (CAGL0K05137g) was found as an 

ortholog in C. glabrata, sharing 67% amino acid identity. ATH1 encodes for a polypeptide 

of 1212 amino acids and 136.5 kDa. In contrast, alignment of Ath1 with CaAtc1 

(C1_06940C_A) showed only 41% amino acid identity. In other organisms, Ath1 was 
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often found on the extracellular side of the cells [37, 39, 40, 51, 59, 60]. Hence, the 

PROTTER and the SignalP4.1 algorithms were used to predict a possible 

transmembrane domain or a signal sequence [57, 58]. No signal peptide was found, but 

Ath1 is predicted to contain one transmembrane (TM) domain at the N-terminus 

(between positions 83 and 103). The orthologous N-terminus and TM domain of ScAth1 

confers the extracellular localization, suggesting identical extracellular localization for 

Ath1 in C. glabrata [37]. 

To represent the evolutionary relationship, we constructed a phylogenetic tree of the 

different fungal trehalase enzymes and also included the human trehalase enzyme (Fig 

1). Two main clusters can be distinguished: the neutral trehalases and the acid 

trehalases. The C. glabrata neutral trehalases Nth1 and Nth2 are closely related to 

S. cerevisiae ScNth1 and ScNth2 respectively. The acid trehalase Ath1 is most related 

to ScAth1. Again, this is not unexpected as these species share a close evolutionary 

relationship [54, 55]. 

Disruption of the C. glabrata trehalase encoding genes 

ATH1, NTH1 and NTH2 were deleted by the introduction of a deletion cassette consisting 

of 100 base-pare upstream and downstream homologous sequences of the trehalase 

open reading frames flanking a nourseothricin N-acetyl transferase (NAT) cassette 

mediating resistance towards nourseothricin between flippase recognition target (FRT) 

sites (Fig S2). After insertion and selection on nourseothricin, transformants were 

checked by PCR using primers outside the region of homologous recombination. For 

correct deletion strains, the NAT cassette was subsequently removed by the introduction 

of a plasmid for expression of a flippase. Removal of the cassette was verified by PCR 

using the outside primers. In this way, the three deletion cassettes could be reused for 

the construction of both the double and triple deletion strains. Finally, we constructed 

three independent mutants for the single, double and triple deletion strains which were 

verified by sequencing. 

Ath1 is required for growth on trehalose as a carbon source 

As a first step of the in vitro characterization of the constructed mutants, we tested the 

growth of the strains in minimal medium supplemented with glucose or trehalose, two 

carbon sources that C. glabrata is able to ferment [61]. All strains grew to the same extent 

on glucose in both solid and liquid medium (Figs 2A-B). When trehalose was used as 

external carbon source, the growth of all strains lacking ATH1 had a growth defect in 

both liquid and solid medium (Figs 2A and 2C). These results indicate that Ath1 is 

responsible for the hydrolysis of exogenous trehalose, which led to two hypotheses: 

either C. glabrata transports extracellular trehalose to the inside of the cell by a trehalose 
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transporter and Ath1 hydrolyzes the disaccharide intracellularly, or Ath1 is present at the 

extracellular side of the cells and hydrolyzes trehalose in the surrounding medium after 

which glucose is taken up by the glucose transporters. In S. cerevisiae, extracellular 

trehalose is transported by the high-affinity sugar transporter ScAgt1 [62]. Therefore, a 

BLASTP search was performed using ScAgt1, however no orthologs could be identified 

in C. glabrata. Hence, we measured the concentration of trehalose in the medium over 

time during the growth on trehalose. We postulated that if Ath1 does indeed hydrolyze 

trehalose intracellularly after uptake by transporters, a strain deleted for ATH1 would still 

show reducing extracellular trehalose levels over time. Yet, for the strains with a deletion 

of ATH1, the trehalose in the medium remained constant (Fig 2D). In contrast, the strains 

with wild type ATH1 could still hydrolyze the extracellular trehalose, which is reflected by 

a drop of trehalose in the medium (Fig 2D). Additionally, coinciding with this decrease in 

trehalose, a small increase of glucose in the medium was observed, confirming 

extracellular hydrolysis of trehalose in two glucose molecules (Fig 2E). Taken together, 

these results suggest that Ath1 hydrolyses extracellular trehalose and thus indicate that 

Ath1 is present at the cell surface or is secreted. Therefore, we determined its localization 

by tagging Ath1 endogenously with a fluorescent protein, mCherry. When C. glabrata 

was grown in glucose-containing medium to the exponential phase, no fluorescence was 

detected. However, when trehalose was used as a carbon source, a signal on the border 

and in the vacuole of the cells was observed (Fig 3A and data not shown). Next, we 

investigated whether Ath1 is anchored in the plasma membrane as Ath1 contains one 

predicted TM domain. Therefore, we generated protoplasts of cells grown in glucose or 

trehalose containing medium and measured the trehalase activity. The basal activity of 

the cells grown on glucose is very low and is not affected by protoplast formation. When 

grown on trehalose, the high trehalase activity observed in untreated cells, dropped 

dramatically in protoplasts (Fig 3B). In addition, the fluorescent signal observed on the 

outside of untreated cells, was no longer visible in protoplasts (Fig 3A). These results 

indicate that Ath1 is not anchored to the cell membrane but is rather present in the 

periplasmic space or in the cell wall. 

The triple deletion strain is unable to stably colonize the gut 

As humans cannot produce trehalose, its presence in the gut originates from ingested 

food or from microorganisms as a result of production or release after microbial death. 

As Ath1 is required for growth on extracellular trehalose, we hypothesized that this 

enzyme could give C. glabrata cells a competitive advantage over other micro-

organisms. To test this hypothesis, we verified whether the deletion strain was able to 

colonize the gut over a longer period of time in a mouse model. To achieve Candida 

colonization in the gut, mice are frequently treated with antibiotics [63, 64]. As we want 
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to assess the competition with these other micro-organisms, a pilot experiment was 

performed in non-treated mice and mice which received ampicillin in their drinking water 

(1 mg/ml) infecting them via oral gavage with wild type C. glabrata (Fig S3). Despite the 

higher colonization in mice receiving ampicillin, we also obtained a stable colonization in 

mice where microbial perturbation was not induced (Fig S3). Because of the higher 

relevance of the latter model, we continued the experiments in untreated mice and tested 

the trehalase single deletion strains and the triple deletion strain (Fig 4). Similar to the 

pilot experiment, a stable colonization was obtained for the wild type strain (Fig 4A). The 

main habitat of Candida in the GI tract was in the cecum, which had a log (CFU/g) of 

around 3 (Fig 4B). The single deletion strains showed a similar colonization as the wild 

type strain (Fig 4A). The triple deletion strain was not able to establish a stable 

colonization of the GI-tract, as over 66% of the mice cleared the C. glabrata administered 

at day 21. This trend is clearly reflected in the right panel of Fig 4A. Logically, the average 

colonization of the cecum of mice which were orally infected with the triple deletion strain 

was significantly lower, as over 66% of the mice showed no colonies (Fig 4B). 

Nth1 is involved in regulation of in vitro oxidative stress resistance and survival in human 

macrophages. 

Inside the human body, fungal pathogens are continuously exposed to different types of 

environmental stresses [65]. As trehalose is a disaccharide important for stress 

resistance, we assessed the growth phenotype of the trehalase deletion strains upon 

stress treatment. Therefore, cells were grown in the presence of different relevant 

stresses: oxidative stress (H2O2), salt stress (NaCl) and cell wall stress (Calcofluor White, 

CFW). Deletion of ATH1 and/or NTH2 did not affect the growth in the presence of these 

stressors, while strains lacking NTH1 were more sensitive towards oxidative stress (Fig 

5 and Fig S4). The disruption of NTH1 did not affect growth in the presence of salt nor 

cell wall stress (Fig S4). 

One of C. glabrata’s virulence traits is its ability to survive and replicate inside human 

macrophages [66-69]. This survival demands for a high stress resistance as the yeast 

cells encounter a change in pH, nutrient limitation and oxidative stress within the 

macrophages [70, 71]. As a difference in oxidative stress resistance was observed for 

the nth1∆ strains, their survival in macrophages was investigated. We used microarrays 

to obtain the transcriptional response of C. glabrata cells to incubation with a 

macrophage like-murine RAW cell line (Fischer, in preparation). These data showed that 

in comparison to growth in complex medium, the expression level of the acid trehalase 

gene ATH1 was overall very high, slightly dropped during the first hour and went up again 

(Fig S5A). Furthermore, the expression of NTH1 and NTH2 increased within the first 
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hour of incubation, with the transcript level especially of NTH2 remaining very high at all 

later timepoints inside the macrophage-like cells (Fig S5A). We therefore also tested if 

the deletion of the trehalase enzymes could influence the survival in human 

macrophages, especially at later timepoints, when trehalose utilization may play an 

important role. To this end, we infected human monocyte-derived macrophages with the 

different C. glabrata strains at a multiplicity of infection (MOI) of 1:1 for a long-term co-

incubation. At different timepoints (3 hours, 1 day and 4 days), the macrophages were 

lysed and the C. glabrata cells were used for transcript determination by microarrays and 

plated for CFU counting to determine survival (Fig S5B and 6A-D). To ensure the 

difference in survival was due to killing by macrophages and not to altered uptake or 

escape and extracellular growth of the Candida cells, we measured the uptake rate and 

ensured that our samples did not contain extracellular C. glabrata. The uptake by the 

immune cells was nearly identical for all trains, with a somewhat increased uptake of 

nth2∆ (Fig 6A). After 3 hours, more nth1∆ than wild type yeasts were re-isolated (not 

statistically significant), while the nth2∆ and the triple deletion mutant were found to be 

slightly reduced in surviving numbers. These small differences were gone after one day 

of incubation, with the strains adapting to long-term survival (Fig 6C). After 4 days of 

incubation, all single deletion strains and the triple deletion strain showed a significantly 

decreased survival (down to 44% for ath1∆, 65% for nth1∆, 35% for nth2∆ and 64% for 

ath1∆ nth1∆ nth2∆) compared to the wild type strain (Fig 6D). The requirement for these 

genes in human macrophages was reflected by the continuously increased transcript 

levels as determined in parallel by microarray experiments (Fig S5B). 

Trehalase is involved in in vivo C. glabrata virulence during a systemic infection  

In order to investigate whether the trehalase enzymes are involved in C. glabrata 

virulence in a systemic infection, mice were infected intravenously with the different 

deletion strains. Experimental infection of immunocompetent mice with C. glabrata 

generally does not cause mortality [72]. We confirmed this in a pilot experiment during 

which we determined the optimal concentration of the immunosuppressant 

dexamethasone (Fig S6). 75 mg/kg dexamethasone was chosen to be given to the mice 

at day -3, 0, 7 and 14. For each deletion strain, at least 8 mice were included in the 

experiment (Fig 7). The mice infected with the nth1∆ strain appeared ill more rapidly and 

died earlier compared to the wild type (p-value of 0.0184 in log-rank test). The mice 

infected with the triple deletion strain showed no significant difference in survival 

compared to mice infected with the wild type strain (p-value 0.0873 in log-rank test), 

although they did appear healthier, comparable to the PBS control mice. It should be 

noted that two mice of the PBS control group died, which is most probably due to the 

immunosuppression of the mice and the duration of the experiment. The other mice of 
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the PBS control group showed a healthy appearance throughout the experiment. 

 

Discussion 

This work focused on the characterization of the different C. glabrata trehalase enzymes 

and their role in virulence. Comparison with the S. cerevisiae trehalase enzymes resulted 

in the identification of three trehalase enzymes in C. glabrata: Ath1, Nth1 and Nth2. 

When comparing the C. glabrata trehalase enzymes to those present in other pathogenic 

and non-pathogenic fungi two clusters can be distinguished: a cluster of neutral trehalase 

enzymes and a cluster of acid trehalase enzymes. Both types of these proteins have a 

different structure: the neutral trehalases contain one large domain for trehalase activity 

containing the active site and binding site for the substrate, next to a small calcium 

binding domain. The acid trehalase contains one predicted transmembrane domain and 

two domains for trehalase activity [73]. 

Single and multiple deletions of the encoding genes were constructed and functionally 

characterized. We showed that Ath1 is important for the rapid hydrolysis of extracellular 

trehalose, a phenotype on which the rapid identification of C. glabrata in the hospital is 

based [42-48]. In different organisms, the acid trehalase enzyme is present on the 

outside of the cells in order to hydrolyze exogenous trehalose [37, 39, 40, 51, 59, 60]. 

Our microscopy data, where Ath1 was tagged to a fluorophore, showed that Ath1 is 

present both on the outside of the cells as well as in the vacuole. Furthermore, high acid 

trehalase activity was measured in complete cells, which was lost upon preparation of 

protoplasts. At the same time, the fluorescent signal of the labeled Ath1 at the outside of 

the cells is lost. This shows that Ath1 is localized in the periplasmic space, similar to the 

situation in S. cerevisiae [37]. We hypothesize that this localization helps the cells to 

quickly hydrolyze extracellular trehalose to glucose, which is then taken up by the 

glucose transporters in the plasma membrane [74]. Zilli, et al. showed that Ath1 is also 

secreted to the outside of the cells and is released into the medium [41]. As the activity 

of Ath1 is very high, we hypothesized that C. glabrata cells would have a competitive 

advantage over other microbes in those conditions where there is trehalose present, 

such as in the gut. In humans, Candida is present in the gastrointestinal tract as part of 

the normal microbiota [75], hence we hypothesized that Ath1 might play a relevant role 

in the colonization of C. glabrata at this body site. This appeared not to be the case, as 

in our experiments, the ath1∆ strain showed a wild type phenotype in the mouse model 

of GI colonization. Interestingly, additional deletion of NTH1 and NTH2 resulted in a clear 

drop in GI colonization. This indicates that trehalase activity is indeed important to 

achieve persistent colonization, however, any of the enzymes could to contribute to this. 

In C. albicans and in C. parapsilosis, the acid trehalase Atc1 is a stress-responsive 
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protein and is important for in vitro stress resistance. Moreover, mice infected 

intravenously with C. albicans or C. parapsilosis cells lacking their acid trehalase 

enzyme show an increased survival, suggesting a role for ATC1 in virulence [49, 51, 53]. 

None of these phenotypes are observed for the acid trehalase of C. glabrata. However, 

after 4 days of infection in macrophages, Ath1 seemed to play a role in the survival of 

C. glabrata cells. We hypothesize that through binding to trehalose as a stress 

protectant, many proteins are cycled to the vacuole for autophagy [68]. As such, it is 

likely that Ath1 is present in the vacuole which allows trehalose hydrolysis in the vacuole, 

as is the case in S. cerevisiae [37], providing energy to the cells. These data confirm that 

the function of Ath1 is different from its orthologous enzymes in other Candida species, 

explaining why the specific trehalose test is used to diagnose C. glabrata. 

Similar to S. cerevisiae, C. glabrata Nth1 is important for stress tolerance, specifically 

towards oxidative stress, which is encountered inside immune cells. Deletion of NTH1 

indeed results in a lower survival upon engulfment by macrophages. We hypothesize 

that the reason for this is the lower tolerance towards oxidative stress for this deletion 

strain. The role of Nth2 remains unclear. Under in vitro conditions, the NTH2 gene is 

rapidly upregulated inside macrophages and its deletion results in a lower survival under 

these conditions. Its higher expression in macrophages resembles the higher ScNTH2 

expression during the onset of stationary phase growth [76]. This suggests that the cells 

encounter conditions in the macrophages similar to the ones they encounter when 

reaching stationary phase. The decreased survival of the mutant strain after 4 days 

remains to be investigated. 

The ath1∆ nth1∆ nth2∆ strain did not show detectable trehalase activity in any growth 

phases, indicating that these three genes are all the trehalase enzymes present in 

C. glabrata. In general, the triple deletion strain showed results consistent with the single 

deletion strains. The triple deletion strain showed a decreased survival on hydrogen 

peroxide and in human macrophages after 4 days of inoculation. Additionally, the triple 

deletion strain was unable to use trehalose as a carbon source, as is also the case for 

the ATH1 deletion strains. 

Based on our animal experiments, we can conclude that none of the single enzymes 

alone constitutes an interesting antifungal drug target, however a combined inactivation 

of these enzymes is of interest as the triple deletion showed a decreased survival in 

human macrophages and was fully cleared from the murine GI tract. Additionally, the 

mice infected intravenously with the triple deletion strain appeared more fit compared to 

the wild type control. As they share trehalose as a substrate, variants of trehalose may 

cause inhibition of all three enzymes. As far as the single targets are concerned, 

inactivation of Ath1 may already be interesting, as this enzyme is required for cells to 
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grow on trehalose and its deletion results in a decrease in survival inside macrophages. 

C. glabrata infections are frequent in immunocompromised patients, where the 

endogenous C. glabrata can disseminate from the GI tract to cause invasive infection 

[77]. These results seem promising and therefore, we propose that a drug targeting all 

three trehalases could have a positive effect on the outcome of a C. glabrata infection. 

As all enzymes have the same substrate, the search for a competitive inhibitor seems 

the most straight-forward. Structural analogues of trehalose can act as a competitive 

inhibitor of trehalase [78]. Validamycin A, a well-known trehalase inhibitor, is already 

used in food crops to prevent fungal infections [79]. This compound showed to have 

weak antifungal activity against C. albicans whereas a strong effect was observed 

against A. flavus [80, 81]. Based on this work, we propose to test different structural 

analogues of trehalose for their antifungal activity against C. glabrata. 

Even though humans cannot synthesize trehalose, their genome encodes for one 

trehalase. The human trehalase enzyme can be found in the intestines and kidneys but 

also in the urinary tract, where it is used as a marker for renal tubular damage [82, 83]. 

The human enzyme clusters together with the fungal neutral trehalases (Fig 1). It shows 

only 27% amino acid identity to both Nth1 and Nth2 of C. glabrata, but the amino acids 

involved in the substrate binding and the active site are conserved (supplementary data). 

However, a deficiency of the human trehalase is rare and causes diarrhoea due to an 

intolerance to trehalose enriched food, such as mushrooms [84]. This should be taken 

into account when looking for competitive inhibitors of the C. glabrata trehalase 

enzymes. 

 

Materials and methods 

Construction of phylogenetic tree 

To create the trehalase phylogenetic tree, protein sequences were retrieved from the 

Candida Genome Database (CGD), Saccharomyces Genome Database (SGD), 

Aspergillus Genome Database (AspGD), UniProt and PomBase [85-89]. In CLC Main 

Workbench, protein sequences were aligned and the phylogenetic tree was constructed 

using the unweighted pair method with arithmetic mean (UPGMA) and the Kimura 

Protein as a protein distance measure [90]. 

Yeast strains, plasmids, primers and media 

The yeast strains, plasmids and primers used in this study are listed in Supplementary 

Table 1. Yeast cells were grown in either YP (1% yeast extract, 2% bacteriological 

peptone), synthetic complete (SC) medium (1.7 g/L Difco yeast nitrogen base without 

amino acids and without ammonium sulphate, 0.79 g/L complete supplement mixture 
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[CSM; MP Biomedicals], 5 g/L ammonium sulphate), YNB (1.7 g/L Difco yeast nitrogen 

base without amino acids and without ammonium sulphate, 20 mg/L tryptophan, 20 mg/L 

histidine, 30 mg/L leucine, 5 g/L ammonium sulphate) or RPMI 1640 medium. These 

media were supplemented with glucose or trehalose as indicated in the experiment. For 

solid media, 15 g/L Difco agar granulated was added. 

Construction of plasmids 

For expression of the flippase enzyme, the nourseothricin cassette of vector pLS9 was 

replaced by the hygromycin marker resulting in pLS10. The hygromycin marker was 

amplified using primers C6240 and C6241 from plasmid pgRNA-uni-hph (p58) and 

subsequently ligated into the NotI digested pLS9. Colonies were checked using primers 

7883 and B3220 and verified by sequencing. For localization experiments, the trehalase 

enzymes were fused to mCherry. Therefore, open reading frames (ORFs) were amplified 

using primers D84 and D1728 (ATH1), D88 and D89 (NTH1) or D92 and D93 (NTH2) 

from wild type genomic DNA. The terminators were amplified using primers D86 and D87 

(ATH1), D90 and D91 (NTH1) or D94 and D95 (NTH2) from wild type genomic DNA. The 

corresponding ORF and terminator fragments were inserted in BamHI and XhoI digested 

pYC56 vector using NEBuilder (New England Biolabs), resulting in the expression 

vectors pBM13 (ATH1), pBM14 (NTH1) and pBM15 (NTH2). Correct insertion of the ORF 

fragments was checked using primers C2950 and A9050, insertion of terminator 

fragments was checked using primers B1222 and A2047. To construct the NTH1 

reintegrant, plasmid pBM16 was constructed by insertion of the NTH1 promoter plus 

ORF and terminator in vector pYC48. The promoter and ORF were amplified from gDNA 

using primers D1549 and D1550, the terminator using primers D90 and D91. The 

products were inserted using NEBuilder (New England Biolabs) into BamHI and KpnI 

restricted pYC48 respectively. Insertion of the fragments was checked by PCR using 

primers B4165 and 9064 for promoter plus ORF and primers 9064 and A2047 for 

insertion of the terminator. The resulting vector was verified by sequencing.  

Construction of C. glabrata strains 

The trehalase deletion strains were constructed in the ATCC2001 his3∆ trp1∆ leu2∆ 

background [91]. The wild type strain was transformed by electroporation with the 

deletion cassette (a nourseothricin cassette flanked by FRT sites and a 100 bp region 

flanking the targeted gene). The deletion cassettes were PCR amplified from the pYC44 

plasmid using primers C6315 and C6316 (ATH1), C6317 and C6318 (NTH1) or C6319 

and C6320 (NTH2). Cells were plated on YPD agar medium supplemented with 200 

µg/mL nourseothricin. Transformants were checked for insertion of the deletion cassette 

by PCR using control primers C3177 and C3178 (ATH1), C3183 and C3184 (NTH1) or 
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C3161 and B3162 (NTH2). Correct strains were subsequently transformed with plasmid 

pLS10 to induce expression of the flippase enzyme (300 µg/ml hygromycin selection). 

Removal of the nourseothricin cassettes of the transformants was checked by PCR using 

primers C3177 and C8497 (ATH1), C3183 and C3835 (NTH1) or C3161 and B2011 

(NTH2). The pLS10 plasmid was lost by growth on non-selective YPD medium and 

checked by replating on YPD supplemented with 300 µg/mL hygromycin. The trehalase 

double and triple mutants were constructed similarly, by transformation of the 

nourseothricin deletion cassettes mentioned above in the single or double deletion 

strains respectively, followed by removal of the selective marker by expression of pLS10. 

Endogenously tagged trehalase strains were constructed by electroporation of the wild 

type strain with EciI digested plasmid pBM13 (ATH1-mCherry), pBM14 (NTH1-mCherry) 

or pBM15 (NTH2-mCherry). The resulting transformants were checked using primers 

C9381 (ATH1), C9385 (NTH1) or C9388 (NTH2) and A9050 (mCherry). The NTH1 

reintegrant strain was constructed by insertion of a cassette consisting of the NTH1 

promoter and ORF, nourseothricin cassette and NTH1 terminator. Therefore, vector 

pBM16 was digested with SacII and EciI and the product was transformed into strain 

BM2 (nth1∆). Correct insertion of the cassette in the genome was checked by PCR using 

primers B3274 and C4415 (upstream) or 9065 and C8895 (downstream), resulting in 

strain CgBM8.   

Growth phenotype 

Growth of the strains was followed in time both in liquid and on solid YNB medium over 

time. Overnight cultures of the different strains were washed three times with sterile milli-

Q water and subsequently diluted to an OD600 of 0.1. For growth assays in liquid medium, 

cells were grown in 50 mL YNB containing either 10 mM of glucose or 10 mM of trehalose 

as the carbon source. The cells were grown at 37°C with continuous shaking at 200 rpm 

for 72 hours during which the OD600 was monitored. For growth assays on solid medium, 

a tenfold dilution series of the cultures was spotted on YNB plates containing 5 mM of 

glucose or 5 mM of trehalose. To investigate the stress response, the cells were spotted 

on YNB plates supplemented with 100 mM glucose, containing either 6 mM H2O2, 1.5 M 

NaCl or 0.4 mg/mL CFW. The plates were incubated at 37°C for 72 hours during which 

growth was assessed. 

Protoplast preparation 

Overnight cultures of the different strains were made in YPD medium. Subsequently, the 

cultures were grown until mid-exponential phase in YPD (100 mM glucose) or YPT (100 

mM trehalose). The cells were collected and washed twice, after which they were 

incubated for 15 to 45 minutes in the protoplasting solution (600 mM KCl, 800 mM 
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Sorbitol, 41.7 mM K2HPO4, 8.3 mM KH2PO4, 4.8 units/mL Zymolase, 9.65 mM β-

mercaptoethanol) until the OD600 dropped. The cells were collected and washed twice 

with cold protoplasting buffer (166.8 mM K2HPO4, 33.2 mM KH2PO4, 800 mM Sorbitol), 

after which trehalase activity was determined as described below. 

Determination of trehalase activity 

Trehalase activity was determined as described in Pernambuco, 1996 [92]. In short, 

crude extracts were incubated with 50 µL of acid trehalose buffer (50 mM trehalose, 200 

mM sodium citrate, 2 mM EDTA, pH 4.5). After 30 minutes of incubation at 30°C, the 

reaction was terminated by boiling for 5 minutes at 90°C. The glucose liberated was 

determined by the glucose oxidase–peroxidase method. Protein levels were determined 

by the Lowry method. Trehalase specific activity is expressed as nmol of glucose 

released per min and mg of protein. 

Determination of extracellular compounds 

Extracellular glucose and trehalose concentrations during growth were analyzed by the 

Shimadzu HPLC system using an Agilent 87H column at 0.7 mL/min and a RID-20A 

detector (Shimadzu). 

Fluorescence microscopy 

We used a FluoView FV1000 confocal microscope (Olympus IX81) and its software for 

localization of Ath1. We visualized mCherry with a 559-nm laser and BA575-675 

emission filter. A 60x UPlanSApo (numerical aperture [NA], 1.35) objective lens was 

used. 

Expression analysis  

Short term analysis in murine cell line macrophages (RAW264.7) 

5 X 106 RAW264.7 cells (murine macrophage cell line) were seeded in 14 mL DMEM + 

10% FBS (PAA laboratories) into 100 mm diameter cell culture petri dishes (TPP, Techno 

Plastic Products) and incubated for two days with a medium exchange after one day. A 

C. glabrata ATCC2001 overnight culture was pelleted, taken up in DMEM + 100 µg/mL 

Ampicillin + 100 µg/mL Kanamycin and cell counts were determined. 108 C. glabrata 

yeast cells were added per petri dish and infected petri dishes were stored immediately 

for 30 min on ice for synchronization of phagocytosis. After 30 min, non-adhered yeast 

were washed away twice with PBS after which 14 mL DMEM + 100 µg/mL Ampicillin + 

100 µg/mL Kanamycin was added and co-incubation at 37°C and 5% CO2 was started. 

Samples were taken after 0 (directly from ice), 10, 30, 60, 180 and 360 min: non-

phagocytosed yeast were washed away twice with PBS and macrophages were lysed 
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with AE buffer + 1% SDS. Centrifugation (2 min 12.000 g) was used for separation of the 

fungal cell pellet from macrophagal DNA and RNA. The fungal cell pellet was frozen in 

liquid nitrogen.  

Long term analysis in human monocyte-derived macrophages (hMDMs) 

Method details are described in Fischer et al. (in preparation). Briefly, hMDM monolayers 

in RPMI + 10% HS were infected in cell culture flasks (Greiner) with C. glabrata 

ATCC2001 at an MOI of 20 and non-phagocytosed yeasts were washed away with PBS 

twice after 3 hours of co-incubation. Caspofungin was added after 6 hours of co-

incubation and further held constant on a level of 5 µg/mL to hinder extramacrophagal 

yeast growth. Medium was in part exchanged daily. Samples were taken after 0,25, 1, 2, 

and 4 days widely similar as above (but with AE + 10% SDS). 

RNA isolation, labelling and microarray analysis  

Fungal RNA was isolated using a modified freeze-thaw protocol [93]. Optionally, β-

mercaptoethanol was used at a final concentration of ≈ 5% in AE buffer for yeast 

resuspension. The QuickAmp Labelling Kit (Agilent) was used to generate Cy5-labeled 

cRNA (Cy5 CTP; GE Healthcare). Cy5-labeled samples were co-hybridized with a Cy3-

labeled reference (RNA isolated from C. glabrata ATCC2001 grown to mid-log phase) 

on 8-by-15K format arrays (Agilent) and scanned either in Agilent´s High Resolution C 

Scanner with Scan Control (Agilent) or in a GenePix 4200AL with GenePix Pro 6.1 (Auto 

PMT, pixel size 5 µm). Microarray data were analysed using GeneSpring 14.8 (Agilent). 

Fungal killing by human macrophages 

Differentiation of human monocytes into human monocyte-derived macrophages 

Preparation of human monocyte-derived macrophages (hMDMs) was done as described 

previously [94]. Briefly, monocytes were selected from buffy coats by magnetic 

automated cell sorting of CD14 positive monocytes, seeded in 175 cm2 cell culture flasks 

(Greiner) and differentiated over a time period of seven days. At day 7, hMDMs were 

detached, and 1.5 x 105 cells/well were seeded for infection in a 24-well plate in RPMI + 

10% FBS (Gibco). The day after, the medium was exchanged to RPMI + 10% human 

serum (HS; from AB male donors; sterile-filtered, Bio&Sell) with an intermediate PBS 

washing step.  

Macrophage infection with C. glabrata 

For the preparation of yeast inocula, overnight cultures of C. glabrata strains were 

pelleted, washed twice with PBS and adjusted to 1.5 x 106 cells/mL. The macrophages 

were infected with 1.5 x 105 C. glabrata cells (multiplicity of infection (MOI) 1:1). Three 
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hours after infection, the non-phagocyted cells were washed away and plated to check 

for phagocytosis efficiency and 1 mL of fresh RPMI + 10% HS was added per well. At 

this same time point, also the lysate was plated for the 3 hour timepoint. At one and four 

days, the supernatant was removed without washing, and the hMDMs lysed and plated. 

From wells intended for four days co-incubation, 0.5 mL of supernatant was removed 

after one day and 1 mL fresh medium was added (total volume 1.5 mL). On each 

following day, 0.5 mL was replaced with fresh medium. All wells were constantly checked 

for appearance of yeast microcolonies by naked eye. Before macrophage lysis and yeast 

plating, each well was systematically checked for extracellular yeasts with an inverse 

microscope, and only wells that met the cut-off criteria were used for plating. CFU counts 

on YPD agar plates were determined manually. 

In vivo mouse model of systemic infection 

The virulence of the different strains was assessed in an in vivo mouse model of systemic 

infection in female BALB/c mice (8 weeks old). The mice were housed in groups of four 

in filter-top cages in a dedicated animal room where temperature, light and humidity were 

regulated. The animals received a standard ad libitum diet and water. At day -3, all mice 

were immunosuppressed with 75 mg/kg dexamethasone (Fagron) through 

intraperitoneal injection. After this, the animals received the same amount of 

immunosuppression on day 0 and from then on, every seven days. On day 0, the mice 

were injected intravenously via the lateral tail vein with 5 x 107 C. glabrata cells in 200 

µL PBS. After this, the infected mice were monitored daily and when they reached 

humane endpoints, they were euthanized by cervical dislocation under anaesthesia. The 

survival assay was terminated at day 18 after infection. 

In vivo mouse model of gastrointestinal colonization 

The gut colonization capacity of the different strains was determined in an in vivo mouse 

model of gastrointestinal colonization in female c57BL6/J mice (8 weeks old). The mice 

were housed in groups of four in filter-top cages in a dedicated animal room where 

temperature, light and humidity were regulated. The animals received a standard ad 

libitum diet and water. At day 0, the mice received 108 C. glabrata cells via oral gavage. 

From this day on, stool samples from each mouse were collected during 21 days at the 

timepoints indicated and plated on CHROMagarTM for CFU counting. The GI colonization 

is expressed as log(CFU/gram of stool). The gastrointestinal colonization model was 

terminated at day 21 after gavage. The animals were sacrificed by cervical dislocation 

under anaesthesia and duodenum, ileum, cecum, proximal colon, distal colon, tongue 

and kidneys were plated for CFU counting on CHROMagarTM. 

Ethical statement  
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Animals were maintained in accordance with the KU Leuven animal care guidelines and 

all animal experiments were approved by the Ethical Committee for Animal 

Experimentation of the KU Leuven (project numbers P061/2019 and P010/2020). 

Human 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). 
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Figures and figure legends 

Fig. 1 

 

Fig. 1: Phylogenetic tree of fungal trehalases. Two main clusters can be 

distinguished: the neutral trehalases and the acid trehalases. The human trehalase 

enzyme was included and is present in the cluster of neutral trehalase enzymes. Protein 

sequences were aligned and the phylogenetic tree was constructed using the 

unweighted pair method with arithmetic mean (UPGMA) and the Kimura Protein as a 

protein distance measure. 
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Fig. 2 

 
 

Fig. 2: Growth of the different trehalase deletion strains. Cells were grown on YNB 

solid (A) and in liquid (B-E) medium containing glucose (A-B) or trehalose (A, C-E) as a 

fermentable carbon source. During growth in YNB trehalose, we also measured the 

trehalose and glucose concentrations in the medium over time (D-E, respectively). The 

experiments were performed at least twice and average results of three independent 

transformants are shown.  
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Fig. 3 

 

Fig. 3: Ath1 is present in the periplasm and is responsible for high trehalase 

activity when cells are grown in presence of trehalose. Imaging of Ath1-mCherry 

cells taken with a Fluoview 1000 confocal microscope (A). Cells were grown in presence 

of trehalose to exponential phase after which protoplasts were made. The upper panel 

of A shows complete cells, the lower panel shows protoplasts of Ath1-mCherry.  The 

trehalase activity was measured in complete cells, protoplasts and cells with no 

treatment after growth on YPD or YPT (B). Average trehalase activity of at least two 

experiments is shown with the standard error of the mean (SEM). Statistical Kruskal-

Wallis test was used with Dunn’s correction for comparing treated and untreated 

conditions for each strain (*, P ≤ 0,05; **, P ≤ 0,01; *** P ≤ 0,001 and ****, P ≤ 0,0001).   

 

Fig. 4 
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Fig. 4: Colonization in the GI tract is not maintained in the triple trehalase deletion 

strain. At day 0, mice are orally infected with 108 C. glabrata cells (gavage). Wild type 

(●), ath1∆ (○), nth1∆ (■), nth2∆ (▲) and ath1∆nth1∆nth2∆ (△) or PBS as a control (□) 

were tested. At the indicated days a stool sample was collected from each mouse and 

plated for CFU counting, during 21 days (A). Upon termination of the experiment, mice 

were sacrificed and different tissues were collected to plate for CFU counting (B). All 

data are expressed in Log10 values. 

 

Fig. 5 

 

Fig. 5: Oxidative stress resistance of different trehalase mutant strains. The 

different strains were grown overnight in SC 100 mM glucose. After 3 washing steps, 

cells were spotted on YNB plus 100 mM glucose agar plates containing 6 mM of H2O2 

and grown at 37°C for 72 hours.  
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Fig. 6  

 

Fig. 6: Candida glabrata trehalase survival inside macrophages. Differentiated 

human macrophages were infected with the indicated C. glabrata strain at multiplicity of 

infection (MOI) 1:1, after which the cells were plated for CFU counting at the indicated 

days (B-D). Additionally, at 3 hours post infection, also the uptake of each strain was 

counted (A). Average survival relative to the wild type strain is shown with SEM of 

minimal three experiments, statistical Kruskal-Wallis test was performed with Dunn’s 

correction (*, P ≤ 0,05; **, P ≤ 0,01; *** P ≤ 0,001 and ****, P ≤ 0,0001), comparing the 

survival of all strains to wild type. 
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Fig. 7 

 

Fig. 7: Mice survival after systemic infection. Mice were immunosuppressed with 75 

mg/kg dexamethasone and received 5 . 107 C. glabrata cells via injection in the lateral 

tail vain. Wild type (●), ath1∆ (○), nth1∆ (■), nth2∆ (▲) and ath1∆nth1∆nth2∆ (△) or PBS 

as a control (□) were tested. The mice were monitored two times per day for 18 days. 

When they reached humane endpoints, they were sacrificed. Statistical analysis by the 

use of a log-rank test was performed comparing the deletion strains to the wild type (*, 

P ≤ 0,05; **, P ≤ 0,01; *** P ≤ 0,001 and ****, P ≤ 0,0001). 

 

Supplement 

Supplemental figures and legends 

Fig.  S1 
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Fig. S1: Overview of the fungal trehalose metabolism. Trehalose is synthesized in 

two steps: Trehalose-6-phosphate (T6P) synthase (Tps1) forms T6P, after which it is 

converted into trehalose by T6P phosphatase (Tps2). Breakdown of trehalose into two 

glucose molecules is mediated by the trehalase enzymes. Apart from being a carbon 

source, trehalose also plays an important role in the stress resistance of fungal cells. 

 

Fig. S2 

 

Fig. S2: Overview of construction of the C. glabrata trehalase deletion mutants. 

The deletion cassette was constructed by PCR amplification of the nourseothricin 

cassette flanked by FRT sites and 100 base pair sequences up- and downstream of the 

targeted gene. After correct insertion in the genome, the nourseothricin cassette was 

removed by introduction of the pLS10 vector which expresses a flippase enzyme. After 

removal of the nourseothricin cassette, the deletion cassette for the other trehalase 

enzymes could be introduced again to construct the double and triple deletion strains. 

 

Fig. S3 

 

Fig. S3: Optimization of the Candida glabrata GI colonization murine model. Mice 
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received either normal water (black ●) or ampicillin (1mg/ml) (grey ●) in their drinking 

water from four days before gavage. At day 0, mice were orally infected with 108 C. 

glabrata cells (gavage). At the indicated days a stool sample was collected of each mice 

and plated for CFU counting, during 21 days (A). Upon termination of the experiment, 

mice were sacrificed using cervical dislocation under anesthesia and different tissues 

were collected to plate for CFU counting (B).   

 

Fig. S4 

 

Fig. S4: Salt stress and cell wall stress resistance of different trehalase mutant 

strains. The different strains were grown overnight in SC 100 mM glucose. After 3 

washing steps, cells were spotted on YNB plus 100 mM glucose agar plates with or 

without 1.5 M NaCl or 0.4 mg/mL CFW and grown at 37°C for 72 hours. 

 

Fig. S5 
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Fig. S5 Candida glabrata trehalase gene expression inside macrophages. Murine 

macrophage-like RAW264.7 cells (A) or human monocyte-derived macrophages (B) 

were infected with C. glabrata wild type cells after which gene expression of the fungal 

cells was determined at different time points. (A, B) Average gene expression of three 

experiments is shown relative to the condition of exponential growth in YPD for each 

strain individually (Fold Change, FC). 

 

Fig. S6 

 

Fig. S6: Optimization of Candida glabrata systemic infection murine model. Mice 

were immunosuppressed with different concentrations of dexamethasone (0 mg/kg; 50 

mg/kg; 75 mg/kg; 100 mg/kg) and received no or 5 . 107 cells of the indicated C. glabrata 

strain via injection in the lateral tail vain. The mice were monitored two times per day for 

18 days. When they reached humane endpoints, they were sacrificed. Statistical analysis 

by the use of a log-rank test was performed comparing the deletion strains to the wild 

type (*, P ≤ 0,05; **, P ≤ 0,01; *** P ≤ 0,001 and ****, P ≤ 0,0001). 

 

Supplementary Data – Alignment of neutral trehalases and human trehalase 

Using Swiss model, residues of the active site or involved in substrate binding were 

searched for all species of the phylogenetic tree (Waterhouse et al., 2018). These 

residues were reported for S. cerevisiae, S. pombe and A. nidulans neutral trehalases. 

For alignment, we also included C. glabrata and the human trehalase enzyme. The 

amino acid sequences were aligned using Clustal O. Residues of the active site are 

highlighted in blue, amino acids conferring substrate binding are highlighted in purple.  
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Supplemental tables 

 

Supplementary Table 1: Strains, plasmids and primers 

  

Supplemental references 

 

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer, 

F.T., de Beer, T.A.P., Rempfer, C., Bordoli, L., et al. (2018). SWISS-MODEL: homology 

modelling of protein structures and complexes. Nucleic Acids Res 46, W296-W303. 

 

Complete  supplemental  material  for  this  article  is included in the enclosed CD ROM 

(folder: Trehalases). Suppl. Tables 1 is an Excel file and was therefore not included in 

the printed version. 
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3 Discussion 

3.1  Jagaricin´s mode of action and application possibilities 

A central aspect of this study was to investigate pathogenic interactions of fungi, with a 

long-term benefit in the clinical setting in mind. In terms of fungal pathogens, it has 

become widely acknowledged within the last years or decades that new antifungal drugs 

are desperately needed. Therefore, screening a broad range of potential producers for 

possible candidates, ideally with new lead structures, and further evaluation of their 

mode of action as well as their application potential is necessary.  

Manuscript I shows that the antifungal action of one of these potential new structures, 

jagaricin is based on membrane disturbance. This involves formation of large unspecific 

lesions or pores within susceptible target species. Such a mode of action makes the 

impact critically dependent on the membrane composition and properties of the target 

species. Conversely, modifications of jagaricin`s structure will most likely allow to change 

the spectrum of membrane types with which it can interact. By these means the species 

specificity can potentially be changed to make it suitable for treatment of humans against 

pathogenic fungi. Manuscript I discusses how jagaricin might exert its species specificity 

and how this can be potentially optimized for human treatment. As an alternative, use of 

jagaricin or certain derivatives in agriculture might also be promising. We furthermore 

propose that Janthinobacteria might be useful as biocontrol species, especially if they 

harbour jagaricin-related biosynthetic clusters. Interestingly, in addition to 

Janthinobacterium agaricidamnosum, a second Janthinobacteria species was recently 

identified which harbours a jagaricin-related cluster (Clark et al. 2019). This might fuel 

further research into jagaricin and related compounds and their application possibilities. 

3.2  Implications on further studies of secondary metabolism of (fungal) 

interactions 

The mode of action of jagaricin does not seem to be atypical for virulence factors of 

mushroom-infecting bacteria, since other bacterial virulence factors from such 

interactions (WLIP, tolaasin) also exhibit membrane activity (Cho and Kim 2003; Coraiola 

et al. 2006). Although the number of examples is quite low, this could be a common 

theme: membrane lysis is likely to be a successful strategy for a bacterium to convert 

the comparatively soft fungal tissue of e.g. a champignon cap into a nutritious medium 

for the bacterium. However, while it is believed that typical fungal species used for 

mushroom cultivation have only little means of defence at their disposal against infecting 

bacteria or other pathogens (Soler-Rivas et al. 1999; Savoie and Largeteau 2004; 

Largeteau and Savoie 2010; Berendsen et al. 2013) – which points to a different strategy 
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to circumvent or deal with mushroom fruiting body infections of these fungi in nature – 

other fungal species are well known to produce a plethora of molecules to defend their 

mycelia (Fleming 1929; Netzker et al. 2018) as well as their fruiting bodies (Lübken et al. 

2004; De Silva et al. 2013; Sandargo et al. 2019) against attacking bacteria. Importantly, 

secondary metabolite clusters which mostly produce these compounds are often silent 

under standard laboratory conditions, while they might become activated in confrontation 

with an interaction partner (Netzker et al. 2018). In addition, most mushroom fruiting 

body-forming basidio- and ascomycota (especially mycorrhizal fungi) are hard to 

cultivate (Sandargo et al. 2019), which may have limited the identification of secondary 

metabolites from these species or restricted to those which are (constitutively) produced 

in sufficient amounts for detection during fruiting body formation. Therefore, we propose 

that further studies of pathogenic bacteria-mushroom interactions, e.g. based on MALDI-

Imaging similar to the original identification of jagaricin (Graupner et al. 2012), might be 

a promising avenue despite the technical challenges, since frequently both interaction 

partners are capable of producing putatively interesting compounds.  

3.3  Establishment of the first long-term yeast-macrophage interaction 

model 

Apart from studies on direct treatment options by novel antifungals, studying the 

interaction of human fungal pathogens with the host can improve our understanding of 

the infection process, which in turn can be used to fine-tune treatment strategies. In 

manuscript III, we focused on the interaction of the human fungal pathogen C. glabrata 

with macrophages, the immune cells which are believed to play a central role in the 

interplay of C. glabrata and its host (Brieland et al. 2001; Kaur, Ma, and Cormack 2007; 

Jacobsen et al. 2010; Seider et al. 2011; Cheng et al. 2014; Duggan et al. 2015). 

Importantly, C. glabrata is known to be able to persist for weeks in immunocompetent 

and immunocompromised mice (Brieland et al. 2001; Jacobsen et al. 2010; Cheng et al. 

2014), while current macrophage-C. glabrata interaction models are only able to follow 

this interaction for a maximum of roughly two to three days. The endpoint of these models 

is dictated by yeast overgrowth due to intracellular and later, after macrophage lysis, 

extracellular yeast replication. We propose that the outcome of these “classical models” 

reflects the real in vivo interaction only in part. We expect that yeast-macrophage 

interactions rather lead to very different outcomes, ranging from yeast killing via yeast 

persistence to low or even robust intracellular yeast replication. Classical models reflect 

the initial interaction – yeast engulfment, phagosome maturation, the oxidative burst and 

killing of a part of the infecting C. glabrata population – and the very late events of 

intracellular yeast replication followed by bursting of the macrophages. However, they 
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cannot simulate the intermediate and important process of intracellular yeast 

persistence. The rate of these events in an infection situation likely strongly varies in 

dependence of the host’s immune status and the properties of the infecting C. glabrata 

strain(s), as well as any antifungal treatment.  

Importantly, a successful therapy relies on the complete eradication of fungal persister 

cells by the host (Lewis 2010; Bojsen, Regenberg, and Folkesson 2017). In manuscript 

III we have shown that neither treatment with the fungicidal drug amphotericin B nor with 

caspofungin (which is fungicidal only against growing yeast cells, otherwise fungistatic 

(Bojsen, Regenberg, and Folkesson 2014)) is sufficient to completely eradicate 

C. glabrata which exist within macrophages. This strongly suggests that in a clinical 

situation macrophages may provide a niche to persist during antimycotic treatment. 

Therefore, our C. glabrata-macrophage persistence model enables us – for the first time 

– to mimic this possibly clinically relevant part of the C. glabrata-host interaction. In light 

of the general finding that murine models are not always suited for the investigation of 

(intracellular) pathogens (Ellner 1990; Haas 1998; McMurray 2001; Nauseef 2001; 

Kusner 2005; Coers, Starnbach, and Howard 2009) and systemic murine C. glabrata 

infection models can explain C. glabrata virulence only in part (Brieland et al. 2001; 

Jacobsen et al. 2010; Cheng et al. 2014), the model becomes even more relevant. 

Scientific advances rely on the ability of the model to mirror the situation under 

investigation truthfully. Hence, our model closes a previous investigation gap and should 

allow us to better understand the dynamics of yeast-host interaction, hopefully enabling 

improved clinical treatment in future. 

3.4  C. glabrata relies on induction of quiescence for long-term 

intramacrophagal survival  

In manuscript III and manuscript IV this new model was put to a test, and we were able 

to obtain new insight into the long-term interaction of macrophage-internalized 

C. glabrata. In manuscript III, we have shown that macrophages are, in general, able to 

efficiently restrict growth of phagocytosed C. glabrata yeasts even during prolonged 

incubation. This was e.g. indicated by stable and even declining CFU levels, a 

transcriptional downregulation of the gene expression machinery and a low recovery for 

deletion mutants of genes which encode factors important for entry into and maintenance 

of quiescent cell states. In support of this, deletion mutants of some of these factors were 

already lost within one day in macrophages (e.g. cAMP-PKA pathway, Ssd1, Pfk1), while 

others  were depleted mainly during later time points (Snf1 kinase pathway, cell wall 

integrity pathway) ((Broach 1991; Thompson-Jaeger et al. 1991; Herman 2002; Gray et 

al. 2004; Laporte et al. 2011; De Virgilio 2012; Miles et al. 2019) and manuscript III). This 

means that the macrophages phagosome of our model remains a stressful environment 



Discussion 

 

160 

 

for C. glabrata. Many obligate or facultative intracellular pathogens which use 

macrophages as a niche seem to modify the phagosome extensively (e.g. 

Mycobacterium tuberculosis, Histoplasma capsulatum; (Garfoot and Rappleye 2016; 

BoseDasgupta and Pieters 2018; Huang, Nazarova, and Russell 2019) or escape into 

the cytosol (e.g. Francisella tularensis, Listeria monocytogenes; (Ramond et al. 2012; 

Ireton, Rigano, and Dowd 2014)). C. glabrata is able to modify phagolysosome 

maturation and acidification (Seider et al. 2011) which seems to enable the survival of 

an appreciable part of the phagocytosed population. The adaptation strategy of 

C. glabrata towards macrophages involving slow-down of the cell cycle and/or induction 

of quiescence therefore likely benefits its pathobiology. It would be interesting to see 

whether induction of quiescence prior to macrophage infection would be beneficial for 

C. glabrata intracellular survival or whether instead the initial macrophage oxidative burst 

requires counteractivity by C. glabrata. In addition, yeasts are known to modify their cell 

wall before entering quiescence (Lesage and Bussey 2006), potentially changing 

immune recognition (Sherrington et al. 2017). The outcome might therefore depend also 

on the conditions used for quiescence induction. 

3.5  Implications of an intracellular quiescent yeast state for treatment of 

C. glabrata infections 

Maintenance of stressful conditions within its persistence niche might even be a part of 

the explanation why C. glabrata infections are often hard to treat and C. glabrata 

frequently acquires resistance towards azoles and echinocandins (Pfaller 2012; 

Alexander et al. 2013; Perlin, Rautemaa-Richardson, and Alastruey-Izquierdo 2017). 

Stressful conditions are known to induce cross resistance towards a second stressor 

(Estruch 2000; Berry and Gasch 2008; Semchyshyn et al. 2011; Guan et al. 2012; 

Semchyshyn 2014), like antifungals. In addition, the slow growth and quiescence can 

trigger tolerance mechanisms in C. glabrata, making azole treatment ineffective to 

eradicate such a population. Notably, this hypothesis seems to contradict previous 

studies showing that azole treatment is able to (transiently) reduce C. glabrata CFUs in 

macrophage models (Baltch et al. 2005; Bopp et al. 2006; Baltch et al. 2008). However, 

these studies seem to have used mainly the fast intracellular replication model of 

C. glabrata, which lacks the growth-restricted phase we suggest to be important. We 

refrained from testing the effect of azole treatment since reliable data on azole resistance 

is difficult to obtain in our C. glabrata-hMDM persistence model, as the medium contains 

cholesterol, which C. glabrata is known to use as a substitute for the azole target, 

ergosterol (Nakayama et al. 2007).  

Apart from tolerance, induction of quiescence (e.g. in stationary phase yeasts or a biofilm 



Discussion 

161 

grown to full density) can enable a small part of a fungal population (typically less than 1 

%) to survive high doses of fungicidal antimycotics like amphotericin B (Bojsen, 

Regenberg, and Folkesson 2014; Bojsen et al. 2016; Wuyts, Van Dijck, and Holtappels 

2018). Amphotericin B persistence within biofilms has been ascribed to decreased 

plasma membrane ergosterol levels (Mukherjee et al. 2003; Khot et al. 2006), 

sequestration of polyene molecules by the extracellular matrix (Nett et al. 2007; Nett et 

al. 2010; Martins et al. 2012), and a subpopulation of persister cells (LaFleur, Kumamoto, 

and Lewis 2006). In addition, the persister phenotype is thought to explain persistence 

of planktonic cells grown to the stationary phase (Bojsen, Regenberg, and Folkesson 

2014; Bojsen et al. 2016), but some confusion exists in the literature whether the cell 

phenotype described in these studies should be regarded as “true” persister phenotype 

since Bojsen and colleagues used lower-than-usual amphotericin B concentrations in 

their studies (Wuyts, Van Dijck, and Holtappels 2018). In general, the ability of persister 

cells to survive amphotericin B treatment is thought to rely on cellular quiescence and 

alterations of the plasma membrane composition, especially on decreased ergosterol 

levels (Khot et al. 2006; LaFleur, Kumamoto, and Lewis 2006; Bojsen et al. 2016). The 

rate of persister cell formation under quiescence-inducing conditions is positively 

correlated with previous inhibition of protein biosynthesis (rapamycin treatment) or with 

deletion of TORC1 pathway components which regulates protein biosynthesis (Bojsen 

et al. 2016). Therefore, downregulation of protein biosynthesis seems to be one pre-

requisite for persister cell formation. The transcriptomic analysis in manuscript III 

indicates that this criterion is probably fulfilled for intramacrophagal C. glabrata yeast in 

our hMDM model. This correlated with the finding that amphotericin B treatment was not 

able to fully eradicate C. glabrata from hMDMs despite continuous treatment over seven 

days. It was however not possible for us to increase the antimycotic concentration 

further, due to cytotoxicity of amphotericin B desoxycholate (manuscript III). Future 

studies could investigate C. glabrata persistence in hMDMs under treatment with less 

cytotoxic lipid-based amphotericin B formulations, especially those which are 

preferentially taken up by the mononuclear phagocyte system in the human host (like 

e.g. amphotericin B Lipid Complex (Hamill 2013)). The finding that caspofungin was 

unable to fully eradicate intramacrophagal C. glabrata is likely to hold true for higher drug 

concentrations, and the importance of this result for clinical treatment strategies warrants 

further evaluation. 

Importantly, continued antimycotic treatment has been shown to lead to accumulation of 

high-persister (hip) C. albicans strains in cancer patients with long-term oral Candida 

carriage (Lafleur, Qi, and Lewis 2010). Since amphotericin B-resistant isolates are 

normally rather rare (Pfaller 2012; Perlin, Rautemaa-Richardson, and Alastruey-
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Izquierdo 2017), repopulation by persister cells provides a plausible hypothesis for 

recurrence of the infection under amphotericin B treatment (Lafleur, Qi, and Lewis 2010; 

Lewis 2010). In manuscript II we reviewed the current knowledge of evolutionary 

trajectories of fungal pathogens in the host and in evolution experiments performed in 

infection models. Importantly, these evolutionary landscapes depend on the fungal 

pathogen and their typical mode of infection. The ability of the pathogen to persist during 

an initial antimycotic treatment within a niche will determine its ability to cause a recurrent 

infection. This might be a part of the explanation for why C. glabrata, despite its less 

pronounced virulence capacities compared to C. albicans, is harder to treat: it likely 

enters quiescent states within the host at a higher frequency. In comparison, the situation 

is fundamentally different for other fungal pathogens like C. neoformans: this fungus 

often causes a primary infection in childhood which is often not treated with antifungals 

and is then either cleared by the immune system or enters into dormancy within 

granulomas encapsulated by the immune system (Coelho, Bocca, and Casadevall 2014) 

– and a quiescent state is known from in vivo models which could represent this dormant 

state (Alanio et al. 2015). Reactivation from dormancy might then happen if the host gets 

immunocompromised. Therefore, the adaptations of C. neoformans differ strongly from 

e.g. C. albicans, since its infecting population has a different, host-driven evolutionary 

history. Finally, the evolutionary landscapes are also determined by the host, especially 

for opportunistic pathogens: specifically the immune status determines the niches 

available (or not) for the fungus to develop persistence. 

Identification of potential pathogen-specific niches and the potential obstacles that the 

infecting pathogen has to face - especially under antimycotic treatment - are therefore 

fundamental to understand fungal disease and to find new approaches for specific 

counteraction. It may be worthwhile therefore to repeat previous in vitro studies of 

persistence-defective mutants (e.g. (Bojsen et al. 2016)) with our C. glabrata-hMDM 

model and systemic animal infection models. These studies should ideally involve an 

evolutionary process within this persistence niche (e.g. by including repeated cycles of 

infection; (Forche et al. 2009; Lüttich et al. 2013)). This should allow us on the one hand 

to identify factors needed for persistence under clinically relevant conditions and on the 

other hand to find factors which drive evolution towards higher persistence. 

 

3.6  Excursion: Expected fungal adaption paths by treatment with 

jagaricin-related antifungals 

Which kind of fungal evolutionary “adaptation path” would we expect for a jagaricin-
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related compound? Since jagaricin acts fungicidal and targets the plasma membrane as 

we have shown in manuscript I, the most likely way to acquire resistance would be to 

alter membrane composition and/or properties. Cell membrane properties are typically 

well adjusted to the needs of the species, accordingly changing them will likely result in 

severe fitness defects within the natural environment of this species. Appropriately our 

jagaricin susceptibility mutant screen in manuscript I found stable growth in presence of 

jagaricin only with inositol polyphosphate phosphatase deletion mutants of C. albicans 

(Δinp51) and C. glabrata (Δinp53). Deletion of C. albicans INP51 is known to lead to cell 

wall defects and attenuated virulence (Badrane et al. 2008). Notably, we infrequently 

observed a late-onset growth by otherwise susceptible fungal strains at toxic jagaricin 

concentrations (see method section in manuscript I). If one assumes that this late onset 

growth results from (partial) jagaricin natural inactivation over time, this suggests the 

existence of jagaricin-tolerating persister cells which are able to outlast jagaricin 

treatment, similar to the situation with amphotericin B. However, this would need to be 

proven directly by testing the killing activity of jagaricin against quiescent yeast cells. If 

our hypothesis is right, we would expect that the fungal adaption path for jagaricin-related 

compounds would follow the principles for polyenes: while development of resistance is 

unlikely due to accompanied severe fitness drawbacks in the host, formation of persister 

cells is a more probable scenario.  

3.7  C. glabrata´s intracellular quiescent state in human macrophages  

Based on the hypothesis that persister cells which survive (fungicidal) antimycotic 

treatment are quiescent, we would expect that most of the genes which were identified 

in manuscript III as crucial for intracellular persistence in macrophages should be equally 

important if we add antimycotics to the C. glabrata-hMDM persistence model. This 

hypothesis is mainly based on the finding that a fair proportion of these genes is known 

to be involved in entry and maintenance of quiescence, at least in related species like 

S. cerevisiae. In the following, some interesting aspects of C. glabrata (quiescent) states 

within macrophages will be discussed that were identified by the work described in 

manuscript III and manuscript IV.  

3.7.1  What might be the benefits of a C. glabrata transcriptional mating 

response in macrophages? 

Apart from inferences by a clade analysis, no evidence exists for a C. glabrata mating 

cycle (Carreté et al. 2018). Therefore, maybe the most curious finding in manuscript III 

was that phagocytosed C. glabrata yeasts show all transcriptional hallmarks of a mating 

response. In general, this hints towards a link of C. glabrata´s decision to mate to non-

beneficial, maybe quiescence-inducing conditions as found in the phagosome. A 
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connection of mating to non-beneficial conditions has been described in some other 

yeast species (Bernstein and Johns 1989; Mochizuki and Yamamoto 1992; Miyata et al. 

1997; Davey 1998; Dumitru et al. 2007; Huang et al. 2009; Alby and Bennett 2009; 

Booth, Tuch, and Johnson 2010; Barsoum, Rajaei, and Åström 2011), and the reason 

for this link could be a mainly haploid lifestyle which requires mating prior to sporulation 

to form stress-resistant, long-lasting spores (Booth, Tuch, and Johnson 2010; Barsoum, 

Rajaei, and Åström 2011). It remains unclear whether initiation of the mating program 

can be beneficial for C. glabrata in interaction with macrophages, and whether it is a 

specific macrophage-induced response.  

However, there are possible implications for clinical treatment strategies. It is unlikely 

that mating within macrophages provides any significant advantage through 

recombination, since individual phagosomes normally contain only a clonal yeast 

population from the same phagocytosed progenitor. However, a mating type switch and 

the induction of the mating signalling cascades and transcriptional regulons, will enhance 

the diversity of C. glabrata’s cellular stages, and thereby will diversify the C. glabrata 

population in the host. This could have effects on e.g. the time point of yeast outbreak 

from macrophages, potentially delaying it. A reduced rate of escaping yeast might help 

to keep the immune reaction low and tip it into a tolerance state, aiding pathogen 

persistence in the host. Furthermore, diversification of clonal populations into 

subpopulations with different properties is a well-known strategy of yeasts to enhance 

the chance of survival under suddenly changing conditions (Thattai and van 

Oudenaarden 2004; Acar, Mettetal, and van Oudenaarden 2008; Lohse and Johnson 

2009; Gaál, Pitchford, and Wood 2010; Holland et al. 2014). In a clinical situation, this 

could be e.g. an enhanced pro-inflammatory response within the host or antimycotic 

treatment. Finally, although quite speculative, we cannot definitely exclude that 

C. glabrata yeasts pass through a whole mating and sporulation cycle in infected 

patients. Although we have no direct evidence from our hMDM persistence model so far 

(e.g. detection of spores), it could well be that an essential trigger present in vivo is simply 

missing within our model. The resulting spores might play a role e.g. as long-lasting 

survivors in latent infections. Importantly, if mating happens mainly within clonal 

populations, these mating events would evade detection by genetic clade analyses. The 

seemingly out-of-place mating response of C. glabrata may therefore have clinical 

relevance, which warrants further research into this unexpected finding. 

3.7.2  The nutritional situation within C. glabrata containing phagosomes 

C. glabrata yeasts likely exist in two growth modes – „strict quiescence“ and “cycling 

between growth and storage build-up” – in macrophages. While further studies are 
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needed to better define the proportions of these states (e.g. non-transferable FITC 

labelling to visualize mother and daughter cells (Seider et al. 2011)), the main factor for 

yeast mode determination is likely the intracellular nutrient availability in the phagosome. 

The data in manuscript III did not reveal any limitation of specific nutrients apart from the 

non-availability of preferred carbon sources. However, C. glabrata cfus in the hMDM 

persistence model were either stable or constantly declining in the intracellular 

persistence stage. Since non-dividing yeasts do not require high amounts of nutrients, 

the general growth reduction may mask any specific limitation in the transcriptomes. 

Since nutrient restriction is generally thought to play a role in phagosomes, a 

prestarvation of yeast, as previously done for biotin (Sprenger et al. 2020), could deplete 

any storage and thereby uncover specific nutrient limitations. Additionally, modifying the 

persistence model in a way that it allows resumption of intracellular growth (after an initial 

stage of yeast quiescence) could allow the identification of nutrient requirements which 

are critical for the growth phase.  

3.7.3  The role of energy storage for intracellular persistence in macrophages 

Next to glycogen, trehalose is a central storage molecule for non-growing yeast states. 

When nutrients become limited, yeast cells arrest the cell cycle and stop cell division 

after a limited number of further divisions (Lillie and Pringle 1980; Herman 2002; Gray et 

al. 2004; Argüello-Miranda et al. 2018; Sagot and Laporte 2019). In this phase, they use 

the remaining nutrients to build up their energy storages, i.e. in the form of trehalose 

(Lillie and Pringle 1980; Gray et al. 2004; Eleutherio et al. 2015; Sagot and Laporte 

2019). These storages are then slowly used during quiescence to maintain cellular 

viability (Lillie and Pringle 1980; Gray et al. 2004; Samokhvalov, Ignatov, and 

Kondrashova 2004; Sagot and Laporte 2019). When nutrients become available again, 

trehalose storages are rapidly mobilized to support yeast regrowth (Shi et al. 2010; 

Kyryakov et al. 2012; Laporte et al. 2017). However, this situation differs if nutrient supply 

is limited, but constant like e.g. in a chemostat adjusted to unfavourable conditions. Here, 

energy storages can be constantly build up until they exceed a critical point which allows 

re-entry into a limited number of cell divisions. When the storages are used up, this start-

stop cycle starts over again (Küenzi and Fiechter 1972; Porro et al. 1988; Silljé et al. 

1997; Beuse et al. 1998; Paalman et al. 2003; Tu et al. 2005; Robertson et al. 2008). 

Similar to the exit from quiescence, trehalose storages are rapidly mobilized at the G1/S 

transition to support yeast regrowth which includes support of anabolic processes (Ewald 

et al. 2016; Zhao et al. 2016). Both scenarios are able to explain the persistence defect 

of trehalase mutants in the hMDM persistence model (manuscript IV), depending on the 

growth mode of intramacrophagal C. glabrata yeast. Importantly, it could also provide an 

explanation why we found a macrophage persistence defect for deletion strains (Δath1, 
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Δnth1, Δnth2) of all three individual trehalases, as their activity might be required for 

different cell cycle- or growth mode-specific tasks. This assumption is supported by the 

finding that all trehalases were continuously transcriptionally upregulated in the hMDM 

persistence model (Suppl. Table 7, manuscript III). In addition, the acid trehalase CgAth1 

has been shown to act on extracellular and probably vacuolar trehalose ((Zilli et al. 2015) 

and manuscript IV), while one or both of the putative neutral trehalases CgNth1 and 

CgNth2 likely act on cytoplasmic trehalose storages: in S. cerevisiae, only ScNth1 has 

been found to exert neutral trehalose activity, while ScNth2 has only been shown to be 

required for thermotolerance, but does not influence intracellular trehalose levels (van 

der Plaat 1974; van Solingen and van der Plaat 1975; Kopp, Muller, and Holzer 1993; 

Nwaka, Kopp, and Holzer 1995). While the origin of cytosolic trehalose is provided by 

the fungal trehalose biosynthetic enzymes Tps1 and Tps2 (Bell et al. 1992; De Virgilio et 

al. 1993), the origin of the extracellular / vacuolar trehalose on which CgAth1 acts on is 

less clear: humans do not synthesize trehalose (Elbein 1974; Elbein et al. 2003; Edavana 

et al. 2004), which leaves a fungal origin as the last explanation in the hMDM persistence 

model. In S. cerevisiae, fungal trehalose has been shown to be transported outside into 

the periplasmic space in response to stress (da Costa Morato Nery et al. 2008; 

Magalhães et al. 2018), which might provide a plausible hypothesis for the situation of 

C. glabrata in the phagosome. Future investigations with these and further independent 

mutant strains may shed more light on the specific roles of the C. glabrata trehalases in 

the phagosome (manuscript IV). 

Apart from being a storage molecule, trehalose is a well-known stress protectant: It can 

stabilize proteins and membranes and thereby mediates resistance e.g. against heat, 

oxidative, and antifungal drug stress (Lillie and Pringle 1980; Eleutherio, Araujo, and 

Panek 1993; Elliott, Haltiwanger, and Futcher 1996; Alvarez-Peral et al. 2002; González-

Párraga et al. 2011; Tournu, Fiori, and Van Dijck 2013; Argüelles 2014; Eleutherio et al. 

2015). Presence on both sides of the membrane is needed for full stress resistance e.g. 

against thermal or oxidative stress (Crowe, Crowe, and Chapman 1984; Mansure et al. 

1994; da Costa Morato Nery et al. 2008; Eleutherio et al. 2015; Magalhães et al. 2018). 

However, its degradation after stress relief is also needed to release proteins from their 

stabilized form. Otherwise, damaged proteins cannot be eliminated, which eventually 

can lead to cell death (Singer and Lindquist 1998; Wera et al. 1999). In accordance with 

this, CgNth1 was found to be necessary for oxidative stress resistance in manuscript IV. 

Localization of the trehalose which needs to be degraded by specific localized trehalase 

enzymes therefore might also explain the requirement for all three trehalases for 

intramacrophagal persistence. In summary, a functional trehalose metabolism – 
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biosynthesis and degradation – seems to be important for yeast quiescence and 

C. glabrata persistence in macrophages. Its potential role in C. glabrata latent infections 

therefore warrants further assessment.  

3.7.4  The role of phosphate metabolism for intracellular persistence in 

macrophages 

One particular interesting finding of manuscript III worth of further investigations was that 

C. glabrata ∆pho4 shows a persistence defect after seven days in the C. glabrata-hMDM 

mutant screen, while it was inconspicuous at the day one (Suppl. Table 3 in manuscript 

III). In contrast to S. cerevisiae, Pho4 in C. glabrata and other fungal pathogens like 

C. albicans and C. neoformans is not restricted to regulation of phosphate metabolism, 

but adopts further roles, mainly in stress adaptation via polyphosphate (Kerwin and 

Wykoff 2009; Ikeh et al. 2016; He, Zhou, and O'Shea 2017; Ikeh, Ahmed, and Quinn 

2017; Lev et al. 2017; Lev and Djordjevic 2018). However, deletion of one of Pho4’s 

central targets, the high-affinity phosphate transporter Pho84, led to no effect within this 

screen (Suppl. Table 3 in manuscript III) despite pronounced transcriptional induction of 

this gene and other phosphate uptake-related genes like GIT1 (Suppl. Table 7 in 

manuscript III) indicating an attempt of C. glabrata to increase phosphate uptake within 

the phagosome. In a broader view, phosphate metabolism and its regulation have been 

linked to virulence of C. neoformans and C. albicans (Ikeh et al. 2016; Lev et al. 2017). 

Phosphate acquisition is specifically critical within the alkaline environment of blood and 

therefore for dissemination: C. neoformans quickly mobilizes its polyphosphate storages 

in blood, as most of its phosphate transporters rely on H+/Pi symport, which doesn´t work 

in the alkaline environment. Further, it depends on Pho4 activity to express the Na+/Pi 

symporter Pho89 (Martinez and Persson 1998; Toh-e et al. 2015; Lev et al. 2017). 

Interestingly, C. glabrata does not possess a Pho89 transporter orthologue (Kerwin and 

Wykoff 2009), which raises the question how (or if) C. glabrata is able to take up 

phosphate under alkaline conditions like in human blood. 

Numerous functions have been assigned to polyphosphate in diverse organisms, among 

them an essential role in quiescence of bacteria (Rao and Kornberg 1996; Rao, Gómez-

García, and Kornberg 2009; Albi and Serrano 2016; Ikeh et al. 2016; Jiménez et al. 2017; 

Racki et al. 2017). In diverse yeast species, polyphosphate has been linked to oxidative 

and cationic stress tolerance (Reddi et al. 2009; Hothorn et al. 2009; Gray and Jakob 

2015; Ikeh et al. 2016; Trilisenko et al. 2019) as well as cell cycle progression and 

genome stability: polyphosphate is used as source of phosphate supply during DNA 

synthesis, which helps to maintain constant free phosphate levels during this phosphate-

consuming process and thereby to reduce mistakes of the replication machinery (Bru et 
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al. 2016). Further studies should therefore investigate the role of phosphate metabolism 

in general - and, more specific, polyphosphate - in yeast quiescence and C. glabrata´s 

pathobiology.  

3.8  The macrophage´s perspective 

Manuscripts III and IV focused mainly on the yeast side. This is due to the nature of our 

models: while the C. glabrata-hMDM persistence model should reflect the yeast side of 

the interaction quite well (as discussed above), many interaction partners which 

determine the behaviour of the macrophage in the host are missing within our model – 

basically the “non-macrophage” rest of the host. Nevertheless, the model could be 

refined and employed to investigate some general principles of macrophage biology: Do 

macrophages show different behaviour in the long term in dependence on whether they 

still contain intracellular persisting yeasts or succeeded to kill off all of them? If yes, how 

stable is this “yeast-specific fighting state” or can it be overwritten by exogenous signals, 

e.g. by changes in the cytokine environment? How important is the cytokine environment 

for the macrophages ability to keep up pressure on yeasts within the phagosome, as 

observed within our model? Which exogenous signals might trigger the switch between 

intracellular yeast persistence and intracellular replication? These questions can 

potentially be answered in the future with a refined C. glabrata-hMDM persistence model 

or variations thereof. 

3.9  Conclusion and outlook 

This work investigated effects of antifungals and long-term macrophage exposure on 

Candida species, their mode of action and the fungal response. On one side, the 

antifungal mode of action of jagaricin was elucidated, a substance which was identified 

as a virulence factor of mushroom-infecting bacteria, and possible applications were 

investigated. On the other side, – to our best knowledge – the first persistence model for 

a human pathogenic fungus in primary human macrophages was established, which 

allows the study of interactions with high relevance for infections. First insights include 

the observations that antimycotic treatment is not necessarily sufficient to eradicate 

intracellular C. glabrata from macrophages. Such an observation was only possible due 

to this new model, which supports its relevance for the study of host persistence niches. 

Genes which are needed to support entry into, maintenance of, and exit from yeast cell 

quiescence were found to be depleted in a mutant screening approach, complemented 

by an exhaustive transcriptome analysis. Together, these data showed that the 

conditions within the phagosome remain stressful for C. glabrata over the whole week-

long time course. As such, the new model provided important indications why clinical 

treatment of C. glabrata can so often be difficult and what factors determine the 
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evolutionary path of fungal pathogens in a clinical situation.  

In summary, this work used two complementary approaches to obtain knowledge about 

the fungal interactome which can be leveraged for future treatment: the study of 

molecular effectors with the potential for drug development and the study of the disease-

causing mechanisms of fungal pathogens. Together, these findings will hopefully help to 

improve the currently often lacking antifungal treatment strategies. 
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Appendix: Additional experimental procedures 

I 

5 Appendix 

5.1 Additional experimental procedures 

5.1.1  Variations of the C. glabrata-hMDM persistence model for different 

purposes 

The variations of the C. glabrata-hMDM persistence model are already briefly described 

in manuscript III. The following protocols exemplary provide detailed handling and 

organization advices which might be critical for the practical performance. 

 

Variations:  

Method A: Mutant pool tests 

Method B: Single mutant tests (optional antimycotic administration) 

Method C: Cytokine measurements 

Method D: Transcriptome analysis 

Method E: Life cell imaging  

 

5.1.1.1 Materials 

All or several assays 

1. RPMI + 10% human serum (HS): as a compromise of standardization purposes, 

assay reproducibility, macrophage performance and minimalization of immune 

cross-reactions, commercially available sterile-filtered human serum charges 

from AB male blood donors (Bio&Sell) were used. Note that assay performance 

might differ in dependence of the serum charge used and therefore needs to be 

evaluated for each new serum charge. Medium was prepared directly prior use 

to avoid variations due to serum protein breakdown. 

2. Differentiated and at least for 20 hours in the final format adhered hMDM 

macrophages seeded in RPMI + 10% FBS + 50 ng/ml M-CSF medium in  

a. Methods A, B, C: 24 well plates for cell culture (TPP, Cat. No. 92424;1.5 

× 105 hMDMs/well; 1 mL medium/well)  

b. Method D: 75 cm2 cell culture flasks (4.2 × 106 hMDMs/flask; 21 mL 

medium/flask) or 175 cm2 cell culture flasks (9.8 × 106 hMDMs/flask; 49 

mL medium/flask); e.g. cell culture flasks from Greiner Bio-one (TC-

treated, Growth area: 75 cm2, total volume: 250 ml, sterile; Cat. No. 658 

175) or Sarstedt AG&Co. KG  (TC Flask T75, Stand., Vent. Cap; Cat. 

No. 83.3911.002) 

c. Method E: 8 well µ-slides (ibidi; 0.8 × 105 hMDMs/well; 395 µL 

medium/well)   
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3. Autoclaved YPD, PBS, dH2O and [methods A, B, D] 0.5% Triton-X-100; 0.05% 

Triton-X-100 for method B with antimycotic administration  

4. Yeast strains streaked on YPD agar either individually in petri dishes (methods 

B-E) or position-coded in 96 well plate format (method A; use optionally YPD + 

200 µg/mL Nurseothricin). Storage of grown cultures at 4°C, not much longer 

than two weeks (especially in 96 well plate format). 

5. Eppendorf tubes or falcons prefilled with corresponding dilution medium for 

adjustment of yeast concentrations for infection and (methods A, B) for cfu 

plating 

6. Eppendorf tube and falcon centrifuges 

7. Methods A, B: pre-labelled YPD agar petri dishes (method A: mutant pool, 

biological and technical replicate, yeast cell concentration / dilution, time point; 

method B: yeast strain and/or treatment condition, biological and technical 

replicate, time point) filled with ~4 sterile glass beads for cfu plating 

8. Inverted microscope for manual screening for extracellular yeast microcolonies 

and tracing of macrophage appearance 

9. Biological safety cabinet (working at flame is not appropriate for cell culture 

work and large-scale experiments; and it might be not allowed by authorities 

when handling potentially harmful microorganisms)  

10. Incubators for cell culture (37°C, 5% CO2) and yeast culture (30-37°C, without 

and with shaking up to 180 rpm) 

Method A 

1. Colour-  (for pools) + position-labelled (= position in pool) 2 mL Eppendorf tubes 

filled with 0.5 mL YPD and placed in the appropriate position in a 96 format 

Eppendorf tube holder for all mutant pools included in the respective test. Note: 

Continuously encoding mutants by position and pools by colour simplifies 

handling.  

2. Single-use cuvettes filled with 990 µL PBS (one for each included mutant) for 

measurement of optical density (position-coded placement in pool-colour-coded 

cuvette boxes) 

3. Spectral photometer 

4. Pre-programmed table (e.g. in Excel 2010) for calculation of pool input volume 

for each mutant based on optical density measurement  

Method B 

1. In case of antimycotic administration: appropriate aliquoted and stored 

antimycotic (and respective control) stock solutions  
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Method C 

1. Pre-labelled Eppendorf tubes and/or PCR stripes (yeast strain and/or condition, 

biological replicate, time point) for collection, centrifugation and aliquoting of 

assay supernatants 

2. LPS stock solution (here: prepared and gifted by Mark Gresnigt) 

Method D 

1. Aliquoted caspofungin stock solutions (e.g. 5 mg/mL, diluted in PBS; store at -

20°C) 

2. Precooled PBS for hMDM layer washing prior to macrophage lysis 

3. AE buffer + 10% SDS for macrophage lysis 

4. Precooled Eppendorf tube centrifuge (4°C)  

5. Several prelabelled Eppendorf tubes for centrifugation of each macrophage 

lysate 

Method E 

1. Zeiss AXIO Observer.Z1 (Carl Zeiss Microscopy) microscope or comparable 

microscope capable of taking fluorescence micrographs under cell culture 

atmospheric conditions 

 

5.1.1.2 Experimental procedures 

5.1.1.2.1 C. glabrata inoculum preparation 

Method A 

With exception of step 4, all steps should be performed under sterile working conditions 

in a biological safety cabinet. 

Preparing pool-inoculums in this way is quite labour-intensive: consider organizing help 

or reducing workload (amount of tested pools / working day). Using prepared pool 

inoculums for several subsequent experiments is recommended. 

1. Inoculate YPD o/n cultures in colour- and position -coded 2 mL Eppendorf tubes 

in 96 format Eppendorf tube holders from yeast cultures on solid YPD in 

position-coded 96 well plates 

a. Separating the tubes on two tube holders (leaving sequential rows 

empty) simplifies handling 

b. Sterile pipette tips can be used for inoculation (faster, but also higher 

risk of contamination) 

c. Possible modification: inoculate all mutants of one pool into one liquid 

culture. Simplifies handling at several stages, but deprives slow-growing 
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mutants, which might be acceptable in dependency of experimental 

settings. Could be partially counterbalanced by e.g. separating mutants 

for each pool by growth behaviour into appropriate categories, 

inoculating mutants of each category together (maybe time-delayed 

starting point of different categories) and mixing category cultures before 

infection. 

2. Incubate yeast cultures at 37°C with shaking (180 rpm) o/n (in this study ~17h)  

a. Inoculation of several pools takes some time: for synchronisation of 

starting points, it makes sense to pre-inoculate cultures earlier on this 

day, store them at 4°C and put all cultures together into the incubator 

3. Pipette 10 µL per culture in 990 µL PBS in prepared single-use cuvettes 

(position-coded placement in prepared and pool-colour-coded cuvette boxes) 

4. Mix with stirrer and measure OD600 nm with a spectral photometer; record values 

in pre-programmed Excel sheet and print input volume mutant culture per pool 

outcome 

a. We calculated from OD600 nm values the amount of volume which is 

theoretically needed to get an optical density of 5 in a total volume of 

200 µL if we would mix the original culture with water; modifications 

might be needed in dependency of experimental set-up  

5. Pipette all calculated mutant input volumes from the original culture in their 

respective pool (in 50 mL falcon tube) to get an equal distribution between 

individual mutants  

6. Fill up the total volume to 20 mL per pool with sterile PBS (equalisation of pool 

volumes for centrifugation) 

7. Centrifuge 5 min 4248 g 

8. Wash pellet twice with sterile PBS 

a. Dissolve in 10 mL PBS 

b. Centrifuge 5 min 4248 g 

9. Dissolve pellet in 5 mL PBS  

a. Put solution and sequentially prepared pool culture dilutions on ice or at 

4°C 

10. Prepare sequential 1:10 and 1:100 pool dilutions in RPMI  

a. Pipette for each dilution step 100 µL culture of previous dilution to 900 

µL RPMI 

11. Use 1:100 dilution for counting with a Neubauer counting chamber 

12. Adjust pools to 1.05 × 107 yeast cells/mL in RPMI and use these solutions for 

infection 
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Methods B + C 

1. Inoculate yeast for each needed C. glabrata / C. albicans strain in 5 mL liquid 

YPD from prepared cultures on solid YPD and incubate o/n at 37°C (C. 

glabrata) or 30°C (C. albicans) with 180 rpm shaking 

a. C. albicans can serve as positive control for cytokine measurements 

2. Pellet 1 mL yeast o/n culture by centrifugation (1 min at 5000 g) 

3. Wash pellets twice with sterile dH2O 

a. Dissolve in 1 mL dH2O 

b. Centrifuge 1 min 5000 g 

4. Dissolve pellet in 1 mL dH2O  

5. Prepare sequential 1:10 and 1:100 dilutions with sterile dH2O 

a. Pipette for each dilution step 100 µL culture of previous dilution to 900 

µL dH2O 

6. Use 1:100 dilution for counting with a Neubauer counting chamber 

7. Adjust each strain to 1.5 × 106 yeast cells/mL in dH2O   

Method D + E 

1. Inoculate yeast for each needed C. glabrata strain in 10 mL (method D) or 5 mL 

(method E) liquid YPD from prepared cultures on solid YPD and incubate o/n at 

37°C with 180 rpm shaking 

a. Method E: Use a fluorescent protein-encoding C. glabrata strain 

2. Pellet 10 mL (method D) or 1 mL (method E) yeast o/n culture by centrifugation 

(method D: 5 min 4248 g; method E: 1 min 5000 g) 

3. Wash pellets twice with sterile dH2O 

a. Dissolve in 10 mL (method D) or 1 mL (method E) dH2O 

b. Centrifuge 5 min 4248 g (method D) or 1 min 5000 g (method E) 

4. Dissolve pellet in 5 mL (method D) or 1 mL (method E) sterile RPMI  

a. Put solution and sequentially prepared culture dilutions on ice or at 4°C 

5. Prepare sequential 1:10 and 1:100 dilutions with sterile RPMI 

a. Pipette for each dilution step 100 µL culture of previous dilution to 900 

µL RPMI 

6. Use 1:100 dilution for counting with a Neubauer counting chamber 

7. Adjust each strain to 5 × 108 (method D) or 2.21 × 107 (method E) yeast 

cells/mL in RPMI 

 
5.1.1.2.2 C. glabrata infection of hMDMs, coincubation 

Starting materials for all methods are prepared yeast inoculums and in the final format 

adhered hMDM monolayers (see above) 
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Methods A, B and C 

Prepared hMDMs are seeded in 24 well cell culture plates at a density of 1.5 × 105 

hMDMs/well in a total volume of 1 mL medium/well. 

Steps 2-6 and steps 9-11 are performed consecutively for each well before moving to 

the next well. 

Pipetting steps need to be performed as careful as possible to avoid disruption 

of the hMDM monolayer.  

We recommend using a 200 µL – 1000 µL volume range pipette for all steps 

(aspiration and addition of medium / washing solutions).  

Aspirate medium without touching the ground with the pipette tip: by tilting the 

plate to an appropriate angle, it is nevertheless possible to aspirate the medium 

nearly completely. Avoid shear-stress by too fast aspiration.  

For pipetting solutions on top of the monolayer, start to drop the solution slowly 

from a small height until the monolayer is completely covered with solution. You 

can increase the dropping rate intensity afterwards. 

Recommendation: Test your pipetting technique in a test run before performing 

the actual experiment and check the outcome (monolayer integrity) with an 

inverted microscope afterwards. Perform all pipetting steps you would perform 

within your actual experiment. Plan your first “real” experiment in a small scale. 

The infection method is time- and labour-intensive (plan 20-30 min for processing of 

steps 1-7 respectively steps 9-11 for each 24 well plate). If you perform the experiment 

alone, your maximum time for infection (and additional experiment-specific steps) is 3 

hours, since you have to start to wash the wells then. Plan your experiment realistic; 

maybe organize help and don´t overwork yourself.  

1. Note starting point for infection of the respective 24 well plate and define an 

infection order 

2. Aspirate media from one well (24 well plate with prepared hMDMs) 

3. Wash this well with 1 mL sterile PBS and discard washing-PBS 

4. Add 1 mL RPMI + 10% HS per well 

5. Add 100 µL yeast inoculum solution per well: pipette as much as possible 

evenly distributed (drop at different locations in the well) 

a. Method A: 100 µL inoculum solution equalizes with an MOI of 7 

b. Methods B + C: 100 µL inoculum solution equalizes with an MOI of 1 

c. Method C: for control wells, add instead 100 µL control solution 

(negative control: 100 µL dH2O; positive control: 2 µL 50 µg/mL LPS + 

98 µL dH2O) 
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6. Enhance even yeast cell distribution by directly aspirating ~500 µL well 

supernatant and dropping it evenly at different locations in the well 

a. Perform this step twice 

7. Repeat steps 2-6 for all wells of the 24 well plate which you want to infect 

8. Incubate the infected hMDM-24 well plate for 3 hours at 37°C and 5% CO2 

(starting point see point 1) and continue with washing steps (9-12) for removal 

of non-phagocytosed yeasts afterwards 

a. Follow the same order you have used for infection during the washing 

steps 

9. Aspirate media from one well (24 well plate with prepared hMDMs);  

10. Wash this well twice with 1 mL sterile PBS and discard washing-PBS 

11. Add 1 mL RPMI + 10% HS per well 

a. Method C: add 2 µL 50 µg/mL LPS (final concentration 100 ng/mL LPS) 

in LPS-positive control wells 

12. Repeat steps 9-11 for all wells of the 24 well plate which have infected 

13. Incubate the readily processed hMDM-24 well plate until 24 hours after infection 

at 37°C and 5% CO2 

a. Optional: Administration of antimycotics after 6 hours of infection 

(method B with antimycotic) 

i. Add a small volume (< 10 µL) of antimycotic stock solution or 

respective control solution (e.g. DMSO) to the corresponding 

infected wells to reach the desired antimycotic concentration 

14. Nearly before reaching the 24 hours’ time point, examine each infected well for 

macrophage appearance and appearance of extramacrophagal yeast with an 

inverted microscope (documentation); where necessary, mark the well for 

disposal 

15. Perform medium exchange 24 hours after infection (steps 16-17)  

a. From now on it is fine to perform a step for all infected wells and then to 

move on to the next step (instead of previous strategy) 

16. Aspirate 500 µL of medium supernatant / well by pipetting from the top from 

each infected well (for wells which will be further incubated)  

a. “Dispose” marked wells by aspirating the total medium volume and do 

not further process 

17. Add 1 mL RPMI + 10% HS per well (total volume: 1.5 mL per well) 

a. Optional: (method B with antimycotic) add a small volume (< 10 µL) of 

antimycotic stock solution or respective control solution (e.g. DMSO) to 
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the corresponding infected wells to reach the desired antimycotic 

concentration 

i. In our experiments, level of antimycotics where hold theoretically 

constant, i.e. the amount of added antimycotic recapitulates the 

amount which is needed to reach the desired antimycotic 

concentration in the freshly added medium  

b. Method C: add 2 µL 50 µg/mL LPS (final concentration 100 ng/mL LPS) 

in LPS-positive control wells 

18. Continue incubation at 37°C and 5% CO2 for another 24 hours 

19. Repeat step 14 daily before daily medium exchange 

20. Perform medium exchange daily (always after another 24 hours of incubation; 

steps 21-22; last medium exchange at 6 days after infection) 

21. Aspirate 500 µL of medium supernatant / well by pipetting from the top from 

each infected well (for wells which will be further incubated)  

a. “Dispose” marked wells by aspirating the total medium volume and do 

not further process 

22. Add 500 µL RPMI + 10% HS per well (total volume: 1.5 mL per well) 

a. Optional: (method B with antimycotic) add a small volume (< 10 µL) of 

antimycotic stock solution or respective control solution (e.g. DMSO) to 

the corresponding infected wells to reach the desired antimycotic 

concentration 

i. In our experiments, level of antimycotics where hold theoretically 

constant, i.e. the amount of added antimycotic recapitulates the 

amount which is needed to reach the desired antimycotic 

concentration in the freshly added medium  

b. Method C: add 1 µL 50 µg/mL LPS (final concentration 100 ng/mL LPS) 

in LPS-positive control wells 

23. Continue incubation at 37°C and 5% CO2 for another 24 hours 

Method D 

Handling is not as critical as for the other methods since caspofungin administration 

secures that C. glabrata will not start to heavily replicate in the medium. Nevertheless, 

macrophage monolayer integrity should be preserved as good as possible. 

Method D differs from methods A-C mainly by using different cell culture container 

formats (cell culture flasks instead of 24 well plates): 75 cm2 cell culture flasks (4.2 × 106 

hMDMs/flask; 21 mL medium/flask; for early time points) or 175 cm2 cell culture flasks 

(9.8 × 106 hMDMs/flask; 49 mL medium/flask; for later time points). 
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Use of serological pipettes for aspiration is recommended and partially necessary 

(compare step 17). 

1. Aspirate media from one flask 

2. Wash this flask with sterile PBS and discard washing-PBS 

a. Use 20 mL PBS for 175 cm2 cell culture flasks and 10 mL PBS for 75 

cm2 cell culture flasks 

3. Add RPMI + 10% HS  

a. Add 20 mL in 175 cm2 cell culture flasks and 9 mL in 75 cm2 cell culture 

flasks 

4. Add yeast inoculum solution (MOI 20) and mix by gentle swaying the flask 

horizontally 

a. Add 392 µL in 175 cm2 cell culture flasks and 168 µL in 75 cm2 cell 

culture flasks  

5. Repeat steps 1-4 for all flasks which you want to infect 

6. Incubate the infected flasks for 3 hours at 37°C and 5% CO2  and continue with 

washing steps (7-9) for removal of non-phagocytosed yeasts afterwards 

7. Aspirate media from one flask  

8. Wash this flask twice with sterile PBS and discard washing-PBS 

a. Use 20 mL PBS for 175 cm2 cell culture flasks and 10 mL PBS for 75 

cm2 cell culture flasks 

9. Add RPMI + 10% HS  

a. Add 20 mL in 175 cm2 cell culture flasks and 9 mL in 75 cm2 cell culture 

flasks  

10. Repeat steps 7-9 for all infected flasks 

11. Incubate the readily processed flask until 6 hours after infection at 37°C and 5% 

CO2 

12. 6 hours after infection: add caspofungin to a final concentration of 5 µg/mL 

a. 2 mg/mL caspofungin stock solution: add 50 µL mL in 175 cm2 cell 

culture flasks and 22,5 µL in 75 cm2 cell culture flasks 

13. Incubate the readily processed flask until 24 hours after infection at 37°C and 

5% CO2 

14. After 24 hours after infection, add additional RPMI + 10% HS and an 

appropriate amount of caspofungin per flask (no aspiration of “old” media; final 

caspofungin concentration is kept on 5 µg/mL) 

a. Add 20 mL in 175 cm2 cell culture flasks and 9 mL in 75 cm2 cell culture 

flasks  
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b. 2 mg/mL caspofungin stock solution: add 50 µL mL in 175 cm2 cell 

culture flasks and 22,5 µL in 75 cm2 cell culture flasks 

15. Incubate the readily processed flask until 48 hours after infection at 37°C and 

5% CO2 

16. Perform the following medium exchange strategy daily starting from 48 hours 

after infection (always after another 24 hours of incubation; steps 17-18; last 

medium exchange at 6 days after infection) 

17. Aspirate 9 mL (75 cm2 flask) respectively 20 mL (175 cm2 flask) supernatant per 

flask 

18. Add additional RPMI + 10% HS and an appropriate amount of caspofungin per 

flask (final caspofungin concentration is kept on 5 µg/mL) 

a. Add 20 mL in 175 cm2 cell culture flasks and 9 mL in 75 cm2 cell culture 

flasks  

b. 2 mg/mL caspofungin stock solution: add 50 µL mL in 175 cm2 cell 

culture flasks and 22,5 µL in 75 cm2 cell culture flasks 

19. Continue incubation at 37°C and 5% CO2 for another 24 hours 

Method E 

The infection and incubation procedure for method E differs from methods A-C only in 

respect of the cell culture container used (8 well µ-slides for microscope imaging) and 

correspondingly in the total volumes exchanged. This results in the following protocol 

changes: 

Steps 3 +10: Use 300 µL sterile PBS 

Steps 4 + 11: Add 300 µL RPMI + 10% HS 

Step 5: Add 25 µL yeast inoculum solution (MOI 7) 

Step 6: Aspirate ~150 µL for mixing 

Steps 16 + 21: Aspirate and discard 200 µL supernatant 

Steps 17 + 22: Add 200 µL RPMI + 10% HS (total volume is kept constantly at 300 µL) 

5.1.1.2.3 Generation of model-specific output 

Method A 

The model output is generated by plating yeast cfus for each pool from the inoculum and 

from hMDM lysates after different time points (one and seven day(s) of co-incubation) 

and measuring the shift of mutant abundance within its respective pool by using a Bar-

Seq approach (see method section). For trustable quantification, this requires that yeast 

strains can grow individually and roughly in comparable density on YPD agar plates 

(maximum ~ 2000 colonies / plate and an incubation time of only 24 hours) and that 

enough total colonies are included for further processing to get a good mean coverage 
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of colonies / individual mutant (e.g. 14,000 total colonies for 50 mutants per pool results 

in a mean coverage of 280 colonies / mutant). 

To avoid experimental failure due to extramacrophagal yeast (microcolony) growth, 

seven wells are infected per individual pool. One well is used for cfu plating after one day 

and the remaining ones for cfu plating after seven days. Optionally, hMDMs differentiated 

from two separate hMDM donors can be used to for parallel infection with the same pool 

inoculum. This avoids failure of the experiment in case the hMDMs from one blood donor 

show unexpected behaviour. 

Since the yeast cell concentration in the lysates after seven day(s) is too low for counting 

with a Neubauer counting chamber, several dilution steps have to be plated after seven 

days (see below). 

1. Inoculum plating 

a. Prepare 108 yeast cells/mL solution with sterile PBS from assembled pool 

solution 

b. Dilute sequentially in 1:10 dilution steps with sterile PBS until you reach 

the 104 yeast cells/mL dilution (always 150 µL yeast cell dilution + 1350 

µL PBS) 

c. On 7 YPD agar plates: plate 200 µL from 104 yeast cells/mL dilution 

(~2000 cells/plate) 

2. Lysate plating after one day of C. glabrata-hMDM co-incubation 

a. Aspirate and discard supernatant  

b. Add 100 µL sterile 0.5% Triton-X-100 per well 

c. Repeat a + b for all wells designated for plating after one day   

d. Incubate 15 min with gentle shaking (30 rpm, room temperature) 

e. Mix well content by pipetting several times 

f. Use 10 µL per well for yeast cell counting with a Neubauer counting 

chamber 

g. Add 410 µL sterile PBS per well, mix by pipetting and pipette whole well 

content in pre-labelled Eppendorf tube 

h. Adjust all samples to 104 yeast cells/mL  

i. On 7 YPD agar plates: plate 200 µL from 104 yeast cells/mL dilution 

(~2000 cells/plate) 

3. Lysate plating after seven days of C. glabrata-hMDM co-incubation 

a. Aspirate and discard supernatant  

b. Add 100 µL sterile 0.5% Triton-X-100 per well 

c. Repeat a + b for all wells designated for plating after one day   

d. Incubate 15 min with gentle shaking (30 rpm, room temperature) 



Appendix: Additional experimental procedures 

XII 

 

e. Mix well content by pipetting several times 

f. Add 400 µL sterile PBS per well, mix by pipetting and pipette whole well 

content in pre-labelled 50 mL falcon tube 

i. Pool samples from the same pool + hMDM donor 

g. Wash residual yeast cells out of wells with 500 µL sterile PBS and use 

washing PBS either directly for further dilution (if 1-3 wells remained per 

pool) or pipette in separate falcon tube (if 4-6 wells remained per pool) 

h. In dependency of the amount of remaining wells per individual pool (those 

which met cut-off criteria of extramacrophagal yeast appearance for 

inclusion), follow the corresponding plating strategy: 

i. One remaining well 

1. Add “washing-PBS” directly to yeast cell solution (total volume 1 

mL) 

2. Twice: plate 200 µL of this solution (1) on a YPD agar plate  

3. Add 1.2 mL sterile PBS to the remaining 600 µL yeast cell 

solution (1) 

4. Nine fold: plate 200 µL of this solution (3) on a YPD agar plate 

ii. Two remaining wells 

1. Add “washing-PBS” directly to yeast cell solution (total volume 2 

mL) 

2. Seven fold: plate 200 µL of this solution (1) on a YPD agar plate  

3. Add 1.2 mL sterile PBS to the remaining 600 µL yeast cell 

solution (1) 

4. Nine fold: plate 200 µL of this solution (3) on a YPD agar plate 

iii. Three remaining wells 

1. Add “washing-PBS” directly to yeast cell solution (total volume 3 

mL) 

2. Tenfold: plate 200 µL of this solution (1) on a YPD agar plate  

3. Prepare further yeast cell dilution: 800 µL of previous yeast cell 

solution (1) + 1.6 mL sterile PBS 

4. Tenfold: plate 200 µL of this solution (3) on a YPD agar plate 

iv. Four remaining wells 

1. Keep “washing-PBS” separately, combine only lysates (total 

volume 2 mL) 

2. Twofold: plate 200 µL of this solution (1) on a YPD agar plate  

3. Prepare further yeast cell dilution: 1.5 mL of previous yeast cell 

solution (1) + 1.5 mL “washing-PBS” 

4. Tenfold: plate 200 µL of this solution (3) on a YPD agar plate 

5. Prepare further yeast cell dilution: 800 µL of previous yeast cell 

solution (3) + 1.6 mL sterile PBS 

6. Tenfold: plate 200 µL of this solution (5) on a YPD agar plate 

v. Five remaining wells 

1. Keep “washing-PBS” separately, combine only lysates (total 

volume 2.5 mL) 

2. Fivefold: plate 200 µL of this solution (1) on a YPD agar plate  
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3. Prepare further yeast cell dilution: 1.5 mL of previous yeast cell 

solution (1) + 1.5 mL “washing-PBS” 

4. Tenfold: plate 200 µL of this solution (3) on a YPD agar plate 

5. Prepare further yeast cell dilution: 800 µL of previous yeast cell 

solution (3) + 1.6 mL sterile PBS 

6. Tenfold: plate 200 µL of this solution (5) on a YPD agar plate 

vi. Six remaining wells   

1. Keep “washing-PBS” separately, combine only lysates (total 

volume 3 mL) 

2. Sevenfold: plate 200 µL of this solution (1) on a YPD agar plate  

3. Prepare further yeast cell dilution: 1.5 mL of previous yeast cell 

solution (1) + 1.5 mL “washing-PBS” 

4. Tenfold: plate 200 µL of this solution (3) on a YPD agar plate 

5. Prepare further yeast cell dilution: 800 µL of previous yeast cell 

solution (3) + 1.6 mL sterile PBS 

6. Tenfold: plate 200 µL of this solution (5) on a YPD agar plate 

 

Afterwards, all YPD agar plates are incubated for 24 hours at 37°C and the colony count 

is roughly determined with an automated colony counter (protoCOL 3, Synbiosis). For 

further processing see method section in manuscript III. 

Method B 

The output data of method B is cfus. Accordingly, at each indicated time point, yeast cell 

solutions need to be prepared and appropriately diluted to reach countable numbers of 

yeast colonies. If yeast cell concentrations cannot be determined in the original yeast 

cell solutions due to too low cell counts, plating of serial fivefold dilution steps can be 

performed. 

We performed technical quadruplicates for each condition by infecting and plating 4 

macrophage wells per time point. For the seven day time point, we infected two additional 

hMDM wells as “buffer” to compensate potential losses due to randomly occurring 

extramacrophagal yeast overgrowth. The additional value of multiple technical replicates 

can be questionable and must be weighed against possible disadvantages like e.g. 

prolonged “in-between”-incubation (time and steps between taking the sample and 

plating cfus) and working load. 

1. Inoculum plating 

a. Prepare in sequential (~tenfold) dilution steps 103 yeast cells/mL dilution 

from original 1.5 × 106 yeast cells/mL solution used for hMDM infection 

i. We performed 2 dilution series each prior and after hMDM 

infection to check for stability of cfu counts  

b. Plate 200 µL from (each) 103 yeast cells/mL dilution per YPD agar plate 

(results in 4 plates in total for each biological replicate for one 

C. glabrata strain) 
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2. Plating after 3 hours C. glabrata infection of hMDMs 

a. Collection of supernatant 

i. Pipette whole supernatant from one well in a 50 mL falcon 

ii. Wash the respective well twice with sterile PBS and combine the 

washing-PBS with the supernatant (total volume: 3.1 mL) 

iii. Put falcon on ice to avoid yeast growth before plating (comment: 

requires fast further processing since cfu counts tend to be 

unstable in this setting) 

b. Collection of lysate 

i. Add 100 µL sterile 0.5% Triton-X-100 per well directly after 

collection of supernatant from this well 

ii. After collection of all supernatants and addition of 0.5% Triton-X-

100: Incubate 24-well plate 15 min with light shaking (30 rpm) 

iii. Add 900 µL sterile dH2O per well, resuspend and pipette in a 50 

mL falcon 

iv. Wash each well twice with 1 mL dH2O and combine the washing 

solution with the lysate (total volume: 3 mL) 

v. Store lysates at room temperature before plating 

c. Plating of lysate and supernatant 

i. Supernatant should be plated as directly as possible (e.g. 

organize a helper which takes care of this task while you collect 

supernatants and lysates) 

ii. Prepare serially 1:5 and 1:25 dilutions 

iii. Plate 200 µL from the 1:25 dilution on a YPD agar plate  

3. Plating after one day C. glabrata infection of hMDMs  

a. Discard supernatant  

b. Add 100 µL sterile 0.5% Triton-X-100 per well   

c. After addition of 0.5% Triton-X-100 to all wells: Incubate 24-well plate 15 

min with light shaking (30 rpm) 

d. Add 900 µL sterile dH2O per well, resuspend and pipette in a 50 mL 

falcon 

e. Wash each well twice with 1 mL dH2O and combine the washing 

solution with the lysate (total volume: 3 mL) 

f. Prepare serially 1:5 and 1:25 dilutions 

g. Plate 200 µL from the 1:5 dilution on a YPD agar plate  

h. Plate 200 µL from the 1:25 dilution on a YPD agar plate  

4. Plating after seven days C. glabrata infection of hMDMs  
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a. Identical to plating strategy after one day, but perform additionally the 

following step 

b. Plate 200 µL from the undiluted lysate solution on a YPD agar plate  

5. Incubate YPD agar plates after plating for one day at 37°C and count cfu 

afterwards (you can store the plates at 4°C) 

Optional: In case you want to test the influence of antimycotic addition to the assay, it 

might make sense to minimize the influence of the antimycotic during the cfu plating 

steps since you want to measure the effect of the antimycotic in your assay and not 

during the handling procedure. We therefore directly added 1 mL 0.05% Triton-X-100 

(instead of 100 µL 0.5%Triton-X-100 first plus 900 µL dH2O later) in the lysing steps, 

thereby lowering the concentration of remaining antimycotic in this step. 

Method C 

The method output for method C is cytokine measurement of supernatants. Therefore, 

supernatant - which would be discarded otherwise - can be collected at the time points 

of media exchange. For additional time points, additional hMDM wells specifically for 

these time points are needed; otherwise the standard procedure would be altered in 

subsequent time points. For calculation of total cytokine levels within a well, the total 

media volume within a well at a certain time point (changes during media exchange 

procedure) has to be taken into account. 

We always collected and combined the supernatant from two C. glabrata-infected / 

control hMDM wells for one biological replicate to achieve enough volume for subsequent 

measurements.  

After collection, supernatants were centrifuged 10 min at 1000 g to remove cellular 

debris, aliquoted and stored at -20°C until measurement (see method section in 

manuscript III). 

 

Method D 

For generation of model output in method D (C. glabrata transcriptome), fungal RNA has 

to be either directly isolated from samples or (pelleted) yeast cell samples need to be 

shock-frozen or otherwise secured for later RNA isolation. The most critical point in this 

procedure is to separate yeast cells at best into a pellet from the smear-forming 

macrophage cell debris from lysed hMDM monolayers. This can be achieved by e.g. a) 

using a high enough MOI to maximize yeast cell numbers in relation to macrophage 

numbers (but this comes with the disadvantage that extramacrophagal yeast growth had 

to be controlled with addition of an antimycotic), b) exerting strong shear stress on the 

lysate e.g. by pipetting up and down several times with a 200 - 1000 µL range pipette to 

disrupt smears and c) by aliquoting the lysate in 1.5 mL Eppendorf tubes and use these 
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for centrifugation instead of centrifuging the whole lysate within a falcon. 

Perform the following steps for taking samples: 

1. Aspirate supernatant 

2. Wash twice with ice-cold PBS (e.g. 20 mL in 175 cm2 flask, 10 mL in 75 cm2 flask) 

3. Add AE + 10% SDS (e.g. 5 mL in 175 cm2 flask, 4 mL in 75 cm2 flask) and scrape 

cell layer with cell culture scraper 

4. Mix and pipette supernatant into several 1.5 mL Eppendorf tubes with a 200 – 

1000 µL range pipette; mix the aliquoted sample with your pipette several times 

up and down to effectively destroy the smears; aliquot much less than the full 

volume per tube since you will need additional room for foam 

5. Put processed tubes directly into a precooled cooling centrifuge 

6. Centrifuge 2 min 12.000 g at 4°C 

7. Remove supernatant without destroying your yeast cell pellet (the pellet can be 

very small especially after seven days) 

8. Put processed tubes directly into liquid nitrogen for shock-frosting 

9. Prior RNA isolation: Combine all samples of a biological replicate from one time 

point  

Method E 

Output for method E is (fluorescent) life cell imaging. Settings are highly dependent from 

the individual experiment, but should ensure that phototoxicity is minimized (could 

require to prepare several samples for several time points), and - if you aim for 

quantification - the location of picture acquisition within the hMDM layer is randomized 

and that enough pictures are taken. 
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5.2 Abbreviations 

General 

ABC   ATP binding cassette 

ADP   adenosine-5'-diphosphate 

AE buffer acetate EDTA buffer (50 mM Na-acetate, 10 mM EDTA, pH 5.3, 

prepared with RNase free water or DEPC water) 

AMB   amphotericin B 

AspGD   Aspergillus Genome Database 

ATP   adenosine-5'-triphosphate 

Bar-Seq  barcode sequencing 

BC   barcode 

BLAST(P)  basic local alignment search tool (for proteins) 

bp   base pairs 

cAMP   cyclic adenosine monophosphate 

CAS   caspofungin 

Cdr   Candida drug resistance 

CFU or cfu  colony forming unit 

CFW   calcofluor white 

CGD   Candida Genome Database 

CLSI   Clinical and Laboratory Standards Institute 

CLT   clotrimazole 

CMC   critical micellar concentration 

CSM   complete supplement mixture 

CTAB   cetyltrimethylammonium bromide 

CTP   cytidine triphosphate 

CWI   cell wall integrity 

Dhb   dehydrobutyrine 

(d)dH2O  (double) distilled water 

DMEM   Dulbecco modified Eagle medium 

DMSO   dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DOI   digital object identifier 

DPBS   Dulbecco´s phosphate buffered saline 

EDTA   ethylenediaminetetraacetic acid 

e.g.   Latin for exempli gratia (“for example”) 

EGTA   ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

ELISA   enzyme-linked immunosorbent assay 
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ER   endoplasmic reticulum 

ESCRT  endosomal sorting complexes required for transport 

et al.   Latin for et alia (“and others”) 

etc.   Latin for et cetera (“and so on”) 

FAD   flavin adenine dinucleotide 

FBS   fetal bovine serum 

FCS   fetal calf serum 

FDR   false discovery rate 

FICI   fractional inhibitory concentration index 

Fig.   figure 

FITC   fluorescein isothiocyanate 

FRT   flippase recognition target 

Fura-2-AM  Fura-2-acetoxymethylester 

FWER   family-wise error rate 

g   gravity (centrifugal force in times gravity) 

GI   gastrointestinal 

Gln   glutamine 

Gly   glycine 

GO   gene ontology 

GPI   glycosylphosphatidylinositol 

GSEA   gene set enrichment analysis 

GTP   guanosine-5'-triphosphate 

HEK293T human embryonic kidney cell line (293T expresses SV40 large T 

antigen) 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

hip high persister 

HIR (complex) histone regulation (complex) 

His   histidine 

HIV   human immunodeficiency virus 

HMA   β-hydroxymyristic acid 

hMDM   human monocyte derived macrophages 

HO endonuclease homothallic switching endonuclease 

HOG pathway  high-osmolarity glycerol pathway 

HS   human serum 

Hsp   heat shock protein 

IC50   half maximal inhibitory concentration 

i.e.   Latin for id est (“that is to say”) 
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IL-6/IL-8  interleukin 6 / 8 

Indel   term for insertion or deletion of bases in the genome 

kDa   kilodalton 

LOH   loss of heterozygosity 

LPS   lipopolysaccharide 

MAMPs  microbe-associated molecular patterns 

MAP(K)  mitogen-activated protein (kinase) 

M-CSF   macrophage colony-stimulating factor 

Mdr   Multi drug resistance 

METs   macrophage extracellular traps 

MIC   minimal inhibitory concentration 

MOI   multiplicity of infection 

mRNA   messenger ribonucleic acid 

mTOR   mechanistic target of rapamycin 

NAD(P)  nicotinamide adenine dinucleotide (phosphate) 

NAT   nourseothricin N-acetyl transferase 

NETs   neutrophil extracellular traps 

nt   nucleotides 

OD   optical density 

ORF   open reading frame 

P-body   processing body 

PBS   phosphate buffered saline 

PCR   polymerase chain reaction 

PI   propidium iodide 

PIP2   phosphatidylinositol 4,5-bisphosphate 

PKA   protein kinase A 

PKC   protein kinase C 

PSG   proteasome storage granule 

RAM   regulation of Ace2 and morphogenesis 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

rpm   revolutions per minute 

RPMI   Roswell Park Memorial Institute 

SAGA complex Spt-Ada-Gcn5-acetyltransferase complex 

SAS (complex) something about silencing (complex) 

SC medium  synthetic complete medium 

SD   standard deviation 
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SD medium  synthetic defined medium 

SDS   sodium dodecyl sulfate 

SGD   Saccharomyces Genome Database 

Snf   sucrose non-fermenting 

SNP   single nucleotide polymorphism 

S phase  synthesis phase 

spp.   species 

Suppl.   supplement 

t1/2   half-maximal time 

TCA cycle  tricarboxylic acid cycle 

Thr   threonine 

TNF-α   tumor necrosis factor α 

TORC1  target of rapamycin complex 1 

T6P   trehalose-6-phosphate 

tRNA   transfer ribonucleic acid 

t-SNARE  target synaptosome-associated protein receptor 

Tyr   tyrosine 

UDP   uridine-5'-diphosphate 

UPR   unfolded protein response 

UTR   untranslated region 

vol/vol   volume/volume 

WLIP   white line inducing principle 

wt/vol   weight/volume 

Wt / WT  wild type 

yeGFP   yeast green fluorescent protein 

Y(E)PD  yeast extract peptone dextrose 

YNB   yeast nitrogen base 

 

Species 

A. nidulans  Aspergillus nidulans 

C. albicans / C. a. Candida albicans 

C. auris  Candida auris 

C. dubliniensis  Candida dubliniensis 

C. glabrata / C. g. Candida glabrata 

C. krusei  Candida krusei 

C. neoformans Cryptococcus neoformans 

C. parapsilosis Candida parapsilosis 
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D. discoideum  Dictyostelium discoideum 

J. agaricidamnosum Janthinobacterium agaricidamnosum 

L. sativum  Lepidium sativum 

P. reactans  Pseudomonas reactans 

P. tolaasii  Pseudomonas tolaasii 

S. alba   Sinapis alba 

S. cerevisiae  Saccharomyces cerevisiae 

S. pombe  Schizosaccharomyces pombe 

 

Species prefixes before gene names etc.  

Ca   Candida albicans 

Cg   Candida glabrata 

Cp   Candida parapsilosis 

Sc   Saccharomyces cerevisiae  



Appendix: Selbstständigkeitserklärung 

XXII 
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