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ABSTRACT

Function and regulation of Candlida albicans and C. glabrata carboxylic acid transporters and their role

in biofilm formation, antifungal drug resistance and phagocytosis

Candida species are the most frequent opportunistic fungal pathogens in humans and a common source
of life-threatening infections in intensive care patients. The urgent need to find adequate therapeutic
approaches to treat these infections has boosted the efforts to elucidate the genetic circuits governing
immune evasion and host adaptation, but also antifungal resistance in Candlida species.

This thesis displays a set of studies addressing the physiological impact of two non-fermentable carbon
sources commonly found in the human host, namely lactate and acetate, in both C. albicans and C.
glabrata. Under certain circumstances, these carboxylic acids represent the main carbon and energy
sources that sustain the survival of these pathogens. The efficient uptake of these substrates by regulated
plasma membrane transporters play a critical role in such conditions. Therefore, Candida carboxylate
transporters were studied regarding their physiology and regulation, as well as their potential role in
biofilm formation, antifungal drug resistance and immune recognition.

Growth of C. albicans in the presence of lactate was found to affect biofilm formation and morphology,
as well as susceptibility to fluconazole. These phenotypes are dependent on Jenl and Jen?2 carboxylate
transporters. Adaptation to lactate induces cell wall remodeling, a process that was found to be partially
mediated by the RIm1 transcription factor and to affect the interaction of C. albicans with immune cells.
In a second part of the work, global transcriptomic analyses in C. glabrata revealed that fluconazole
treatment induces gene expression reprogramming in a carbon source and pH-dependent manner. The
mitochondrial cochaperone Mgel has emerged as a key regulator of fluconazole susceptibility during
these conditions, by reducing the metabolic flux towards toxic sterol formation. Additionally, three putative
carboxylate transporters of C. glabrata, that belong to the AceTr family, were also studied. These
transporters were shown to play a critical role in acetate assimilation and contribute to the persistence of
C. glabrata within the human host.

The systematic analysis of how host microenvironments influence the physiology of Candida species
highlighted important mediators of host-pathogen interactions, such as carboxylate transporters. These

proteins allow a rapid adaptation of Candidato the human host, contributing to their pathogenic potential.

Keywords: alternative carbon sources, biofilms, C. albicans, carboxylate transporters, C. glabrata



RESUMO

Funcéo e regulacao de transportadores de acidos carboxilicos em Candida albicans e C. glabratae o

seu papel na formacao de biofilmes, resisténcia a antiflingicos e fagocitose

As leveduras oportunistas mais frequentes em humanos pertencem ao género Candida e sdo uma fonte
comum de infecbes sistémicas em pacientes hospitalizados. A procura urgente de novas terapias para
tratar estas infecdes tem aumentado os esforcos para elucidar, em Candida, os circuitos genéticos que
governam a evasao imune, a adaptacao ao hospedeiro, mas também a resisténcia a antifungicos.

Esta tese apresenta um conjunto de estudos que abordam o impacto fisiolégico de duas fontes de
carbono nao-fermentaveis, os acidos lactico e acético, em C. albicans e C. glabrata. Em certos
microambientes, estes substratos sao as principais fontes de energia e carbono disponiveis e o seu
transporte para o interior da célula, de um modo eficiente, é fundamental. Esta tese teve como principal
objetivo compreender a fisiologia e a regulacdo de transportadores de acidos carboxilicos em Candida,
assim como o seu papel na formacao de biofilmes, resisténcia a antifungicos e reconhecimento
imunologico. Numa primeira parte do trabalho, foi demonstrado que a presenca de lactato afeta a
formacdo e morfologia de biofilmes em C. albicans, bem como a sua suscetibilidade ao fluconazol. Estes
fendtipos sao dependentes dos transportadores de acidos carboxilicos Jen1 e Jen2. Foi também revelado
que a adaptacao ao lactato induz a remodelacao da parede celular, um processo que, em parte, é
mediado pelo fator de transcricdo RIm1, e afeta a interacdo de C. albicans com as células do sistema
imunitario. Numa segunda parte do trabalho, foi realizada uma analise transcriptomica em C. glabrata.
Esta analise revelou que o tratamento com fluconazol induz uma reprogramacéao da expressao genética,
de um modo dependente da fonte de carbono e do pH. Nessas condicdes, o cochaperone mitocondrial
Mgel apresenta-se como um regulador chave da suscetibilidade a este antifungico, por reduzir o fluxo
metabolico em direcao a formacao de esterdis toxicos. Por fim, foi também demonstrado que trés
transportadores da familia AceTr desempenham um papel critico na assimilacao de acetato, contribuindo
para a persisténcia deste microrganismo no hospedeiro humano.

A analise sistematica da influéncia dos microambientes do hospedeiro na fisiologia das espécies de
Candida revelou importantes mediadores, como os transportadores de acidos carboxilicos, que permitem
uma rapida adaptacao destas espécies ao hospedeiro e contribuem para o seu potencial patogénico.
Palavras-chave: biofilmes, C. albicans, C. glabrata, fontes alternativas de carbono, transportadores de

carboxilatos
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THESIS OVERVIEW

Candida species are the most common fungal pathogens of humans and have emerged as a leading
cause of human mortality among the immune-compromised population. The impact of Candidaon human
health is exacerbated by the fact that the available antifungals to eradicate these organisms are severely
limited and often ineffective. The scientific challenge of finding novel therapeutic targets to treat these
infections is highly limited by the close evolutionary relationship between these microbes and their

mammalian hosts.

The rapid increase of Candida infections in the last decade has motivated researchers to explore the
adaptation mechanisms of these pathogens to the human host. For years, research involving fungal
microbes, and in particular Candida species, has been performed under historically standardized
laboratory settings, and yet they often grow under different environmental conditions in the human host.
This has hampered the discovery of important regulators, for cell adaptation and survival under different

host niches, that can be potentially used as targets for antifungal development.

Considering the different niches in which Candida grows in the body, this thesis proposes to advance our
knowledge on the interactions established between these pathogens and the human host. In particular,
it covers a set of studies addressing the physiological impact of lactate and acetate, two nonfermentable
carbon sources commonly found in the human host, in both C. albicans and C. glabrata. These nutrients
and respective transporters were shown to impact biofilm formation, antifungal drug resistance and

immune recognition, important aspects of Candida pathogenesis.

Chapter 1 defines the aims of this work and details each chapter of the thesis. It also provides an overview
of the different strategies employed by Candida species to survive and proliferate within the human host,
including sophisticated mechanisms to evade immune surveillance, to adapt to constantly changing host
microenvironments and to resist antifungal therapy. A review on how these strategies directly affect

Candida physiology and pathogenicity is also provided.

The ability to transport carboxylic acids represents an advantage for Candida when these nutrients are

the main exogenous carbon sources available in the host. In Chapter 2, the two major fungal families of



carboxylate transporters are revisited as well as their contribution for Candida pathogenesis. A
phylogenetic analysis of 101 putative carboxylate transporters, belonging to both Jen and AceTr families,
is provided for 12 medically relevant Candida species. The designation of ATO, standing for Ammonia
Transport Outward, is redefined as “Acetate Transport Ortholog” for all Candida members belonging to
the AceTr family, to better reflect and describe their function as acetate transporters. A brief discussion
correlating the expansion of some of these transporters in specific Candida species with their pathogenic

potential is also provided.

Chapter 3 describes the impact of lactate on C. albicans biofilm formation and antifungal drug resistance.
Both lactic acid-grown planktonic and biofilm cells were used to characterize C. albicans susceptibility to
the most common used antifungal drug fluconazole. The involvement of both Jenl and Jen2, two
carboxylate transporters, was also assessed on these processes. Moreover, multiple components of the
extracellular matrix were analyzed, including their impact on antifungal resistance. The results presented
in this chapter contribute to our understanding on how acidic pH niches associated with the presence of

lactate alter C. albicans biofilm formation, morphology and antifungal drug resistance.

Chapter 4 explores the impact of lactate on C. albicans immune recognition. Growth of C. albicans cells
in the presence of lactate was shown to induce the secretion of tartaric acid, which has the potential to
modulate the TCA cycle on the host cells and reduce cellular viability. In addition, adaptation to lactate
reduced C. albicans internalization by immune cells and consequently the efficient elimination of these
pathogens, which was correlated with a lower exposure of cell wall B-glucans. The transcription factor

RIm1 is proposed as a mediator of cell wall remodeling during carbon adaptation.

Chapter 5 presents a genome-wide transcriptome analysis of C. glabrata biofilm cells that have been
exposed to different environmental settings in order to identify potential molecular players involved in
fluconazole resistance. This study reveals how acetate modulates the transcriptional responses of C.
Slabrata biofilms to fluconazole, suggesting that the host microenvironment influences directly the
physiology of C. glabrata, affecting how this pathogen responds to antifungal treatment. Additionally, C.
Slabrata Mgel, a cochaperone involved in iron metabolism and protein import into the mitochondria, is
proposed as a key regulator of fluconazole susceptibility during carbon and pH adaptation, by reducing

the formation of toxic sterols.



The metabolism of carboxylic acids has been demonstrated to play an important role in Candida
pathogenesis. For instance, both Jen and Ato transporters have been consistently found upregulated in
several genome-wide screenings, when C. albicans cells grow inside neutrophils or macrophages.
Although C. glabrata has a remarkable ability to thrive inside immune cells, Jen transporters are absent

and Ato transporters have not been characterized in this pathogen.

Chapter 6 comprises the identification and functional characterization of all members of the AceTr family
in C. glabrata, as well as additional proteins potentially involved in the uptake of acetate. Single and
multiple mutants in these transporters were constructed in C. glabrata and further analyzed by growth
and transport assays. The proteins were also heterologously expressed and characterized in a
Saccharomyces cerevisiae strain defective in acetate uptake. This chapter highlights the importance of

acetate assimilation for C. glabrata persistence inside the human host.

Chapter 7 is a conclusion chapter that summarizes all the studies conducted in the scope of this thesis.
This chapter consolidates the results and findings of the different studies, discusses the broader context

of the research work performed, and proposes a direction and focus for future work.



INTRODUCTION

The human body is home to a large number of microbes that play essential roles in maintaining human
health. However, under particular host-compromising conditions, they can shift from harmless
commensals to opportunistic pathogens to cause inflammation and disease. Fungal communities, which
can include Candida species, constitute an integral part of the human microbiota that, under normal
conditions, asymptomatically colonize several niches, including the skin, oral cavity, gastrointestinal, and
urogenital tracts [1-3]. The remarkable ability to alternate between local current microenvironments
within internal host niches such as blood or tissues is often linked with their pathogenic potential.
Therefore, environmental changes promoted either by alterations in host microbiota or the host immune
system may allow these microorganisms to overgrow, cross the epithelial barriers, and cause severe, life-

threatening infections [4].

Among the Candida species that trigger human disease, Candida albicans, C. glabrata, C. parapsilosis,
C. tropicallis and C. krusei are the most common [4-6]. Yet, other emerging species, including C. auris,
C. guilliermondii, C. lusitaniae, and C. metapsilosis, are of particular concern because they are rapidly
spreading worldwide, with several reported outbreaks [5,7,8]. Moreover, Candida infections are difficult
to diagnose, commonly resulting in delayed antifungal treatments that have been associated with hospital
mortality [9]. The antifungal drugs available to eradicate these fungal pathogens are also limited and often
ineffective, mainly because of the intrinsic multidrug resistance of certain Candlida species and their ability
to form biofilms on implanted medical devices [10-12]. Considering that each species presents its own
distinctive features in relation to invasive potential, morphogenesis, antifungal susceptibility, and biofilm
formation, studies focusing on the adaptation to different host and environmental factors have the

potential to reveal novel molecular players of virulence pathways.

Here, we provide an overview of established and emerging strategies used by Candida to adapt to
common environmental challenges faced by these fungi during immune evasion and human colonization
(Figure 1.1). As we review major hostimposed constraints, we highlight the central regulatory circuits
required for fungal adaptation to these challenges. We also discuss the impact of such physiological
reprogramming on key aspects of Candida pathogenicity, with a particular emphasis on immune evasion,

biofilm formation, and antifungal drug resistance. We propose that the genetic circuits governing Candida



adaptation to human niches can be exploited in search of new antifungal targets and

improvement.
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Figure 1.1. Candida biogeography and the different host-imposed constraints during human colonization.

The most frequently isolated Candida species are listed according to their principal habitat in the human

body (oral cavity, lungs, gastrointestinal tract, bloodstream, urogenital tract, and skin). The different host-

imposed constraints are highlighted for several microenvironments where Candida thrives in the human

body, including inside phagocytic cells or biofilms. Key references: C. albicans [2,3], C. glabrata [3], C.

parapsifosis [2], C. tropicalis [2], C. lusitaniae [13], and C. Arusei [6]. ECM, extracellular matrix; NOS,

nitric oxide species; ROS, reactive oxygen species; UG, urogenital.



1.1 Candida within the human host

The human host contains a variety of environmental niches in which Candida species can thrive.
Adaptation to these sites requires rapid and coordinated changes in Candlida metabolism and physiology
in order to avoid or escape immune surveillance and to counteract several host-imposed constraints (for
example, nutrient limitation, oxygen deprivation, pH fluctuations, changes in temperature, or oxidative,
nitrosative, and cationic stresses). Moreover, Candida species interact with other microbial residents,
establishing either cooperative or antagonistic relationships, which may affect their growth and influence

the outcome of an infection.

Depending on the local environmental cues, some Candida species may exhibit different cellular
morphologies. These include budding forms, which have been associated with commensalism, and the
filamentous forms hyphae and pseudohyphae, often related with invasive and disseminated disease
[14,15]. However, these cell types were found in infected tissues, suggesting they all promote
pathogenicity. C. albicans has also the ability to switch into more functionally and genotypically distinct
cell types, which may present improved fitness in specific host niches [15]. In particular, “white” yeast
cells can switch to mating specialized “opaque” cells, and a subset of these can also transit into a third,
“gray” morphology [16]. An additional distinctive group of cells, known as GUT (gastrointestinally induced
transition), seems to display enhanced fitness in the gastrointestinal tract when compared with other cell
types [17]. The morphogenic transitions depend on a highly dynamic cell wall that acts as an
environmental barrier, and it is essential for host—pathogen interactions. The core skeleton of the cell wall
is composed of the polysaccharide (-1,3-glucan, covalently linked to -1,6-glucan and chitin. The outer
layer contains glycosylated mannoproteins cross-linked to (-1,6-glucans. The relative amount of each
component fluctuates between morphologies and in response to external challenges, impacting immune

responses [18,19].

1.1.1 Nutrient availability and Candida metabolic flexibility

Of the many challenges pathogens face in the human host, possibly none is more important than nutrient
availability because cells must assimilate nutrients in order to thrive. These might include sugars,
carboxylic acids, peptides, amino acids, lipids, or phospholipids. The assimilation of glucose, lactose and
galactose is mediated via hexose transporters (HGTs), providing major sources of energy and carbon

(Figure 1.2a). The well-studied yeast model Saccharomyces cerevisiae, which is relatively closely related



to some Candida species, uses glucose as a preferred carbon source and only switches to nonfermentable
nutrients when glucose becomes depleted [20]. This hierarchical utilization requires highly evolved
networks integrating several signaling pathways in order to repress the assimilation of alternative carbon
sources [21-24]. This is partly achieved by the ubiquitination of key gluconeogenic and glyoxylate cycle
enzymes following the exposure to glucose [25]. Notably, these enzymes appear to lack ubiquitination
sites in C. albicans, C. glabrata, C. parapsilosis, and C. tropicalis, and consequently, they are not
subjected to glucose-induced degradation [26,27]. The evolutionary rewiring of key metabolic
ubiquitination targets has been suggested to increase the ability of C. albicans to colonize and cause
infection in the mammalian host because, unlike S. cerevisiae, this yeast is able to assimilate sugars and
alternative carbon sources simultaneously [26-28]. The availability of glucose is thought to enhance C.
albicans virulence, owing to the fact that this sugar has been reported to induce hyphal morphogenesis
at low physiological concentrations [29-31] and promotes antifungal resistance [32,33]. Moreover, rapid
glucose metabolism by C. albicans seems to be important during infection because immune cells,
specifically macrophages, rely on glucose for survival [34]. This limitation is exploited by C. albicans,

which elicits rapid macrophage death by depleting the available glucose [34].
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Figure 1.2. Schematic representation of the main sensing, transport, and transduction systems for the
utilization of different host nutrients in Candlida species. (a) In C. albicans, glucose is sensed by Hgt4,
generating an intracellular signal that induces the expression of HGTs and other metabolic genes. (b) In

C. albicans and C. tropicalis, the uptake of GlcNAc occurs through the Ngtl transporter. (c) The uptake



of carboxylic acids is facilitated by the JEN (in C. albicans) and ATO transporters (in C. albicans and C.
glabrata). In C. albicans, Gprl is reported to be a lactate and methionine sensor. In the presence of
lactate, Gprl is thought to activate Crz1 in a calcineurin-independent manner and, together with Ace?2,
regulates a polygenic response that leads to 3-glucan masking. (d) Peptides and amino acids are sensed
by the SPS complex, which induces the expression of OPTs, AAPs, and ATO transporters, as well as SAPs
and amino acid catabolic genes. Intracellular ammonia resulting from the catabolism of GIcNAc or amino
acids is exported via Ato transporters. In the presence of methionine, and in low glucose conditions, the
methionine-induced morphogenesis is activated via Gprl sensor and Mup1 transporter. AA, amino acid;
AAP; amino acid permease; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate;
DcSAM, decarboxylated S-adenosylmethionine; GIcNAc, N-acetylglucosamine; GPI,
glycosylphosphatidylinositol; HGT, hexose transporter; OPT, oligopeptide transporter; SAM, S-
adenosylmethionine; SAP, secretory aspartyl proteinase; SPS, Ssyl-Ptr3-Ssyb; Sp2DC, Sp2
decarboxylase; TCA, tricarboxylic acid cycle; UDP, urine diphosphate.

In glucose-limiting conditions, other alternative carbon sources, such as N-acetylglucosamine (GlcNAc)
and carboxylic acids, are thought to play a critical role to sustain Candida growth. When infecting tissues
and organs, Candida up-regulates several pathways involved in the utilization of alternative carbon
sources, such as gluconeogenesis, the glyoxylate cycle, and fatty acid B-oxidation, suggesting that glucose
levels may not be sufficient to satisfy the energetic requirements of the cells [28,35-37]. In C. albicans
and C. tropicalis, GIcNAc, a monosaccharide produced mainly by bacteria in the gastrointestinal tract,
enters the cell through the Ngtl transporter, and is then sensed by the transcription factors, Ngs1 and
Rep1, which control the expression of genes involved in the uptake and catabolism of GlcNAc [38-40]
(Figure 1.2b). Depending on the metabolic state of the cells, GIcNAc can either be converted to uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc) or to fructose-6-phosphate, which then enters the
glycolytic pathway (Figure 1.2b). In C. albicans, GIcNAc can also be used as a signal to induce the
expression of several virulence genes involved in white-opaque switching [41], hyphal morphogenesis
[38-40,42], and cell death [43]. Additionally, GIcNAc metabolism seems to sustain Candida survival
when growing inside phagocytic cells. The export of intracellular ammonia, derived from GIlcNAc
catabolism, has been reported to promote the alkalization of the phagosome, enabling cells to survive
and escape from the acidic environment of the phagolysosome [44]. This mechanism is dependent on
the transport of GIcNAc and subsequent catabolism through Hxk1, Nagl, and Dacl enzymes [44]. Hence,

mutants lacking the Ngtl transporter or GIcNAc catabolic enzymes are defective in neutralizing the
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phagosome [44]. The ability to manipulate ambient pH is reported for all species of the CTG clade, a
phylogenetic group that translates the CUG codon into serine instead of leucine [45]. This is in contrast
to what is found for the distantly related C. glabrata, whose genome does not appear to encode homologs

of GlcNAc transporters or catabolic enzymes [44].

C. albicans can also raise the extracellular pH by metabolizing carboxylic acids [46]. This phenomenon
is physiologically and genetically distinct from the GlcNAc-driven mechanism, as the metabolism of
carboxylic acids, when used as the sole carbon source, does not generate ammonia or promote hyphal
morphogenesis [44,46]. Physiologically relevant carboxylic acids such as lactate, acetate, succinate,
butyrate, and propionate are produced either by host cells or host microbiota [47-49]. Lactate and
acetate are particularly abundant in the gut and in vaginal secretions [47,50], but also inside phagocytic
cells [51,52]. In C. albicans, the uptake of lactate is mediated by JEN transporters [51,53], while ATO
transporters are potentially involved in the transport of acetate in both C. albicansand C. glabrata [52,54]
(Figure 1.2c). These two transporter families are strongly induced after phagocytosis [51,52], and they
modulate biofilm formation and resistance to antifungal drugs in both C. albicans and C. glabrata [54-
56]. In particular, exposure to lactate has been shown to trigger the masking of [-glucan, a major
pathogen-associated molecular pattern (PAMP), in several Candida species [57]. This affects the visibility
of these pathogens to host immune defenses, which correlates well with the observed decrease in C.
albicans uptake by macrophages and reduced phagocytic recruitment [57,58]. The [-glucan masking
phenotype has been proposed to be dependent on Gprl and the transcription factor Crz1 [57]. These
proteins control the expression of genes associated with the organization of the cell wall, ultimately
contributing to the masking effect [57,59]. Therefore, the concomitant exposure of Candida cells to

different carboxylic acids potentiates immune evasion and consequently Candida persistence.

The uptake of nitrogen is also critical for Candida survival. Different /n vivo studies have demonstrated
that genes involved in amino acid uptake and catabolism are strongly up-regulated in C. albicans,
especially when phagocytosed by neutrophils and macrophages [36,60-62]. Indeed, several C. albicans
and C. glabrataamino acid auxotrophic strains retain full virulence in mice, suggesting that these nutrients
are readily available during infection [63-65]. Proteolytic enzymes, namely secretory aspartyl proteinases
(SAPs), are of particular importance because they allow Candida to efficiently degrade the complement
proteins and host connective tissues [66]. Once available, extracellular amino acids are then sensed by

the SPS complex (composed of Ssyl, Ptr3, and Ssy5), which in turn activates the transcription factors,
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Stp1 and Stp2 (Figure 1.2d). While Stp1 controls the expression of extracellular proteases and peptide
transporters, Stp2 regulates amino acid permeases, Ato transporters, and catabolic enzymes [67,68]
(Figure 1.2d). Along with GIcNAc and carboxylic acids, the catabolism of amino acids represents a third
independent mechanism by which Candida rapidly neutralizes acidic microenvironments [52,69].
Previous studies reported that C. albicans mutants lacking S7TP2 or AT0 genes release less ammonia
than wild type controls, failing to efficiently neutralize the acidic phagosome and undergo hyphal
morphogenesis, which consequently affects their ability to escape phagocytic cells [52,70]. Recent data,
however, suggest that the phagosomal membrane is highly permeable to ammonia, and the observed
alkalization is rather a direct consequence of proton leakage induced by hyphal growth [71,72]. The
transport of methionine via the high-affinity permease Mup1l and its subsequent metabolism have been
also shown to induce morphogenesis in a process that is dependent on Gprl and the cAMP-PKA (cyclic
Adenosine Monophosphate-Protein Kinase A) signaling cascade [73,74]. This methionine-induced
morphogenesis pathway triggers the activation of adenylate cyclase by the production of increased levels
of polyamines such as spermine and spermidine. These compounds are generated by the intracellular
conversion of methionine into S-adenosylmethionine (SAM) and its decarboxylation by Spe2, which

donates aminopropyl groups for polyamine synthesis [73] (Figure 1.2d).

1.1.2 Environmental pH fluctuations shape Candida physiology and pathogenicity

Changes in ambient pH represent an additional stress that Candida and other pathogens face in the
human host. While the pH of human blood and tissues is slightly alkaline (pH 7.4), the pH of the oral
cavity and the gastrointestinal and genitourinary tracts is acidic (2 < pH < 6). Adaptation to differing
ambient pHs is critical for survival and growth in these niches. In fungi, including Candida species, pH
signaling is mediated by the Rim pathway [75]. In C. albicans, the external pH is sensed by Rim21/Dfgl6,
Rim9, and an arrestin-like protein Rim8. Under alkaline pH, Rim8 is hyperphosphorylated, a signal that
triggers the endocytosis of the plasma membrane complex and the recruitment of the signaling protease
Rim13. This protease then cleaves the C-terminal inhibitory domain of Rim101, resulting in its activation.
The activation of Rim101 promotes the expression of target genes involved in morphogenesis [76-79],
growth [80], cell-wall remodeling [80], iron metabolism [81,82], adhesion [80], biofilm formation, and
antifungal tolerance [75,83,84] (Figure 1.3).

On the other hand, the adaptation of C. albicans to acidic environments drives cell-wall remodeling by

enhancing the exposure of two key fungal PAMPs (chitin and -glucan) at the cell surface [85]. While pH-

12



dependent B-glucan exposure is regulated by a noncanonical signaling pathway, the remodeling of chitin
is coordinated by several transcription factors, including Rim101, Berl, and Efgl (Figure 1.3) [85,86].
The exposure of B-glucan at the cell surface hyperactivates the immune system largely through the
recognition of the immunostimulatory B-glucan by Dectin-1, which enhances the recruitment of
neutrophils and macrophages to the site of the infection [85]. This pH-dependent -glucan exposure was
also observed in C. dubliniensis and C. tropicalis, but not in C. auris or C. glabrata [85,86]. Surprisingly,
adaptation to acidic environments induces [-glucan masking in C. Arusei, suggesting that the outputs of
pH-dependent signal transduction differ between these Candida species [85]. Additionally, the pH-
dependent reorganization of the cell wall fluctuates over time in C. albicans, with B-glucan and chitin
being masked after an initial period of exposure [86]. While the subsequent 3-glucan masking is mediated
by farnesol, this quorum-sensing molecule does not trigger the chitin cloaking [86]. These temporal
fluctuations suggest dynamic cell-wall responses to environmental pH. Moreover, the early PAMP
exposure appears to govern the outcome of the infection because subsequent remasking on the cell wall

does not compensate for the initial induction of strong proinflammatory responses [86].
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Figure 1.3. Candida adaptation to pH fluctuations. In Candida species, pH adaptation is mediated by the
Rim pathway. Under acidic pH, the exposure of both chitin and B-glucan is enhanced and facilitates their
recognition by the host innate immune system. Chitin exposure is promoted by the repression of both
Rim101 and Bcrl, resulting in reduced expression of CH7Z2. [-glucan exposure is regulated by a

noncanonical signaling pathway. Under alkaline pH, Rim8 is hyperphosphorylated, a signal that induces
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the endocytosis of the Rim complex and the recruitment of Rim13. The C-terminal proteolysis of Rim101

by Rim13 activates it and promotes the expression of target genes, including CHT2.

1.1.3 Adaptation to oxygen-limiting niches is critical for Candida virulence

Oxygen levels inside the human host can vary greatly. While some niches are rich in oxygen, such as
exposed skin or oral mucosa, others are anoxic or hypoxic, including the gastrointestinal tract [87].
Consequently, Candida cells must adapt to low-oxygen environments, particularly when colonizing the
human gut, developing lesions or growing in biofilms [87,88]. Analyses of gene expression profiles of C.
albicans cells shifted from normoxia to hypoxic growth conditions revealed the induction of several
pathways, including glycolytic gene expression via Tye7 [89-91], fatty acid metabolism [92,93], heme
biosynthesis and iron metabolism [89,92,94], cell-wall structure [89,92,94], and sterol biosynthesis via
Upc2 [95,96]. In contrast, genes involved in the oxidative respiration were repressed [89,92,94].
Additionally, the Sit4 phosphatase, the Ccr4 mRNA deacetylase, and the Skol transcription factor have

been identified as potential regulators of an early hypoxic response (10-20 min) [91,94].

Besides affecting the cellular metabolism and energy homeostasis, adaptation to hypoxia induces hyphal
growth in C. albicans [94] and promotes immune evasion by triggering B-glucan masking at the cell
surface [97]. B-glucan masking leads to reduced phagocytosis and attenuates local immune responses
[97]. In contrast to lactate-induced B-glucan masking, hypoxia-induced masking does not depend on Gpr1
and Crzl. Instead, hypoxia-induced masking is mediated by mitochondrial and cAMP-PKA signaling
[57,97]. Hypoxia induces the generation of mitochondrial superoxide [98,99], which is rapidly converted
into diffusible hydrogen peroxide by superoxide dismutase 1 (Figure 1.4). Hydrogen peroxide has been
proposed to somehow activate the cAMP-PKA pathway, which, in turn, triggers cell-wall remodeling and
B-glucan masking [97]. However, the mechanism by which B-glucan masking is achieved at the cell

surface remains unclear.

Hypoxia-induced B-glucan masking has been observed for some other pathogenic Candida species,
namely C. tropicalis and C. krusei, but not in C. glabrata, C. guilliermondi or C. parapsilosis [97].
Therefore, during their evolution, hypoxic signaling has become integrated with PAMP masking only in
some Candida pathogens. The adaptation to hypoxic environments enhances the ability of these Candida
species to colonize the host. For example, it was shown that the recruitment of polymorphonuclear

leukocytes (PMNSs) to sites of C. albicans infection in mice was the main cause of hypoxia [88] (Figure

14



1.4). However, because of the hypoxia-induced B-glucan masking by C. albicans cells, these PMNs are
not able to efficiently phagocytose the fungus, generate reactive oxygen species (ROS), or release
extracellular DNA traps, allowing C. albicans to survive. Continued exposure to hypoxia leads to
accumulation of lactate, prolonging the masking effect. Additionally, it was also observed that the
antifungal activity of fluconazole is considerably reduced under hypoxic conditions. We speculate that the
molecular mechanism behind this observation might include Upc2, considering its dual role in activating
hypoxia-induced (-glucan masking [97] and conferring azole antifungal resistance [100]. In contrast to
C. albicans, C. tropicalisis not able to induce [-glucan masking in response to hypoxia, and this species
is more susceptible to PMN attack [88]. This is in agreement with the fact that C. fropicalis mainly infects
neutropenic patients [101]. The molecular mechanisms allowing hypoxic adaptation are not completely
defined. Nevertheless, it is clear that some Candida species take advantage of low-oxygen environments,
either generated during infection or imposed by the specific host niche, to thrive by avoiding immune

surveillance and escaping from antifungal therapy.
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by the PMNs [88]. cAMP, cyclic adenosine monophosphate; NET, neutrophil extracellular trap; PKA,

Protein Kinase A; PMN, polymorphonuclear leukocyte; ROS, reactive oxygen species.

1.1.4 Candida adaptation to temperature shifts is essential for full virulence

The human body temperature is considered to be a potent nonspecific defense against fungal infection,
especially in febrile patients, because high temperatures considerably restrict fungal growth [102,103].
The human host presents fever as one of the first responses against a Candidainfection, thereby exposing
the fungal cells to temperatures ranging from 37 °C to 42 °C. These temperature fluctuations profoundly
influence many physiological aspects of C. albicans, including morphology, mating, phenotypic switching,

and drug resistance [104].

Changes in ambient temperature are sensed by a broad diversity of mechanisms. One of the most studied
pathways is the evolutionarily conserved heat shock response, which mediates thermal homeostasis by
controlling the levels of heat shock proteins (HSPs) [105]. HSPs are molecular chaperones sequestered
in response to heat shock, rescuing proteins from unfolding or targeting damaged proteins for
degradation. In C. albicans, the expression of HSP genes is activated by the heat shock transcription
factor 1 (Hsf1), which becomes phosphorylated in response to temperature elevations, including thermal
transitions that mimic fever [106,107]. After adaptation to the exposed temperature, Hsfl
phosphorylation returns to basal levels and several lines of evidence have suggested the existence of a
negative feedback loop, in which Hsp90 negatively regulates Hsfl [107-109]. Besides Hsfl, Hsp90 also
controls the activation of other regulators that mediate long-term thermal adaptation (Figure 1.5). These
include several mitogen-activated protein kinase (MAPK) signaling pathways, particularly the Hogl, Mkc1,
and Cekl pathways, which are intimately associated with cell-wall remodeling [110,111]. Other small
HSPs such as Hspl12 and Hsp21 have also been identified as crucial for C. albicans to resist thermal
stress [112,113]. HSPs and their associated signaling pathways have been widely implicated in antifungal
resistance, emerging as potential antifungal targets to treat Candida infections [114]. Moreover, the
activation of the Hsf1 transcriptional program in C. albicans has been associated with increased host cell
adhesion, damage, and virulence, reinforcing the importance of this regulon in thermal homeostasis

[115,116].
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1.1.5 Candida and host microbiota: avoiding antagonistic interactions in health and disease
The structure of human microbiota is dynamic, often defined by host and environmental factors and also
by physical and metabolic interactions between species. While some of these interactions are cooperative,
others are antagonistic, and the latter may represent a major obstacle for Candlida. This concept gained
experimental support through studies involving the depletion of commensal microbiota by continued use
of broad-spectrum antibiotics, which resulted in Candida overgrowth [117,118]. This suggests that some
commensal microbial colonizers antagonize Candida spp. (and other exogenous pathogens) in order to
maintain a homeostatic balance in the host. Some of these interactions are driven by metabolic
competition, while others are mediated by quorum-sensing molecules that influence fungal cell behavior
and regulate important virulence traits. Although quorum-sensing systems have been explored in great
detail for pathogenic bacteria, they are relatively poorly understood in fungi [119]. The C. albicans
molecule farnesol was the first quorum-sensing compound to be identified in an eukaryote [120] and has

been the object of intense research. Yet, its precise mode of action remains unclear.
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Lactobacillus species and C. albicans are a well-documented example of infectious antagonism [121-
123]. Lactobacifli are a dominant species of the microbiota of the gastrointestinal and urogenital tracts,
and they actively reduce the amount of fungal microbes by producing many fungicidal compounds [121-
123]. Other commensal bacteria such as Bacteroides thetaiotamicron or Blautia producta can antagonize
C. albicans by stimulating intestinal cells to produce antimicrobial peptides [124]. The pathogenic
bacterium Acinetobacter baumanii has been also reported to interact antagonistically with C. albicans by
biding to hyphae to promote apoptosis [125]. The elucidation of these types of interaction is of particular
interest in the quest for novel targets for antifungal therapy, as the inhibitory secreted factors produced

by these antagonists appear to have high fungicidal activity.

The disruption of commensal interactions through alterations in immune competence, by changes in
environmental host conditions, or via antibiotic therapy may favor the outgrowth and overrepresentation
of pathogenic microbes, with these growing at the expense of those organisms that fail to adapt. While
antagonist interactions might lower the risk of infection, synergistic interactions during dysbiotic states
are associated with increased pathogenesis because microbes can also interact to enhance colonization
and persistence. An illustrative example is the infectious synergism established between several Candida
species (including C. albicans, C. dubliniensis, C. tropicalis, and C. kruse) and the gram-positive
bacterium Staphylococcus aureus [126,127]. Candida not only provides a substratum for the attachment
and colonization of S. gureus, but also facilitates its invasion across mucosal barriers, thereby promoting

persistence and systemic infection [128].

1.1.6 Host immune defenses: how Candida species counteract the immune response

Microbial pathogens are constantly surveyed by the innate immune system. Phagocytic cells such as
dendritic cells, macrophages, monocytes, and neutrophils play important roles in clearing fungal
pathogens from the bloodstream and tissues. Loss of innate immune cells or defects in their antifungal
activities have major implications for the host. Candida cells are recognized through key PAMPs, some of
which are located in the cell wall; for example, B-glucans, chitin, and mannans. These components are
sensed by the multiple pattern-recognition receptors (PRRs) expressed by phagocytic cells, or secreted
(for example, complement components). PPRs mediate binding of the pathogen to the phagocyte, and
the PAMP-PRR interactions trigger intracellular signaling pathways within the immune cells that can
induce phagocytosis and the production of proinflammatory cytokines and chemokines. In order to

attenuate recognition and escape phagocytosis, Candida cells are able to actively mask cell-wall PAMPs
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[129] and secrete specific proteases that target complement opsonization [130]. Alternatively, some
Candida species can induce their phagocytic uptake into endothelial and epithelial cells and use these
cells as “safe houses” by preventing maturation of the phagolysosome and subsequent killing [131]. If
none of these strategies is employed, Candida cells are likely to be internalized and subjected to a
combination of toxic oxidative and nonoxidative mechanisms that attempt to kill any intra- or extracellular
yeast cell. These oxidative mechanisms include the production of reactive oxygen and nitrogen species
(ROS and RNS, respectively), while nonoxidative killing mechanisms include the release of antimicrobial
peptides and the induction of processes related to micronutrient restriction. Of note, while C. albicans is
sensitive to the combinatorial stresses imposed by phagocytes [132], C. glabrata has adapted to survive
within the inhospitable environment of the phagosome. This pathogen mounts robust stress responses
against the ROS implemented by the phagocytic cell and neutralizes the phagocytic environment, thereby

escaping phagocytosis [133].

1.1.6.1 Oxidative, nitrosative, and osmotic/cationic stresses

Phagocytic cells attempt to kill pathogens in part by employing toxic ROS and RNS, either intracellularly
or extracellularly, as a major antimicrobial defense mechanism. ROS are produced by the NADPH oxidase
complex, a process known as respiratory burst, and include chemicals such as the superoxide anion
(O:*), hydrogen peroxide (H.0:) and the hydroxyl radicle (*OH). Furthermore, ROS production in response
to C. albicans infection has been shown to lead to the recruitment of additional phagocytes, creating a
toxic oxidative environment for the fungus [134]. Inside phagocytes, ROS can interact with nitric oxide
(NO), generating toxic products such as peroxynitrite [135]. These toxic chemicals cause irreversible

damage to the pathogen by interacting with proteins, lipids, and nucleic acids.

Candida species attempt to counteract these stresses by activating cellular responses that include the
activation of genes encoding proteins involved in stress detoxification and reparation. These include
catalase, superoxide dismutases, glutathione peroxidases, and thioredoxins (Figure 1.6a) [136-138]. In
C. albicans and C. glabrata, these stress pathways are regulated largely by the Hogl stress-activated
protein kinase [136,139], the transcription factor Capl [140-142], and the Rad53 DNA damage
checkpoint kinase [143]. Together with the transcription factor Cta4, these signaling pathways play key
roles in orchestrating the responses to osmotic, oxidative, and nitrosative stresses in these species [144].
In this way, these regulators promote the fitness of C. albicans during systemic infection. Indeed, mutants

lacking these genes display attenuated virulence in mice, as well impaired tolerance to these stresses /in
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vitro and phagocytic survival [145,146]. Curiously, the oxidative stress response is delayed if the fungus
is simultaneously exposed to cationic and oxidative stress [147]. This is tought to contribute to the ability
of phagocytic cells to efficiently kill invading pathogens [117] (Figure 1.6a). Given the importance of these
stress response pathways for Candida survival, key molecular players involved may represent attractive

targets for antifungal development.

1.1.6.2 Host-enforced micronutrient restriction

The limitation of micronutrients, such as iron, copper, zinc, or manganese, is an effective way of
controlling the outgrowth of invading microbes. These micronutrients are essential for the survival of both
host and pathogen because they function as co-factors for enzymes, transcription factors, and other
proteins that play crucial biochemical and cellular functions. However, our immune system attempts to
restrict microbial access to these essential elements via a mechanism known as nutritional immunity

[148].

Iron has well-studied implications for Candida pathogenesis, being a crucial micronutrient for Candida
growth, survival and virulence [149]. During systemic candidiasis, the host restricts this metal by
increasing the levels of iron-binding proteins, such as ferritin and hemoglobin alpha, and accumulating
heme oxygenase (Figure 6b) [150,151]. Both C. albicans and C. glabrata have developed efficient iron-
scavenging strategies that can overcome these host mechanisms. This contributes to their ability to
survive phagocytosis and replicate inside macrophages by using their intracellular storages of iron
[152,153]. C. albicans and C. glabrata cells exploit sophisticated iron-uptake systems to acquire either
free iron [154,155] or iron from host iron-binding proteins, including hemoglobin [156], ferritin [82], and
transferrin (Figure 6b). Additionally, the utilization of siderophores promotes resistance to macrophage
killing: in C. glabrata, the Sitl siderophore-iron transporter mediates iron acquisition, being critical for the

survival of the yeast inside macrophages [152].

Copper is also involved in Candida virulence, both positively and negatively. The fungal reductive iron-
uptake pathway includes multicopper oxidases, and hence, iron acquisition and mobilization depends on
copper availability [157]. Interestingly, the host also uses copper as a defense mechanism against
Candida by pumping excess quantities of this metal into Candidacontaining phagosomes (Figure 1.6b)
[158]. However, C. albicans adapts to this potential killing mechanism by differentially modulating the

expression of copper- and manganese-dependent SODs (Sod1 and Sod3, respectively) [159]. Sod1 is
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expressed when copper is in excess, but when copper levels decline, Sod3 is then expressed (Figure
1.6b) [159]. Thus, during infection, C. albicansis able to adjust copper uptake and management by using

it as an enzymatic cofactor for SOD enzymes [159].

Zinc is an abundant micronutrient that has crucial roles in cellular functionality for both host and
pathogen. The host attempts to limit zinc availability for the fungus by depleting extracellular zinc levels,
mainly via calprotectin, an antimicrobial peptide expressed by neutrophils that binds zinc and manganese
with high affinity (Figure 1.6b) [160]. Calprotectin promotes the antimicrobial activity of neutrophil
extracellular traps (NETs), which are released by neutrophils after sensing large microbes such as C.
albicans hyphae [161-163]. Zinc depletion also occurs inside immune cells as an antifungal mechanism
to kill intracellular pathogens such as C. albicans and C. glabrata [164]. During infection, macrophages
deplete intracellular zinc by pumping it into the Golgi apparatus via specific ZnT-type zinc transporters
(Figure 1.6b) and increasing the expression of zinc-binding metallothioneins [165]. Additionally,
macrophages up-regulate the zinc importer Z/P2to increase the intracellular levels of zinc (Figure 1.6b)
[166]. This combination of strategies depletes zinc from the extracellular environment while dealing with
the increased metabolic demands associated with microbial clearing [166]. To overcome zinc depletion,
C. albicans overexpresses ZR71 and ZRT2 genes, encoding zinc uptake transporter systems Zrtl and
Zrt2 (Figure 1.6b). Both transporters are regulated by the zinc finger transcription factor Zap1 (also known
as Csrl) [167,168] and by pH [79]. Zinc transporters play important roles in Candida pathogenesis
because overexpression of Zrt2 increases C. albicans virulence [169]. In addition to functioning as a zinc
transporter, Zrtl also serves as a receptor for the Pral zincophore [79,168], a secreted protein that binds
and sequesters zinc from host cells during C. albicans invasion (Figure 1.6b) [170]. Similarly to copper,
zinc has also been reported to be pumped in higher amounts into the phagosome to intoxicate internalized

pathogens, constituting an important mechanism of killing (Figure 1.6b) [171].
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the induction of oxidative stress genes (XS genes), including catalase, superoxide dismutases, glutathione
peroxidases, and thioredoxins, among others. However, cations inhibit catalase and Capl, thereby
delaying the induction of the oxidative stress response and leading to the death of C. albicans cells. (b)
Host-enforced micronutrient restriction results in reduced iron, copper, and zinc availability, but C.
albicans responds by up-regulating efficient metal-scavenging strategies. Host phagocytes also exploit the
toxicity of copper and zinc by pumping these metals in excess into phagosomes to intoxicate internalized
pathogens. NOS, nitric oxide species; PM, plasma membrane; ROS, reactive oxygen species; Sod,

superoxide dismutase; XS, oxidative stress.
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1.2 Environment-triggered biofilm formation and antifungal resistance

So far, we have described major molecular circuits required by Candida species to counteract several
constraints they face in the human host. The ability of Candlida to adapt to these stresses imparts the
flexibility to colonize diverse host niches. The physiological capacity to respond efficiently to stress and
survive hostile environments also endows the fungal cells with the advantage of being better prepared for
future insults [172,173]. The generation of biofilms might represent another strategy to resist harsh

conditions and persist in the human host.

The Candida species most frequently associated with the formation of biofilms, either in host tissues or
implanted medical devices, are C. albicans, C. glabrata, C. tropicalis, and C. parapsifosis [174]. Biofilms
represent three-dimensional communities of adherent cells, with distinct biological properties, that are
embedded in a self-synthesizing extracellular matrix (ECM) composed predominantly of proteins,
glycoproteins, carbohydrates, lipids, and nucleic acids [175]. The ECM helps to maintain the overall
structural integrity of the biofilm, and it also acts as a physical barrier to drug penetration. Consequently,
biofilm cells can survive drug concentrations more than a thousand times higher than those defined for
planktonic cells [176]. This phenotype is partly associated with the sequestration of drugs by the biofilm
ECM and partly with the occurrence of a subpopulation of so-called “persister cells”. Persister cells exhibit
a dormant-like physiology that has been demonstrated to make them highly resistant to antifungals [177].
These features contribute to the intrinsic resistance of Candlida biofilms to conventional antifungal
treatments, the host immune system, and other environmental perturbations, making biofiim-based

infections a clinical challenge.

Genome-wide transcriptional profiling and proteomic approaches have identified hundreds of genes that
are differentially expressed between C. albicans biofilm and planktonic cells. The up-regulation of
glycolytic and sulfur amino acid genes, similar to what is observed when cells grow under hypoxia,
suggests that Candida biofilms constitute a heterogeneous environment with hypoxic niches [178].
Moreover, more than 50 transcriptional regulators and 101 other genes have functionally validated roles
in the formation of Candida biofilms [179-181]. Some of these play important roles in hyphal formation,
adhesion, drug resistance, and matrix production (all intrinsic characteristics of biofilms), as well as in
stress adaptation. It is not surprising, then, that adaptation to specific environmental niches modulates

the ability of cells to form biofilms and, consequently, to resist antifungals [54,55,58,59,182-184].
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ABSTRACT

Opportunistic pathogens such as Candida species can use carboxylic acids, like acetate and lactate, to
survive and successfully thrive in different environmental niches. These nonfermentable substrates are
frequently the major carbon sources present in certain human body sites, and their efficient uptake by
regulated plasma membrane transporters plays a critical role in such nutrient-limited conditions. Here,
we cover the physiology and regulation of these proteins and their potential role in Candida virulence.
This review also presents an evolutionary analysis of orthologues of the Saccharomyces cerevisiae Jenl
lactate and Ady? acetate transporters, including a phylogenetic analysis of 101 putative carboxylate
transporters in twelve medically relevant Candida species. These proteins are assigned to distinct clades
according to their amino acid sequence homology and represent the major carboxylic acid uptake systems
in yeast. While Jen transporters belong to the sialate:H: symporter (SHS) family, the Ady2 homologue
members are assigned to the acetate uptake transporter (AceTr) family. Here, we reclassify the later
members as ATO (acetate transporter ortholog). The new nomenclature will facilitate the study of these

transporters, as well as the analysis of their relevance for Candida pathogenesis.

2.1 INTRODUCTION

Transport of carboxylic acids across cell membranes is of critical importance for all living systems, from
bacteria to fungi to mammalian cells [1]. At physiological pH, these organic compounds prevail in their
anionic form, requiring a transport system to cross the plasma membrane; whereas, at lower pH, the
undissociated form of the acid can enter the cell by simple diffusion [1,2]. Integral membrane transporters
and channels, the two major classes of transport proteins, are thereby important mediators between the
intracellular and extracellular environment by precisely controlling the influx of important nutrients or the
efflux of unwanted metabolites [3]. In Saccharomyces cerevisiae, Jen1 and Ady2 are the main transport
systems responsible for the uptake of monocarboxylates at conditions where these substrates can be
used as main carbon sources. The aquaglyceroporin channel Fpsl has also been reported to mediate
the import of undissociated acetic acid by facilitated diffusion [4], though this seems to depend on the
extracellular environment [5]. Both Jen1 and Ady?2 transporters have also been suggested to be involved

in the export of monocarboxylates [6,7]; yet, it is unclear how these efflux processes are regulated.
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Opportunistic pathogens can acquire the available carboxylic acids present in the human host, either
produced by host microbiota or host cells [8]. The uptake of carboxylates, such as lactate and acetate,
sustains cell metabolism and growth when other preferable carbon sources are limited. This is particularly
relevant for a group of pathogenic Candida species, which are well-adapted to different human
environmental niches and import these carboxylic acids in order to survive under host conditions that
otherwise would be deleterious. These nutrient-restricted environments are predominantly found within
the gut and vagina, with the host microbiota having a predominant role in the production of propionate,
acetate and lactate [9,10]. The induction of lactate and acetate transporters in Candida upon macrophage
or neutrophil internalization also supports the idea that these nutrients are readily available inside

phagocytic cells [11-16].

The different species comprising the genus Candlida are spread among distinct phylogenetic clades, which
also include other nonpathogenic species (Figure 2.1). This suggests that the ability to infect humans has
evolved several times, independently, among this diverse group of yeasts [17]. In this review, we revisit
the two major families of carboxylic acid transporters in yeast and explore their contribution for Candida
pathogenesis. The expansion and functional specialization of some members of these families in
pathogenic species, such as in Candida albicans and Candlida parapsilosis, may have emerged as means
of either environmental or host adaptation, increasing the ability of these species to thrive within the
human host and consequently account for their increased virulence. To give a better overview on the
representation of these transporters in Candida, we conducted protein BLAST (pBLAST) searches in NCBI

(https://blast.ncbi.nim.nih.gov), and identified all the orthologues of the functionally validated

Saccharomyces cerevisiae monocarboxylate transporters (Jenl and Ady?2) for a set of medically relevant
Candida species. In particular, these two transporters were independently used as BLAST queries in
searching the proteome of C. albicans, Candida glabrata, Candida tropicalis, C. parapsilosis, Candida
orthopsiliosis, Candida dubliniensis, Candida krusei, Candida auris, Candida lusitaniae, Candida
haemulonis, Candida guilliermondii, and Candida kefyr. This set includes the most studied and well-
characterized Candida species but also infrequent species that are emerging as successful pathogens.
Finally, we reclassified and renamed some of these homologues based on recently reported structural
and functional data. In particular, we propose the exclusive use of ATO (acetate transporter ortholog) for
all the yeast Ady2 ortholog members of the acetate uptake transporter (AceTr) family to better describe

their function as acetate transporters [18-20].
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Figure 2.1. Evolutionary relationship between Candida species and other yeasts. Phylogenetic
reconstruction was performed using maximum-likelihood in IQ-TREE [73], the JTT (Jones-Taylor-Thornton)
model of amino-acid evolution, and four gamma-distributed rates. Phylogeny was based on a total of 1567
concatenated proteins within the proteome of the different species. BLAST searches were performed
comparing the proteome (obtained in NCBI) of the selected species in order to detect those conserved
proteins across a total of 77 fungal species. These proteins are essential proteins beyond the specific
biology of the different yeasts offering a clear high-resolution evolutionary view between the different
species. All obtained bootstrap values showed 100% in confidence. Candida species relevant for this study
are highlighted with different colours. Branches that were not relevant were collapsed with the

representative genus indicated.

2.2 Phylogenetic evolution of JEN transporters

The lactate transporter Jen1 was the first monocarboxylate transporter identified in fungi [21]. This proton-
coupled monocarboxylate transporter is a member of the major facilitator superfamily (MFS; TCDB

2.A.1.12.2) [22], which is responsible for the active transport of lactate, pyruvate, acetate and propionate
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[21,23,24], and also selenite [25]. So far, among all Candida species, only two S. cerevisiae Jenl
(ScJen1) orthologues were functionally characterized in C. albicans, one encoding a monocarboxylate
transporter (Calenl) for lactate, pyruvate and propionate [26], and the other encoding a dicarboxylate
transporter (CaJen?2) for succinate and malate [13]. Both CaJenl and CaJen2 transporters are tightly
regulated by different carbon sources, being repressed by glucose and induced by their specific substrates
[13]. This upregulation was also confirmed /n vivo, in C. albicans cells infecting the kidney, in a murine
model of systemic candidiasis, and upon phagocytosis by murine macrophages or human neutrophils

[13].

The phylogenetic analysis of ScJenl was performed with the available amino acid sequences for several
Candida species. The obtained tree displays 36 Jen-like proteins and suggests the existence of two
functional clusters, which we designated as clade A and clade B (Figure 2.2A; see also Table S2.1 in the
supplemental material). While clade A comprises the functionally characterized CaJenl monocarboxylate
transporter, clade B contains the Calen?2 dicarboxylate transporter (Figure 2.2A). The branching pattern
within the two clades is consistent with the species tree topology (see Figure 2.1 for reference tree). With
the exception of C. glabrata, which does not have any Jen transporter, all Candida species analyzed have
at least two ScJenl orthologues. The absence of Jen transporters has already been reported for other
Saccharomycetacea yeasts that diverged after the whole genome duplication [27]. Curiously, though,
lactate assimilation is required for C. glabrata survival in the intestine, as mutants in the lactate
dehydrogensase Cyb?2 are rapidly outcompeted [28]. C. parapsilosis, C. orthopsilosisand C. guilliermondli
contain, respectively, twelve, four and three ScJenl homologues, which are not equally distributed within
the two clades (Figure 2.2A). In the case of C. parapsilosis and C. orthopsilosis, this observation is
consistent with the high level of genomic variation displayed by these species, including copy number
variations, a phenomenon likely due to selective pressures present in the environment rather than in the
human host [29]. This phenomenon was also reported for Yarrowia ljpolytica, which has 6 Sclenl
homologues. A phylogenetic analysis predicted that 12 duplications and losses occurred during evolution
in the Yarrowia Jen clade [27]. Moreover, the ScJen1 orthologs found in C. krusei; C. auris, C. lusitaniae
and C. haemulonis are exclusively clustered in clade B (Figure 2B). While these clades were initially
assumed to be two different functional clusters in fungi, with the Jenl cluster comprising only
monocarboxylate transporter proteins and the Jen2 containing dicarboxylate transporters [1,30], recent
evidence has shown that members of both clades may have overlapping substrate specificities [31]. The

possibility that an ancestral Jen transporter encoded a promiscuous protein with the ability of transporting
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both mono- and dicarboxylates is highly plausible, but it still remains unclear [30]. Studies that have
attempted to reconstruct the evolutionary origin of the Jen family suggest JENZ as the ancestral gene
[27,30]. However, due to a dynamic evolutionary history of subsequent duplications and losses, other

members of this family, such as JEN1, have merged [27,30].

The predicted three-dimensional structure of ScJen1, consisting in 12 transmembrane segments (TMSs),
resembles the common topology of other MFS members. Structure-function studies, benefiting from the
solved structure of other MFS members, have identified several conserved amino acids that are essential
for the binding and co-translocation of the substrates [32,33]. When analyzing the amino acid sequences,
it is possible to observe that most of the functional motifs and amino acids described for Sclenl are
highly conserved across all of the identified orthologues (Figure 2.2B). This observation suggests that
these transporters are likely to retain the same function. For instance, the conserved motif
NXX[S/TIHX[S/T]QDXXXT, located at the end of the putative seventh TMS, has been reported as part of
the translocation pathway [33]. Protein modelling has demonstrated that the conserved amino acids of
this motif face an internal pore and potentially interact with the carboxylic substrates, which is consistent
with their crucial roles in protein activity, transport ability and specificity, as well as substrate affinity
[32,33]. Other polar conserved residues located at different TMSs have also been identified to be part of
the pore and play special roles in substrate specificity by allowing the discrimination between mono- and

dicarboxylates [32].
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Figure 2.2. Evolutionary analysis of S. cerevisiae Jen homologues in Candlida species. (A) A multiple-
alignment with the 36 ScJenl homologues found in Candida species was performed using MAFFT v.7

[74] and checked manually for incongruences. The alignments were then used in the phylogenetic
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reconstruction. A maximum-likelihood approach, suitable for deep evolution, was conducted in MEGA7
[75] using the JTT model of amino acid evolution, four gamma-distributed rates, and a site coverage
cutoff of 90%. A total of 250 replications were performed for the bootstrap analysis. Names of the
homologues are colored according to the species where they were detected. Output trees were edited in
Figtree v. v.1.4.4. (http://tree.bio.ed.ac.uk/software). (B) Conservation logo of the alignment that

displayed residues in 90% of the sequences using Weblogo (https://weblogo.berkeley.edu).

Transmembrane segments (TMSs) predicted with TMHMM 2.0
(http://www.cbc.dtu.dk/services/ TMHMMY/) are highlighted as brown bars in the logo, and black arrows

indicate amino acids belonging to previously identified functional domains [32,33].

2.3 Phylogenetic evolution of ATO transporters

The first member of the acetate transporter family to be reported in the literature was the yeast Yarrowia
lipolyptica Gprl protein [34,35], which was later confirmed to be an acetate transporter [18]. Since then,
many orthologues have been identified in the three domains of life [18]. Some examples include the S.
cerevisiae Ady2 (ScAdy?2) and the Aspergillus nidulans AcpA in eukarya [36,37], AceP in archaea [18,38],
and SatP in bacteria [39]. Although well-represented among the different taxonomic groups, these
orthologues seem almost ubiquitous in fungi [18]. This observation suggests that acetate transporters
play key roles in fungal species, which is in agreement with their involvement in essential physiological
processes such as ascus formation in S. cerevisiae or germination of conidiophores in Aspergilius
nidulans [40]. In S. cerevisiae, Ady2 has been identified as an acetate permease with the ability to
transport other monocarboxylates, such as propionate, formate, and lactate [18,36]. Besides ADYZ (also
known as A701), the genome of S. cerevisiae harbors two additional homologues, FUN34 (also known
as A702 and AT03. These three transporters are highly induced under carbon-limiting conditions and
during the stationary phase of glucose grown cells [41,42]. The deletion of ScADY2 results in the loss of

mediated acetate uptake at pH 6.0 [36].
ScAdy? (named originally for “accumulation of dyads protein 2") was also reported to be expressed during

meiosis, which is required for the regulation of meiotic plague components in sporulation [43]. Mutants

in ScADY2 predominantly form dyads and display a decreased spore formation [44]. The standard
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formulation for inducing sporulation in yeast contains acetate as primary carbon source, which probably

links the molecular function of the Ady2 protein to this phenotype [44,45].

These transporters were reported to be involved in ammonium export, hence the acronym ATO, which
stands for “ammonia transport outward” [43] was adopted. In S. cerevisiae, this volatile alkaline
compound is transmitted between yeast colonies as a signal to inhibit growth of the facing parts of both
colonies, a signaling process that requires amino acid uptake [46]. The three Ato transporters were
suggested to act as ammonium/H- antiporters by extruding ammonium and importing protons and, thus,
contributing to the increase of external pH observed during ammonia signaling [47]. The association of
the Ato proteins with ammonium transport is genetic, and there is no homology with bona fide ammonium

transporters nor any biochemical evidence that they transport ammonia or ammonium.

These transporters were recently reclassified into the acetate uptake transporter (AceTr) family (TCDB
2.A.96) [22] based on the characterization of the abovementioned orthologues, from all domains of life,
as acetate transporters [18-20,37,39]. The confusinh nomenclature, often deriving from phenotypes that
are indirectly linked to function (ADY, FUN, ATO), represents a barrier to understanding and studying this
interesting family. We, therefore, propose redefining the Ady2/Ato proteins as “acetate transport
ortholog” instead of the previous designation as “ammonia transport outward” to better reflect and
describe their function as acetate transporters, while still maintaining some consistency with the literature

(see Table S2.2 in the supplemental material).

The phylogenetic analysis of ScAdy2/Ato orthologues (hereafter referred as ScAtol) in the selected
Candida species resulted in a phylogenetic tree containing 65 Ato-like proteins organized into two
asymmetrical clusters (Figure 2.3A). Cluster A includes most of the Candlida orthologues, while the cluster
B contains only four orthologues and one homologue of ScAtol. All of the selected Candida species have
at least two orthologues, and more than 50% of the species have five or more orthologues (Figure 2.3A),
which is in agreement with the high frequency of these proteins in fungal organisms [18]. In particular,
the Ato family in C. albicansis greatly expanded when compared with other species, being composed by
10 Ato-like proteins [48]. However, two of these putative acetate transporters (CaAto9 and CaAto10, see
Table S2.2) were shorter than the other retrieved sequences. The examination of the BLAST results and
the genomic position of each homologue suggests that these were originally the same gene split by a

transposable element. The independent alignment of CaAto9 and CaAtolO with the remaining
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homologues revealed that they align consecutively to each other. Furthermore, phylogenetic analyses
performed individually on each sequence revealed the same evolutionary position for both CaAto9 and
CaAto10 (phylogenetically close to CaAto6, followed by CaAtob). Given this, CaAto9 and CaAto10 were
excluded, as they are most probably non-functional homologues. Two other sequences, CtAto8 and
CguAto3, were relatively shorter than the other sequences in the alignment. Analyses with TMHMM v.

2.0 (http://www.cbs.dtu.dk/services/ TMHMM) showed that these proteins only contain 3 and 5 helices,

respectively, instead of the expected six detected for this transporter family. The analysis of the genomic
sequence following the termination codon of the protein revealed the presence of the homologous absent
portion, indicating that the proteins were truncated, likely recently in evolution. As we have no indication

if the truncated proteins are fully functional, we excluded these sequences from further analyses.

As mentioned above, hallmarks of this family include six transmembrane domains but also conserved
motifs that are involved in the transport mechanism of acetate in Ato members but also succinate in
SatPs [18,19]. The Atol orthologues in £scherichia coli (ecSatP) and Citrobacter koseri (ckSatP) are so
far the only members of the AceTr family whose structures are available [19,49]. A hexameric Urel-like
channel structure was reported for ecSatP [49]; however, more recently, it was suggested that the closed
state of the channel represents a relatively high energy barrier, 15 kcal/mol [20]. The signature
NPAPLGL(M/S) motif of the AceTr family, located at the beginning of the first TMS (Figure 2.3B), has
been reported to be essential for substrate uptake [18,35]. Recent structural analyses with the SatP
homolog from Citrobacter koserihave demonstrated that these conserved amino acids are in the vicinity
of the first and second acetate/succinate-biding sites, allowing the translocation of the substrate [18,19].
The dissection of the molecular mechanism of the acetate transport in several members of the AceTr
family suggests that these transporters are energy dependent [18,20,36,39,50]. This functional motif, as
well as other amino acids that play important roles in the transport mechanism of Ato transporters, are
highly conserved among all the identified Candlida orthologues, suggesting that Candlida Atos are likely to
retain the same function (Figure 2.3B). However, an extensive phylogentic analysis has recently assigned
all of the known members of this family into two distinct clades - the prokaryotic clade, where SatPs are
included, and a eukaryotic clade comprising the Ato transporters [18]. This suggests that despite havinf
a conserved motif involved in substrate recognition and transport, the members of these two clades may
display different specificities, which is in agreement with what is already described for the Jen1 homologs
that present a conserved signature motif and different specificities throughout the distinct family members

[1,31].
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Figure 2.3. Evolutionary analysis of S. cerevisiae Ato homologues in Candida species. (A) A multiple-
alignment with the 65 ScAtol homologues found in Candida species was performed using MAFFT v.7
[74] and checked manually for incongruences. The alignments were then used in the phylogenetic
reconstruction. A maximum-likelihood approach, suitable for deep evolution, was conducted in MEGA7
[75] using the JTT model of amino acid evolution, four gamma-distributed rates, and a site coverage
cutoff of 90%. 250 replications were performed for the bootstrap analysis. Names of the homologues are

colored according to the species where they were detected. Output trees were edited in Figtree v.1.4.4.
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(http:/ /tree.bio.ed.ac.uk/software). (B) Conservation logo of the alignment that displayed residues in 90%
of the sequences, using WeblLogo (https://weblogo.berkeley.edu). Transmembrane segments (TMSs)
predicted with TMHMM 2.0 (htpp://www.cbs.dtu.dk/services/ TMHMM/) are highlighted as brown bars

in the logo and arrows indicate amino acids belonging to previously identified functional domains [19] .

2.4 Functional specialization of Jen and Ato transporters in Candida

The idea that carboxylates are essential nutrients for the survival of Candida species in certain host niches
is supported by many studies that have demonstrated that Candida cells upregulate several metabolic
pathways involved in the utilization of these carbon sources when infecting tissues and organs [12, 51—
53]. For instance, several studies in Candida have consistently demonstrated that both Jen and Ato
transporters are strongly upregulated following phagocytosis, reinforcing the idea that carboxylate
assimilation is an integral part of the response to phagocytosis [11, 13-16]. Considering that inside the
phagolysosome glucose levels are low, lactate and acetate, along with amino acids, may be the main
sources of acetyl-coenzyme A (acetyl-coA) that feed the glyoxylate cycle, allowing Candida survival in this
environment [11,16, 53]. Indeed, abrogation of both carboxylic acid and amino acid uptake confers
additive effects in virulence in macrophage and mouse models [54]. Consistent with this observation, the
acetyl-coA synthetases, which convert acetate into acetyl-coA, are upregulated after C. albicans
phagocytosis by macrophages and neutrophils [12]. C. glabrata mutants in Atol and Fps1 were reported
to be more efficiently internalized and phagocytized by macrophages that wild-type cells in RPMI medium.
But the presence of acetic acid rendered the mutant cells more resistant to macrophage killing, showing
that this process is dependent on the carbon source [55]. The uptake of carboxylic acids, mediated either
by Jen or Ato transporters, results in the alkalization of the extracellular environment in specific growth
conditions. The neutralization of the acidic phagolysosome allows C. albicans to readily escape from the
immune cells by differentiating into filamentous hyphae and inducing macrophage pyroptosis, a
programmed cell death pathway [56-60]. Mutations in the C. albicans ATOI and AT05 impair
neutralization, hyphal differentiation, and macrophage killing [48]. This is significant, as Candida cells

after macrophage killing can continue to successfully thrive in the human host.

Noteworthy, the AceTr family is greatly expanded in Candida, especially in C. albicans, when compared

to other fungi (Figure 2.3A). Gene family expansions in these yeasts occur primarily by gene duplication
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and under stressful environmental conditions and are often associated with pathogenicity [61]. Although
most of the duplicated genes are often deleted, some may be retained if either gene dosage or functional
specialization are advantageous [61-63]. Undoubtedly, an increased number of Ato transporters is
expected to endow cells with the advantage of being better adapted for human colonization and infection,
which correlates well with pathogenic profile of C. albicans. But why would 8 acetate transporter genes
be retained in C. albicans? An analogy could be made with the twenty hexose transporter genes of S.
cerevisiae, where different transporters are tuned to different hexose levels presumably under intense
competition [64]. We would have to assume that the Ato proteins perform important functions for growth
and survival. Perhaps some of the Atos have evolved to be sensors like glucose sensors Snf3 and Rgt2
in S. cerevisiae [64]. Although both Jen and Ato transporters have been mainly associated with nutrient

assimilation, they may also play important roles in cellular homeostasis by mediating the export of lactate

[7].

Interestingly, lactate appears to be a signal of the host environment, and its presence, even when glucose
is abundant, induces multiple physiological changes relevant to pathogenesis, including resistance to
certain stresses and antifungal drugs [65, 66]. Some of these changes are mediated via alterations in the
cell wall, which then also impacts recognition by phagocytes [67, 68]. This is also true in C. glabrata [69].
Lactate and amino acids induce distinct patterns of stress tolerance in C. albicans, suggesting that this
species has evolved to identify specific nutrients as signals to direct responses to specific host niches
[54]. These transporters also have been reported to modulated biofilm formation and resistance tio

antifungal drugs in both C. albicans and C. glabrata [55, 70].

These results taken together suggest that carboxylic acid transporters are important mediators of host-
pathogen interactions by allowing rapid adaptation to different environmental conditions and modulating
the virulent properties of Candida species. Consistent with this idea, dominant mutations have been
isolated in the Ato homologues in S. cerevisiae and Y. /ipolytica that render cells hypersensitive to acetic
acid [71]. This sensitivity is seen at acidic pH where acetic acid would freely diffuse into the cell and likely
would acidify the cytosol without compensatory responses. This suggests the possibility that the Ato
proteins are bidirectional transporters and, in some cases, can pump acetate out of the cell [71]. In fact,
the only acetate exporter reported in Candida species is the C. glabrata drug:H: antiporter (DHA) CgDtr1,
which is responsible for the export of acetate and involved in weak acid stress resistance in RPMI medium

at pH 4.5 [72]. In this study, the tested pH was below the pKa of the acid, conditions where the acid
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enters the cell mostly by simple diffusion and can impose significant stress in the form of cytosolic
acidification. In Candida species, no pleiotropic drug resistance (PDR) transporters belonging to the ATP-
binding cassette (ABC) superfamily have been so far associated with the export of carboxylates in acid
stress conditions. Since weak acid stresses are common in many host niches, the proliferation of the Ato

family in pathogenic species may be a response to these stresses.

2.5 CONCLUSIONS

The ability to transport carboxylates inside the cell represents an advantage for Candida when these
nutrients are the main exogenous carbon sources available. Jen and Ato family members, in certain
conditions, seem to play critical roles in Candida pathogenesis, as they allow cells to sustain metabolism
and survival when thriving in the human host. However, many details are missing regarding the
energetics, specificity, and regulation of these transporters. Further research will be needed to determine
individual transport properties, potential redundancies, and functional roles of carboxylate transporters in

Candida virulence and pathogenesis.

55



2.6 SUPPLEMENTARY MATERIAL

Table S2.1. GenBank accession numbers of ScJen1 homologues present in eleven Candlida species with

the annotated/former designations and the following suggested designation based on Sclenl gene

homology.
Sclenl homologues by specie GenBank Ac. no. Former designation | Alias Sugges’Fed
annotation
C. albicans [2] XP_716108.1 Jenlp [Candida albicans SC5314] Calenl
) XP_717110.1 Jen2p [Candida albicans SC5314] Calen?2
hypothetical protein CORT_0C00780 [Candida
XP_0038683%9.1 orthopsilosis Co 90-125] Colenl
C. orthopsilosis [4] XP_003868357.1 | Jenl protein [Candida orthopsilosis Co 90-125] CoJen2
XP_003868365.1 tRNA-Arg [ Candlida orthopsilosis Co 90-125] CoJen3
XP_003869929.1 | Jen?2 protein [Candida orthopsilosis Co 90-125] CoJen4
PIS50386. 1 hypothetical protein in/Jr(/)j_OO4204 [[Candidal Caulenl
C. auris [2] - .
uncharacterized protein CJI97_004268
PIS50738.1 ([Candidd] auris Caulen?
0UT23441.1 hypothetical protein ('JAS74'_001759 [Pichia Cklen]
C. hrusei[2] kudriavzevii
0UT23260.1 hypothetical protein ('JAS74'_001578 [Pichia CkJen?
kudriavzevil
XP_002614689.1 hypothetical pr‘ote|.n CLUG_05468 [Clavispora Cllenl
C. lusitaniae [2] lusitaniae ATCC 42720]
’ XP 002617815.1 hypothetical protein CLUG_01274 [Clavispora Cllen?
- ' lusitaniae ATCC 42720]
CCE42292.1 hypothetical protein CPA'R27808410 [Candlida Cplenl
parapsilosis]
CCE42290.1 hypothetical protein CPA'R2780839O [Candida Cplen2
parapsilosis|
CCE44929.1 hypothetical protein CPA'R27407310 [Candida Cplen3
parapsilosis|
CCE44923.1 hypothetical protein CPA'R2T4O7250 [Candida Cplend
parapsilosis]
CCE44403.1 hypothetical protein CPA'R2740204O [Candida Cplens
parapsilosis]
CCE44586.1 hypothetical protz;fSEQZZS;]ﬂfO%% [Candida Cplen6
C. parapsilosis [12] X X -
CCE42284.1 hypothetical protein CPA'R2780833O [Candlida Cplen?
parapsilosis]
CCE44209.1 hypothetical protein CPA'R27400100 [Candida Cplens
parapsilosis]
CCE44928.1 hypothetical protein CPA'R27407300 [Candida Cplen9
parapsilosis
CCE44927 1 hypothetical protein CPA'R274O7290 [Candlida Cplenl0
parapsilosis
CCE44404.1 hypothetical protein CPA'R27402050 [Candlida Cplenll
parapsilosis]
CCE40688.1 hypothetical protein CPA'R2710723O [Candida Cplenl2
parapsilosis
S carboxylic acid transporter, putative [Candida
C. dubliniensis 2] XP_002419556.1 dubliniensis CD36] CdJenl
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carboxylic acid transporter protein, putative

XP_002420040.1 [Candida dubliniensis CD36] CdJen2
XP_002551411.1 hypothetical protem' CTRG_05709 [Candida Ctlenl
C. tropicalis [2] tropicalis MYA-3404]
- rop XP 002545520.1 hypothetical protein CTRG_00301 [Candida Ctlen2
- ' tropicalis MYA-3404]
XP_022677158.1 uncharacterized pro‘Feln KLMA_60073 Ckelen]
C. kebr (2] [Kluyveromyces marxianus DMKU3-1042]
' putative sialic acid transporter [Aluyveromyces
XP_022674588.1 mandanus DMKU3-1042] CkelJen2
hypothetical protein PGUG_03440
XP_OOLABA0SI.L | 1o eromyma guilliermondii ATCC 6260] Ceudent
. y hypothetical protein PGUG_03441
C. guilliermondii [3] XP_001484060.1 (Meyerozyma guiliermondi ATCC 6260] Cgulen2
hypothetical protein PGUG_00129
XP_OOLA867S2.L | 1oy erozyma guilliermondi ATCC 6260] Ceulen3
hypothetical protein CXQ85_004438 [Candida
. - XP_025341865.1 haermulonis] ChJenl
- haemulons [2] hypothetical protein CXQ85._ 002273 [ Candida
XP_025341422.1 ChJen2

haemulonis)
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Table S2.2. GenBank accession numbers of ScAdy2 homologues present in twelve Candlida species with

the annotated/former designations and the following suggested designation based on ScAdy2 gene

homology.
ScAtol homologues by specie GenBank Ac. no. Former designation Sugges’Fed
annotation
uncharacterized protein CAGLOM03465¢g
XP_449497.1 (Candida glabratd CgAtol
uncharacterized protein CAGLOLO7766g
C. glabrata [3] XP_449115.1 (Candida glabratd CgAto2
uncharacterized protein CAGLOA03212g
XP_444907.1 (Candida glabratd CgAto3
putative ammonium permease [Candida
XP_710295.1 albicans SC5314] CaAtol
XP_710650.1 Atolp [Candida albicans SC5314] CaAto2
XP_718515.2 Ato2p [Candida albicans SC5314] CaAto3
XP_714701.1 Atobp [Candida albicans SC5314] CaAtod
XP_714703.1 Atobp [Candida albicans SC5314] CaAto5
C. albicans [10]
XP_716748.1 Frp6p [Candida albicans SC5314] CaAtob
XP_716747.2 Frpbp [Candida albicans SC5314] CaAto7
XP_019330752.1 Ato7p [Candida albicans SC5314] CaAto8
XP_717953.1 Ato10p [Candliaa albicans SC5314] CaAto9
XP_717951.1 Ato9p [Candida albicans SC5314] CaAto10
XP_028889701.1 uncharacterized prgtein C.JI97_OO2436 CauAtol
[Candlida auris|
C. auris (3] XP_028890140.1 uncharacterized prgteln C.JI97_002886 CauAto?
[Candlida auris|
XP_028890274.1 uncharacterized prgteln C.JI97_OO3024 CauAto3
[Candlida auris|
XP_029319197.1 uncharacterlzgd proteln'C5L3§_OA03220 CkAto1
[Pichia kudriavzevii
XP_029320118.1 uncharacterlzgd protem'C5L3.6_OA12180 CkAto2
[Pichia kudriavzevii
C. krusei 5] XP_029320117.1 uncharacterlzgd protem'C5L3.6_OA1217O CkAto3
[Pichia kudriavzevii
XP_029320119.1 uncharacterlzgd protem'C5L3§_OA12190 CkAtod
[Pichia kudriavzevii
XP_029319710.1 uncharacterlzgd protem'C5L3.6_OA08310 CKAto5
[Pichia kudriavzevii
hypothetical protein PGUG_02480
EDK38382.1 [Meyerozyma guilliermondii ATCC 6260] Ceuhtol
. y hypothetical protein PGUG_04131
C. guilliermondli [3] EDK40033.2 (Meyerozyma guiliermondi ATCC 6260] CguAto2
hypothetical protein PGUG_01016
EDK36918.2 [Meyerozyma guilliermondi ATCC 6260] Ceuhto3
C. lusitanize [4] XP_002619494.1 hypothetical protein CLUG_00653 [Clavispora ClAtol

lusitaniae ATCC 42720]
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hypothetical protein CLUG_02051 [Clavispora

XP_002618592.1 lusitaniae ATCC 42720] ClAto2
hypothetical protein CLUG_00038 [Clavispora
XP_002618879.1 lusitaniae ATCC 42720] ClAto3
hypothetical protein CLUG_01210 [Clavispora
XP_002617751.1 Jusitaniae ATCC 42720] ClAto4
CCE40409.1 hypothetical protein CPA'R27104450 [Candlida Cphtol
parapsilosis]
CCE44056.1 hypothetical protein CPA'R27502810 [Candlida Cphto?
parapsilosis
CCE44055.1 hypothetical protein CPA'R27502800 [Candida Cphto3
parapsilosis]
C. parapsilosis [7] CCE44009.1 hypothetical protein CPA'R27502340 [Candida Cphtod
parapsilosis]
CCE45313.1 hypothetical protein CPA'R27703260 [Candlida CphAto5
parapsilosis
CCE39768.1 hypothetical protein CPA'R27601880 [Candlida Cphto6
parapsilosis]
CCE44054.1 hypothetical protein CPA'R27502790 [Candlida Cphto7
parapsilosis|
acetate transporter, putative [Candida
XP_002418576.1 dubliniensis CD36] CdAtol
acetate transporter, putative [Candida
XP_002419032.1 dubliniensis CD36] CdAto?2
ammonia export protein, putative [Candida
XP_002419033.1 dubliniensis CD36] CdAto3
XP_002419463.1 acetate transpgrter, putatlve [Candida CdAtod
S aubliniensis CD36]
C. dubliniensis [8] acetate transporter, putative [Candida
XP_002419461.1 dubliniensis CD36] CdAto5
acetate transporter, putative [Candida
XP_002421693.1 dubliniensis CD36] CdAtob
ammonia transport protein, putative [Candida
XP_002420929.1 dubliniensis CD36] CdAto7
acetate transporter, putative [Candida
XP_002418190.1 dubliniensis CD36] CdAto8
XP_002547488.1 | protein FUN34 [Candida tropicalis MYA-3404] CtAtol
XP_002549734.1 | protein FUN34 [Candida tropicalis MYA-3404] CtAto2
hypothetical protein CTRG_06205 [Candida
XP_002546727.1 tropicalis MYA-3404] CtAto3
XP_002548540.1 conserved hyp.oth'etlcal protein [Candida CtAtod
C tropicalis 18 tropicalis MYA-3404]
- tropicalis [8] XP 002546210.1 conserved hypothetical protein [Candida CtAto5
- ' tropicalis MYA-3404]
conserved hypothetical protein [Candida
XP_002548538.1 tropicalis MYA-3404] CtAtob
conserved hypothetical protein [Candida
XP_002547090.1 tropicalis MYA-3404] CtAto7
conserved hypothetical protein [Candida
XP_002546489.1 tropicalis MYA-3404] CtAto8
XP_022674350.1 hypothetical protel'n KLMA_20009 CkeAtol
[Kluyveromyces marxianus DMKU3-1042]
¢ helyrid] hypothetical protein KLMA_20099
XP_022674438.1 ypathetical protel — CkeAto2

[Kluyveromyces marxianus DMKU3-1042]
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hypothetical protein KLMA_70455

XP_022678050.1 [Kluyveromyces marxianus DMKU3-1042] CheAto3
ammonia transport outward protein 3
XP_022674305.1 [Kluyveromyces marxianus DMKU3-1042] CheAtod
hypothetical protein KLMA_20586
XP_022674304.1 [Kluyveromyces marxianus DMKU3-1042] CheAtod
hypothetical protein CXQ85_001773
XP_025340936.1 ([Candidd] haemulom ChAtol
C. haemulonis [3] XP_025341341.1 hypothetical protein CXQ85_002189 Chhto2
[[Candidal haemulonis)
hypothetical protein CXQ85_002302
XP_025341450.1 ([Candidd] haemuloms ChAto3
Frp3 ammonium transporter [Candida
XP_003867713.1 orthopsilosis Co 90-125] Cohtol
hypothetical protein CORT_0B02520 [Candida
XP_003867405.1 orthopsilosis Co 90-125] Cohto2
Ato? fungal-specific transmembrane protein
XP_003867454.1 [Candida orthopsilosis Co 90-125] CoAto3
C. orthopsiliosis [7] XP_003871155.1 | 032w protein [0‘7’{%" orthopsilosis o 90- | ¢ nioa
Ato1 fungal-specific transmembrane protein
XP_003867455.1 [Candida orthopsilosis Co 90-125] CoAtod
XP_003870637.1 | Frp6 protein [Candida orthopsilosis Co 90-125] CoAtob
XP_003871144.1 hypothetical protein CORT_0G03430 [Candida CoAto7

orthopsilosis Co 90-125]
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ABSTRACT

Candida albicans has the ability to adapt to different host niches, often glucose-limited but rich in
alternative carbon sources. In these glucose-poor microenvironments, this pathogen expresses JENI and
JENZ genes, encoding carboxylate transporters, which are important in the early stages of infection. This
work investigated how host microenvironments, in particular acidic containing lactic acid, affect C.
albicans biofilm formation and antifungal drug resistance. Multiple components of the extracellular matrix
were also analyzed, including their impact on antifungal drug resistance, and the involvement of both
Jenl and Jen2 in this process. The results show that growth on lactate affects biofilm formation,
morphology and susceptibility to fluconazole and that both Jenl and Jen2 might play a role in these
processes. These results support the view that the adaptation of Candida cells to the carbon source

present in the host niches affects their pathogenicity.

3.1 INTRODUCTION

The human fungal pathogen C. albicans is the main etiological agent of candidiasis and one of the most
frequent causes of hospital-acquired infections [1,2]. This opportunistic fungus is commonly found as a
commensal in the human microbial flora of healthy people. However, in individuals with a weakened
immune system, it can overgrow and cause serious or fatal infections. The pathogenicity of C. albicans
and the high mortality rates associated with these infections are, in part, due to the ability to form biofilms
and, consequently, resist against the common classes of antifungals [3,4]. Nevertheless, some fitness

attributes, such as the flexibility to utilize multiple nutrients, also play an important role in virulence [5,6].

Inside the human host, C. albicans faces different pH environments, from acidic to mildly basic, and the
ability to adjust to these fluctuations is essential for its pathogenicity [7-10]. In some glucose-poor niches,
like in the colon and in the vagina, this fungus has also to adapt to changes in the availability of carbon
sources, assimilating alternative nutrients, such as lactate or acetate [6,11-13]. This adaptation requires
a metabolic switch [13-16], as verified, for instance, upon phagocytosis [17]. Microarray data of C.
albicans cells internalized by macrophages showed the upregulation of JENI [15], encoding a lactate

permease [18], and its close homolog JENZ, encoding a malate and a succinate permease [16]. Both
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Jenl-GFP and Jen2-GFP were expressed inside macrophages and neutrophils, which are rich in
alternative carbon sources, but not in the bloodstream where glucose is abundant [16]. These results

suggest that lactate inside the phagosome might help to sustain C. albicans following phagocytosis.

In addition to the phagosome, lactate is present in ingested foods and in the human body. It is produced
at high rates by red blood cells, brain, and muscle, it is present in the urogenital tract and represents
almost 2% of all carbon metabolites originating from the gut microbiota [19]. This carbon source is also
a component of the lactated Ringer’s solutions, Hartmann's solutions, commonly used intravenously after
trauma, surgery or burn injury and whose usage increases the risk of systemic candidiasis and the
formation of biofilms in catheters [20], representing a severe problem in modern medicine [21]. Growth
of C. albicans on physiologically relevant concentrations of lactate affects stress adaptation, antifungal
drug resistance, the architecture and proteome of the cell wall, immune detection and, in consequence,
the virulence of this fungus [13,22,23]. Lactate-grown cells of C. albicans are more resistant to
amphotericin B and caspofungin, but more sensitive to miconazole [22]. They also exhibit distinct
compositions in the cell wall proteome and secretome in comparison with glucose-grown cells [22]. These
changes lead to a stronger adherence to plastic surfaces and an increase in biofilm formation on both
silicone and plastic surfaces in minimal medium, a condition that generally does not promote the yeast-

hyphae transition or classical biofilm formation [22].

In this work, host microenvironments, in particular acidic niches that contain lactic acid, were studied
regarding their effect on C. albicans biofilm formation and susceptibility to the most commonly used
antifungal, fluconazole. Little is known about the effect of alternative carbon sources in C. albicans biofilm
formation and development as the majority of studies are performed using glucose, as sole carbon
source. Here, C. albicans cells were grown in RPMI medium containing different substrates, such as
glucose and lactate, and then they were characterized with respect to their ability to form biofilms and
resist fluconazole. Multiple components of the extracellular matrix were also analyzed, including their
impact on drug resistance, and the involvement of both carboxylic acid transporters, Jenl and Jen2, on
these processes. By clarifying the effect of local nutrients on biofilm formation and antifungal resistance
in C. albicans, new and effective treatment strategies can be developed for both mucosal and systemic

infections.
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3.2 MATERIAL AND METHODS

3.2.1 Yeast strains and growth conditions

Experiments were performed with C.  albicans RMI1000 (wra3..imm434/ura3::imm434,
hisi:hisG/hisihisG) [24] and the double jenljenZ wmutant (wra3..imm434/ura3::imm434
his1.::hisG/his1:hisG jenl.:HIS1/jenl. :ura3-, jenZ:ura3-/jen2::URA3) [16]. C. albicans RM1000
(isogenic to the SC5314 strain) was routinely cultured on YPD (1% yeast extract, 1% peptone, 2% glucose
and 2% agar) plates stored at room temperature. C. albicans jenljen? mutant strain was maintained on
YNB (yeast nitrogen base 0.67% w v*) agar plates supplemented with the appropriate requirements for
prototrophic growth. Cells were inoculated in YPD broth and incubated for 16-18 h at 37°C under
agitation. After incubation, the cells were harvested by centrifugation at 3,000 g for 10 min at 4°C and
washed twice with phosphate buffered saline (PBS). Pellets were then suspended in PBS and the cellular
density adjusted to 1x10¢ cells mL* using a Neubauer counting chamber. Biofilm growth was performed
using Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma, St. Louis, USA) with or without lactic
acid (0.5%, v vt). The pH for the RPMI medium was always set either to 5 with HCI or to 7 with NaOH.

3.2.2 Minimal inhibitory concentration

The minimal inhibitory concentration (MIC) assays were performed according to the Clinical and
Laboratory Standards Institute M27-A3 document [25] with some modifications, using RPMI 1640 broth
supplemented with 0.165 M of MOPS at pH 7.0 and with or without adding 0.5% lactic acid at pH 5.0.
Different concentrations of fluconazole were used, ranging from 0 to 1,250 pug mL[26]. Briefly, a colony
of the strain grown in YPD solid medium was resuspended in 5 mL of saline solution (NaCl 0.85%, w v*)
until a cellular density equivalent to 0.5 McFarland standard. The yeast suspensions were diluted (1:100)
in saline solution and diluted again (1:20) in RPMI 1640. This suspension in RPMI 1640 was added to
the respective well of microtiter plates containing the specific concentration of fluconazole solutions.
Controls without antifungal agents were also performed. The microtiter plates were incubated at 37°C
during 48 h under aerobic conditions. The MICs of the antifungal agent against each Candlida strain were
determined visually and by total number of colony forming units (CFUs). For this purpose, cells
corresponding to each condition were serial diluted in PBS and 10 uL of each one were plated in YPD.

Experiments were performed in triplicate, using three independent biological samples.
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3.2.3 Biofilm formation

Biofilm formation was performed as previously described [26]. Briefly, 200 uL of 1x10% cells ml
suspensions in the required medium were placed into 96-wells polystyrene microtiter plates (Orange
Scientific, Braine-'Alleud, Belgium) and incubated at 37°C under aerobic conditions with gentle agitation.
At 24 h, the entire volume of medium was removed and 200 L of fresh medium were added to each
well. In order to study the effect of fluconazole on biofilm formation, different concentrations (50, 150,
312.5 and 1,250 pug mL) were prepared in RPMI 1640 medium and added to the 24 h formed biofilm.

The microtiter plates were then incubated for an additional 24 h, totaling 48 h of biofilm growth.

3.2.4 Biofilm biomass quantification

After biofilm formation for 48 h, the entire volume of medium was aspirated and non-adherent cells
removed by washing once with PBS. Biofilm forming ability was assessed through quantification of the
total biomass by crystal violet (CV) staining [27]. Thus, after washing, biofilms were fixed with 200 uL of
methanol, which were removed after contact for 15 min. The microtiter plates were allowed to dry at
room temperature, and 200 uL of CV (1%, v v) were added to each well and incubated for 5 min. The
wells were then gently washed twice with water and 200 L of acetic acid (33%, v ) were added to
release and dissolve the stain. The absorbance of the solution obtained was read in a microtiter plate
reader (Bio-Tek Synergy HT, Izasa, Portugal) at 570 nm. The results were presented as absorbance per
unit area, Abs (570 nm) cm=. Experiments were performed in triplicate, using three independent biological

samples.

3.2.5 Biofilm viability quantification

The number of cultivable cells in biofilms was determined by the enumeration of CFUs. For that, after
biofilm growth for 48 h and the PBS washing step described previously, the biofilms were scraped from
wells into 200 uL PBS and the suspensions were vigorously vortexed to disaggregate cells from matrix
[28]. Serial 10-fold dilutions in PBS were plated onto YPD plates and incubated for 24 h at 37°C.
Complete removal of the biofilm was confirmed by subsequent CV staining and spectrophotometric
reading for inspection of the wells. The results were presented as the total of CFUs per unit area (logw

CFU cm?). Experiments were performed in duplicate, using three independent biological samples.
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3.2.6 Biofilm structure analysis

Biofilm structure was assessed by Scanning Electron Microscopy (SEM). Biofilms were formed in 24-wells
polystyrene microtiter plates (Orange Scientific) with 1 mL of 1x10s cells ml* suspensions, as described
previously. After 48 h incubation the biofilms formed were washed with PBS, dehydrated with alcohol
(using 70% ethanol for 10 min, 90% ethanol for 10 min and 100% ethanol for 20 min) and air-dried. Prior
to observation, the base of the wells was mounted onto aluminum stubs, sputter coated with a thin film
(15nm) of Au-Pd (80-20 weight %) and observed with an ultra-high resolution Field Emission Gun Scanning
Electron Microscopy (FEG-SEM; Nova NanoSem 200, FEI Company, OR, USA).

3.2.7 Biofilm matrix extraction

Biofilms were formed in a 24-wells polystyrene microtiter plate (Orange Scientific), for each condition, as
described previously. After 48 h, the formed biofilm was washed with PBS, scraped from the wells and
resuspended in 5 mL of PBS. The extracted matrices were sonicated (Ultrasonic Processor, Cole-Parmer,
IL, USA) for 30 s at 30% amplitude and vortexed for 30 s. 1 mL of the suspension was used for dry biofilm
weight determination and the rest was centrifuged at 5,000 rpm for 5 min at 4°C. The supernatant was
filtered through a 0.45 um nitrocellulose filter and stored at -20°C until further analysis. The experiments

were performed in triplicate, using two independent biological samples.

3.2.8 Protein determination in the biofilm matrix

The protein quantification was measured using the BCA Protein Assay Kit (Thermo Scientific, MA, USA),
using bovine serum albumin as standard and following the manufacturer’s instructions. Briefly, 25 L of
each sample were mixed with 200 uL of BCA Working Reagent. After incubation for 30 min at 37°C, the
absorbance of the obtained solution was read in a microtiter plate reader (Bio-Tek Synergy HT, Izasa,
Portugal) at 562 nm, using PBS as blank. The values were normalized per g of dry weight of biofilm and

presented as mg of protein per g of dry weight of biofilm (m g* biofilm).

3.2.9 Carbohydrate determination in the biofilm matrix

Carbohydrate quantification was assessed by the phenol-sulphuric acid method [29], using glucose as
standard. Briefly, 500 yL of each sample were mixed with 500 L of phenol (50 g L) and 2,500 L of
sulphuric acid (90-95%). After incubation for 15 min at room temperature, all polysaccharides and their

derivatives were stained orange-yellow and the absorbance of the solution obtained read in a microtiter
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plate reader (Bio-Tek Synergy HT, lzasa, Portugal) at 490 nm, using PBS as blank. The values were

normalized per g of dry weight of biofilm (mg g* biofilm).

3.2.10 B-1,3 glucan determination in the biofilm matrix

The matrix -1,3-glucan content was determined using the Glucatell (1,3)-Beta-D-Glucan detection
reagent kit (Associates of Cape Cod, East Falmouth, MA, USA), as per the manufacturer’s directions.
Briefly, 50 L of each sample were mixed with 50 L of Glucatell reagent. After incubation for 40 min at
37°C, the reaction was stopped by adding sequentially 50 uL of sodium nitrite, 50 uL of ammonium
sulphamate and then 50 uL of N-(1-napthyl)ethylenediamine dihydrochloride (NEDA). All solutions and
glucan standards were supplied with the kit. The obtained solution was read in a microtiter plate reader
(Bio-Tek Synergy HT, Izasa, Portugal) at 540 nm, using PBS as blank. The values were normalized per
g of dry weight of biofilm and presented as ng of 3-1,3-glucans per g of dry weight of biofilm (ng g*biofilm).

3.2.11 Ergosterol extraction and quantification

For the ergosterol extraction, 2 mL of n-hexan (Thermo Scientific, Waltham, MA, USA) were added to 10
mL of the matrix suspension prepared as previously described. This preparation was then submitted to
vortex for 1 min. This procedure was performed three times and the top solution sequestered to a 10 mL
amber bottle. After the extraction, the solutions were dried with nitrogen until all the organic solvent has
evaporated. The dried extract was resuspended in 2 mL of methanol, filtered with a 0.45 um filter to an
Eppendorf tube and stored at -20°C [30]. For the ergosterol quantification, the high-pressure liquid
chromatography (HPLC) method was performed in Varian STAR 9002 (Varian, Walnut Creek, CA, USA)
using a C18 column (YMC, Allentown, PA, USA). An isocratic mobile phase of 100% of methanol with a
flow of 1 mL mint, for 20 min, was used for the quantification of each sample. The results were
automatically shown by the HPLC detector [30], and then normalized by g of dry weight biofilm and
presented as ug of ergosterol per g of dry weight of biofilm (ug g* biofilm).

3.2.12 Statistical analyses
Data were analyzed using Graph Pad Prism (v.7). Statistical significance was determined by one-way or
two-way ANOVA with Tukey's multiple comparison post-test. All tests were performed with a confidence

level of 95%.
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3.3 RESULTS

3.3.1 Characterization of C. albicans biofilms in the presence of lactic acid

Lactic acid, naturally present in several sites of the human body, can be used as an alternative carbon
source by Candida cells. To determine the influence of lactic acid on the formation and behavior of C.
albicans biofilms in vitro, they were characterized using C. albicans RM1000 (wild type) cells in RPMI-
containing 0.5% lactic acid medium at pH 5.0, a condition where most of the acid is present in its anionic
form and its assimilation depends on a transporter-mediated system [31]. In order to mimic different host
microenvironments, and given that glucose is the preferential carbon source for C. albicans, assays using
RPMI medium containing glucose, and no lactic acid, at both pH 7.0 and pH 5.0 were also carried out.
Biofilms were analyzed by total biomass quantification through CV staining and the enumeration of
cultivable cells (CFUs) (Figure 3.1A and C). Both quantifications were carried out on biofilms grown for

48 h. The ultrastructure of biofilms was assessed by SEM analysis (Figure 3.1B and D).

The results obtained indicate that C. albicanswild type (WT) cells displayed an enhanced biofilm formation
in the presence of lactate when compared to biofilms formed in the presence of glucose (p < 0.001;
Figure 3.1A). It was also observed that, depending on pH and the carbon source, biofilms formed in the
presence of lactate developed different structures and the cells exhibited different morphological
characteristics. Mature biofilms grown in the presence of glucose at pH 7.0 (RPMI pH7) consisted of a
dense network of hyphae without yeast forms, while at pH 5.0 (RPMI pH5) a reduction in filaments was
evident (Figure 3.1B). In the presence of lactic acid (RPMI 0.5% lactic acid pH5) most of the cells were
in the yeast form (Figure 1B). Both WT and mutant strains displayed an identical growth profile, exhibiting
more biofilm biomass in the presence of lactic acid than in glucose (< 0.001 and p<0.01, respectively;
Figure 3.1A and C). Regarding the ultrastructural and morphological features, the jernZjen2 double mutant
mainly formed hyphae in the presence of glucose; while in the presence of lactic acid the yeast form was
the most predominant with almost no filamentous forms observed (Figure 3.1D). The mutant strain also
exhibited a compact biofilm structure with some cracks and less hyphae than the WT (Figure 3.1B and

D).
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Figure 3.1. Effect of lactic acid on C. albicans biofilms (wild type strain vs the jenljen2 mutant strain).
(A, C) Total biomass of biofilms and number of cells in biofilms formed after 48 h in different conditions:
RPMI pH 7.0, RPMI pH 5.0 and RPMI 0.5% lactic acid pH 5.0. The absorbance value of CV solution (Abs
CV) at 570 nm and logarithm of colony forming units (CFU) were normalized by unit of area (Abs CVszom
cm? and LogwCFU cme, respectively). Error bars represent standard deviations. Statistically significant
changes appear above error bars when compared with the control group (RPMI pH 7.0) or above brackets
when compared with the second control group (RPMI pH 5.0); **p<0.01, ***p<0.001, ****p<0.001.
(B, D) SEM images of mature biofilms. The left and the right images in each panel represent a
magnification of 1,000x and 3,000x, respectively. Bars on the images correspond to 20 um at 1,000x

magnification and 10 um at 3,000x magnification.

3.3.2 Lactic acid increases the susceptibility of C. albicans planktonic cells to fluconazole

In an attempt to further explore the role of Jenl and Jen2 in C. albicans resistance to fluconazole, the
minimal fungicidal concentration (MFC) and the MIC by CFU counting for WT and jenljen2 planktonic
cells grown either in lactic acid or glucose were determined (Table 3.1). In RPMI medium, independently

of the pH, no differences in MIC values were observed between the tested strains, which displayed equal
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growth behavior up to the highest concentration of fluconazole (Table 3.1). In the presence of lactic acid,
a MIC value of 150 pg mL* and a MFC value of 312.5 ug mL* were obtained for the WT strain, and a
lower fluconazole MIC and MFC values (50 and 150 ug mL*, respectively) were found for the mutant
strain (Table 3.1). Therefore, with the addition of fluconazole, all strains became more susceptible in the
presence of lactic acid and the double mutant was even more susceptible than the WT. These results

suggest that Jen1 and Jen2 play a role in antifungal resistance to fluconazole.

Table 3.1. Effect of fluconazole on C. albicans WT and jenlijenZ planktonic cells using different growth

conditions: cells grown in RPMI pH 7.0, RPMI pH 5.0 and RPMI 0.5% lactic acid pH 5.0.

Strain Condition MIC (ug mL) MFC (ug mL*)
RPMI pH 7.0 21,250 >1,250
WT RPMI pH 5.0 625 1,250
RPMI 0.5% lactic acid pH 5.0 150 312.5
RPMI pH 7.0 21,250 >1,250
JENIJENZ RPMI pH 5.0 625 1,250
RPMI 0.5% lactic acid pH 5.0 50 150

Note: MICs were determined visually and MFCs by total number of CFUs, according to the microdilution method [25].

3.3.3 Characterization of fluconazole antifungal activity in C. a/bicans biofilms

The effect of fluconazole was also evaluated for biofilms (Figure 3.2), similar to what was done for
planktonic cells. Figure 3.2A shows that in RPMI medium at pH 7.0, the presence of fluconazole did not
significantly affect the amount of total biomass. Interestingly, at pH 5.0 and in the presence of lactic acid,
the reduction was significant for both strains. While in RPMI lactic acid jenljen2 planktonic cells were
more susceptible to fluconazole compared to the WT strain (Table 3.1), their biofilm counterparts did not
follow the same behavior. In general, a significant reduction in cell viability was only observed at the
highest tested concentration of fluconazole (Figure 3.2A). The effect of fluconazole on the biofilm structure
was also assessed by SEM analysis (Figure 3.2B). In RPMI medium, the differences were only visible with
1,250 pug mL! of fluconazole for both strains and conditions. In the case of RPMI lactic acid, significant
differences were observed between both strains in the absence of fluconazole (Figure 3.2B). The absence
of an antifungal resulted in a dense, compact biofilm with almost no hyphal forms in the mutant strain,
in contrast to a hyphae containing biofilm structure in the WT strain. Interestingly, the highest fluconazole

concentration led to an increase in hyphae formation for WT and mutant strains (Figure 3.2B).
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Figure 3.2. Effect of fluconazole on C. albicans WT and jenljenZ2 biofilms grown in RPMI pH 7.0, RPMI
pH 5.0 and RPMI 0.5% lactic acid pH 5.0. (A) Histograms at the top represent the absorbance values of
CV solution at 570 nm normalized by unit of area (Abs CVsom cm?2) and histograms at the bottom represent
the logarithm of CFUs normalized by unit of area (Logw CFU cm?) of biofilm. The legend displays the
different fluconazole concentrations used. Error bars represent standard deviations. *, **, *** and ****

mean that results are statistically significant (p <0.05, p<0.01, p<0.001 and p<0.0001, respectively).
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(B) SEM images showing the effect of fluconazole on both WT and jenlZjenZ biofilms. The left and the
right image in each strain for the respective fluconazole concentration represents a magnification of
1,000x and 3,000x, respectively. Bars in the images correspond to 20 um at 1,000x magnification and

10 um at 3,000x magnification.

3.3.4 Impact of carbon sources and fluconazole treatment on the biofilm matrix of C. a/bicans
The matrix of Candida has a prominent role in the antifungal drug resistance associated with biofilms
[32,33]. The biofilm matrix composition of both strains was analyzed in response to changes in carbon
sources and antifungal treatment. Several components that have been involved in the sequestration of
antifungals were evaluated, such as polysaccharides (Figure 3.3A), the extracellular carbohydrate (3-1,3-

glucan (Figure 3.3B), proteins (Figure 3.3C) and ergosterol (Table 3.2).

The content of polysaccharides increased in the presence of fluconazole, particularly in the highest
concentration, in all tested conditions (Figure 3.3A). However, in RPMI pH 5.0 medium this increase was
lower in both strains. A significant decrease in polysaccharides in the jenljen? mutant strain was
observed, when compared with the WT, in the presence of lactate and high concentrations of fluconazole
(Figure 3.3A). This result suggests that there may be a greater requirement for Jen1l/2-mediated lactate

uptake, in these stress conditions.

Inversely, the amount of (3-1,3-glucans found in the biofilm matrices did not follow the same pattern in

the growth conditions tested, in response to antifungal treatment (Figure 3.3B).

The total protein content, in contrast to what was observed for the polysaccharides, decreased in the

presence of fluconazole, in both strains (Figure 3.3C).

In general, the concentration of ergosterol in the matrices increased with the addition of fluconazole up
to 312.5 pg mL* (Table 3.2). However, the addition of 1,250 pg ml* of fluconazole, inverted this tendency,
with the exception of matrices extracted from WT biofilms, grown in the presence of lactic acid. As
observed for the polysaccharides, the jenijen? mutant strain displayed a lower amount of ergosterol

when compared with WT, in the presence of lactate and 1,250 pug mL* of fluconazole (Table 3.2).
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Figure 3.3. Effect of fluconazole on the biofilm matrix composition of C. albicans WT and jen.ljenZ strains
grown in RPMI pH 7.0, RPMI pH 5.0 and RPMI 0.5% lactic acid pH 5.0. Concentrations are presented in
mg for (A) polysaccharides and (C) proteins or ng for (B) 1,3-B-D-glucans per g of 48 h biofilm dry weight
(mg g* biofilm or ng g* biofilm, respectively). Error bars represent standard deviations. *, **, *** and ****
mean that the results are statistically significant (p < 0.05, p < 0.01, p < 0.001 and p < 0.0001,

respectively).
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Table 3.2. Effect of fluconazole on ergosterol production in the biofilm matrices of C. albicans WT and

the mutant strain jenljen’Z.

FLUCONAZOLE ERGOSTEROL
STRAIN CONDITION l:sg MLI? e e OH‘EM)

0 <14.360

RPMI pH 7.0 3125 <256.000

1,250 <33.750

0 <17.724

W | RPMIpH 5.0 3125 <27.442
1,250 <9.333

0 <80.350

RPMI 0.5% lactic acid pH 5.0 3125 <105.560

1,250 <131.200

0 <30.000

RPMI pH 7.0 3125 <128.570

1,250 <23.680

0 <31.163

JENLJEN2 | RPMI pH 5.0 3125 <11.224
1,250 <9.063

0 <60.000

RPMI 0.5% lactic acid pH 5.0 3125 <68.870

1,250 <0.220

Note: The table displays the highest concentrations detected in pg per g of 48 h biofilm dry weight (ug g* biofilm).
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3.4 DISCUSSION

Candida biofilms can occur on most biological and non-biologic substrata, such as catheters, serving as
reservoirs or sources for potential infections [4,34,35]. Most studies on Candida species, including
Candida biofilms, have been carried out using glucose as the sole carbon source in the medium. However,
the concentration of glucose in some host niches is usually limited and Candida depends on alternative
substrates for growth and invasion. The physiology of Candida is profoundly affected by carbon sources
so it is crucial to accurately reflect this variable in experiments in order to understand biofilm formation
in these niches. Some studies have shown that lactate-grown cells, in minimal medium, adhere more
strongly to plastic surfaces and display increased biofilm formation [13,22]. However, the growth
conditions used in this study did not promote the yeast hyphae transitions and classical biofilm formation
[22]. In this context, C. albicans biofilm formation was studied in media containing both glucose and
lactate at different pH values, conditions that mimic host microenvironments where this pathogen can be

found.

The presence of lactic acid promoted biofilm formation (Figure 3.1A). Regarding morphology, C. albicans
biofilms can comprise yeast cells, hyphae and pseudohyphae [36]. It is well established that C. albicans
changes its morphology according to environmental conditions, which constitutes one of its virulence
factors [37]. Nutrient starvation, the presence of serum, an increase in temperature and pH have been
reported as hypha-inducing environmental factors [38]. As expected, the present study shows that in
RPMI pH 7.0 the hyphal morphology predominated, whereas in RPMI pH 5.0 the yeast form was the
most prevalent (Figure 3.1B). However, in the presence of lactate (RPMI 0.5% lactic acid pH 5.0) the
yeast form was even more predominant and minimal hypha formation was observed (Figure 3.1B). In
addition to pH, the carbon source available is also important in C. albicans morphology and ultimately in

C. albicans biofilm formation.

Regarding the contribution of the carboxylic acid transporters Jen1 and Jen?2, the disruption of JENI and
JENZ, compromises biofilm formation in RPMI containing lactate. These results indicate that the jenlZjen2
mutant is capable of forming biofilm in all the tested conditions and its behavior is similar to that of WT,
as both strains have more biofilm biomass in the presence of lactic acid (Figure 3.1A and C). Regarding
ultrastructure, the jenijen? mutant presented a compact biofilm structure with some cracks and even

less hyphae than the WT in lactate containing media (Figure 3.1D). These differences, observed in the
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presence of lactate, point to an involvement of these transporters in biofilm formation, at least in terms

of ultrastructure.

Biofilm cells display unique phenotypic characteristics, the most remarkable of which is that they are
particularly resistant to both antifungal agents and host immune factors [4,35]. Attempts were also made
to elucidate the role of Jenl and Jen2 in C. albicans resistance to the commonly used antifungal drug
fluconazole. In a jenijenZ double mutant strain, carboxylic acids only enter the cell by simple diffusion of
the undissociated form of the acid, a process dependent on extracellular pH. These studies were
conducted both in planktonic and biofilm cells. The results indicate that lactate-grown planktonic cells of
the mutant strain were more susceptible to fluconazole than the WT cells (Table 3.1), pointing to an
involvement of these transporters in antifungal drug resistance. Additionally, the presence of lactic acid
in the medium acts synergistically with fluconazole, since WT cells became more susceptible to
fluconazole in this condition. These results are in agreement with previous studies, that showed an
increase of C. albicans susceptibility to miconazole, another azole antifungal drug, in lactic acid-grown
cells [22], and to fluconazole in a synthetic vagina-simulative medium in an acidic pH [39]. The analysis
of the components of the medium indicated that acetic acid was responsible for the synergistic, fungicidal
effect and not lactic acid [39]. Here, the results indicate that lactic acid also triggers this effect and maybe,
in this niche, both acids can contribute equally to this phenomenon. These findings support the results
from Ene ef a/. (2012) [22] with the demonstration of growth inhibition by a clinically important azole,
reinforcing the idea that lactate reduces azole resistance. Regarding biofilms, fluconazole had almost no
effect on biofilm reduction (Table 3.1). While in the presence of lactic acid jernZjenZ planktonic cells were
more susceptible to fluconazole comparatively to WT cells, their biofilm counterparts did not follow the
same behavior. In general, a significant reduction in cell viability was only observed at the highest tested
concentration of fluconazole (Table 3.2). However, these results should be interpreted carefully since in
planktonic cells, according with the standard method used [25], the antifungal drug is added at the
beginning of the assay, and in biofilms the drug is added after 24 hours. These different procedures,
inherent in biofilm growth assays, may be responsible for the observed phenotypes. It was reported that
the addition of fluconazole at the initiation of biofilm formation inhibited this process even in C. albicans
strains known to be resistant to fluconazole [40]. Nevertheless, these results are in accordance with what
has been reported in other studies that demonstrated that biofilms need about 100 to 1000 times more

of an antifungal drug to be eradicated [41-43].
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An interesting phenotype was observed as a result of fluconazole treatment in the RPMI medium
containing lactic acid. In this condition both strains showed increased hyphae formation (Figure 3.2B),
an important feature of this fungus in pathogenesis. According to previous studies, hypha formation in
planktonic cells of C. albicansis inhibited in the presence of fluconazole or other azole derivatives [44,45].
However, in the case of biofilms, the cells are immersed in an extracellular matrix that provides better

protection against stress factors.

Antifungal resistance in biofilms is complex. It can be inducible in response to a drug, or an irreversible
genetic change resulting from a prolonged exposure. The mechanisms utilized by fungi to combat the
effects of antifungal drugs comprise modifications or overexpression of target molecules, active extrusion
through efflux pumps, limited diffusion, tolerance, and cell density [34,46,47]. Recent studies suggest
that the composition of extracellular matrix and its regulation might play a central role in resistance, with
the polysaccharide B-1,3-glucan being linked to biofilm protection against antifungal agents [48-50].
Besides conferring significant resistance to antifungal therapy, the composition of extracellular matrix also
contributes to defense from the host immune response and maintenance of nutrients [51]. The matrix
contains polysaccharides, small amounts of proteins, DNA and can also have several other components
[35,51-53]. The results of this study strengthen the role of polysaccharides in antifungal drug resistance.
The increase in this component upon fluconazole treatment could reflect a cell mechanism for survival
under the presence of the drug. This reinforces the resistance model which suggests that the
polysaccharides present in the extracellular matrix cover biofilm cells are capable of sequestering
antifungal drugs, acting as a “drug sponge”. This has the ability to prevent invading cells from reaching
their targets, thus limiting their toxicity to these cells and associated transcriptional responses [48-50].
Additionally, these results also show that in the presence of lactic acid and at high concentrations of
fluconazole, the production of general polysaccharides is affected in a jenljen? mutant strain (Figure
3.3A). This suggests that Jenl/2-mediated lactate uptake or Jenl/2-mediated signaling is required in
these conditions. However, the amount of (-1,3-glucans found in the biofilm matrices was almost
constant in all conditions (Figure 3.3B), suggesting that these molecules only represent a small portion
of the total matrix polysaccharides [33]. In contrast with the polysaccharides, the matrices from all strains
and conditions exhibited a decrease in the protein content with the antifungal treatment (Figure 3.3C),
suggesting a possible compensatory mechanism of the matrix content. Another mechanism of resistance
is the overexpression of target molecules. It has been reported that the exposure of biofilms to fluconazole

results in overexpression of the genes encoding enzymes involved in ergosterol biosynthesis [55]. An
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increase in ergosterol in the extracellular matrix was observed with fluconazole treatment (up to 312.5
ug mL!) and a decrease in the presence of the highest concentration of the drug (Table 3.2). This may

be due to differential regulation of ergosterol genes associated with antifungal treatment.

In summary, this work indicates that the alternative carbon source lactic acid affects the structure and
morphology of C. albicans biofilms and has an impact in antifungal resistance to fluconazole in both
planktonic and biofilm cells. It also suggests that the carboxylic acid transporters Jenl and Jen2 might
play a role in these processes during growth in host microenvironments containing lactate. These findings
have an important clinical impact, namely in the treatment of vaginal candidiasis, a host niche with an

acidic pH, rich in alternative carbon sources, such as lactate.
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CHAPTER 4

THE ROLE OF CANDIDA ALBICANS
TRANSCRIPTION FACTOR RLM1 IN RESPONSE TO
CARBON ADAPTATION
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ABSTRACT

Candida albicans is the main causative agent of candidiasis and one of the most frequent causes of
nosocomial infections worldwide. In order to establish an infection, this pathogen supports effective stress
responses to counter host defenses and adapt to changes in the availability of important nutrients, such
as alternative carbon sources. These stress responses have clear implications on the composition and
structure of Candida cell wall. Therefore, the impact of a physiologically relevant carbon source, lactate,
on the activity of C. albicans RLM1I transcriptional factor was studied. ALM1 is involved in the cell wall
integrity pathway and plays an important role in regulating the flow of carbohydrates into cell wall
biosynthesis pathways. The role of C. albicans RLMI in response to lactate adaptation was assessed in
respect to several virulence factors, such as the ability to grow under cell wall damaging agents, filament,
adhere or form biofilm, as well as to immune recognition. The data showed that growth of C. albicans
cells in the presence of lactate induces the secretion of tartaric acid, which has the potential to modulate
the TCA cycle on both the yeast and the host cells. In addition, the adaptation of C. albicans cells to
lactate was found to reduce their internalization by immune cells and consequent % of killing, which could
be correlated with a lower exposure of the cell wall B-glucans. In addition, absence of ALM1 has a minor
impact on internalization, compared with the wild-type and complemented strains, but it reduces the
higher efficiency of lactate grown cells at damaging phagocytic cells and induces a high amount of IL-10,
rendering these cells more tolerable to the immune system. The data suggests that £LM 1 mediates cell

wall remodeling during carbon adaptation, impacting Candida interaction with immune cells.

4.1 INTRODUCTION

Candida albicans is an opportunistic pathogenic fungus responsible for a wide spectrum of infections in
immunocompromised individuals, ranging from superficial mycosis to systemic and disseminated
candidiasis [1,2]. These infections are estimated to cause 400,000 deaths each year, remaining by far
the most common of all invasive fungal infections [1,3]. This pathogen thrives within distinct niches in
the human host, including the skin, the oral cavity, the gut and the genitourinary tract [4]. These niches
differ considerably in terms of nutrients, pH and local microbiota and, in order to survive and proliferate,

C. albicans must adapt to the changing host environment. This extraordinary flexibility to adapt to the
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different environmental conditions activates the expression of several virulence factors, affecting the
resistance of this fungus to multiple stresses [5-7]. Like most microorganisms, C. albicans possesses a
dynamic cell wall that responds efficiently to host-imposed stresses, including changes in carbon sources
[8-10] or exposure to antifungal drugs [11]. This protection is conferred by a carbohydrate-based matrix
containing chitin, B-glucans and mannoproteins, each of which has an important role in innate immune
recognition [12]. For instance, the recognition of B-glucans by the receptor dectin-1, which is present at
the cell surface of immune cells, promotes phagocytosis and killing by macrophages and neutrophils
[13,14]. Consequently, any change in the structure of cell wall will therefore impact innate immune
recognition and virulence [7]. Much of what is known about the fungal cell wall integrity (CWI) results
from studying the yeast model Saccharomyces cerevisiae, where the CWI mitogen-activated protein
kinase pathway (also known as the PKC pathway) is the main system responsible to repair the cell wall
and maintain the cell integrity [15,16]. The targets of the CWI pathway activation are the Swi4-Swi6 cell
cycle box-binding factor (SBF) [17] and the major effector the MADS-box transcription factor RLMI [18-
20]. Although this pathway is conserved in C. albicans, the role of RIm1 as the main transcriptional
regulator of the cell wall stress responses is not conserved in this pathogenic species and other additional
transcription factors, such as Casb, have been proposed as key regulators in this pathway [21-24]. Even
so, C. albicans RLMI gene has been shown to be required for cell wall integrity, at least under
caspofungin, calcofluor white and congo red stresses [22,25]. This gene has also an increased genetic
variability that has been associated with strain susceptibility to different stress conditions, with some
genetic variations enhancing resistance [26]. Additionally, the absence of ALM1 alters the cell wall
content, specifically the chitin and the mannan layers, increasing cell adhesion /n wvifro and reducing
virulence /n vivo [25]. Some findings also suggested that this gene participates in the cell wall biogenesis,
particularly in regulating the flow of carbohydrates into cell wall biosynthesis pathways [25]. Here, the
involvement of C. albicans RLM1 on cell wall biogenesis and virulence during carbon source adaptation
is explored. To approach this, C. albicans cells were grown in the presence of lactate, a particularly
abundant metabolite in several host niches [27,28]. Exposure to the alternative carbon source lactate is
particularly relevant as it has been shown to affect the cell wall architecture of C. albicans [8-10]. In
order to understand whether ALM1 is involved in this process, two ALMI mutant strains adapted to lactate
were characterized with respect to several virulence factors, such as the ability to grow under cell wall
damaging agents, filament, adhere or form biofilm. The involvement of ALM1 in host-pathogen interaction
was also assessed, providing new insights into the role of C. albicans RLMI in cell wall regulatory

responses and pathogenicity.
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4.2 MATERIAL AND METHODS

4.2.1 Strains and growth conditions

Five C. albicans strains were used during this study: the wild type (WT) SC5314 strain [29], two RLMI
mutant strains (SCRLM1M4A and SCRLM1M4B) and two RLM1 complemented strains (SCRLM1K2A and
SCRLM1K2B) [25]. All strains were stored as frozen stocks with 30% (v v) glycerol and routinely cultured
on YPD agar plates (1% yeast extract, 2% peptone, 2% dextrose and 2% agar) stored at room temperature.
For all experiments, a pre-inoculum was prepared by collecting one colony from the YPD plate and
allowing the cells to adapt to minimal medium containing either 2% glucose or 2% lactate, and 0.67%
yeast nitrogen base (YNB) without amino acids (pH 5.2 to 5.6) at 30°C, overnight (for glucose) or during
24 h (for lactate). The inoculum was then prepared with adapted cells into new medium, diluting the cells

to an optical density (OD 600nm) of 0.1, and allowing the cells to grow.

4.2.2 High-performance liquid chromatography

C. albicans cells were grown in YNB 2% glucose or YNB 2% lactate (30°C, 200 rpm) as previously
described and, at different time points, 1 mL of cell cultures were harvested by centrifugation (5 min,
5000 g). The supernatants were then prepared and analyzed for the detection of different organic acids,
including glucose, glycerol, and ethanol by high-performance liquid chromatography (HPLC). Culture
supernatant samples were treated with 10% trichloroacetic acid to remove protein contaminants,
centrifuged for 15 min at 14,000 rpm, and then filtered through a 0.22-um filter before analysis. HPLC
analysis was performed in a Rezex 8 um ROA-organic acid H+ (8%) HPLC column (Phenomenex) with an
Elite LaChrom (VWR Hitachi) chromatography system [30]. A total of 2.5 mM H.SO. was used for the
mobile phase, the column was maintained at 60°C, and detection was by refractive index measurement
with an Elite LaChrom L-2490 RI detector (VWR Hitachi) at 40°C. Samples from at least five independent

replicates were analyzed.

4.2.3 Susceptibility assays

Fungal cells were incubated overnight in YNB 2% glucose or YNB 2% lactate (30°C, 200 rpm), diluted to
0D(600nm) = 0.05-0.1 and left to grow until OD = 1 with fresh medium. Drop tests were performed by
spotting 5 uL of the serially diluted cell suspension onto YNB 2% glucose or 2% lactate agar plates

supplemented with the following compounds individually: 200 pg mL* calcofluor white, 100 ug mL* congo
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red, 90 ng mL* caspofungin, 10 mM caffeine and 0.035% (w v) SDS. Plates were incubated for 48 h at

30°C before observation. A minimum of three independent replicates was performed.

4.2.4 Filamentation tests

All strains were grown overnight in YNB 2% glucose or YNB 2% lactate (30°C, 200 rpm), diluted to
0D(600nm) = 0.05-0.1 and left to grow until OD = 1 with fresh medium. Cells were then spin down,
rinsed two times with PBS, diluted to the same volume with Dulbecco’s modified Eagle’s medium (DMEM)
and incubated at 37°C and 5% CO.. In order to observe the filamentation, yeast cells were stained with
calcofluor white and monitored by fluorescence microscopy (Leica, DM5000B). Hyphal length was then
measured with ImageJ 1.51s (NIH, United States). A minimum of 50 cells from each condition was

measured in images taken from three independent replicates.

4.2.5 Adhesion and biofilm formation assays

To determine the impact of different carbon sources on adhesion and biofilm formation ability, 24-well
microplates (Orange Scientific, Braine-I'Alleud, Belgium) were filled with C. albicans cell suspensions
(containing 1x10¢ cells per mL) grown on each carbon source until reaching stationary phase (20 h for
glucose grown cells and 40 h for lactate-grown cells) as described above, and incubated at 37°C, 120
rpm. Adhesion and biofilm formation were assessed through quantification of total biomass by crystal
violet (CV) staining [31]. The measurements were performed after 2 h of incubation for adhesion ability
and the biofilm formation was assessed after 24 and 48 h. At 24 h, 500 pL of cultured medium was
removed and replaced by fresh medium. After the defined times of incubation, the medium was aspirated
and non-adherent cells removed by washing the wells with sterile ultra-pure water. For total biomass
quantification, cells were fixed with 1 mL of methanol during 15 min. After that, the methanol was
removed, the plates were allowed to dry at room temperature and 1 mL of CV (1% v v!) was added to
each well. After 5 min, the wells were gently washed with sterile, ultra-pure water and 1 ml of acetic acid
(33% v v1) was added to release and dissolve the stain. The absorbance of the obtained solution was read
in triplicate in a microtiter plate reader (SpectraMax Plus) at 570 nm. Results were presented as

absorbance per area of the wells (abs cm?), from three independent replicates.

4.2.6 Scanning electron microscopy

The biofilm structure was observed by scanning electron microscopy (SEM). For that, biofilms were

formed in 24-wells polystyrene microtiter plates (Orange Scientific, Braine-l'Alleud, Belgium) with 1 mL of
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1x10° cells suspensions, as described previously. After 48 h of incubation the formed biofilms were
washed with PBS, dehydrated with alcohol (using 70% ethanol for 10 min, 90% ethanol for 10 min and
100% ethanol for 20 min) and air-dried. Prior to observation, the base of the wells were mounted onto
aluminum stubs, sputter coated with gold and observed with an Ultra-high resolution Field Emission Gun

Scanning Electron Microscopy (FEG-SEM; Nova NanoSem 200, FEI Company, OR, USA).

4.2.7 Quantification of B-glucan exposure

Quantification of B-glucans was performed as described previously [10], with some modifications. Briefly,
C. albicans cells were grown in YNB 2% glucose or YNB 2% lactate and collected at stationary phase, as
described above. A total of 2.5x10¢ cells were counted with a hemocytometer, and washed with cold
FACS buffer (1x PBS, 1% FBS, 0.5 mM EDTA). Cells were then resuspended in 100 uL FACS buffer + 5
ng pL' anti-B-1,3-glucans (BioSupplies) and incubated in the dark on ice for 1 h. Cells were washed
(5,000 rpm, 3 min) twice in FACS buffer, resuspended in 100 pL FACS buffer plus 1:200 anti-mouse I1gG
conjugated to Alexafluor 647 (Invitrogen) and incubated in the dark on ice for 1 h. Cells were washed as
above, fixed in 4% formaldehyde, diluted in FACS buffer, washed again, and analyzed by flow cytometry
(BD LSR I, Becton Dickinson) using FACSDiva software. For each experiment, at least 20,000 events
were acquired for each sample. As a control, aliquots from all cells to be analyzed were pooled, diluted
to 2.5x10¢ cells and treated as above except that no anti-3-1,3-glucan was added. Median fluorescence
intensities (MFIs) were determined using FlowJo software (Tree Star, v 10.2) and reported for each

sample. Plots are representative of two independent assays.

4.2.8 Phagocytosis assays

All experiments were conducted with the approval of the Ethical Committee Board of the Portuguese
Veterinary Directorate and they all adhered to local and institutional policy requirements. Single-cell
suspensions of bone marrow cells were prepared by aseptically removing femurs from C57BL/6J wild-
type mice. Bones were cut on both ends and marrow was flushed with ice-cold supplemented RPMI 1640
(10% heatinactivated FBS, 10 mM HEPES, 1 mM NaPyruvate, 2 mM L-glutamine, 50 mg mL*
streptomycin, and 50 U mL* penicillin, all from Merck). Bone marrow cells were then resuspended in
RPMI 1640 supplemented with M-CSF (20 ng mL*Peprotech) and seeded in a 24-well plate at 5x10¢
cells per well. Cells were incubated for 7 days at 37°C with 5% CO.. After 4 days of incubation, 1 mL of
fresh RPMI 1640 supplemented with M-CSF (20 ng mL*, Peprotech) and seeded in a 24-well plate at
5x10s cells per well. Cells were incubated for 7 days at 37°C with 5% CO.. After 4 days of incubation, 1
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mL of fresh RPMI 1640 supplemented with M-CSF was added. For fluorescence microscopy assays,
macrophages were incubated in the presence of sterile glass coverslips (diameter 13 mm). On the day
of co-culture, macrophages were washed with sterile PBS and fresh medium was added. C. albicans
grown in YNB 2% glucose or YNB 2% lactate until stationary phase, as described before, were fixed with
formol-ethanol (1:9) for 10 min, washed five times with sterile PBS, and incubated for 10 min with Sytox
Green at room temperature in the dark. Yeast cells were then washed with sterile PBS to remove unbound
dye and brought to the desired cell density in RPMI 1640. Macrophages were incubated with labeled
yeast suspensions at a multiplicity of infection (MOI) of 5Y:1M ratio, for 30 min at 37°C and 5% CO..
After incubation plates were kept on ice to stop phagocytosis, and wells rinsed twice with PBS to remove
unbound yeasts. Macrophages and associated yeasts were then incubated with Propidium lodide (PI) at
a final concentration of 6 ug mLt, for 5 min at room temperature [32]. Cells were analyzed by flow
cytometry (BD LSR I, Becton Dickinson) and by fluorescence microscopy (Leica DM5000B). Cytometry
data was analyzed using FlowJo software (Tree Star, v 10.2) and fluorescence microscopy images using
ImageJ cell counter software. All experiments were done in duplicate and results were obtained from

three independent experimental assays.

4.2.9 Host viability assays

The yeast killing assay was performed as described previously [33]. Macrophages and yeast cells,
adapted to each carbon source, were cultured in a 96-well tissue culture plate (SpectraMaxPlus), and
incubated for 1 h at a MOI 5Y:1M ratio. After incubation, the 96-well tissue culture plate was centrifuged
for 2 min at 750 g and 80 L of supernatant was transferred to a new 96-well microplate and stored at
-80°C for further analysis. The final volume was restored by adding 80 uL of 10% saponin followed by
gently up and down pipetting in order to lyse macrophages and release the adhered cells. Wells with
Candida alone and incubated in the same conditions represented 100% viability. Serial 10-fold dilutions
were then plated on YPD agar and incubated at 30°C for 24 h. Lactate dehydrogenase (LDH) activity was
measured in the supernatant of the yeast killing assay. Each reaction contained 40 uL of extracellular
LDH, 250 pl of NADH (0.28 mM) and 10 uL of pyruvate (0.32 mM). Both NADH and pyruvate solutions
were prepared in 0.05 M phosphate buffer pH 7.4. NADH conversion to NAD- was spectrophotometrically
evaluated in a microplate reader (Molecular Devices, SPECTRAmax Plus 384) at 340 nm, every 10 s for
3 min, at 30°C [34]. MTT assay was used to evaluate metabolic activity of 10° macrophages per mL (cell
line RAW 264.7) supplemented with tartaric acid (0.075 g ). Briefly, after tartaric acid incubation, for

24 and 72h, the supernatants were removed and cells were incubated with MTT solution (final
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concentration 0.45 mg mL) for 2h at 37°C and 5% CO.. Then, the supernatant was discarded, the
formazan crystals resuspended in DMSO-Ethanol 1:1 (v v) and final absorbance measured at 570 nm in
the SPECTRAmax Plus 384 microplate reader. TNF-a and IL-10 levels were quantified using commercially
available sandwich ELISA kits (Quantikine, R&D Systems, Abingdon, United Kingdom and KMC0102,
Biosource, Camarillo, CA, United States, respectively) according to manufacturer’s instructions. All

experiments were carried out in triplicate.

4.2.10 Statistical analyses
Statistical analyses were performed using Graph Pad Prism (v. 7) and significance was determined using
two-way ANOVA with Tukey’s multiple comparison test. All tests were performed with a confidence level

of 95%.
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4.3 RESULTS

4.3.1 Characterization of C. a/bicans growth and metabolism on lactate

The major role of C. albicans RLM1I was proposed to be in the biogenesis of the cell wall, particularly in
regulating the flow of carbohydrates into cell wall biosynthesis pathways [25]. However, these conclusions
were based in experiments using C. albicans cells grown on media containing 2% glucose, leaving the
effects of other host carbon sources, such as lactate, largely unexplored. Here, a set of £LM 1 null mutants
previously constructed from the prototrophic WT model strain SC5314 [25] was used to evaluate
phenotype and impact on immune recognition when cells are exposed to different carbon sources:

glucose or lactate.

Slow growth of the mutant strains may lead to differences in phenotypes, thus WT, mutant, and
complemented C. albicans cells were grown on minimal medium in which the sole carbon sources were
glucose or lactate (Figure 4.1). As reported previously [25], the growth rate of the different strains was
unaffected in minimal medium with glucose (Figure 4.1). The doubling time of the mutant in glucose was
4.9 h, with no significant difference to the WT strain (4.5 h) or complemented strain (4.5 h). In contrast,
growth was significantly slower for all strains, when lactate was the sole carbon source (Figure 4.1). The
doubling time of the mutant in lactic acid was 17.7 h, with no significant difference to the WT strain (17.3

h) or complemented strain (16.5 h). Therefore, the loss of ALM1 did not affect growth rate on any carbon

source.
10
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Figure 4.1. Growth of C. albicans RLM1 wild type (WT), mutant and complemented strains. C. albicans

WT, homozygous mutants (Armi/Arimi) and complemented (Arimi+RLMI) strains were grown in

102



minimal YNB medium containing 2% of glucose (black lines) or lactate (gray lines), as the sole carbon
source. Growth was monitored by optical density. Presented results are mean values displaying standard

deviation (n = 5).

The production of several metabolites by the different strains during growth either in glucose or lactate
was also evaluated (Figure 4.2). After 20 h of growth in the presence of glucose, this carbon source was
totally consumed and, as expected, all strains produced mainly glycerol, ethanol and acetic acid (Figure
4.2). In contrast, during growth in lactate, the consumption of this carbon source was slower, stabilized
after 45 h of growth and less than 20% of the initial amount was consumed (Figure 4.2). This consumption
was significant after 45 h (p < 0.05) for the WT and complemented strains but not for the mutant (p =
0.2056). During this time, no ethanol, acetic acid, nor glycerol were detected (Figure 4.2), since this is a
non-fermentative carbon source. Curiously, the production of a small amount of tartaric acid was observed
only with lactate-grown cells (Figure 4.2). However, the loss of RLMI did not significantly affect the

metabolic usage of each carbon source.

4.3.2 C. albicans RLM1I hypersensitivity to congo red is rescued by growth on lactate
In order to evaluate the impact of an alternative carbon source on the role of C. albicans RLMI, the
sensitivity of the WT, Arim1/Arim1 mutant and complemented strains to a range of cell wall-perturbing
agents in the presence of glucose or lactate was determined. In glucose medium, WT strains were able
to grow well in the presence of all the compounds except in caspofungin, with the homozygous mutants
being more sensitive. The mutant strains presented hypersensitivity to congo red when compared with
complemented and parental strains (Figure 4.3A), as previously reported [22,25]. In contrast, in the
presence of lactate, all strains presented high sensitivity to SDS, caffeine and caspofungin (Figure 4.3B).
In the absence of a functional ALM1, C. albicans cells grown in the presence of lactate showed more
sensitivity to caspofungin, when compared to their glucose counterparts. However, the hypersensitivity to
congo red observed with these cells grown in glucose diminished greatly. This result indicates that when
grown in lactate, cells are more sensitive to cell wall stressing agents but, curiously, the absence of a

functional RLM1 rescues the hypersensitivity to congo red observed in glucose grown cells (Figure 4.3B).
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Figure 4.2. Identification of C. albicans metabolites during growth on different carbon sources by HPLC.

C. albicans wild type (WT), homozygous mutants (Arimi/Arimi), and complemented (ArmI+RLMI)
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strains were grown in YNB 2% glucose (A) or lactate (B). Glucose and lactate consumption and the
variations in glycerol, ethanol, acetic acid and tartaric acid levels were monitored at different time-points

by HPLC. Results represent mean values with respective standard deviation (n = 5).

A YNB + 2% Glucose Caffeine Caspofungin Calcofluor White Congo Red SDS

RLM1/RLM1

Arlm1/Arim1 Al
Arlm1/Arim1+RLM1 A |BB
Ca
Arlm1/Arim1 8|

arim1/arim1+Rim1 B | B8

B YNB + 2% Lactate Caffeine Caspofungin Calcofluor White Congo Red SDS

RLM1/RLM1

Arlm1/Arim1
Arlm1/Arlm1+RLMI A
Ca
Arlm1/Arim1
Arlm1/arim1+RLM1 B |8

Figure 4.3. Sensitivity of C. albicans wild type (WT), mutant (Arim1/Ariml), and complemented
(Ardm 1+ RLMI) strains to several agents that affect cell integrity. (A) Serial 10-fold dilutions of overnight
cultures were spotted on YNB 2% glucose or (B) YNB 2% lactate plates with 10 mM caffeine, 90 ng ml*
caspofungin, 200 pg ml* calcofluor white, 100 ug ml* congo red, and 0.035% SDS for 2 days at 30°C.

Images are representative of three independent experiments.

4.3.3 The transcription factor #LM1 is important for C. a/bicans filamentation and
biofilm formation

Filamentation and biofilm formation represent two of the major virulence factors contributing to Candida
pathogenesis. A previous work using As/m1/Arlm1 mutant strains grown on glucose-containing media
has shown a higher upregulation of proteins involved in adhesion and biofilm formation [25]. Additionally,
some studies have demonstrated that lactate-grown cells display higher ability to adhere and form biofilm
when compared with glucose-grown cells [35,36]. Based on these studies, Ar/m1/ArimI mutant strains
were tested regarding their ability to filament (Figure 4.4), to adhere to a polystyrene surface (Figure
4.5A), and to form biofilm after 24h (Figure 4.5B) and 48h (Figure 4.5C) of incubation, in the presence

of lactate.

For filamentation analysis, glucose- and lactate-grown cells were incubated in induced media for 30, 60,
120 and 240 min, stained with calcofluor white and monitored by fluorescence microscopy.

Independently of the condition, all strains were able to filament and hyphae length increased with time.
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In glucose-grown cells, filaments were visible right after 30 min of incubation, while in lactate-grown cells
only after 60 min (Figure 4.4). Moreover, lactate-grown cells presented shorter hyphae than glucose-
grown cells. The lack of a functional #LM1 affected filamentation of cells adapted to both carbon sources,
and although the differences in hyphae length were visible in early time points, only after 240 min of
incubation the differences were significant (p < 0.001). This difference was more pronounced in cells

grown on glucose (Figure 4.4).

kK

40-

] g g
H
2

|
30- T

[ 1 |

Hyphal length (um)
N
@
H

10- ns . b ns
N qi -i
wWT Arim/Arim 1 Arim 1+RLM1 wT Arim1/Arim1 - Arim1+RLM1
Glucose Lactate
mmm 30 min mmm 60 min === 120min —3 240min
B
Glucose-grown cells Lactate-grown cells

WT

Arim1/Arim1

Arim1+RLM1

Figure 4.4. Filamentation of C. albicans wild type (WT), mutant (A7im1/Ariml) and complemented
strains (ArimI+RLMI). (A) Hyphal length of glucose and lactate-grown cells measured after 30, 60, 120,
and 240 min of incubation in DMEM medium supplemented with 10% FEBS at 37°C. Results represent
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mean and standard deviation of three independent replicates. *p< 0.05, ** p<0.01, ***p< 0.001, and
****n < 0.0001 indicate statistically significant results; ns indicates not significant. For each strain and
condition, pvalues were always calculated in comparison with the previous time point. (B) Morphology of
glucose and lactate grown cells after 240 min of incubation in DMEM. Candida cells were stained with

calcofluor white and monitored by fluorescence microscopy. Images are representative of three

independent experiments.
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Figure 4.5. /n vitro adhesion and biofilm formation of C. albicans wild type (WT), mutant (A7im1/Ariml),
and complemented strains (ArimI+RLMI). (A) WT, Arim1/Arimi and Arim1+RLMI cells were allowed
to adhere 2 h and (B) to form biofilm during 24 h and (C) 48 h in a polystyrene surface. Results represent

mean values and standard deviation of three independent replicates (n7 = 3 per group per experiment).

107



*p<0.05, * p<0.01, ***p<0.001, and ****p < 0.0001 indicate statistically significant results; ns

indicates not significant. (D) Representative SEM images of cells after 48 h of incubation.

Then, all strains were evaluated regarding their ability to adhere to a polystyrene surface. After 2h of
incubation, lactate-grown cells showed a higher ability to adhere when compared with the glucose-grown
cells (p<0.0001), as previously reported [35], and no differences were seen regarding the Arim1/Arim1
mutant strain (Figure 4.5A). Considering biofilm formation, cells grown in lactate were able to form more
biofilm than cells grown in glucose. As expected, Arimi/ArimI mutant formed more biofilm than the
WT in presence of glucose at 24 and 48 h of incubation (Figures 4.5B and C). However, in the presence
of lactate, at 24 h of incubation the mutant presented lower biofilm formation but at 48 h the amount of
biofilm formed was higher than the WT and complemented strains (Figure 4.5B and C). SEM analyses
confirmed the differences in biofilm formation after 48 h of incubation (Figure 4.5D). These results
showed that lactate-grown cells presented higher biomass than their glucose counterparts and the mutant

presented higher biofilm formation in both conditions, after biofilm maturation.

Overall, these results indicate that LM is important for filamentation, adhesion, and biofilm formation
and that these phenotypes were similar for cells adapted to glucose or to lactate, suggesting that they are

independent of the carbon source.

4.3.4 C. albicans RLMI does not affect immune recognition but is important for
immune activation

In order to determine the importance of C. albicans RLMI in cell wall remodeling, the growth of the
different strains in the presence of the alternative carbon source lactate was tested to check whether it
would influence the interaction with phagocytic cells (Figure 4.6). It was previously shown that the
absence of C. albicans RLM1 on glucose grown cells significantly alters the proportions of the major cell
wall components, enhancing the chitin content and reducing the glucan and mannan content [25].
However, nothing about the exposure of these components was previously observed. Thus, as the host
immune defenses rely on the recognition of conserved molecular patterns in the fungal cell wall,
particularly the glucans, the exposure of 3-glucans at the cell surface of C. albicans cells grown either in
the presence of glucose or lactate was analyzed. All cells were stained with anti-B-1,3-glucan and analyzed
by flow cytometry. Glucose-grown cells exhibited significantly (o < 0.0001) higher levels of B-glucan

exposure than lactate-grown cells (Figure 4.6A), consistent with previously published data [10]. Although
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the mutant seemed to present a different pattern of B-glucan exposure in both carbon sources, the

differences were not significant.

To evaluate the phagocytosis of C. albicans cells, a previously described assay [31] was used, which
allowed the identification of different macrophage populations by differential staining. In this way,
macrophages with only internalized C. albicans cells (sytox green-stained) and with both internalized and
surface adhered cells (Pl and sytox green double stained) were clearly distinguished. As previously
described, results indicate that glucose-grown cells are internalized more efficiently by murine bone
marrow-derived macrophages (BMDMs) compared to lactate-grown cells (Figure 4.6B) [9]. In contrast,
lactate-grown cells displayed higher levels of adhesion than glucose-grown cells (Figure 4.6B). However,
no significant changes were observed between the WT and Arimi/Arimi mutant strains under these

conditions (Figure 4.6B). Representative fluorescence microscopy analyses are shown in Figure 4.6C.
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FIGURE 4.6. Immune recognition of C. albicans wild type (WT), mutant (Armi/Ariml), and

complemented strains (Arlim1+ARLMI). (A) Flow cytometry analysis of 3-glucan exposure for cells grown
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either in YNB 2% Glucose (red) or in YNB 2% Lactate (blue). MFls are indicated at the top of each panel
and plots are representative of two independent replicate experiments (/7= 3 per group per experiment).
(B) Flow cytometry analysis of phagocytosis after 30 min of incubation with macrophages. Graphs
represent the % of macrophages with internalized yeast cells (left), and the % of macrophages with
internalized and adhered yeasts (right). *p< 0.05, **p< 0.01, **p<0.001, and ****p < 0.0001 indicate
statistically significant results; ns indicates not significant. Plots are representative of three independent
replicate experiments (7 = 3 per group per experiment). (C) Representative micrographs showing
macrophages with internalized (green labeled) or adhered (red labeled) yeast cells grown either in YNB

2% glucose or in YNB 2% Lactate.

Additionally, the effect of ALMI on phagocyte interaction and activation was assessed. For that,
macrophages were infected with C. albicans cells, previously grown in glucose or lactate, in a MOI of 5
yeasts to 1 macrophage for 1 h. The uptake of live fungal cells by macrophages was measured by colony-
forming units (CFUs) and presented in percentage of yeast killing (Figure 4.7A). Results indicated that
WT and complemented lactate-grown cells were less efficiently killed by macrophages than their glucose
counterparts (Figure 4.7A), as previously reported [9]. However, no significant differences were observed
between the Arimi/ArimI mutant strain adapted to glucose in comparison to lactate, suggesting that

the mutant lost part of its resistance to killing.

The cell damage caused by the different strains was also quantified by measuring the amount of lactate
dehydrogenase (LDH) released by murine macrophages after 1 h of incubation with yeast cells (Figure
4.7B). Results showed that the WT and complemented strains adapted to glucose led to a lower
production of LDH than their lactate counterparts, resulting in higher percentage of viable macrophages
(p < 0.001; Figure 7B). In contrast, the Arim1/ArimI mutant strain was able to cause less damage in
the murine macrophages when cells were grown on lactate, in comparison with glucose, indicating that
it also lost its ability to kill macrophages when grown in lactate. These results suggest that ALM1 is

involved in cell damage but when cells are grown in lactate.

Cell activation was also evaluated by quantifying IL-10 and TNF-a after 1 h of co-incubation (Figures 4.7C
and D). Results showed that glucose-grown cells stimulated less production of TNF-a (Figure 4.7D) and
IL-10 (Figure 4.7C), compared to lactate-grown cells, consistent with previously published data [9].

Furthermore, the Arimi/Arim1 mutant strain grown in lactate showed higher levels of |L-10 when
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compared with WT (p < 0.001) and complemented (p < 0.001) strains (Figure 4.7C), while when grown
in glucose the results were the opposite. The same results were observed considering TNF-a secretion
(Figure 4.7D), confirming that LM is relevant for immune activation. Overall, these results indicate that
RLM1 does not mediate immune recognition but is important in immune cell resistance and activation,

particularly in cells grown in lactate.
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FIGURE 4.7. Host viability and immune response to C. albicans wild type (WT), mutant (Aim1/Ariml),
and complemented (ArimI+RLMI) cells grown on glucose or lactate after 1 h of infection. (A) Killing of
yeast cells adapted to glucose or lactate and incubated with macrophages at 5:1 ratio. Results are
expressed as the percentage of yeast killing. (B) Assessment of host viability by measuring LDH released
by murine macrophages. Concentrations of IL-10 (C) and TNF-a (D) detected in culture supernatants of
murine macrophages after incubation with the yeast cells. *p < 0.05, *p< 0.01, **p<0.001, and ****p
< 0.0001 indicate statistically significant results; ns indicates not significant. Plots are representative of
three independent replicate experiments (7= 3 per group per experiment). M indicates macrophages

alone (near glucose) or incubated with LPS (near lactate).

111



Finally, in order to evaluate whether tartaric acid could contribute for cellular cytotoxicity, we incubated
macrophages with this organic acid and evaluate metabolic activity by MTT assay. Results showed that,

after 72 h of incubation, tartaric acid reduces cellular viability by around 35% (Figure 4.8).
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FIGURE 4.8. Host viability after incubation with tartaric acid. Macrophages were incubated with tartaric
acid at a final concentration of 0.075 g L for 24 and 72 h. Results express the percentage of macrophage
viability. *p < 0.05, **p< 0.01, ***p< 0.001, and ****p < 0.0001 indicate statistically significant results;
ns indicates not significant. Plots are representative of three independent replicate experiments (7= 3

per group per experiment). C— indicates macrophages incubated with DMEM alone.
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4.4 DISCUSSION

C. albicans has the ability to survive and proliferate within distinct niches in the human host. This flexibility
requires a rapid adaptation to the local conditions, forcing the pathogen to utilize the alternative nutrients
that are available. Some of these niches contain glucose, the preferred carbon source of C. albicans,
while others contain different carboxylic acids such as lactate [27,28]. These fluctuations on carbon
sources affect profoundly the physiology of C. albicans, including alterations in the cell wall structure that
impact immune recognition [8-10]. The transcription factor #LM1 has been shown to play an important
role in the maintenance of the cell wall, affecting the adhesion ability and virulence [22,25]. However, the
in vitro dissection of these observations has been performed using C. albicans cells grown on artificial
media containing 2% glucose, a condition that does not accurately reflect the host niches where this
fungus can proliferate. Therefore, we studied the role of C. albicans RLMI during growth on the

physiologically relevant nutrient lactate, using a set of previously constructed Arim 1A/ rim1 mutants [25].

Firstly, the growth and metabolism of all strains in glucose or in lactate were characterized (Figures 4.1
and 4.2). As expected, the growth rate of cells grown in glucose was much higher than cells grown in
lactate. The absence of a functional £LM1 did not affect growth rate in both carbon sources. Cells grown
in glucose were able to consume the totality of this carbon source within the first 20 h of growth, and
produced glycerol, ethanol, and acetic acid, all known fermentative metabolites (Figure 4.2). However,
when cells were grown in the presence of lactic acid, they consumed only a small part of the carbon
source and none of the above metabolites were observed, but tartaric acid was detected (Figure 4.2).
Tartaric acid is an analog of malic acid, which is a key intermediate in the cycle of Krebs. The production
of tartaric acid when yeast cells were grown in the presence of lactate may be a way of the yeast to
regulate carbon flow through the cycle of Krebs. Moreover, since tartaric acid was excreted, this may
affect the Krebs cycle of the host cells, reducing the energy aerobically produced by oxidizing glucose.
Instead, the host cells may convert glucose into lactic acid anaerobically, in a positive feedback loop. This
overproduction of lactate has a direct toxic effect on muscles, which may explain some symptoms
associated with Candida overgrow, such as fibromyalgia [37]. Nevertheless, these observations were
controversial as no evidence has been found for the production of tartaric acid as a metabolic end-product
by Candida [38]. Here, production of tartaric acid by C. albicans is detected when cells grow in the
presence of lactate. This metabolite is shown to reduce cell viability at the same concentration identified

in these experiments (Figure 4.8). This is particularly interesting as lactate is present in several niches
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within the host, including within the gastrointestinal tract and vagina [27,28], suggesting that when cells
grow in these niches, the production of tartaric acid may explain some symptoms associated with Candida

infections.

The typical cell wall phenotypes described for glucose-grown C. albicans Arim1/Arim1 mutant cells were
compared by performing the tests in parallel with the control strains grown in the presence of lactate
(Figure 4.3). Lactate-grown cells, independently of the mutation, presented hypersensitivity to different
stresses that affected the cell wall, such as caffeine, caspofungin, and SDS (Figure 4.3B). The cell wall
of C. albicans lactate-grown cells is described as being thinner, presenting less B-glucans and mannans,
and is more porous than their glucose counterparts [8,35]. The differences observed between the two
conditions reflect the alterations in the cell wall composition due to the carbon source, and the porosity
may explain the complete absence of growth of lactate adapted cells on SDS. Since these phenotypes
were similar for all strains, it is probable that similar cell wall alterations that were observed previously
[8,35] may also occur in the mutant strain. Moreover, in lactate grown cells, the absence of a functional
RLM1 reverted the hypersensitivity to congo red observed when cells were grown in glucose (Figures 4.3A
and B). It has been described that congo red interacts with cell wall polysaccharides, exhibiting a
particularly high affinity for chitin and B-glucans [39]. Thus, the fact that in lactate-grown cells B-glucans

are masked may reduce the availability of congo red to -glucans, rendering the mutant more resistant.

C. albicans has evolved multiple strategies, including the expression of several virulence factors, to
overcome the different environmental conditions imposed by the host [40,41]. As many of these factors
rely on morphology changes, the ALMI was also tested to check whether it could be involved in some
virulence mechanisms such as hyphal growth, adhesion and biofilm formation during carbon adaptation.
Under these growth conditions, the Arimi/Arimli strain presented shorter hypha than the WT or
complemented strains, when grown in glucose as well as in lactate, indicating that #LM1 is involved in
C. albicans filamentation, independently of the carbon source (Figure 4.4) As reported previously [25],
the Arimi/Arim 1 strain showed a reduction in the cell wall mannans, which was associated with impaired
hyphal growth [33]. Thus, the defect in filamentation observed could be correlated with the cell wall

composition.

Additionally, C. albicans RLMI has been described as a negative regulator of /n vitro biofilm formation,

as the Arim1/Arim1 mutant strain forms more biofilm than the WT in the presence of glucose [25]. This
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gene also seems to regulate negatively some of the same targets of BCRI, a well-known transcription
factor that governs biofilm formation [42]. In the presence of lactate, all strains produced more biofilm,
but as previously reported, the Arimi/Arim1 strain formed even more biofilm, than in the presence of
glucose (Figure 4.5). This enhanced biofilm formation in lactate may be directly correlated with the higher
ability (approximately three times more) of the lactate grown cells to adhere. These results indicate that

the role of RLM1 as a negative regulator of /7 vitro biofilm formation is independent of the carbon source.

Finally, we studied the involvement of ALM1I in host-pathogen recognition. The cell wall of microbial
pathogens is the first point of contact with the host defenses. Then, any modification on the cell surface,
especially on the pathogen-associated molecular patterns (PAMPs), such as B-glucans, a-, and [3-
mannans, phosphomannans and chitin, impacts the immune detection. The host metabolite lactate has
been shown to modulate the exposure of some PAMPs in C. albicans, affecting the recognition of the
fungus by the host phagocytes [6,8-10]. Importantly, during growth in lactate, B-glucans are actively

masked by the outer mannans layer [10].

RLM1I does not seem to be involved in B-glucans masking (Figure 4.6A), which is consistent with the
phagocytosis results, since no significant differences were observed between the WT and the
Arim1/Arim1 mutant in both carbon sources (Figures 4.6B and C). Moreover, these studies confirmed
that cells grown in lactate were less internalized when compared with their glucose counterparts (Figure
4.6) [10], but remained attached to the macrophages (Figure 4.6B). Once more RLMI does not seem to

be involved in this mechanism.

Although no significance differences were observed in the presence of yeast killing between Arim i/ Arim i
and their counterpart strains, within each condition (carbon source), the obtained results confirmed
previous data that lactate grown cells are more resistant to phagocyte killing [9]. However, it is curious to
observe that when the mutant was grown in lactate, the resistance to yeast killing was lower and not
statistically different when grown in glucose, indicating that without LM 1 C. albicans loses its resistance
acquired when cells grow in lactate (Figure 4.7A). Since previous results indicate that #LM1 is involved
in cell wall architecture, when cells were grown in glucose, this loss of resistance to killing could also be
due to changes in cell wall structure and composition, and account for its lower virulence in the
disseminated mouse model of infection [25]. The levels of LDH released by macrophages, an indicator

of cell damage, were increased for the cells grown in the presence of lactate, indicating that these cells
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although being taking up by the macrophages less efficiently, are more prone to kill these phagocytic cells
(Figure 4.7D). Interestingly, this is not verified for the Arimi/Arim1 mutant. As seen previously (Figure
4.7A), the mutant is more susceptible to macrophage killing which explains the lower ability to escape
from macrophages by damaging the phagocyte. Previous data demonstrated that hyphal extension is a
key factor promoting fungal escape from phagocytes, therefore the fact that Ardmi/Arimi mutant

produces shorter hyphae might also contribute to the lower capacity to damage macrophages.

The amount of IL-10 and TNF-at was also quantified in order to evaluate the ability of the fungus to induce
anti- and pro-inflammatory responses, respectively (Figures 4.7C and D). As expected, the cytokines
profile of the C. albicans lactate grown cells points to an anti-inflammatory response, given the increased
levels of IL-10 in these conditions. However, the levels of IL-10 induced by the Arimi/Arim1 mutant were
even higher. The masking of B-glucans on the surface of lactate grown cells reduces not only the
phagocytosis, which is stimulated via dectin-1, but also the secretion of cytokines, which is under the
control of the transduction pathways upon activation of dectin-1 [43]. Here, the levels of TNF-a were lower
in the mutant, when compared with the WT and complemented strains, in glucose-grown cells, but slightly
higher in lactate-grown cells. This would suggest that -glucans in the mutant strain grown in glucose
would be less exposed than their counterparts, while in lactate-grown cells it would be the opposite.
Regarding IL-10, the higher concentration observed when macrophages were incubated with the mutant
cells grown in lactate, could also be explained by the fact that the -glucans’ masking of the mutant was
much lower than in the WT and complemented strains. However, and once more, the differences were
not significant. The fact that interpreting relative MFI for individual runs across strains is sensitive to
growth rate, growth phase, staining uptake, and cell size distribution could contribute to not reach
statistical significance. These slight differences in [-glucan exposure would not influence phagocytosis

but could account for the differences in host cell activation.

Taken together, these results confirmed that C. albicans cells grown in the presence of lactate were less
internalized and killed by macrophages and suggest that #LM 1, although not being involved in yeast cells
internalization, seems to be involved in the killing by macrophages and inflicting damage to host cells,
what could be related to the lower capacity of the mutant to filament. This interaction mediates cytokine
levels, rendering the lactate-grown cells less visible to the phagocytic cells, as previously reported [9].
However, although the Arimi/Arimiinduced a higher anti-inflammatory response, the modifications in

the cell wall rendered the mutant less resistant to the action of the immune system.
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CHAPTER 5

TRANSCRIPTIONAL RESPONSES OF CANDIDA
GLABRATA BIOFILM CELLS TO FLUCONAZOLE ARE
MODULATED BY THE CARBON SOURCE
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ABSTRACT

Candida glabrata is an important human fungal pathogen known to trigger serious infections in immune-
compromised individuals. Its ability to form biofilms, which exhibit high tolerance to antifungal treatments,
has been considered as an important virulence factor. However, the mechanisms involving antifungal
resistance in biofilms and the impact of host environments on these processes are still poorly defined. A
whole-transcriptome analysis of C. glabrata biofilm cells exposed to different environmental conditions
and constraints was performed in order to identify the molecular pathways involved in fluconazole
resistance and understand how acidic pH niches, associated with the presence of acetic acid, are able to
modulate these responses. Fluconazole treatment induces gene expression reprogramming in a carbon
source and pH-dependent manner. This is particularly relevant for a set of genes involved in DNA
replication, ergosterol and ubiquinone biosynthesis. Additional evidence that the loss of mitochondrial
function is associated with fluconazole resistance, independently of the growth condition, is also provided.
Lastly, C. glabrata Mgel, a cochaperone involved in iron metabolism and protein import into the
mitochondria, is proposed as a key regulator of fluconazole susceptibility during carbon and pH
adaptation, by reducing the metabolic flux towards toxic sterol formation. These new findings suggest that
different host microenvironments influence directly the physiology of C. glabrata, with implications on how
this pathogen responds to antifungal treatment. These analyses identify several pathways that can be
targeted and will potentially prove to be useful for developing new antifungals to treat biofiim-based

infections.

5.1 INTRODUCTION

Candida spp. are important fungal pathogens known to trigger serious infections in immune-compromised
individuals, affecting billions of people every year [1]. While C. albicans has been predominantly identified
as the most common cause of candidiasis, infections caused by non-albicans Candlida strains such as C.
Zlabrata have been increasing worldwide [2,3]. This trend has coincided with the prophylactic use of
antifungals, which has resulted in increased drug resistance [4]. Moreover, C. glabrata has the ability to

adhere and to form biofilms on both biotic and abiotic surfaces, such as host tissues and implanted
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medical devices [5-8]. This ability makes these infections a clinical challenge, as the cells in biofilms are

also intrinsically resistant to conventional antifungal treatments [9].

In order to survive and successfully proliferate in the different host niches, C. glabrata must rapidly adapt
to a diverse range of environmental stresses, such as temperature, pH fluctuations and nutrient
availability. Some of these niches are complex, dynamic and frequently limited in the content of carbon
sources available. To survive in such environments, these pathogens have to control the expression of
key metabolic functions [10-12]. For instance, during gastrointestinal and vaginal colonization, where
glucose concentration is low, alternative carbon sources such as acetate or lactate are particularly
abundant [13,14] and may support the growth and the proliferation of C. glabrata cells. Interestingly, low
glucose environments were found to induce the formation of C. glabrata biofilms and confer resistance
to antifungal treatment [15]. This behavior suggests that this pathogen has the capacity to adjust its
lifestyle in accordance to nutrient availability and determine the outcome of the next phase: either to
continue as part of a biofilm population or disperse to find new colonization sites. However, little is known
about the physiological effect of acidic environments, containing alternative non-fermentable carbon

sources such as acetate, on the antifungal treatment of C. glabrata biofilms.

Our group has previously demonstrated that C. glabrata cells were more susceptible to fluconazole and
better phagocytosed and killed by macrophages, when exposed to both glucose and to physiological
concentrations of acetate [16]. Growth in the presence of this substrate also affected the ability of these
cells to form biofilms [16]. Although several putative acetate transporters and channels were identified to
be involved in the response to acetate and fluconazole, in both planktonic and biofilm cells, the exact
molecular mechanisms underlying fluconazole resistance in biofilms under acidic conditions are still
unclear. In this work, the specific transcriptomic responses of C. glabrata biofilm cells to fluconazole,
when grown in the presence of glucose or glucose and acetate, were evaluated by RNA-sequencing. This
allowed us to decipher the differentially expressed genes and potential mechanisms developed by biofilms
to adapt to these different physiological environments. Our data represent a global view of transcriptomic
regulation in C. glabrata biofilms in response to carbon adaptation and fluconazole resistance.
Considering the urgent need to find adequate and more effective therapeutic approaches to treat Candida
infections, further understanding of the molecular mechanisms underlying biofilm formation and
antifungal resistance could lead to the development of novel inhibitors to control the dissemination of

these pathogens.
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5.2 MATERIAL AND METHODS

5.2.1 Media, strains and growth conditions

Biofilm experiments were done using Candida glabrata ATCC 2001. This strain was subcultured on
Sabouraud dextrose agar (SDA, Difco, Le Pont de Claix, France) medium at 37°C for 24 h and then
inoculated in Sabouraud dextrose broth (SDB; Difco) medium at 37°C for 20-24 h while shaking at 120
rpm. Yeast cells were harvested by centrifugation after the incubation period (6500 g, for 10 min at 4°C),
washed twice in phosphate buffered saline (PBS; pH 7.0, 0.1 M), and the cellular concentration was
adjusted to 1x107 cells/mL using an improved Neubauer chamber. All experimental assays were carried
out in filter-sterilized RPMI 1640 medium with L-glutamine (Sigma, R6504) and buffered with 0.165 M
morpholinepropanesulfonic acid at pH 7.0 or 5.0. Fluconazole (Sigma; F8929), doxycycline (Sigma,
D9891) and acetic acid (Sigma, A6283) were added to the medium at concentrations of 8 or 24 ug/mL,
100 pg/mL and 0.5% (v/v), respectively (unless otherwise stated). Depending on the assay, autoclave-
sterilized and precooled agar was added to the medium. Cell cultures containing fluconazole or
doxycycline were always kept in the dark. Detailed information about MGE1-overexpressing strain and

respective wild-type control can be found in Demuyser et al. [65].

5.2.2 Biofilm development

Candida biofilms were developed on 24-well polystyrene plates (Orange Scientific, Braine-I'Alleud,
Belgium; 12 wells for each condition) containing 1 mL of C. glabrata cell suspension (1x107 cells/mL in
RPMI 1640) per well. The plates were then incubated at 37°C under agitation at 120 rpm. After 24 h,
500 pL of media in each well was removed and an equal volume of fresh media was added according to
each condition (RPMI at pH 5.0 supplemented with 0.5 % (v/v) acetic acid; RPMI at pH 5.0 supplemented
with 0.5% (v/v) acetic acid and 1250 ug/mL fluconazole; RPMI at pH 7.0; and RPMI at pH 7.0
supplemented with 1250 pg/mL fluconazole). The concentration of fluconazole was selected according
to previous studies with C. glabrata biofilms [16]. Plates were then incubated for additional 24 h at 37°C

under agitation at 120 rpm.

5.2.3 RNA isolation
Following Candlida biofilm development, each well was gently washed with 1 mL of PBS to remove non-
adherent cells. Then biofilms were scraped from the plates with 500 uL of PBS per well, sonicated for 30

s at 30% amplitude (Ultrasonic Processor, Cole-Parmer, IL, USA) in order to separate cells from matrix
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[74] and then harvested by centrifugation at 8,000 gfor 10 min at 4°C. Cells drops were flash frozen in
liquid nitrogen and total RNA was isolated from frozen cell pellets using the RiboPure Yeast kit (Ambion,
Life Technologies, USA), according to manufacturer’s instructions. All samples were treated with Turbo
DNAse (Ambion) to remove residual DNA, according to manufacturer's instructions. Total RNA yield was
quantified using the Nanodrop 1000 (Thermo Scientific) and RNA quality (RNA Integrity Number (RIN)

values = 7.0) assessed on a Bioanalyzer 2100 (Agilent Technologies).

5.2.4 RNA sequencing

Library preparation and RNA sequencing were performed at Edinburgh Genomics (Scotland, UK). All
samples were prepared in biological triplicates and subject to removal of ribosomal RNA before
complementary DNA (cDNA) library generation. From these libraries, 50 base-paired-end sequence reads
were produced with lllumina Hiseq 2000. The raw sequence data in fastq format as well as the processed
data have been deposited in NCBI's Gene Expression Omnibus [75] and are accessible through GEO

Series accession number GSE121074.

5.2.5 Data analysis

Raw fastq files were successively processed in the following order through Fastgc (v. 10.1), Trimgalore (v.
3.1), Samtools (v. 1.19), Bowtie2 (v. 2.1) and Htseq (v. 5.4). Genome alignment was conducted against
the C_glabrata_CBS138_version_s02-m04-r05_chromosomes.fasta file provided by Candida Genome
Database [76]. Aligned data were quality-controlled via the Partek Genomics Suite software (v. 6.6),
according to the manufacturer’s instructions. Gene expression analysis was performed using Partek
Genomics Suite software using a log. data transformation as the Partek recommended default. Gene
Ontology (GO) term analysis was performed in parallel through the Candida Genome Database GO Term
Finder and the Cytoscape (v. 3) Clue GO plugin [77]. GO enriched pathways display downregulated
(decrease of twofold or lower) and upregulated (greater than twofold) genes (p < 0.05). Network
construction was performed with Cytoscape V.3 freeware [78], venn diagrams through Venny online
freeware (v. 2.0.2) and heatmaps with TM4 MultiExperiment Viewer (MeV, v. 4.9). A statistical comparison
among GO term enrichment percentages was performed with GraphPad Prism (v. 6) using the Student’s

t-test for two-tailed data. Data represent three independent biological replicates for each condition.
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5.2.6 Quantitative Real-Time PCR

Real-Time quantitative PCR of cDNA samples was carried out in a CF X96 Real-Time PCR System from
Bio-Rad Laboratories using Power SYBR® Green PCR Master Mix (Applied Biosystems, CA, USA),
according to manufacturer's instructions. The High-Capacity cDNA Reverse Transcription Kit (Invitrogen,
CA, USA) was used to synthesize the cDNA in a 20 L reaction containing 1 ug of total RNA, according
to the manufacturer’s instructions. The primers used to amplify the selected genes and the thermocycling
conditions are described in Table 5.1. The reaction mixture was set up in a total volume of 20 uL using
10 pL of SYBR Green PCR Master Mix, 0.3 uM of each primer and 4 pL of each synthesized cDNA sample
(diluted 1:20) and nuclease-free water. A negative control without template was conducted for each gene
in each PCR run, and a control for DNA contamination was implemented by using the purified RNA
samples as templates. The housekeeping gene, PGA1 [79] was used to normalize the gene expression.
Experiments were performed in triplicate for three independent biological samples. Statistical analysis

were performed using two-way ANOVA with Bonferroni correction.

Table 5.1. Real-Time PCR conditions

Gene Primer Sequence Product size (bp) Tm (°C)
TS | ovose | AAGOCOCTCACCANTGAT 1o o
i - R
769 | fse | ATTGTOCTTGOAGGITITEG 15 s
RGL1 | gose | CAGGACCTIOTCOITACCST 1 5
R | orse | COCAACATIGOMATACCE 16 8
A1 | Gose | ACCCAGGACATAGCGCAGG 17 o
COR! | Gose | ATGGACCATGCTGITTGTGA Lz 5
M2 | ouse | ACCACCGACAGTCATCAACH 1 s
i —— n |
e - R
PRI | Goumse | COOMCACAGICGTTCAGAMG 1o 8
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5.2.7 Sterol measurement

Sterols were extracted according to the method described in Morio et al. [24] with a few adaptations. In
summary, cells were grown for 24 h in RPMI medium, with or without 24 ug/mL fluconazole. The cells
were collected, resuspended in saponification medium, and subjected to vortex mixing. The samples were
incubated for 1 h at 80°C, after which 1 mL of water and 4 mL of hexane were added. After mixing, the
two layers were allowed to separate. For spectrophotometrical analysis, UV-transmittable 96-well
microtiter plates (Costar Corning) were used to allow measurement of the ODzs: and OD:z. A formula from
Arthington-Skaggs et al. [67] was used to measure the percentages of ergosterol (corrected for cellular
wet weight and resuspension volume). For GC-MS analysis, the sterols were extracted twice with hexane,
which was then evaporated by vacuum centrifugation. The sterols were resuspended in 100 pL silylating
mixture (Sigma) and incubated at room temperature for 30 min. Finally, a corrected cellular wet weight
resuspension volume of hexane was added and the samples were immediately stored at —20°C for later
analysis by GC-MS. One microliter of the sample was injected into a gas chromatograph-mass
spectrometer (Shimadzu QP2010 Ultra Plus) equipped with an HP-5ms nonpolar column (Agilent) (30 m
in length, 0.25-mm inner diameter [id.]; 0.25-um thin layer). Helium was used as carrier gas with a flow
rate of 1.4 mL/min. Injection was carried out at 250°C in split mode after 1 min and with a ratio of 1:10.
The temperature was first held at 50°C for 1 min and then allowed to rise to 260°C at a rate of
50°C/min, followed by a second ramp of 2°C/min until 325°C was reached; that temperature was
maintained for 3 min. The mass detector was operated in scan mode (50 to 600 atomic mass units
[amu]), using electron impact ionization (70 eV). The temperatures of the interface and detector were
290 and 250°C, respectively. A mix of linear rralkanes (from Cs to Cs«) was injected to serve as external
retention index markers. Sterols were identified by their retention time relative to the internal standard
(cholestane) and specific mass spectrometric patterns using AMDIS version 2.71. The deconvoluted
spectra were matched to GC-MS libraries described in Miiller et al. [81] and NIST/EPA/NIH version 2011.
Analysis was performed by integration over the base ion of each sterol, and abundance was calculated
relative to the internal standard, comparing the relative peak areas of the compounds across treatments

using two-way ANOVA with Bonferroni correction.
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5.3 RESULTS

5.3.1 Transcriptional responses of C. glabrata biofilm cells to fluconazole are
modulated by the presence of acetate

C. glabrata biofilms are frequently grown on artificial media conditions that do not mimic physiological
environments, leaving the effects of important alternative metabolites largely unexplored. In order to
understand the impact of both acidic and acetate-enriched environments in response to fluconazole

treatment, we evaluated the whole transcriptome of C. glabrata biofilm cells by RNA-sequencing.

Biofilms were developed for 48 hours in RPMI media (with low glucose concentration, 0.2%), either
supplemented or not with 0.5% acetate, and in the presence and absence of fluconazole. This resulted in
a total of four different conditions. The total RNA was extracted for twelve independent samples,
corresponding to four conditions and three biological replicates. lllumina whole transcriptome sequencing
produced around 1.6 x 107 (+1.4 x 10¢) reads per sample, which resulted approximately in 98% overall
alignment rate. We then performed pair-wise comparisons between conditions to investigate
transcriptional responses to fluconazole treatment, either when biofilms were grown in the presence of

acetate (RPMI + acetate) or only in glucose (RPMI).

Figure 5.1A shows a heatmap depicting the gene regulation of C. glabrata biofilms in response to both
conditions. The adaptation of biofilm cells to the shift from RPMI to RPMI supplemented with acetate,
when treated with fluconazole, was accompanied by extensive changes in gene expression. The data
show that the transcriptional response of C. glabrata biofilm cells to fluconazole is clearly modulated by

the presence of acetate (Figure 5.1).

For both comparisons, we obtained lists of genes significantly up- and downregulated and analyzed those
displaying at least twofold regulation (Figure 5.1B). We also performed a global functional analysis on the
identified genes in order to find significantly enriched GO biological process terms and better understand

the biological mechanisms associated with them.
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Figure 5.1. Global transcriptional response of C. glabrata biofilm cells to fluconazole treatment when
grown in the presence of glucose (RPMI + fluconazole versus RPMI) or in the presence of both glucose
and acetate (RPMI + acetate + fluconazole versus RPMI + acetate). a) Heat map of all genes differentially
expressed genes (p < 0.005) in the presence versus the absence of fluconazole in both growth conditions.
b) Venn diagrams of all downregulated and upregulated genes (p < 0.5) in C. glabrata biofilm cells due

to fluconazole treatment in both growth conditions.

5.3.2 The transcription of genes involved in DNA replication, ergosterol and
ubiquinone biosynthesis is modulated by the presence of acetate in response to
fluconazole treatment

In order to characterize the transcriptional responses to fluconazole of C. glabrata biofilms grown in the
presence of acetate, we compared the transcript profiles of samples grown in RPMI media supplemented
with acetate and fluconazole, with those grown just in RPMI supplemented with acetate. Upregulated
genes were significantly enriched in biological categories such as “DNA replication initiation” (CgMCM6
and CgMCM?7), “ergosterol biosynthetic process” (CgERGY and CgERGI 1) and “ubiquinone biosynthetic
process” (CgCATS, CgCOQ6 and CgCOQS, Figure 5.2). The overexpression of both Mcm6p and Mcm7p,
which are associated with the MCM complex that initiates and regulates DNA replication [17], may be
indicative of increased cell proliferation that ultimately may lead to chromosomal instability. This

hypothesis is in agreement with previous observations correlating chromosomal abnormalities in several
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Candida spp. with exposure to fluconazole [18]. However, this response has never been associated with

the presence of acetate or other non-fermentable carbon sources during C. glabrata biofilm growth.

Considering the overexpression of ergosterol biosynthetic genes, this is one of the most common
mechanisms of resistance in response to fluconazole treatment in Candida spp. [18]. The mechanism of
action of fluconazole involves the inhibition of cytochrome P450 enzyme lanosterol demethylase, encoded
by £RG11 [19]. This reaction occurs due to the binding of a free nitrogen atom of the azole ring to an
iron atom within the heme group of the enzyme. This binding prevents oxygen activation and consequently
demethylation of lanosterol, resulting in the inhibition of ergosterol biosynthesis. Moreover, Erg9p is also
involved in ergosterol biosynthesis but functions upstream of lanosterol demethylase in the biosynthetic
pathway [20]. As ergosterol is an important component of fungal cell membranes, any impairment in the
ergosterol biosynthetic pathway results in increased cellular permeability leading to the disruption of cell
membranes. Thus, ergosterol overexpression confers protection against fluconazole treatment by

maintaining sterol homeostasis.

Lastly, the three genes encoding proteins involved in the ubiquinone biosynthesis, Coq6p, Catbp and
Coq9p, are part of a multi-subunit complex of nine proteins required for ubiquinone biosynthesis [21-
24]. Ubiquinone, also known as Coenzyme Q, is an essential component of the electron transport chain,
carrying electrons from Complexes | and Il to Complex Il in mitochondria. These proteins are required
for respiratory growth and gluconeogenic gene activation [21-23]. Indeed, during growth on non-
fermentable carbon sources, such as acetate, Candida cells induce gluconeogenesis in order to obtain

sugar phosphates for the synthesis of essential cellular components [25].

Collectively, these data suggest that fluconazole increases chromosome instability, ergosterol
biosynthesis and endogenous respiration in C. glabrata biofilm cells grown in the presence of acetate
(Figure 5.2). When grown in the presence of glucose as sole carbon source, all of these genes were found
to be downregulated (Figure 5.3), suggesting that these pathways are regulated in a carbon source-

dependent manner.
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Figure 5.2. Transcriptional response of C. glabratabiofilm cells to fluconazole when grown in the presence
of acetate. Network visualization of enriched pathways with the systematic names of C. glabrata
(downregulated, left panel; and upregulated, right panel) when grown in the presence of acetate and
fluconazole was performed by ClueGO analysis. The size of the nodes represents the statistical
significance of the terms. The systematic names of C. glabrata genes and respective orthologs in S.

cerevisiae associated with each biological process are shown in red and black, respectively.

5.3.3 Reduction of mitochondrial activity appears to be induced in response to
fluconazole treatment in a manner independent of carbon source

On the other hand, downregulated genes were significantly enriched in biological processes related to
alterations in mitochondrial biogenesis and cell wall organization, as a response to fluconazole treatment.
Genes involved in “protein targeting to mitochondrion” (CgSAM37, CaMDM12 and CgMMM1) codify a
set of translocases that are part of a Sorting Assembly Machinery (SAM) complex that mediates the
insertion of beta-barrel proteins into the mitochondrial outer membrane [26-28]. The core of this complex
is composed of Samb0p, Sam37p and Sam35p [29-32], but other proteins such as Mdm12p and
Mmm1p are required to successfully complete this process [33]. This transcriptional response is in
accordance with previous transcriptomics and metabolomics analysis in C. albicans that suggest a
downregulation of mitochondrial activity as a result of biofilm maturation [34-37]. Other studies have
also suggested that the reduction of mitochondrial activity might be beneficial for biofilm growth,
conferring protection against oxidative damage and promoting prolonged survival of biofilm cells [38,39].
The downregulation of these genes provides additional evidence that the loss of mitochondrial functions

is associated with fluconazole resistance in C. glabrata.
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Other biological categories also found to be downregulated due to fluconazole treatment include “protein
mannosylation” (CgPMT75 and CgPMT7) and “phosphatidylinositol biosynthetic process” (CgGF/14 and
CgGP/18; Figure 5.2). The cell wall glycoproteins of Candida spp. are modified by N- and Olinked
glycosylation and are attached to the polysaccharides at the cell wall by either covalent links or
glycosylphosphatidylinositol (GPI) anchors [40]. The Protein O-MannosylTransferases (PMTs) are an
evolutionarily conserved, essential family of proteins that mannosylate distinct targets in the endoplasmic
reticulum [41]. In C. albicans, where these proteins have been well studied, this posttranslational
modification was shown to be involved in morphogenesis, adhesion and antifungal resistance, suggesting
that PMTs can be studied as potential antifungal targets [42-44]. Both Gpil4p and Gpil8p are also
mannosyltransferases but specifically responsible for adding a-1,4-linked and o-1,6-linked mannoses to
GPI, respectively [45-47]. As in fungi all of these genes have several subfamily members that are highly

redundant, the effect of their downregulation is unclear.

Interestingly, our data show that upon fluconazole treatment, biofilm cells grown only in the presence of
glucose exhibit the same transcriptional pattern of regulation for all categories mentioned above (Figures
5.2 and 5.3). We conclude that these transcriptional responses to fluconazole are independent of the

carbon source.

5.3.4 In glucose-grown biofilm cells, fluconazole treatment induces the overexpression
of genes involved in metabolism, protein folding and adhesion

To characterize the transcriptional response of glucose-grown biofilm cells to fluconazole, we compared
the transcript profile of samples grown in RPMI and fluconazole with those grown in RPMI. Upregulated
genes due to fluconazole treatment were significantly enriched in processes related to “primary metabolic

process” (CgAP/I and CgHSP104) and aggregation (CgFLO1, also known as CgEPAI) (Figure 3).

Apjlp is a J protein cochaperone of the HSP40 family while Hsp104p is a general anti-stress chaperone
that in conjunction with other proteins helps to disassemble protein aggregates accumulated due to stress
[48,49]. Heat-shock proteins (HSPs) are induced by several types of stress and have broadly protective
functions [50]. Their expression has been associated with biofilm formation and drug resistance in
Candida spp., reinforcing their potential as antifungal targets [48,50,51]. Some links between azole
resistance and protein folding functions have also been reported in C. albicans[52,53]. CgEFAI is a GPI-

anchored cell wall protein that participates in cell-cell interactions, allowing adherence to host epithelial
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tissues [54]. In C. glabrata, Epalp is the major adhesin mediating adhesion and its overexpression is

associated with resistance to fluconazole [55].
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Figure 5.3. Transcriptional response of C. glabrata biofilm cells to fluconazole, grown in the presence of
glucose, as sole carbon source. Network visualization of enriched pathways with the systematic names
of C. glabrata (downregulated, left panel; and upregulated, right panel) when grown in the presence of
glucose and fluconazole was performed by ClueGO analysis. The size of the nodes represents the
statistical significance of the terms. The systematic names of C. glabrata genes and respective orthologs

in S. cerevisiae associated with each biological process are shown in red and black, respectively.

5.3.5 Iron acquisition and glycosylation appear to be attenuated by fluconazole
treatment when glucose is present, as sole carbon source

The transcriptional responses to fluconazole when C. glabrata biofilm cells were grown in the presence
of glucose are associated with a higher number of differentially regulated genes when compared with the
acetate-dependent responses described above. Downregulated genes were significantly enriched in
several processes (Figure 5.3), including “iron ion transport” (CgFTRI, CgFTHI, CgCCC2and CgATX]).
Since Ftrlp, Fthlp and Ccc2p are part of the high-affinity iron uptake system in C. glabrata, and Atx1p is
also involved in iron absorption, downregulation of these genes may result in perturbed iron homeostasis
[56]. Given that iron acts as a cofactor for numerous metalloproteins involved in several fundamental
cellular processes, such as oxygen transport, respiration, energy metabolism and DNA synthesis and

repair, perturbations in iron homeostasis also have a direct impact on these processes. This is consistent
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with some of the downregulated categories found under the same conditions, namely, ergosterol

biosynthesis.

Additionally, genes involved in “protein glycosylation” (CgWBP1, CgOST1, CgATR3, CgALGI and CgSTT3)
were also found to be downregulated in response to fluconazole (Figure 5.2). The cell wall glycoproteins
in Candida spp. can be N-or Oglycosylated. The Minked glycosylation pathway requires the action of
different glycosyltransferases and comprises two sequential stages [40,57]. The first stage involves the
synthesis of a dolichol-linked glycan precursor and its transfer to a nascent protein in the rough
endoplasmic reticulum. Alglp is involved in the synthesis process and Wbplp, Stt3p and Ostlp are
transmembrane subunits of the Oligosaccharyl Transferase Complex (OST) that mediate the transference
[57]. The second stage includes the Minked glycan processing and maturation in the rough endoplasmic
reticulum and Golgi. CgATR3, a member of the AREZ/MNTI gene family, may be involved in this last
stage but also in Olinked protein glycosylation [58]. A reduction in the levels of glycosylation will impact
the composition of the cell wall and thus the interaction between the biofilm cells. This is consistent with
data from C. albicans showing that changes in carbon source affect cell wall architecture, the cell wall

proteome and cell wall organization [59-61].

Besides glycosylation, some proteins involved in the “regulation of phosphorylation” (CgCCLI and
CglVAC14) also appear to be downregulated in response to fluconazole treatment (Figure 5.3). CgCCL1
positively regulates transcription by Polymerase |l by stimulating phosphorylation of RNA polymerase I
C-terminal domain, with mutants showing increased competitive fitness in Saccharomyces cerevisiae
[62]. Vacl4dp controls the synthesis of phosphatidylinositol-3,5-biphosphates, impacting several

mechanisms such as organelle morphology, membrane recycling, and ion transport [63].

Altogether, these biological categories represent a deregulation in mitochondrion function, cell cycle, cell
wall composition, iron transport and post-translation modifications, such as mannosylation, glycosylation

and phosphorylation.

5.3.6 Validation of RNA-seq results with quantitative real-time PCR (qRT-PCR)
In order to validate the RNA-seq findings, gRT-PCR was performed on all conditions for six genes that are

key members of the most significant differentially expressed categories found by GO analysis: CA75,

COQ6, ERGY, ERG11, FTRIand ATXI (Figure 5.4).
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Figure 5.4. Validation by gRT-PCR of genes that were differentially expressed (CA75, COQ6, ERGSY,
ERGI11, FTRI and A7XI) in response to fluconazole in C. glabrata biofilm cells grown with glucose as
sole carbon source (RPMI; pH 7.0) or supplemented with acetate (RPMI + Ace; pH 5.0). Graphs show
percentage expression of each gene compared to a housekeeping gene, PGAI. The error bars show
standard deviation. * p < 0.05, ** p<0.01, *** p <0.001, **** p < 0.0001 were considered statistically

significant relative to untreated C. glabrata biofilm cells.

All of these genes were also tested when C. glabrata biofilm cells were grown in the presence of
fluconazole, and when using glucose as sole carbon source at pH 5.0, to check whether the pH influenced
the changes in gene expression (Figure 5.5). Significantly, the changes in expression observed by RNA-
seq were confirmed by gRT-PCR for all the tested genes. Furthermore, the changes in expression observed

between growth conditions were independent of the pH (Figures 5.4 and 5.5).
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Figure 5.5. Expression of CA75, COQ6, ERGY, ERG11, FTRI and ATX1 assessed by qRT-PCR in response
to fluconazole in C. glabrata biofilm cells grown using glucose as sole carbon source (RPMI pH 7.0 vs
RPMI pH 5.0). Graphs show percentage expression of each gene compared to a housekeeping gene,
PGK 1. Error bars show standard deviation. * p < 0.05, ** p<0.01, *** p <0.001, **** p <0.0001 were

considered statically significant relative to untreated C. glabrata biofilm cells.

5.3.7 CgMgel drives fluconazole resistance in acidic and acetate-enriched environments

C. glabratais able to colonize and infect acidic and acetate-enriched anatomical sites, including the gastro-
intestinal tract and vagina. We identified a set of genes that are differently regulated due to fluconazole
treatment, when cells are growing in conditions mimicking those acidic environments. Considering the
overexpression of both CgERG9and CgERG1 1 in response to fluconazole, when Candida biofilm cells are
growing in the presence of acetate (Figure 5.2), we postulated that C. glabrata would display increased
resistance to fluconazole under those conditions. To physiologically validate our transcriptional data, C.
ZSlabrata cells were grown in the presence of fluconazole and/or doxycycline, an iron chelator reported to

have a synergistic effect with fluconazole [64,65,66]. As a control strain, we used an overexpression
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mutant for MGEI driven by the Cg7DHS3 promoter in the 2001HTL strain (Figure 5.6) [65]. This gene
encodes a putative mitochondrial matrix cochaperone, which is a known suppressor of fluconazole
susceptibility in both C. albicans and C. glabrata [65]. Since CgMGE] is upregulated when cells are
treated with fluconazole, under acidic environments (Figure 5A), we hypothesized that WT cells would
display the same phenotype as MGE I-overexpressing cells, when grown under similar conditions. We
tested this, and all experiments were performed in triplicate, showing consistent results among all the
independent assays. Growth conditions were maintained by supplementing RPMI medium containing
0.2% glucose with the respective stressor and adjusting the pH to 7.0 or 5.0. This enabled us to compare

our physiological data with the transcriptional outputs.
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Figure 5.6 Fluconazole susceptibility is modulated by pH, carbon source and MGE1 expression in C.
Glabrata. (a) Log. fold change comparison of RNA-seq (blue bars) and quantitative RT-PCR (yellow bars)

for MGE1 expression in response to fluconazole treatment when C. glabrata cells are growing either using
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glucose as sole carbon source (RPMI pH 7.0) or in the presence of acetate (RPMI pH 5.0 + Ace). (b).
Serial dilutions of wild-type strain (WT; 2001HTL strain transformed with the empty plasmid as a control)
and overexpression strain (MGEI, 2001HTL strain transformed with a plasmid expressing CgMGE1 ORF,
together with its terminator, from the Cg7DH3 promoter [65]) were spotted on RPMI medium containing
0.2% glucose at pH 7.0 or pH 5.0, and/or containing acetate (ace; 0.5% v/v), and/or fluconazole (flu; 8
or 24 ug/mL) and/or doxycycline (dox; 100 ug/mL). Pictures were taken after 48h and 72h of incubation
at 37 °C.

Phenotypes from control conditions (RPMI pH 7.0) for the MGE I-overexpressing strain were in agreement
with previously published data, where CgMGE overexpression was shown to play a role in regulating
susceptibility to fluconazole (Figure 5.6B) [65]. As expected, cells grown under acidic conditions, such as
RPMI at pH 5.0 and RPMI at pH 5.0 supplemented with 0.5% acetate, were more resistant to fluconazole
and doxycycline than those grown only in RPMI at pH 7.0 (Figure 5.6B). Interestingly, the synergistic
effect of doxycycline was strongly modulated by pH and the carbon source, since this effect was abolished
under acidic pH, and moderately restored for the highest concentration of fluconazole in the presence of
acetate (Figure 5.6B). As predicted, both WT and MGE I-overexpressing cells displayed the same
phenotype under acidic conditions (Figure 5.6B). We can conclude from these data that overexpression
of MGE1 under acidic conditions (confirmed both by RNA-seq and RT-PCR; Figure 5.6A) causes a
decrease in the susceptibility of C. glabrata to fluconazole (Figure 5.6B). These data also highlight the
importance of mimicking distinct environmental niches as local inputs significantly affect the responses

of Candida cells to antifungal treatment.

5.3.8 Overexpression of CgMGE1 reduces toxic sterol formation

Ergosterol biosynthesis is inhibited in the presence of fluconazole, favoring the formation of toxic sterols
due to the accumulation of lanosterol (Figure 5.7A). Previous work has demonstrated that the
overexpression of CgMGEI reduces the metabolic flux to toxic sterol formation [65]. Therefore, gas
chromatography-mass spectrometry (GC-MS) analysis was performed to investigate the possible role of
sterols in mediating fluconazole resistance, which is higher when C. glabraia cells grow in acidic
environments and when MGEI is upregulated. Sterols were isolated from both WT and MGEI-
overexpressing cells grown in RPMI at pH 7.0, RPMI at pH 5.0 and RPMI at pH 5.0 + 0.5% acetate, in

the presence and absence of fluconazole (Figure 5.7B).
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Figure 5.7. MGE1 overexpression modulates the aberrant flux of sterols following fluconazole treatment.
(a) Schematic representation of sterol biosynthetic pathways. Ergl1 is the primary target of fluconazole.
Red names represent toxic fungistatic sterols. (b) CgMGE 1 overexpression reduces toxic sterol formation.
Cells were grown in RPMI medium containing 0.2% glucose at pH 7.0, or pH 5.0, and/or containing 0.5%
acetate, in the presence or absence of fluconazole for 24 h. Sterol levels were determined by GC-MS and
are displayed for lanosterol, ergosterol, and 14-methylergosta-8,24(28)-dien-33,6a-diol. The values were
calculated relative to the internal standard (ITS; cholestane). The error bars show standard error of the
mean. * p<0.05, ** p<0.01, *™* p<0.001, **** p<0.0001 were considered statistically significant
relative to C. glabraia WT cells. Gray dotted grid lines in each condition represent the mean obtained for

ergosterol content for the same MGE1 overexpressing cells.

In addition to sterols such as ergosterol and lanosterol, we detected other sterols that were less abundant
or could not be identified. This approach was validated by using an alternative sterol quantitation method

(data not shown) [67].

As can be seen from Figure 5.7B, fluconazole treatment leads to lanosterol accumulation and ergosterol
depletion under all the growth conditions examined. This accumulation favors the formation of toxic sterols
such as 14-methylergosta-8,24(28)-dien-3[3,6a-diol. Remarkably, MGE I-overexpressing cells displayed
reduced levels of this toxic sterol (Figure 5.7B). This reduction is statistically significant only for cells
grown under acidic conditions (p < 0.001 and p < 0.05 for RPMI pH 5.0 and RPMI pH 5.0 + 0.5%
acetate, respectively). Additionally, the balance between ergosterol and 14-methylergosta-8,24(28)-dien-
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3B,6a-diol in these cells is higher for RPMI at pH 5.0 and RPMI at pH 5.0 + 0.5% acetate (Figure 5.7B).
By reducing the metabolic flux towards 14-methylergosta-8,24(28)-dien-3[3,6a-diol, other sterol
intermediates can migrate to plasma membrane and replace the essential ergosterol functions.
Considering that under these conditions, C. glabrata cells present higher fluconazole resistance (Figure
5.6B), these data present additional evidence for the role of MGEI in reducing the levels of toxic sterols

and, consequently, decreasing susceptibility to fluconazole.
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5.4 DISCUSSION

Natural niches of C. glabrata include the human gastrointestinal and vaginal tracts [68], environments
particularly rich in alternative carbon sources and often limited in the amount of glucose [11]. In order to
thrive in these changing nutrient environments, C. glabrata has evolved sophisticated regulatory
mechanisms, including major metabolic changes that have been associated with virulence and, in
particular, biofilm formation [15,16,69]. Once established, Candida biofilms are very difficult to eradicate
due to their intrinsic tolerance to antifungals. In fact, azole resistance among Candlida species, especially
C. glabrata, is currently one of the greatest clinical challenges [2,4,7]. Here, we investigated the effect of
different carbon sources on fluconazole-treated C. glabrata biofilms by using a RNA-seq approach. For
that, biofilms were grown in the presence of low glucose or low glucose plus acetate, a non-fermentable
carbon source frequently found in several host niches [14,70]. The differentially regulated genes identified
in both growth conditions allowed us to decipher the potential molecular mechanisms associated with
carbon adaptation and fluconazole resistance. Indeed, since most of the genes are still uncharacterized
in C. glabrata, their function was predicted based on their orthologs in the phylogenetically closely related

yeast S. cerevisiae.

Depending on the growth condition, some genes were found to be differently regulated in response to
fluconazole. These included genes encoding proteins involved in DNA replication, mitochondrial function
and ergosterol biosynthesis (Figures 5.2 and 5.3). While this observation could be anticipated for the
genes involved in DNA replication and mitochondrial function, as metabolism is finely coordinated with
cell growth, chromosome replication and cell division, it was quite surprising to find that the carbon source
affects the degree to which fluconazole induces ergosterol-related genes. As sterol biosynthesis requires
heme, we hypothesize that the expression of these genes is also dependent on the status of iron
acquisition in the cells. Indeed, the expression profile of iron-related genes is finely tuned with those
involved in the expression of ergosterol (Figures 5.2, 5.3 and 5.4). Curiously, even with all of these
impairments, C. glabrata cells from biofilms still survive under high concentrations of fluconazole [16]. In
fact, it was already shown that deprivation of iron does not seem to affect the ability of cells to form
biofilms in C. albicans [71]. Moreover, the lack of iron enhances membrane fluidity and drug diffusion in
C. glabrata planktonic cells [66], consistent with the impairment in ergosterol biosynthesis. On the other
hand, our analyses provided additional evidence that the loss of mitochondrial function is associated with

fluconazole resistance, independently of the growth condition. Additionally, while physiologically validating
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our transcriptional outputs, we realized that C. glabrata Mgel, a cochaperone involved in iron metabolism
and protein import into the mitochondria, might influence fluconazole susceptibility during carbon and
pH adaptation. We confirmed this experimentally (Figure 5.6), thereby reinforcing the role of CgMGE1 in

mediating fluconazole resistance by reducing toxic sterol formation [65].

In this study we did not observe statistically significant deregulations regarding several well-known genes
involved in fluconazole resistance in planktonic C. glabrata cells. These include the induction of efflux
pumps, encoded by the ABCtransporter genes such as CgCDR1, CgCDR2 (also known as CgPDHI) and
CgSNQ2 which are regulated mainly by the transcription factor CgPDRI [2]. Our data suggest that their
expression levels differ markedly between biofilms and planktonic cells (data not shown). This observation
is consistent with previous work done in C. albicans [72]. Mutants knocked out in these genes were
hypersusceptible to fluconazole when growing as planktonic cells, but not when growing as biofilms [72].
This may reflect altered responses due to the characteristics intrinsically related with the biofilm lifestyle,
such as growth on a surface, the presence of a protective extracellular matrix, differences in nutrient

requirements and metabolism, and/or quorum-sensing mechanisms [73].

Based on the data presented here, we propose a model in which resistance to fluconazole in C. glabrata
biofilms is modulated by the available carbon source and pH (Figure 5.8). This is particularly relevant for
a set of genes involved in DNA replication, ergosterol and ubiquinone biosynthesis. When grown in the
presence of glucose, responses to fluconazole treatment are extensive and involve the deregulation of
several cellular functions (Figure 5.8B). On the other hand, when acetate is present in the growth media,
fluconazole treatment impacts mainly chromosome instability, cell wall integrity and mitochondrial

function (Figure 5.8A).
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glucose and acetate or (b) glucose.

These analyses provide a global overview of the genetic and regulatory mechanisms developed by this
fungus in response to antifungal treatment and highlights the impact of acidic environments on these
processes. These alterations at transcriptional level following fluconazole treatment, either in the presence
of glucose or acetate, enhance the robustness of C. glabrata biofilms to tolerate this antifungal. Our data
reveal new roles of uncharacterized C. glabrata genes and provide more knowledge towards the
identification of new potential antifungal targets. Understanding the mechanisms behind fluconazole
resistance may improve and facilitate the development of new antifungal compounds to treat Candida

infections.
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CHAPTER 6

ACETATE ASSIMILATION IS AN INTEGRAL PART
OF CANDIDA GLABRATA PERSISTENCE WITHIN THE
HUMAN HOST



Disclaimer

The work presented in this chapter is in preparation for publication.

Alves R, Duarte C, Timmermans B, Van Ende M, Rogiers O, Mota S, Brunke S, Casal M, Van Dijck P,

Paiva S. Acetate assimilation is an integral part of Candida glabrata persistence within the human host.
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ABSTRACT

The pathogenic yeast Candida glabrata has evolved distinct strategies to survive and proliferate within the
human host. These strategies include sophisticated mechanisms to rapidly adapt to a diverse range of
environmental stresses and assimilate the available nutrients. During gastrointestinal and vaginal
colonization, or inside immune effector cells, nonfermentable carbon sources, including acetate, are
particularly abundant and may support the growth and the proliferation of these pathogens. Our studies
have previously demonstrated that the presence of acetate influences biofilm formation and antifungal
drug resistance, and modulates immune recognition, suggesting that acetate transporters and channels
have an important impact on these processes.

Here, we provide a functional characterization and a detailed view on the role of C. glabrata acetate
transporters and channels during host colonization. We confirmed by heterologous expression that these
proteins restore the growth in acetic acid, in a strain deleted in acetate transporters. We also addressed
their physiological role within human monocyte-derived macrophages. Studies regarding the involvement
of these transporters and channels in biofilm formation and antifungal resistance are also being
performed in a murine subcutaneous biofilm model. Our data support the view that these transporters
are required for Candida adaptation to the human host and, in particular, for Candida survival and

persistence inside phagocytes.

6.1 INTRODUCTION

The pathogenic yeast Candida glabrata has evolved distinct strategies to survive and proliferate within the
human host, including sophisticated mechanisms to rapidly adapt to a diverse range of environmental
stresses [1]. During gastrointestinal and vaginal colonization, glucose is scarce and alternative,
nonfermentable carbon sources, mostly acetate and lactate, may support growth, proliferation and
survival of Candida [2-5]. Adaptation to these environments requires dramatic transcriptional and
metabolic changes, including a switch to a respiratory metabolism [6] and the overexpression of
carboxylate transporters to assimilate these nonfermentable carbon sources [4,5]. Some components of
these metabolic pathways are required for full virulence in animal models of candidiasis [6-9],

highlighting the importance of nutrient assimilation for the success of these yeasts as human pathogens.
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Phagocytosed Candida cells display similar transcriptional and metabolic responses, suggesting that
carboxylic acids are readily available and sustain the persistence of these pathogens within phagocytic
cells via glyoxylate cycle and gluconeogenesis [10-15]. This is particularly relevant for C. glabrata
[11,12,15], which is able to survive and replicate for extended periods of time inside macrophages

[16,17], while triggering a very low cytokine response [18].

Current hypothesis point to the involvement of some members of the Acetate Uptake Transporter Family
(AceTr; TCDB 2.A.96.1.4) for the fitness of Candida species during host colonization. In particular,
interaction studies with C. glabrata and immune cells have consistently demonstrated the upregulation
of CgAT01 (CAGLOMO3465g) during phagocytosis either by macrophages [11] or neutrophils [15], as
well as its implication in the phagocytic process [5]. In C. albicans, this family is greatly expanded relative
to other fungi, with eight potentially functional orthologs whereas both Saccharomyces cerevisiae and C.
ZSlabrata only have three. Many of these orthologs, but not all, are also upregulated in phagocytosed cells
and contribute to the alkalization of the phagosome [19,20]. The environmental modulation of the
extracellular pH stimulates morphogenesis, allowing C. albicans to escape from macrophages either by
rupturing the immune cell [19,21] or by inducing macrophage pyroptosis [22]. The contribution of these
AceTr family members (also known as ATOs) to the extracellular alkalization was reported to occur via
the export of ammonia, and potentially, via other carboxylic acids [19,20]. However, biochemical and
structural data from phylogenetically distant members of this family, including from eukarya [23], bacteria
[24] or archaea [25,26], support their function mainly as acetate transporters [26-28]. Yet, the Candida
AceTr family members remain fully uncharacterized. Therefore, we reasoned that C. glabrata Ato
transporters might play a significant role in the uptake of acetate. We confirmed this by showing that each
C. glabrala Ato protein restores the ability to complement the loss of ScAto function. In parallel, we also
functionally characterized two C. glabrata aqua(glycerol)porins, CgFpsl and CgFps2, since ScFpsl has
been previously reported to be involved in acetic acid uptake [29]. Both genes in C. glabrata are also
upregulated in the presence of acetic acid [5]. In fact, aqua(glycerol)porins have been shown to transport
carboxylic acids, including lactate and acetate, in several organisms [29-32]. Given the importance of
acetate as a nonfermentable carbon source in some host niches, we studied the role of these transporters
and channels in some disease models. In particular, we addressed the importance of acetate assimilation
for C. glabrata persistence within human monocyte-derived macrophages. We are also evaluating whether
biofilm formation and antifungal drug resistance are affected when acetate uptake is blocked in C.

Slabrata, by using a murine subcutaneous biofilm model.
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6.2 MATERIAL AND METHODS

6.2.1 Yeast strains and growth conditions
The C. glabratareference strain used in this study (AHTL) was derived from ATC2001 strain with deletions
in the histidine (H/S3), tryptophan (7/P1) and leucine (LEU2) loci [33]. All C. glabrata mutant strains

were generated from AHTL and are listed in Table 6.1.

Table 6.1 C. glabrata strains used and generated in this study.

Name Relevant genotype Parental strain Origin
AHTL ATCC 2001 /is3A::FRT /eu2A::FRT trpIA::FRT ATCC 2001 33]
CGRAO1 ATCC 2001 /is3A:FRT /eu2A::FRT trpIA:FRT atolA:natNT2 AHTL This study
CGRAO4 ATCC 2001 Ais3A::FRT leu2A::FRT trpIA:FRT atoIA:FRT CGRAO1 This study
CGRAO7 ATCC 2001 /is3A::FRT /eu2A::FRT trpIA:FRT ato2A:natNT2 AHTL This study
CGRA10 ATCC 2001 /is3A::FRT /eu2A::FRT trpIA:FRT ato2A:FRT CGRAO7 This study
CGRA13 ATCC 2001 /is3A:FRT /eu2A::FRT trpIA:FRT ato3A:natNT2 AHTL This study
CGRA16 ATCC 2001 Ais3A::FRT /eu2A::FRT trpIA:FRT ato3A:FRT CGRA13 This study
CGRA19 ATCC 2001 Ais3A:FRT /eu2A::FRT trpIA:FRT fosIA:natNT2 AHTL This study
CGRA22 ATCC 2001 /is3A::FRT /eu2A:FRT trpIA:FRT fpsIA:FRT CGRA19 This study
CGRA25 ATCC 2001 Ais3A:FRT /eu2A::FRT trpIA:FRT fos2A:natNT2 AHTL This study
CGRA28 ATCC 2001 /is3A::FRT /eu2A::FRT trpIA:FRT fps2A:FRT CGRA25 This study
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
CGRA31 S IAERT fosoh ratNT2 CGRA22 This study
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA::FRT .
CGRA34 T e T CGRA31 This study
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
CGRASY atoIA:FRT ato2A:natNT2 CGRAO4 This study
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA::FRT .
EEE0 atoIA::FRT ato2A::FRT CiEiRA s sy
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
CGRA43 atoIA:FRT ato2A::FRT ato3::natNT2 CGRA40 This study
ATCC 2001 Ais3A::FRT /eu2A::FRT trpIA::FRT .
Lt aloIA::FRT ato2M::FRT ato3A::FRT CiEtis s sy
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
CGRA49 atoIA:FRT ato2A::FRT ato3A:FRT fosIA:natNT2 CGRA46 This study
ATCC 2001 Ais3A:FRT /eu2::FRT trpIA:FRT .
Ll atoIA:FRT ato2A::FRT atotIA:FRT fosIA:FRT CiEte s sy
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
CGRASS atotIA::FRT ato2A::FRT ato3A::FRT fosIA:FRT fos2A:natNT2 CGRAS2 This study
ATCC 2001 Ais3A::FRT /eu2::FRT trpIA:FRT .
Listigs atoIA:FRT ato2A=:FRT ato3A:FRT fosIA:FRT fos2A:FRT Lt s sy
CGRA61 AHTL + pBC6-mcherry-CgAT01 AHTL This study
CGRA63 AHTL + pBC6-mcherry-CgATO2 AHTL This study
CGRA66 AHTL + pBC6-mcherry-CgATO3 AHTL This study
CGRA69 AHTL + pBC6-mcherry-CgFPS1 AHTL This study
CGRA72 AHTL + pBC6-mcherry-CaFPS2 AHTL This study
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The S. cerevisiae host strain used in this study, for heterologous expression, was IMX1000, deleted in 25
transporter genes in a CEN.PK113-7D background [34]. All S. cerevisiae strains generated during this
work are listed in Table 6.2. Cultures were routinely grown either in YPD (1% yeast extract, 2% peptone
and 2% glucose), synthetic complete (SC) medium (0.67% yeast nitrogen base with ammonium sulfate,
2% glucose or 0.5% acetic acid, supplemented with a complete amino acid mixture; CSM from
Formedium) or synthetic defined (SD) medium (0.67% yeast nitrogen base with ammonium sulfate, 2%
glucose or 0.5% acetic acid, supplemented with the appropriate mixture of amino acids) at 30°C for S.
cerevisiae and at 37°C for C. glabrata. Both SC and SD media were buffered either at pH 5.0 or 6.0, as

specified for each experiment. For solid YPD, SC or SD media, 1.5% agar was added.

Table 6.2 S. cerevisiae strains used in this study.

Name Relevant genotype Parental strain Origin

MATa ura3-52 trpl1-289 leu2-3112 his3A canl::.cas9-natNT2
mchlA mch2A mch5A aqyIA itrlA pariZA mch3A mch4A

LibSLeeY yil166¢A hxtIA jenlA adyZA aqgriA thi73A fosIA aqy2ZA G AED [34]
WI053cA atolA ato3A aqy3A tpolA yroZA azrIA yhlI008cA fpo3A

SCRA01 IMX1000 + p416-CgAT01 IMX1000 This study

SCRAO4 IMX1000 + p416-CgAT02 IMX1000 This study

SCRAO7 IMX1000 + p416-CgA703 IMX1000 This study

SCRA10 IMX1000 + p416-CgFPSI IMX1000 This study

SCRA13 IMX1000 + p416-CgFPS2 IMX1000 This study

6.2.2 Construction of C. glabrata mutant strains

Gene deletions were performed in the AHTL strain by homologous recombination, using the SA71 flipping
method, resulting in several C. glabrata mutants (Table 6.1) [35]. Briefly, a cassette containing the C.
albicans NAT1 (CaNATI) gene, which confers nourseothricin resistance, flanked by FLP recombinase
recognition target (FRT) sites, was amplified by PCR from the pYC44 plasmid (Table 6.3) [36], using
forward and reverse primers that included 100 nucleotides upstream and downstream the noncoding
sequence of each selected gene, respectively (Table 6.4). The PCR reaction was performed using Ex Taq
DNA Polymerase according to manufacturer’s protocol (Takara). The thermocycler setting consisted of
one cycle of 98°C for 30 sec, 30 cycles of 98°C for 30 sec, 60°C for 30 sec and 72°C for 2 min, and
one cycle of 72°C for 10 min. The correct size of each fragment was confirmed by electrophoresis. Cells
from a YPD preculture were diluted in 50 mL fresh YPD medium to an optical density at 600 nm (ODsoorm)
of approximately 0.2 and grown at 37°C for 3-4 h to an ODswn 0f approximately 1.5. Cells were then
collected by centrifugation at 3000 gfor 5 min, washed two times with 50 mL of sterile water and finally

resuspended in 8 mL of sterile water. After addition of 1 mL of 10x TE (100 mM Tris-HCI, 10 mM EDTA,
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pH 7.5) and 1 mL of 1M lithium acetate (pH 7.5), the suspension was incubated in a rotary shaker at
200 rpm for 30 min at 37°C. Then, 250 uL of 1M dithiothreitol were added to the cell culture and
incubated for 1 h at 37°C with shaking. After addition of 40 mL of sterile water the cells were centrifuged
at 3000 gfor 5 min, and kept on ice until the electroporation step. Cells were washed sequentially two
times in 25 mL ice-cold water and one time in 5 mL of ice-cold 1M sorbitol. Cells were resuspended in
500 pL of icecold 1M sorbitol. For each transformation, 45 uL of electrocompetent cells and
approximately 1 pg of the amplified NAT cassette (5 uL) were mixed and electroporated at 1.5 kV; 200
Q; 25 uF. Recovery was carried out by adding 2 mL of YPD and incubation at 37°C for 4 h with shaking.
After that, cells were harvested at 3000 gfor 5 min, resuspended in 100 L of sterile water and plated
on YPD containing 200 pg.mL* of nourseothricin (clonNAT; Jena Bioscience GmbH, Germany). Resistant
colonies were picked after 1-2 days of growth and confirmed by colony PCR analysis, using X-upstream-
fw and NAT-rv primers (Table 6.4). The PCR reaction was performed using a homemade Tag DNA
Polymerase. The thermocycler setting consisted of one cycle of 98°C for 10 min, 30 cycles of 98°C for
30 sec, 60°C for 30 sec and 72°C for 1 min, and one cycle of 72°C for 10 min. Positive confirmed
transformants were streaked on YPD plates containing 200 ug.mL* of clonNAT for further use. To create
the multiple mutants, the NA7 cassette was removed by transforming the clonNAT resistant mutants with
a vector expressing the FLP1 recombinase (pLS10; Table 6.3). Flpl-induced recombination at the FRT
sites was selected on YPD plates containing 300 pg.mL* of hygromycin B (HYG; Invitrogen, CA, USA).
Resistant colonies were picked up after 2 days of growth and confirmed by colony PCR analysis using
primers X-upstream-fw and X-downstream-rv (Table 6.4), as previously described. Positive confirmed
transformants were streaked on YPD plates, resulting in the restoration of both clonNAT and HYG

sensitivities and allowing the generation of a second deletion by the same method.

Table 6.3 Plasmids used and generated in this study.

Name Description Origin
pYC44 Plasmid containing CaNAT1 flanked by FRT sites [36]
pLS10 Plasmid expressing FLP1 recombinase (HYG) Van Dijck Lab
p416-GPD Yeast expression vector containing GPD promoter [37]
pBC6 Yeast expression vector containing TEF promoter Van Dijck Lab
pYC42 Recipient mCherry replicative vector [36]
pYC55 Recipient YFP replicative vector [36]
p416-CgATO1 Plasmid expressing Cg-A701 from GPD promoter This study
p416-CgATO2 Plasmid expressing Cg-A702 from GPD promoter This study
p416-CgATO3 Plasmid expressing Cg-A703 from GPD promoter This study
p416-CgFPS1 Plasmid expressing Cg-FPS1 from GPD promoter This study
p416-CgFPS2 Plasmid expressing Cg-FPS2 from GPD promoter This study
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pBC6-mcherry-CgATO1 Plasmid expressing N-tagged CgA701 with mCherry This study

pBC6-YFP-CgATO1 Plasmid expressing N-tagged CgA701 with YFP This study
pBC6-mcherry-CgATO2 Plasmid expressing N-tagged CgA702 with mCherry This study
pBC6-YFP-CgATO2 Plasmid expressing N-tagged CgA702 with YFP This study
pBC6-mcherry-CgATO3 Plasmid expressing N-tagged CgA703 with mCherry This study
pBC6-YFP-CgATO3 Plasmid expressing N-tagged CgA703 with YFP This study
pBC6-mcherry-CgFPS1 Plasmid expressing N-tagged CgFPSI with mCherry This study
pBC6-YFP-CgFPS1 Plasmid expressing N-tagged CgFPSI with YFP This study
pBC6-mcherry-CgFPS2 Plasmid expressing N-tagged CgFPS2 with mCherry This study
pBC6-YFP-CgFPS2 Plasmid expressing N-tagged CgFPS2 with YFP This study

Table 6.4 Oligonucleotides used in this study.

Oligonucleotide name Sequence

ato1-pYC44-fw

ato1-pYC44-rv

TTACTAGATATAAAAAAAAAAAGTTACCTTTTTTTTTTTATTGAACGTACACTGCACATAATTAAA
TTGTTTCAAAATTAAGTTCCTACACAAATTTCAGgctctagaactagtggatce
GACTAGCACGACATTTGTTATTATTATTGTTAGTGTTTTGTTTTATGGTTTAAATTGAAATTAAAA
CCGTAAGATTTGAAATTGCAGAAGTTCAAAAAAAagggaacaaaagctggtace
GACTTGATGTGGTTTCGATTGAAATTTACTTGTAGAACAGGTATAGATATTTGCTGGATAGGTAA

ato2pYCAHw TATACCAGTTGAATAATCAAAGAAACATAAAAAAAgctctagaactagtggatee

ato2-pYCAd-ry AATTTCAGGAAAATTTAAATTGTTGCATACAGTAAAGTAGCGATTTATTTTTTTTCATTATGTGCA
TTTCTTAAGCTCTGCATCAGTTATTGTTAATATTagggaacaaaagctggtacc

ato3-pYCA4-fiw AATTCCCTTGTGCACTCGTAAATTCAGTGTAGAACTCGTAAAAAATTGTGTACAATATTACCGAT
AAGCCACAAACACAATAACTAATCATATAAGTCACgctctagaactagtggatce

ato3-pYCAd-rv CGTGAAGTAAAAATTATGCTATCTTGATGAGCGCAGAGTCTGGAGATGTGTAGATTTTCGGAATA
TAATTAAAAGGGACGAGATGAAGTTAGTTTTGGATagggaacaaaagctggtacc

fps1-pYCA4-fw CCGTCTAGCATTTTCTGGATATACATTATAAAAATACAATCAAAAATCAATAAAAAACAATCTAGA

fps1-pYC44-rv
fps2-pYC44-fw

fps2-pYC44-rv

atol-upstream-fw
atol-dowstream-rv
ato2-upstream-fw
ato2-dowstream-rv

CTGATACTATTCTGATACTAAAGTATAACAAAAAgctctagaactagtggatce
AATAATGCTAGAAAATGGGACGTGCTCTATCTCTTCCTTCCTGGGAACAGAAGCACATTGAGGT
ATACTATCCATGGGCATGACGATTCGTTCCGTTTATagggaacaaaagctggtacc
GACTATCTCAAAACAATACTAAAACAACTCGACAATCTACATTTTACTACTTTTCTTTGAAGAATA
ATATACTACACTTTGAGACTCCAGCTTGACAAAGgctctagaactagtggatce
GAATCATCAAATATTGCGTAAGTTATAAATATAACCTGGCGTTATGAGTGGAGTGGTAACAATTCA
TGTAAACTCACATTTACTTTATGAGTAAGAGACCagggaacaaaagctggtace
GCTGTCTTTCGAATATCAACAACAC

GCTCTGTTTCAATTGTAGATCAATAGG

GGTATTGAGTTCATCTCCGGTATAA

GTTACTGTGAGCGAAATATGAAGTAGTA

ato3-upstream-fw CGATGCACAGAACGGATAAATTAAG

ato3-dowstream-rv CTCGATGAACCCAGTGATGTC

fps1-upstream-fw GTATATCGGATTACTTGTGCGCT

fps1-dowstream-rv CTACTTGACGCTCGGACTG

fps2-upstream-fw GTCCACGGACTTACCTATTCTG

fps2-dowstream-rv CCTTGATGGACATAATAAGCTTCCT

NAT-rv CGTCAAGACTGTCAAGGAGGG

p416-GPD-ATO1-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGTCTGACAAAGATCAAGG
p416-GPD-ATO1-rv TCGACGGTATCGATAAGCTTGATATCGAATTTAGTATAGGGTCTTTTCGTTT
p416-GPD-ATO2-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGGTTTCTATTAGCTCCAG
p416-GPD-ATO2-rv TCGACGGTATCGATAAGCTTGATATCGAATTCTAAAAAAACACCTTCTCGTTA
p416-GPD-ATO3-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGAGCTCATCATCCTCACA
p416-GPD-ATO3-rv TCGACGGTATCGATAAGCTTGATATCGAATTTTAGTTTGGCATCATGATGG

p416-GPD-FPS1-fw

CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGTCTCATCAGCAAGGG
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p416-GPD-FPS1-rv TCGACGGTATCGATAAGCTTGATATCGAATTTCAGTTACTGTTCTTGGAAC
p416-GPD-FPS2-fw CTAGAACTAGTGGATCCCCCGGGCTGCAGGATGGAATCTATTCATGATGCTATG
p416-GPD-FPS2-rv TCGACGGTATCGATAAGCTTGATATCGAATTCTAATATGACACCTTCTCATCA
pBC6-BamHI-CgATO1-fw  TTTCTAGAACTAGTGGATCCACAATGTCTGACAAAGATCAA
pBC6-CgATO1-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTATAGGGTCTTTTCGTTTG
pBC6-BamHI-CgATO2-fw ~ TTTCTAGAACTAGTGGATCCACAATGAGCTCATCATCC
pBC6-CgATO2-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCAAAAAACACCTTCTCGTTAG
pBC6-BamHI-CgATO3-fw ~ TTTCTAGAACTAGTGGATCCACAATGAGCTCATCATCCTCACAG
pBC6-CgATO3-linker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTTTGGCATCATGATGGCTC
pBC6-BamHI-CgFPS1-fw  TTTCTAGAACTAGTGGATCCACAATGTCTCATCAGCAAGGG
pBC6-CgFPS1-inker-rv CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCGTTACTGTTCTTGGAACTGT

pPBC6-BamHI-CgFPS24fw  TTTCTAGAACTAGTGGATCCACAATGGAATCTATTCATGAT
pBC6-CgFPS2-inkerrv. CCCGCCTCCAGATCCTCCGCCAGAGCCTCCCCCATATGACACCTTCTCATCAG
D12inkermCherryfw  GGAGGATCTGGAGGCGGGAGCGGCGGAGGTTCTATGGTGAGCAAGGGCGA
D13-mCherry-Sacllrv AAACCCCGGGGCGGCCGCGGCTACTTGTACAGCTCGTCC
D14-inker-YFP-fw GGAGGATCTGGAGGCGGGAGCGGCGGAGGTTCTatgAGTAAAGGAGAAGAAC
D15-YFP-Sacll-v AAACCCCGGGGCGGCCGCGGCTATTTGTATAGTTCATCC

6.2.3 Heterologous expression of C. glabrata transporters and channels in S. cerevisiae

C. glabrata ATOI (CAGLOMO3465g), A702 (CAGLOLO7766g), ATO3 (CAGLOAQ03212g), FPSI
(CAGLOC03267g) and FPSZ (CAGLOEO03894g) were cloned into the p416-GPD vector [37] by
homologous recombination using the £scherichia colistrain DH5a [38]. Each gene was amplified by PCR
from about 50 ng of genomic DNA from the C. glabrata AHTL strain per 50 UL reaction volume. Yeast
specific primers were designed based on the available C. glabrata genome at CGD [39] and are listed in
Table 6.4 (p416-GPD-X-fw and p416-GPD-X-rv, where X represents the target gene). PCRs were carried
out using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Massachusetts, USA),
following manufacturer’s instructions. The thermocycler setting consisted of one cycle of 98°C for 30 sec,
30 cycles of 98°C for 30 sec, 56°C for 30 sec and 72°C for 1 min, and one cycle of 72°C for 10 min.
The p416-GPD vector was digested with FastDigest £co//(Thermo Fisher Scientific, Massachusetts, USA)
for 1 h in the respective buffer, following manufacturer’s instructions. Competent £. coli cells were
transformed by the heat shock method [40]. Briefly, each PCR fragment was mixed with the linear vector
in a 10 pL volume of pure water. Then this volume was transferred into a microcentrifuge tube containing
50 uL of thawed competent cells and the mixture was incubated for 20 min on ice. Heat shock was
carried out by placing the tubes in a water bath for 45 s at 42°C. Readily after the heat shock, cells were
placed on ice for 5 min. Then 240 L of the LB medium were added on the thermal-shocked cells, which
were left to recover at 37°C for 1 h. After that time, cells were plated on solid LB medium containing

ampicillin as selective antibiotic. Cells grew overnight at 37°C. To test for positive clones, cells from 8
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randomly chosen colonies were tested by Colony PCR, as previously described, using p416-GPD-X-fw and
p416-GPD-X-rv (Table 6.4). Plasmid DNA was purified from selected positive clones to confirm the correct

insertion of the fragment into the vector by sequencing (Eurofins Genomics, Germany GmbH).

6.2.4 Spot assays

C. glabrata cells were incubated overnight as previously described, washed two times in sterile water and
diluted to ODew = 1 with sterile water. Drop tests were performed by spotting 3 UL of the serially diluted
cell suspensions onto SC or SD plates supplemented with: glucose (2% w v, pH 5.0); acetate (0.5% v v,
pH 5.0 or pH 6.0); lactate (0.5% w v, pH 5.0); glycerol (1% v v, pH 5.0); pyruvate (0.5% w v+, pH 5.0);
succinate (0.5% w v+, pH 5.0); malate (0.5% w v+, pH 5.0), citrate (0.5% w v, pH 5.0), propionate (0.5%
v ) or butyrate (0.5% v 7). Pictures were taken after 2 days of incubation at 37°C or 9 days of incubation

at 18°C. Experiments were performed in triplicate.

6.2.5 Construction of plasmids containing the fluorescent-tagged C. glabrata transporters

C. glabrata transporter genes were fused with fluorescent tags at the 3’end using the vector pBC6 (Table
6.3) by Gibson Assembly (New England Biolabs) of three gel purified DNA fragments that have at least
20 bp overlap. Each transporter was PCR amplified from about 50 ng of genomic DNA from the C.
glabrata AHTL strain with pBC6-BamHI-X-fw and pBC6-X-linker-rv primers, where X represents the target
gene (Table 6.4). Each forward primer has an extended 5’end containing an overlap with the pBC6
plasmid. Each reverse primer has an extended 5’ end corresponding to the linker present in the amplified
fluorescent tag. The mcherry tag was amplified using D12 and D13 primers, while YFP was amplified
using D14 and D15 primers (Table 6.4). D12 and D14 primers have an extended 5’end corresponding
to the linker, while D13 and D15 primers have an extended 5’end containing an overlap with the pBC6
plasmid. PCRs were carried out using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific,
Massachusetts, USA), following manufacturer’s instructions. The thermocycler setting consisted of one
cycle of 98°C for 30 sec, 30 cycles of 98°C for 30 sec, 60°C for 30 sec and 72°C for 1 min, and one
cycle of 72°C for 10 min. The purified PCR fragments were Gibson assembled with BamH| and Sadl
digested pBC6 plasmid and transformed into £. coli as described before [38]. The resulting plasmids
were named pBC6-mcherry-X or pBC6-YFP-X, where X represents the transporter gene, and are listed in
Table 6.3. All plasmids were confirmed by restriction analysis and sequencing (Eurofins Genomics,

Germany GmbH).
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6.2.6 Fluorescent microscopy

C. glabrata cells for fluorescent microscopy were grown overnight using SD-glucose medium (-trp) as
described above. A volume of 1 mL of each cell culture was harvested, concentrated and manually
immobilized on slides. Cells were immediately visualized under a Zeiss LSM 780 inverted confocal
microscope using a 63x oil immersion objective and the 488 nm argon laser. Images were processed

using the Zeiss ZEN 2010 software (Carl Zeiss, Jena, Germany).

6.2.7 Transport assays

Measurement of transport activity in C. glabrata strains was performed as previously described [24].
Briefly, C. glabrata cells were incubated in 50 mL of SC medium supplemented with 2% glucose (pH 5.0)
at 37°C, 200 rpm, until OD600nm = 0.5. Then cells were harvested by centrifugation, washed twice in
sterile water, resuspended in SC medium supplemented with 0.5% acetic acid, pH 5.0, and incubated
again for 6 hours. Cells were then washed with sterile water and resuspended in 0.1 M potassium
phosphate buffer, pH 5.0, to a final concentration of about 5-15 mg of dry weight/mL. Then, 30 pL of
each yeast cell suspension were added to 60 pL of phosphate buffer in a microtube and after 2 min of
incubation at 27°C, the reaction was started by the addition of 10 pL of an aqueous solution of [1-
uClacetate, sodium salt (10 mM, pH 6.0; specific activity of 2000 d.p.m./nmol) purchased from Perkin
Elmer. The reaction was stopped by the addition of ice-cold 100 mM non-labelled acid at pH 6.0 after 15
s. The reaction mixtures were centrifuged at 4°C for 5 min at 16,000 g, the pellet was resuspended by
vertexing in 1 mL of ice-cold water, centrifuged again and finally resuspended in 1 mL of scintillation
liquid (Opti-Phase HiSafe Il; LKB FSA Laboratory Supplies). Radioactivity was measured in a Packard Tri-
Carb 2200CA liquid scintillation spectrophotometer with d.p.m. correction. The data shown are mean
values of triplicates of at least three independent experiments. Statistical analyses were performed using
Graph Pad Prism (v. 7) and significance was determined using two-way ANOVA with Tukey's multiple

comparison test. All tests were performed with a confidence level of 95%.

6.2.8 Ex vivo models of C. glabrafa phagocytosis using human monocyte-derived macrophages

Phagocytosis assays were performed with human monocyte derived macrophages (MDMs) isolated from
buffy coats and differentiated for 7 days to macrophages. C. glabrata cells (AHTL) were grown in YPD
until log-phase and washed twice with sterile water. Experiments were performed in 6 well-plates at a MOI
20Y:1M. After 3 h of incubation, media was removed and macrophages were washed twice with PBS.

After 24 h of interaction, 0.5 mL of fresh media were added to each well. From day 2 till day 6, 0.5 mL
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of media were removed from the top of each well and replaced by fresh media daily. Media was
supplemented with caspofungin after 6 h of incubation. C. glabrata cells were retrieved from macrophages
after 6, 24 (1 day), 48 (2 days), 96 (4 days) and 168 h (7 days) of incubation. Isolation and amplification

of fungal RNA for microarray analysis was performed as previously described [41].

6.2.9 In vivo C. glabrata biofilm formation in a murine subcutaneous biofilm model

All animal experiments were performed in accordance with the KU Leuven animal care guidelines and
were approved by the ethical committee of KU Leuven (PDO-ECD project from 01-03-2019 till 01-06-
2020). All animals were given a standard ad /ibitum diet and housed at random with 4 animals in filter-
top cages in a dedicated animal room where temperature, light, and humidity were regulated. This model
was adapted from a rat subcutaneous biofilm model [42] to specific-pathogen-free immunocompetent
BALB/c mice (6 to 8 weeks old, 20 g). C. glabrata (1 x 10¢ cells mL?) attached onto the surface of serum-
coated polyurethane catheter pieces during /n vitro adhesion (90 min, 37°C) followed by a washing step
with PBS. Mice were anesthetized as previously described [42]. In order to compare biofilm formation
from the WT control strain and mutant strain in a single animal two small incisions were made, one on
the left and one on the right side of the back of a mouse, as previously reported [43]. For catheter explant,
animals were sacrificed by cervical dislocation. Catheter fragments were removed, washed twice with
PBS, and placed in microcentrifuge tubes containing PBS. Devices were sonicated, vigorously vortexed,
and plated to enumerate the number of CFUs. The dissemination of C. glabrata cells from biofilms into
the kidneys, liver, spleen, and the tissue surrounding the catheter pieces was examined after 48 and 144

h of biofilm formation.
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6.3 RESULTS

6.3.1 Construction of C. glabrata mutants on putative acetate transporters and channels

C. glabrata ATO1 (CAGLOMO3465g), A702 (CAGLOLO7766g) and A703 (CAGLOA03212g) loci were
annotated as putative acetate plasma membrane transporters based on the sequence similarities of their
encoded proteins (protein BLAST identities of 74.30%, 73.66% and 31.07%, respectively) to the S.
cerevisiae acetate transporter Atol (YCRO10C) [23,26]. C. glabrata FPSI (CAGLOC03267g) and FPS2
(CAGLOE03894g) were annotated as putative acetate channels based on the sequence similarities of
their encoded proteins (protein BLAST identities of 53.79% and 46.94%, respectively) to the S. cerevisiae
aqua(glycerol)protein Fps1 (YLLO43W), involved in acetic acid uptake [29]. In C. glabrata, these proteins
are upregulated in the presence of acetic acid at pH 5.0 [5], supporting their role as potential acetate

transporters or channels.

To determine the physiological function of these proteins, each gene was successively deleted in the C.
glabrata AHTL strain by using the SA71 flipping method (Figure 6.1A). Two rounds of integration/excision
generated deletion strains that differ from the wild type parental strain only by the absence of the target
gene and the presence of a single FRT site. The integration of each nourseothricin cassette and
subsequent excision was confirmed by colony PCR, using primers that bind either upstream and inside
the cassette (X-upstream-fw and NAT-rv, where X represents the target gene; Figure 6.1C; Table 6.4) or
upstream and downstream the deleted open reading frames (X-upstream-fw and X-dowstream-fw; Figure
6.1D; Table 6.4). As a control, the same PCR reactions were performed with genomic DNA from the
parental strain (Figure 6.1B), where all five target genes were intact, according to the published C.
glabrata genome at CGD [39]. Gene deletion experiments resulted in five different single mutants (afolA,
atoZA, ato3A, fosIA and fpsZA), two double (afolAafoPA and fpsiAfosZA), one triple
(afolAatolAato3A) and one quintuple (afolAatoZAato3Afos 1A fpsZA) mutants (Table 6.1).
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Figure 6.1. Schematic representation of SA71 flipping method and diagnostic tests for the verification of
correct cassette integration and deletion. A. Integration of nourseothricin (7atl) cassette by homologous
recombination (homology arms are approximately 100 bp long) and subsequent excision induced by the
expression of £FLP1. B. Colony PCR reactions were performed on the genomic DNA of the parental strain
as a control using X-upstream-fw and X-downstream-rv primers, where X represents the target gene (Table
6.4). Each primer binds approximately 500 bp upstream or downstream the target gene. C. Colony PCR
reactions were performed on seven natl-resistant colonies obtained after transformation with nat/
cassette, using X-upstream-fw and NAT-rv primers (Table 6.4). NAT-rv primer binds approximately 500
bp downstream the start of the cassette. D. Colony PCR reactions were performed on seven hygromycin-
resistant colonies obtained after transformation with FLP1 expression plasmid to confirm gene deletion,

by using X-upstream-fw and X-downstream-rv primers.

6.3.2 Growth phenotypes of C. glabrata mutant strains

The phenotypes of the mutant strains were analyzed by growth assays in liquid and solid medium. All
strains were grown at 37°C for 24 h in Synthetic Complete (SC) medium, adjusted to an initial pH value
of 5.0, in the presence of 2% glucose (Figure 6.2 A). Results indicate that all strains grew well in the
presence of glucose, with no significant changes detected in the growth rates between the different

strains.

We also collected samples to measure the pH values over time. When cells grown in glucose, as sole
carbon source, there is an acidification of the external medium (Figure 6.2B). This is expected due to the
excretion of metabolites resulting from glucose metabolism, which was confirmed by HPLC (data not

shown).
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Figure 6.2. Growth and pH curves of C. glabrata wild type (WT) and mutant strains in the presence of
glucose. A. C. glabrata strains were grown at 37°C for 24 h in Synthetic Complete (SC) medium, adjusted
to an initial pH of 5.0, supplemented with 2% glucose. Cell growth was monitored by optical density at
600 nm (OD 600nm). B. The pH was recorded over time using a pH probe. Error bars show standard

deviations. Experiments were done in triplicate.

Growth of wild type and mutant strains was also evaluated on solid media, with plates being incubated
either at 37°C for 48 h or 18°C for 216 h (Figure 6.4). At 37°C, no differences in growth were observed
between the wild-type and mutant strains in all tested conditions (Figure 6.3), except in propionate and
butyrate containing media (data not shown), where no growth was observed. In an attempt to decrease
the diffusion rate of the undissociated form of the acids across the plasma membrane, which usually
allows a better phenotype discrimination, the growth for all strains was also evaluated at 18°C (Figure

6.4).
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Figure 6.3. Growth phenotypes of Candida glabrata wild type (WT; AHTL) and knock-out strains. Serial

dilutions were spotted on Synthetic Complete (SC) solid medium containing different carbon sources:
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glucose (2% w v, pH 5.0); acetate (0.5% v v, pH 5.0 and 6.0); lactate (0.5% w v+, pH 5.0); glycerol (1%
v v, pH 5.0); malate (0.5% w v+, pH 5.0); pyruvate (0.5% w v+, pH 5.0) and succinate (0.5% w v+, pH
5.0). Cell growth was not detected (data not shown) in the presence of propionate (0.5% v \) or butyrate
(0.5% v v1). Pictures were taken after 48 h of incubation at 37°C. Experiments were performed in triplicate,

showing consistent results among all the independent assays.

After 9 days of incubation (216 h) at 18 °C, all strains displayed a similar growth as the wild type in the
presence of glucose (Figure 6.4). However, some differences were observed between the wild type and
the mutant strains for other growth conditions. In particular, the double and triple Ato mutants, as well
as the quintuple, display a small growth defect in the presence of acetate and lactate, when compared
with the wild type strain (Figure 6.4). This observation suggests that Ato transporters may mediate the
uptake of these substrates. In the presence of glycerol, as expected [29], the C. glabrata strains deleted
in both FPS1 and FPSZ channels (AfpsIAfpsZ and AatolAatolAato3AfpsIAfps2) display an evident
growth defect (Figure 6.4). Interestingly, the wild type strain is not able to grow at 18 °C in the presence
of pyruvate, succinate or malate, but the mutant strains seem to revert this phenotype (Figure 6.4).
Deletion of any of the Ato transporters or Fps channels seems to slightly improve growth under these
conditions, yet the growth is still poor. No differences were observed among the different strains in the

presence of citrate (Figure 6.4).
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Figure 6.4. Growth phenotypes of Candida glabrata wild type (WT; AHTL) and knock-out strains. Serial

dilutions were spotted on Synthetic Complete (SC) solid medium containing different carbon sources:
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glucose (2% w v, pH 5.0); acetate (0.5% v v+, pH 6.0); lactate (0.5% w v, pH 5.0); glycerol (1% v v, pH
5.0); pyruvate (0.5% w v+, pH 5.0); succinate (0.5% w v, pH 5.0); malate (0.5% w v, pH 5.0) and citrate
(0.5% w v, pH 5.0). Cell growth was not detected (data not shown) in the presence of propionate (0.5%
v v!) or butyrate (0.5% v vi). Pictures were taken after 9 days of incubation at 18°C. Experiments were

performed in triplicate, showing consistent results among all the independent assays.

6.3.3 Heterologous expression of C. glabrata acetate transporters and channels in S. cerevisiae
To further determine if the function of the Ato proteins is conserved in S. cerevisiae, we examined the
ability of CgAT701, CgATOZ, CgATO3, CgFPSI and CgFPS2to rescue the S. cerevisiae IMX1000 growth
defect on acetic acid. This strain is deleted in 25 membrane-protein-encoding genes, including all the
transporters known to mediate acetic acid uptake, namely ScA701, ScCATO2 ScATO3 and ScFPSI [34].
As a control we used the well-characterized acetate transporter ScA707 [23]. Each gene was
independently expressed in the IMX1000 strain in Synthetic Defined (SD) medium supplemented with
0.5% acetic acid. The pH of the media was adjusted to 6.0, in order to guarantee that a high percentage
of dissociated acid (acetic acid pKa=4.76) is present and enters the cell by a mediated transport
mechanism. The obtained results show that the expression of each gene was sufficient to restore acetate

growth, suggesting that they play a role in acetate uptake (Figure 6.5).

Glucose 2% Acetate 0.5%
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Figure 6.5. Growth phenotypes of S. cerevisae IMX1000 heterologously expressing C. glabrata Ato
transporters and Fps channels. CgA701, CgATOZ, CgATO3, CgFPSI and CgFPS2 were independently
cloned into the p416-GPD expression vector (Table 6.3) and transformed into the IMX1000 strain. Serial
dilutions were spotted on Synthetic Defined (SD) solid medium containing either glucose (2% w v*, pH
6.0) or acetate (0.5% v vt, pH 6.0) and supplemented with the required amino acids for auxotrophic
growth. Pictures were taken after 9 days of incubation at 18°C. Experiments were performed in triplicate,

showing consistent results among all the independent assays.
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To study the expression and subcellular localization of these proteins, we also used S. cerevisiae IMX1000
cells transformed with plasmids harboring genetic fusions of the transporters encoding genes with
fluorescent tags. The coding sequence of the fluorescent mCherry tag was cloned at the 3’end of each
gene and introduced into the pBC6 expression vector, containing a constitutive and strong TEF promoter
(Table 6.3). We could only test two transporters, CgAtol and CgFps1, due to technical issues. Confocal
microscopy revealed that both CgAtol-mCherry and CgFps1-mCherry localize to the plasma membrane
(Figure 6.6). Although the mCherry signal is predominantly at the cell surface (Figure 6.6), some
fluorescence is also associated with intracellular structures in both cases. These structures resemble the
endoplasmic reticulum, suggesting that the overexpression of these proteins, driven by the 7£F strong
promoter, may result in some ER retention. In contrast to CgAtol-mCherry, the CgFps1-mCherry signal
was not uniformly distributed over the cell surface but rather appeared in patches, as previously reported

for ScFPSI (Figure 6.6) [45].

CgATO1-mCherry CgFPS1-mCherry

Figure 6.6. C. glabrata Ato1 transporter and Fps1 channel localize to the plasma membrane. S. cerevisiae
IMX1000 strain was transformed with pBC6 plasmids containing CgA701 (left) and CgFPS1 (right) both
tagged at their 3’end with the fluorescent tag mCherry (Table 6.3). Representative images were captured
using a Zeiss LSM 780 confocal microscope equipped with a 63 x NA1.4 oil immersion lens. Scale bars,

5 um.

6.3.4 Uptake assays with radiolabeled acetic acid support C. glabrata Ato function
C. glabrata mutant cells were also tested regarding their ability to transport radiolabeled acetic acid
(Figure 6.7). Data show that a single deletion of any of the tested proteins is sufficient to reduce the ability

of the cells to transport acetate (not statistically significant only for Afps strain; Figure 6.7). This data
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provides additional evidence about the function of these transporters and channels as putative plasma

membrane proteins that mediate the transport of acetic acid.
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Figure 6.7. Transport assays support Ato function. Percentage of 1mM “C-acetic acid uptake, at pH
5.0, considering the velocity of transport found for C. glabrata AHTL as 100%. Cells were cultivated in
Synthetic Complete (SC) medium 2% glucose until mid-exponential growth phase, washed and transferred
during 6 h to SC supplemented with 0.5% acetic acid, pH 5.0. Error bars show standard deviations.
Experiments were done in triplicate. *p < 0.05, ** p < 0.01 and ***p < 0.001 indicate statistically

significant results.

6.3.5 Acetate transporters contribute to C. glabrata persistence within macrophages

C. glabrata is particularly well-adapted to the intracellular environment of phagocytes [11,12,15], being
able to survive and replicate for extended periods of time within these cells [16,17]. The upregulation of
CgATO1 following phagocytosis has been supported by independent studies either in macrophages [11]
or neutrophils [15]. This transporter has been also implicated in the phagocytic process [5]. We
investigated the expression profile of C. glabrata ATO1, ATOZ, ATO3, FPS1 and FPS2during phagocytosis
by human monocyte-derived macrophages. C. glabrata cells were challenged with these phagocytes and
retrieved at several time points, over a period of seven days (Figure 6.8). As a control, we used a log-
phase YPD culture. Early after engulfment (6 h), we observed an upregulation of all genes, with the
exception of CgA703 (Figure 6.8). In particular, the expression of Cg4A702 was induced about 8-fold,
being maintained over time (Figure 6.8). CgA701 was the most upregulated gene over time (Figure 6.8),
supporting previously reported data [11,15]. On the other hand, the expression of CgFPS2 decreased
over time, being about 16-fold downregulated at days 4 and 7 (Figure 6.8). Interestingly, the expression

profile of the cells following phagocytosis was very similar with the one observed in cells growing in a
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long-term, stationary YPD culture (right stars Figure 6.8), but totally different from the one found when
cells are growing in a log-phase YPD culture (left triangles, Figure 6.8). This suggests that C. glabrata

cells within macrophages might be starving just like those experiencing a long stationary phase.

Acetate-related genes in M®

8
. - CgATO1

6 - CgFPS1
4 * -e- CgFPS2
-o- CgATO2

Figure 6.8. Relative expression of C. glabrata acetate transporters and channels during phagocytosis by

human monocyte-derived macrophages. Relative expression of CgA701, CgAT02 CgATO3, CgFPSI and

Relative expression [log,]
N

CgFPS2 in response to phagocytosis by macrophages after 0, 6, 24 (1 day), 48 (2 days), 96 (4 days)
and 168 h (7 days) based on microarray data. The baseline is a log-phase YPD culture. Triangles and
stars indicate the expression of genes in C. glabrata cells when growing in log-phase YPD (left side) and

long-term YPD (right side), respectively.

6.3.6 Impact of carboxylate transporters on C. glabrata biofilm formation and fluconazole activity in vivo
Acetate transporters have been implicated in /in vifro C. glabrata biofilm formation and susceptibility to
fluconazole [5]. In order to assess whether full disruption of Ato transporters and Fps channels would
interfere with both C. glabrata biofilm formation and fluconazole activity /n vivo, we are using a validated
subcutaneous mouse model [46]. Experiments are being conducted in immunocompetent mice as no
differences have been found regarding C. glabrata biofilm formation and dissemination into surrounding
tissues when using immunosuppressed mice [46]. For each C. glabrata strain (WT, triple and quintuple
mutants), three catheter fragments are infected with 1x10¢ cells each and subcutaneously implanted
either on the left or on the right side of the lower back of the mice. At every time point (48 h and 144 h),
three mice are sacrificed and the catheters explanted for ex vivo quantification by CFU counts. Biofilm
development is also being assessed in the absence and presence of fluconazole (125 mg per kg of body
weight per day) in order to confirm previously /n vitro data [5]. The experiments are still ongoing and

therefore the impact of mutant strains on both biofilm formation and antifungal resistance is still unknown.

170



6.4 DISCUSSION

In this work we carried out a functional characterization of a set of C. glabratatransporters and channels,
and studied the role of acetate assimilation in C. glabrata during host colonization. Firstly, based on
sequence homology with previously well-known and characterized acetate transporters and channels in
S. cerevisiae, we identified five proteins as the main potential mediators for the uptake of acetate in C.
glabrata. These proteins include the three AceTr family members, CgAtol, CgAto?2 and CgAto3, and the
two FPS channels, CgFps1 and CgFps2. One of the main outputs of this work was the generation of single

and multiple mutants on the genes encoding these transporters.

The preliminary phenotypic analysis of these mutant strains revealed that growth in a solid medium,
containing acetic acid as a sole carbon source, was compromised when the A70 genes were disrupted.
We also tested the growth in a liquid culture using minimal media with glucose 2%, pH 5.0. No differences
were observed between the wild type and mutant strains. In addition, several assays are underway using
rich or minimal medium with acetic acid 0.5% at pH 5.0 or 6.0. We expect that this experiments will
confirm the growth defects observed in the solid culture. The multiple Ato mutants also displayed a small
growth defect in the presence of lactate, suggesting that Ato transporters may also mediate the uptake of

this substrate. Additional studies to test this hypothesis are currently being carried out.

These genes were also heterologously expressed in the S. cerevisiae IMX1000 strain. The three C.
Slabrata Ato transporters were able to restore the growth defect in acetic acid, as sole carbon source.
This confirms that these proteins have an important role in the uptake of acetate. The localization of the
C. glabrata transporters in S. cerevisiae has shown that both CgAtol-mCherry and CgFpsl-mcherry
localize mainly to the plasma membrane, but, some fluorescence signal was also associated with
intracellular structures. Those structures are likely to represent the ER, suggesting that the overexpression
of these proteins, driven by the strong 7E£F promoter, may be associated with some cortical ER retention.
We will test if these proteins are exclusively expressed at the plasma membrane in the host strain C.
Zlabrata. If not, we will change the promoter to confirm whether the strong promoter is associated with

the ER retention and eventually traffic jam to the plasma membrane.

The function of C. glabrata Ato transporters and Fps channels as uptake mediators of acetate was also

confirmed by testing the ability of the mutant strains to transport radiolabeled acetic acid (Figure 6.7).
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Although these are still preliminary experiments, the function of these transporters was reinforced. We
are currently characterizing the transport kinetics of both wild type and mutant strains to get more insights

into the specificity of this mediated process.

Finally, we addressed the physiological role of these transporters and channels for C. glabrata by using
two different /n vivo models of infection, namely human monocyte-derived macrophages and a murine
subcutaneous biofilm model. Although macrophages are important for the elimination of these pathogens
in the human host, C. glabratais able to subvert their function by using them as “safe houses”. Adaptation
to the intracellular environment of these phagocytes offers the pathogen the opportunity to continue to
replicate and thrive inside the human host, while triggering surprisingly low damage and release of
cytokines. Our studies have demonstrated that the transcriptional response observed in C. glabrata
following phagocytosis resembles that from cells within a long-term stationary phase, suggesting that
these cells are likely starving. Our hypothesis is that the upregulation of Ato transporters, which was also
supported by previous studies [11,18], allows cells to import acetate and use it as an alternative carbon
source to fuel the respiratory metabolism. This is significant as several studies have been demonstrating

the importance of the glyoxylate cycle in the virulence of C. glabrata[11,15].

Ongoing experiments are relying on the C. glabrata mutant strains, valuable molecular tools generated

during this study, to test whether disruption of acetate uptake correlates with a decreased level of C.

Slabrata persistence within phagocytes.
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CHAPTER 7

CONCLUSIONS AND FUTURE PERSPECTIVES



7.1 CONCLUSIONS AND FUTURE PERSPECTIVES

Candida species are leading fungal pathogens that can cause both mucosal and invasive infections.
Although remarkable progress has been made, in the last few decades, regarding our understanding of
the impact of host-derived constraints on Candida physiology and pathogenicity, many details remain
unclear. Importantly, most of the studies involving Candida species rely on artificial laboratory conditions,
using glucose as the main carbon source. The extent to which other alternative physiologically relevant
nutrients, such as carboxylic acids, impact innate immune responses, antifungal drug resistance or

biofilm formation is still far from being uncovered.

Our group has been studying, for several years, plasma membrane carboxylate transporters in different
yeast species [1-5]. We have identified Jen1 and Atol (previously known as Ady2) in S. cerevisiae [1,2],
and have been characterizing these permeases homologues at different levels in Candida species [3,4,6].
We propose these transporters to be major mediators of Candida adaptation to different host

microenvironments, where carboxylic acids are the main carbon and energy sources.

7.1.1 JEN transporters in Candida albicans

In C. albicans, we have shown that Jenl and Jen2 are tightly regulated by different carbon sources, being
repressed by glucose, and induced by their specific substrates, including lactate and pyruvate [3]. These
transporters were also found strongly induced during phagocytosis, suggesting that glucose is absent and
these carboxylic acids are readily available in the microenvironment of the phagosome [3,7]. The
transport of these nonfermentable substrates across the plasma membrane by Jen proteins is therefore
essential to feed the glyoxylate cycle, contributing to the survival of this pathogen. Supporting this idea,
Jen proteins appear highly distributed among the most medically relevant Candida species, reinforcing
their key role for the overall Candida metabolism and physiology (Chapter 2). Moreover, in this thesis, we
have shown that Jenl and Jen2 are involved in the resistance to antifungal therapy, both in planktonic

and in biofilm cells [5] (Chapter 3).
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Given the importance of Jen transporters and the fact that changes in carbon sources trigger their
reorganization at the plasma membrane, in the future, we intend to study their regulation, at
transcriptional and post4ranscriptional levels, to identify the mechanisms by which these transporters are
expressed and degraded. Until recently, it was thought that C. albicans displayed the same regulatory
mechanisms as S. cerevisiae, however, it has been shown that there is a significant dislocation between
the proteome and transcriptome in C. albicans [8]. For instance, in C. albicans, the addition of glucose
rapidly represses genes involved in alternative carbon sources metabolism, but their protein products are
stable and apparently active for many hours, contrary to what happens in S. cerevisiae [8-10].
Interestingly, posttranslational modifications, such as ubiquitylation, are triggered by specific environment

stimuli and the cellular processes they regulate contribute to fungal pathogenicity [11].

In the past, as mentioned above, we have demonstrated that CaJen1 and Calen?2 are sensitive to glucose
[3]. Following the addition of this sugar, at concentrations 20.1 % (w/v), to cells grown in lactate, both
Jen1-GFP and Jen2-GFP are rapidly internalized [3]. We aim at identifying some of the actors involved in
CaJenl and Calen2 endocytic downregulation and to characterize the mechanisms underlying this
process. Hypotheses and concepts stemming from research on Jenl in S. cerevisiae [9,10] will also be
applied and tested in the study of these carboxylic acids transporters in C. albicans. Some constructs,
such as Calen1-GFP and Calen2-GFP, are already available to determine if these transporters undergo
Rsp5p-dependent ubiquitylation and to test the involvement of arrestin proteins in this process. Specific
attention will be also paid to the type of ubiquitylation that these transporters undergo. Additionally, like
in S. cerevisiae, we will check if phosphorylation is a signal prior to ubiquitylation and if there are
experimental conditions where these transporters are synthesized and directly targeted for vacuolar
degradation without undergoing plasma membrane targeting. If so, we will determine whether the

targeting from Golgi to vacuolar lumen is Rsp5p or ubiquitin dependent.

7.1.2 ATO transporters in Candida glabrata

In C. glabrata, there are no homologues of JENVI, however, there are several homologues of A701, namely
CgATO1, CgATOZ and CgATO3 (Chapter 2). We have previously shown that these transporters are more
expressed in the presence of acetic acid than in glucose, in both planktonic and biofilm cells, suggesting

that they may be involved in the uptake of this substrate [4].
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In this thesis, we provided additional evidence that, like in S. cerevisae, Ato transporters mediate the
uptake of acetate and, potentially, lactate (Chapter 6). Ongoing studies are being conducted in order to
validate these results. Moreover, we have also shown the importance of this family for the survival and
persistence of C. glabrata within the human host, especially inside phagocytes (Chapter 6). Ongoing
experiments include /n7 vifro and /n vivo immunological assays with dendritic cells, macrophages and
neutrophils. We will use C. glabrata single and multiple mutants, generated in this work, to validate the
outputs of our microarrays. Considering our preliminary studies, we expect that these deletions affect the

survival capacity of these pathogens within the different types of immune cells.

We have also previously demonstrated that these transporters are likely to be involved in biofilm formation
and antifungal resistance [4]. In particular, the expression levels of all C. glabrata Ato transporters vary
according to the concentration of fluconazole, one of the most common antifungal drugs used in clinical
environments. This has an important clinical impact, namely in the treatment of vaginal candidiasis, since
this niche has an acidic pH and it is rich in alternative carbon sources, such as lactate and acetate. We
are currently testing whether these /n wviro findings are translated in an /7 vivo murine subcutaneous
biofilm model (Chapter 6). With this, we expect to demonstrate the relevance of acetate assimilation for

C. glabrata persistence within the human host.

7.1.3 The unprecedent emergence of multidrug resistant species

The number of compounds in clinical use for the treatment of fungal infections is relatively small when
compared to the much larger number of drugs to fight bacterial infections [12]. This limitation is mainly
due to the similar biology of the eukaryotic host with the fungal pathogen, limiting the number of targets
available to develop efficient drugs with lower levels of toxicity. On top of this limitation, fungal cells have
developed various mechanisms to tolerate and resist against the widely used antifungal drugs, including
fluconazole or the echinocandins [13]. With the unprecedented emergence of multidrug resistant species,

such as C. auris, there is an urgent need to develop new effective antifungals.

The integration of ‘omics data with /7 vivo models, that mimic more closely host conditions, is now a
powerful strategy to unravel molecular processes underlying adaptive phenotypes. These platforms have

already produced novel lines of research and improved the identification of new potential therapeutic
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targets for vaccine and antifungal drug development, enhancing our ability to develop novel strategies to

fight Candlida infections.

7.1.4 The oversimplification of biological reality

During an infection, Candlida cells are exposed to multiple environmental constraints, sometimes imposed
consecutively, and at other times imposed simultaneously. Yet, /n vitro experiments are predominantly
designed to study individual environmental signals, often at single time points, rather than combinatorial
stresses over time. Progress has been made using the first approach but, while this has given us valuable

insights, it rather oversimplifies biological reality.

The analysis of combinatorial stresses, and of the dynamism of these inputs, would mimic host conditions
more closely and reveal more detailed views of which stress, or stresses, prevail and dictate the outcome
of different types of infection. The same principle applies to infection and biofilm models, where usually
interactions between only a few different microbial populations have generally been examined. Most
knowledge in the field has resulted from studies of either C. albicans or C. glabrata. Yet, the regulatory
circuits required to effectively respond to each constraint, including antifungal treatments, differ

considerably between the different Candlida species, illustrating how heterogenous these pathogens are.

7.1.5 Auxotrophic strains versus clinical isolates

Candida auxotrophic strains are routinely used in the field. Several physiological studies rely on the
assumption that a metabolic biosynthesis pathway, of either amino acids or nucleobases, can be
perturbed as long as the product in question is provided extracellularly. Single and multiple deletions on
such pathways have been established in a large number of Candlida strains, as efficient selection markers
for genetic experiments. While some studies claim that deletion of such pathways impacts virulence at
many levels [14,15], others have shown that those strains are unaffected by auxotrophic markers, being

phenotypically identical to the respective parental strain [16].
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A thorough study in S. cerevisiae has demonstrated that a single deletion is able to strongly affect gene
expression, having impacts on the overall transcriptome, proteome and metabolome [17]. While these
strains are still convenient for many applications, including heterologous gene expression, they should be
avoided in functional genomic, physiology or metabolic engineering research [18]. In our lab, we are
currently considering the reintegration of the respective genetic markers on our auxotrophic strains and
the use of clinical isolates, which mimic more closely biological reality. With the recent advances on

genetic engineering, especially on CRISPR editing tools, the benefits of such strains may be surpassed.

7.1.6 CRISPR-systems in the frontline of molecular biology research

Genetic manipulations in Candida are still a big challenge as the efficiency of homologous recombination
is low in these species, especially in C. glabrata. This is quite surprising, as this yeast is phylogenetically
close to S. cerevisiae, where genetic modifications are easy to carry out. Deletions in C. albicans are also
complicated, given that both chromosomes need to be targeted. The CRISPR-Cas9 system has been
changing the method of genome editing, being an attractive tool to manipulate the genome of many

organisms, without the introduction of any marker or scar sequence.

We have attempted to use this system to generate our mutants strains, by following a previously published
approach [19], but this revealed to be a difficult task. Instead, we used the conventional FLP-FRT system.
However, this approach results in the insertion of a selection marker at the /ocus of interest, or a small
exogenous sequence, when the marker is flipped out. Consequently, the use of this approach for the
generation of multiple mutants results in a very laborious task, requiring two rounds of insertion/excision
to recycle the selection marker. Moreover, a frustratingly high number of colonies per round to be checked
are required, since the occurrence of false positives is quite common. In the meantime, new versions of
CRISPR-systems have emerged [20,21], representing an important advance to accelerate Candida
research. Still, we managed to generated 10 different single and multiple mutants on the selected genes,

which will be valuable molecular tools for further studies.
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7.2 FINAL REMARKS

Candida species are the most frequent opportunistic fungal pathogens in humans and a common cause
of life-threatening infections. Although C. albicans remains the most prevalent pathogen, C. glabrata has
emerged as the second most frequent, being increasingly associated with high antifungal resistance. The
ability of these species to cause infection is dependent on their capacity to adapt and grow within different

host niches, including the assimilation of the available carbon sources.

In this thesis, we have shown that in order to thrive and persist in the different human microenvironments,
both C. albicans and C. glabrata regulate specific sets of genes involved in an array of stress and
metabolic pathways. In addition to conferring metabolic flexibility and stress resistance, this physiological
re-programming has been associated with enhanced virulence through either impaired immune

recognition, increased biofilm formation and/or acquired antifungal tolerance and resistance (Figure 7.1).

Our studies have demonstrated that carboxylic acid transporters play an important role during host
adaptation by regulating the uptake of different substrates, such as lactate or acetate. These nutrients,
under certain host microenvironments, are the main exogenous energy and carbon sources available that
sustain cell metabolism, and therefore, survival and persistence. We revisited the two major fungal
families of carboxylate transporters — the Jen and Ato families - and present a set of studies that

demonstrates their importance for Candida persistence in the human host.

In particular, we provide additional evidence for the role of both C. albicans Jenl and Jen2 transporters,
by showing that they affect biofilm architecture and fluconazole susceptibility in the presence of lactate.
We show that in the presence of this nonfermentable carbon source, C. albicans secretes tartaric acid,
which has the potential to modulate the TCA cycle on the host cells and reduce cellular viability. Moreover,
we have identified novel carboxylate transporters in C. glabrata, namely Atol, Ato2 and Ato3, and we
propose them as acetate transporters. We have also demonstrated that the AceTr family in C. glabrata

contributes to the extraordinary ability of this pathogen to survive and replicate within phagocytes.

In addition to the study of carboxylate transporters, we identified regulators with an important impact in

Candida pathogenesis. In C. albicans, the transcription factor RIm1 is proved to impact immune
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recognition by mediating cell wall remodeling during carbon adaption. On the other hand, the
cochaperone Mgel is proposed to be a key regulator of fluconazole susceptibility in C. glabrata, by

reducing the formation of toxic sterols during carbon and pH adaptation.

By identifying and characterizing some of the molecular players behind metabolic and stress pathways,
involved in Candida adaptation to the human host, we may discover potential targets for the development

of better diagnostics and new antifungal compounds to treat Candlida infections.

Antifungal drug Biofilm Immune
Carbon source . . oot
resistance formation recognition

Figure 7.1. Take home message. Adaptation of Candlida species to the different carbon sources available
in host niches is achieved by regulating specific sets of genes involved in several stress and metabolic
pathways. In addition to conferring metabolic flexibility and stress resistance, such physiological re-
programming has been associated with enhanced virulence through either impaired immune recognition,

increased biofilm formation and/or acquired antifungal tolerance and resistance.
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