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ABSTRACT

The difficulty of manipulation and limited availability of genetic tools for use in many pathogenic fungi hamper
fast and adequate investigation of cellular metabolism and consequent possibilities for antifungal therapies. S.
cerevisiae is a model organism that is used to study many eukaryotic systems. In this review, we analyse the
potency and relevance of this model system in investigating fungal susceptibility to azole drugs. Although many
of the concepts apply to multiple pathogenic fungi, for the sake of simplicity, we will focus on the validity of
using S. cerevisiae as a model organism for two Candida species, C. albicans and C. glabrata. Apart from the
general benefits, we explore how S. cerevisiae can specifically be used to improve our knowledge on azole drug
resistance and enables fast and efficient screening for novel drug targets in combinatorial therapy. We consider
the shortcomings of the model system, yet conclude that it is still opportune to use S. cerevisiae as a model system
for pathogenic fungi in this era.

The use of azole drugs in antifungal therapy

The relatively higher frequencies with which Candida species are
being isolated from the blood can, at least partially, be ascribed to the
growing population of immunocompromised patients and the use of
antibiotics or invasive medical material (reviewed in (Yapar, 2014)).
The high inherent antifungal drug resistance in combination with the
increased onset of resistance during infection and treatment, make that
the currently-used drugs are insufficiently effective. Antifungal drug
development has evolved slowly, generating only few classes of po-
tential therapies.

One of the three main drug classes used in a clinical setting today,
are the azoles. Fluconazole and itraconazole were developed in the
1990s, representing a second generation of azoles (Como and Dismukes,
1994). Their significantly reduced toxicity, good efficacy and the pos-
sibility to administer them orally, greatly improved the success of these
azoles as therapeutics. Fluconazole nowadays even represents the most-
frequently prescribed antifungal drug against C. albicans infections
(Whaley et al., 2016). Recently developed azole drugs are voriconazole,
posaconazole and isavuconazole, representing the third generation of
azoles. They have been shown to be more active against less common
Candida pathogens and have improved pharmacological properties,
although being costlier as well (Nett and Andes, 2012; Miceli and
Kauffman, 2015).

The target of all azole antifungals is the fungal cytochrome P450
member lanosterol-14a-demethylase encoded by ERGI11 (Vanden
Bossche, 1985; Kelly et al., 1993). This enzyme is necessary for the
biosynthesis of ergosterol, the primary sterol in the fungal cell mem-
brane. Apart from ScErgll, it has been shown that ScErg5 mediates
susceptibility and potentially represents a target of azole antifungals in
S. cerevisiae (Skaggs et al., 1996). Ergosterol is important for the cell to
maintain correct levels of membrane viscosity and elasticity in order to
allow membrane trafficking, membrane transport and to resist osmotic
lysis. Ergosterol and precursors from its biosynthesis have also been
shown to play a role in additional processes, such as respiration, and
protein, lipid and transfer (t)RNA modification (Parks and Casey,
1995). Pyruvate is a simple a-keto acid involved in several processes
inside the cell, mainly acting as an energy donor through input in the
Krebs cycle. This molecule undergoes oxidative decarboxylation, cata-
lysed by a pyruvate dehydrogenase, to form acetyl-coenzyme A (CoA)
(Parks and Casey, 1995). Through a number of intermediate molecules,
acetyl-CoA is converted into squalene and further into lanosterol. This
sterol is converted into 4,4-dimethyl-cholesta-8,14,24-triene-3-ol by
Ergll and further metabolized into ergosterol. By targeting Ergll and
inhibiting further flux through the pathway towards ergosterol, azoles
diminish the level of ergosterol in the cell. Under these conditions, la-
nosterol is increasingly converted into 14-methylfecosterol and ulti-
mately into the toxic 14-methylergosta-8,24(28)-dien-33,6a-diol,
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which represents an important aspect of the mode-of-action of the drug
(Kelly et al., 1995). The altered membrane sterol composition leads to
altered membrane fluidity and permeability as well as decreased ac-
tivity of several membrane-bound enzymes, followed by cell growth
arrest (Cowen et al., 2002).

Positive attributes of azole antifungals are their low cost and easy
oral administration. The toxicity of the drug towards the host is low,
although it is not completely negligible. The P450 cytochromes are also
present in humans, presenting a risk of cross-reactivity and host toxicity
(Mast et al., 2013). The major side-effects reported, are linked to the
gastrointestinal tract, eyesight and liver. Furthermore, azoles are fun-
gistatic drugs, only inhibiting growth yet not killing the fungi. The re-
sidual growth perceived at drug concentrations above the minimal in-
hibitory concentration (MIC), is known as tolerance or FoG for fraction
of growth (Rosenberg et al., 2018). As we published recently, novel
insights in the mechanisms employed by fungi to survive in the pre-
sence of existing antifungal drugs, could generate opportunities for
more effective combinatorial therapies (Demuyser et al., 2017).

Why we need a model system

Working with pathogenic fungi can be quite challenging. C. albicans
belongs to the CTG clade, implicating that the leucine CUG codon is
translated as a serine, in most cases (Sugita and Nakase, 1999). It is
reasonable to state that this slows down genetic manipulation and
general experimentation in the fungus to a substantial extent. Most of
the established tools that are available for S. cerevisiae, cannot be used
directly in C. albicans. Codon optimization is necessary in many cases.
C. glabrata does not belong to this CTG clade and achieving genetic
alterations in this fungus is thus more straightforward. However,
homologous recombination is not very efficient in C. glabrata, contrary
to S. cerevisiae. Non-homologous end-joining is very efficient in the
pathogen, hampering targeted modifications of the genome. In general,
for C. albicans as well as for C. glabrata, the array of tools available for
genetic manipulation is considerably smaller and less established,
compared to S. cerevisiae. Genome-wide deletion collections, such as the
ones available for this model organism (Dujon, 1996), are not present
for any of the Candida species, although recent efforts have been made
in this direction, as described further.

Another important difference between C. albicans and C. glabrata
versus S. cerevisiae, is the absence of a normal sexual cycle in the first
two organisms. In S. cerevisiae, haploid cells of the opposite mating type
(a or a) can mate and form diploid cells. These produce haploid cells
again through meiosis and sporulation. Both haploid and diploid cells
can proliferate via budding. C. albicans has a parasexual cycle, where
diploid (a/a) cells lose either of the two CaMTL alleles and undergo
white-opaque switching. Opaque cells with different mating types can
mate to form tetraploid cells. These can lose (part of) a diploid genome,
to become diploid themselves, possibly retaining some aneuploidy
chromosomes (Noble et al., 2017). Since C. albicans doesn’t seem to
undergo meiosis, it was long believed to be an obligate diploid. Re-
cently, however, haploid cells were detected (Hickman et al., 2013).
For C. glabrata, no sexual cycle has been observed to date (Shin et al.,
2007). Both species predominantly reproduce through clonal division.
The lack of a (normal) sexual cycle for Candida species hampers fast
genetic experimentation.

Finally, C. albicans and C. glabrata have genomes with a high level of
plasticity. Translocations, truncations and ploidy changes are com-
monly observed. Practical implications are, for instance, that integra-
tion of a plasmid in the genome of C. albicans happens at a highly
variable frequency. Several experimental conditions can induce
genomic alterations, such as treatment with antifungal drugs, e.g. flu-
conazole (Selmecki et al., 2010).
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The general relevance of S. cerevisiae as a model system

The two main advantages of using S. cerevisiae as a model organism
today, are the relative ease of manipulation and experimentation, and
the immense amount of data that is available. Both assets reinforce each
other. Most importantly, it is an enormous source of knowledge on gene
and protein functions. The ease of gene manipulation and mutation in
S. cerevisiae, has led to the generation of many genome-wide mutant
collections. With these tools, making connections between genes, pro-
teins and their function has become easier. The majority of the in-
formation available for S. cerevisiae genes and gene ontology (GO) is
brought together in the Saccharomyces genome database (SGD) (Cherry
et al., 2012). This information, as well as the functional networks that
were built based on these interactions, present a very valuable source of
information for other eukaryotes (Botstein and Fink, 2011). Further-
more, important techniques that are used regularly nowadays, were
first used and optimized in yeast. The simplicity of this organism,
compared to other eukaryotes, and the vast amount of information
available for validation, make tool development relatively easy, espe-
cially on the genomic scale. Examples of tools first developed for S.
cerevisiaze are chromatin immunoprecipitation-sequencing (ChIP-seq)
for transcriptional analysis, the yeast-two-hybrid system for protein-
protein interaction detection and computational techniques to analyse
large data sets (Fields and Song, 1989; Lefrancois et al., 2009). General
advantages over other model organisms are the small size, fast gen-
eration time, low costs for purchase and culturing, absence of ethical
issues, etc.

The specific relevance of S. cerevisiae as a model system for fungal
research

Is it justifiable to use S. cerevisiae as a model organism for fungi,
such as C. albicans and C. glabrata? There are advantages and dis-
advantages to replacing the organism under study with a ‘simpler’ or
more well-known model system. The attributes of yeast that make it an
ideal organism, mentioned in the previous paragraph, also apply here.
The vast amount of knowledge and relatively easy experimentation
possible in this organism, especially when it comes to mating and
consequent genetic manipulation, advocate its usefulness. The fact that
this yeast is rarely pathogenic adds to this, since no special precautions
have to be taken when handling it.

Does S. cerevisiae resemble C. albicans and C. glabrata? The three
organisms are unicellular eukaryotic organisms sharing quite a lot of
features. In 2004, Jones et al. indicated that for about 75% of the open
reading frames (ORFs) in C. albicans, matches can be found in S. cere-
visiae (Jones et al., 2004). Although most genes are thus shared between
both species, rewiring events have been shown to occur, for instance in
transcriptional regulatory networks (Khamooshi et al., 2014). Espe-
cially those ORFs that do not seem to match between both species can
be interesting for virulence studies. An obvious example is the lack of
true hyphae in S. cerevisiae. Table 1 shows an overview of S. cerevisiae
proteins relevant for azole research and their closest orthologues in C.
glabrata and C. albicans. As an indication of homology, the percentage
of identical and positive residues is depicted alongside the orthologues.
Apart from the virulence factors and responsible genes described above,
other remarkable differences are the oxidative metabolism, cell cycle
factors and specific alterations for sensing and adapting to the en-
vironment and acquiring nutrients (Jones et al., 2004). Despite these
differences, S. cerevisiae is actively used as a model for Candida species.
One remarkable example is the use of this yeast as a model system for
biofilm formation. Quite a lot of the features of pathogenic fungi im-
portant in adhesion and biofilm maturation, e.g. extracellular matrix
formation and drug resistance, are largely conserved (Bojsen et al.,
2012).

Taking a look at the evolutionary tree of life, we see that the di-
vergence between C. albicans and S. cerevisiae happened more than 700
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Overview of proteins involved in azole susceptibility in S. cerevisiae and their respective orthologues in
C. glabrata and C. albicans. Along with the protein names, the percentages of identical amino acid re-
sidues and positively matching residues, as defined by BLAST analysis, are shown (Skrzypek et al.,
2017). The colour code ranges from green, lower percentage, to red, higher percentage. Within each
class, proteins were ranged from least to most sequence identity. (For interpretation of the references to

colour in this table legend, the reader is referred to the web version of this article.)

8. cerevisiae C. glabrata e:fr os:iz"ves C. albicans ide % s os:/:;'ves
Sterol Erg8 Erg8 66,4 Erg8 41,9 59,5
metabolism Ergl2 CAGLOF03861g 55,1 71,2 Ergl2 42,7 59,1
Hmg2 CAGLOL11506g 599 74,6 Hmgl 51,1 66,2
Hmgl CAGLOL11506g 66,1 81,7 Hmgl 50 64,3
Erg3 Erg3 70,8 83,9 Erg3 55,6 67,9
Ergd Ergd 70,9 82,5 Ergd 56,5 71,6
Ergl9 CAGL0C03630g 72,1 83 Mvdl 64,3 74,5
Erg28 CAGL0J02684g 73,6 87,8 Erg28 56,8 74,4
Erg27 CAGLOM11506g 73,9 87,5 Erg27 58,6 g85]
Erg2 Erg2 75,9 86,2 Erg6 58,7 69,7
Erg24 CAGLO0102970g 75,9 Erg24 583 7
Idil CAGL0J06952¢ 76,1 85,1 1dil 71,1
Ergl3 Ergl3 76,6 87,6 Ergl3
Erg20 CAGLOL00319g 78,2 87,7 Erg20
Erg7 CAGLO0J10824g Erg7
Ergl0 Ergl0 Ergl0
Erg6 Erg6 Erg6
Erg26 CAGL0G005%4g Erg26
Ergd Ergd Erg4
Ergll CAGLOE04334g Ergll
Erg5 Erg5 Erg5
Ergl Ergl Ergl
Erg25 CAGLOK04477g Erg25
Regulation of Hapl Hapl
sterol
metabolism Ecm22 Upc2a
Nsg2 CAGL0J05918g
Nepl Nepl
Upc2 Upc2a
Heml Heml
Drug efflux Qur3 Drrl Qdr3 c2.2
Ste6. CAGLOK00363g Hst6 54,1
Azl CAGLOB02079g 70.7 | C1 09210C A 54,1
Flrl Flrl 593 74,2 Mdrl 44,1 63,3
Qdrl Qdr2 632 79,8 Qarl 37,7 584
Pdri1 Ausl 66,2 78 Snq2 36,4 53,7
Pdr10 Pdhl 67,1 80,7 Cdrl 52,6 69,6
Qdr2 Qdr2 69,5 82,5 Qdrl 37,1 S
Pdr18 Snq2 69,6 84,3 Snq2 52 71,7
Ausl Ausl 71,5 82,9 Snq2 35,7 54,5
Yorl Yorl 7S 83,1 Yorl 49 66,3
Pdrs Cdrl 74 86,3 Cdrl 56,1 73,3
Snq2 Snq2 74,6 86,7 Snq2 54,6 71,7
Yefl Yefl 75 87 Yefl 56,4 2]
Pdrls Pdhl 75,1 86,3 Cdrd 53,5 70,6
Tpol Tpol _1 76,1 86,1 Flul 45 63,3
Pdr12 CAGLOM07293¢
Regulation of Pdr3 Pdrl
drug efflux Yapl Apl
Pdrl Pdr1
Yrrl CAGLOL04576g
Yrml CAGLOL04576g
Rdrl Pdrl
Mitochondrial Isa2 CAGLODO1496g | 53,9 69,7 Isa2 439 583
metabolism Pgsl Pgsl 58 76,4 Pell 48,5 63,7
Isal CAGL0G03905g 58,4 69,9 Isal 63,6 76,6
Ythi Ythi 59,1 77,4 Yfhl 51,7 73,7
Mdll CAGLOE00385g 60 74,1 Mdll 474 65,4
Arhl CAGLO0A03014g 61,3 73,9 Arh2 Sil3 69,7
Oxal CAGLOI06534g 61,9 751 | C7.01600W A = 369 57,6
Psd1 CAGL0J06226g 63,7 80,5 Psdl 46,5 60,2
Yahl CAGLOH00660g 72,6 82,3 Yahl 77,3
Atml Atml 74,2 84,1 Atml 79,2
Mdi2 CAGLOA01133g Mdi2
Isul CAGLOM02629g Isul
Nfsl CAGLOH03817g Spll
Regulation of Rtg3 Rtg3 Rtg3
mitochondrial
processes Rigl Rigl 54,8 66,8 Rigl 46,7 652
Ssql CAGL0G04917g 65,1 80,7 Ssql 51,8 72
Rtg2 Rig2 66,8 81,3 Pgil
Mgel Mgel 67,1 78,2 Mgel 48,9 64,4
Gres | CAGLM07271g | 817 878 | C1_07630W_A
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million years ago (Hedges et al., 2004) while the deviation between
baker’s yeast and C. glabrata occurred 100 to 300 million years ago
(Dujon et al., 2004). This illustrates that C. albicans differs from S.
cerevisiae to a larger extent than does C. glabrata, which can also be
concluded from the differing homology levels shown in Table 1. The use
of yeast as a model system for C. glabrata is thus even more reasonable.
Important differences between both organisms, such as the variable
number of adhesins or stress resistance, show that the relatively shorter
evolutionary distance can, however, still impede comparison (Roetzer
et al., 2011). We conclude that S. cerevisiae can be used as a model
system for Candida species, although care should be taken with extra-
polation.

Using the unique properties of S. cerevisiae to accelerate fungal
azole research

S. cerevisiae as a screening platform in chemogenomics

Chemogenomics can be described as the systematic analysis of cel-
lular chemical-biological interactions, and has been applied frequently
to elucidate the mode-of-action of the effect of chemical compounds on
cells. Several types of screening assays have been developed for appli-
cation in S. cerevisiae, each benefitting from alternative characteristics
of the model organism (Giaever et al., 2004). First, the easy readout of
compound effectiveness on cell proliferation or fitness allows parallel
analysis of thousands of mutants (Boone et al., 2007). Further, inspired
by the fully sequenced yeast genome, large deletion mutant collections
containing strains with kanamycin cassette-replaced ORFs are available
(Goffeau et al., 1996; Giaever et al., 2002). These collections contain
homozygous and heterozygous diploid as well as haploid deletion
strains from both mating types covering the entire protein encoding
genome (Giaever and Nislow, 2014). The use of temperature sensitivity
as well as repressible promoters has allowed for the generation of es-
sential gene mutant collections (Mnaimneh et al., 2004; Dohmen and
Varshavsky, 2005). Having exploited these screening systems for drug
interaction analysis, researchers found many processes involved in the
susceptibility of S. cerevisiae to azole antifungals. Anderson et al. used
such a chemogenomic setup, where they assessed growth of the S.
cerevisiae haploid MATa deletion collection of non-essential genes on
medium containing fluconazole. They found 13 deletion mutants, dis-
turbed in lipid and sterol metabolism, to be resistant to the drug
(Anderson et al., 2003). Using a similar MATa deletion collection, other
researchers showed the involvement of peroxisomal and mitochondrial
organization in resistance of biofilms against miconazole (Vandenbosch
et al.,, 2013). Recently, by screening the haploid MATa deletion col-
lection for increased susceptibility to fluconazole, we found that vesi-
cular transport plays an important role in the regulation of this process
(Demuyser, Van Dyck et al., AAC, resubmission). After initial observa-
tions and mode-of-action studies in S. cerevisiae, we successfully con-
firmed our findings in both C. albicans and C. glabrata. The observed
synergism between fluconazole and sortin2, a compound inhibiting
vesicular transport, demonstrates the potential value of using genome-
wide screenings as an accelerator of drug susceptibility research. More
precise profiling of the cellular drug response can be achieved, using
HIPHOP (Lee et al., 2014). This technique combines drug induced
haploinsufficiency profiling (HIP) and homozygous profiling (HOP).
During HIP, one screens for fitness defects in heterozygous deletion
strains and as such identifies potential drug targets (Giaever et al.,
1999; Lum et al., 2004). During HOP, fitness defects indicate genes
required to buffer the targeted pathway. Combination of both screens
yields a cellular response profile specific for a certain drug. The mode-
of-action of compounds affecting fungal growth can effectively be de-
termined using HIPHOP analysis (Hoepfner et al., 2012; Robbins et al.,
2015). A database has been established with the results of many such
chemogenomic screens (Lee et al., 2014). Researchers used the HIP
strategy in S. cerevisiaze, for instance, to analyse the antifungal
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Table 2

Screenings involved in the meta-analysis of azole susceptibility regulation. The
type of azole drug used, is showed, together with the type of screening and the
reference article. HIP, haploinsufficiency profiling; HOP, homozygous profiling;
R, resistant deletion or mutant strains isolated; S, susceptible deletion or mutant
strains isolated.

Azole drug Type of screening  Reference
Fluconazole HOP® (Anderson et al., 2003)
Fluconazole HOPSR (Demuyser, Van Dyck et al., AAC accepted
for publication)
Fluconazole Transposon™® (Kontoyiannis, 1999)
Fluconazole HIPS (Giaever et al., 2004)
Miconazole HIP® (Giaever et al., 2004)
Clotrimazole HIPS (Lum et al., 2004)
Fluconazole HOPSR (Hoepfner et al., 2014)
Fluconazole HIPSR (Hoepfner et al., 2014)
Clotrimazole HOPS® (Hoepfner et al., 2014)
Clotrimazole HIPSR (Hoepfner et al., 2014)
Fluconazole HOPS® (Spitzer et al., 2011)
Fluconazole HIPSR (Spitzer et al., 2011)
Fluconazole HOPS®R (Lee et al., 2014)
Fluconazole HIPSR (Lee et al., 2014)
Itraconazole HOPSR (Lee et al., 2014)
Itraconazole HIPSR (Lee et al., 2014)
Ketoconazole HOPS® (Lee et al., 2014)
Ketoconazole  HIPS®R (Lee et al., 2014)
Miconazole HOPS® (Lee et al., 2014)
Miconazole HIPSR (Lee et al., 2014)
Clotrimazole HOPSR (Lee et al., 2014)
Clotrimazole HIPSR (Lee et al., 2014)

Anderson et al. (2003) Mode of selection and experimental evolution of anti-
fungal drug resistance in Saccharomyces cerevisiae. Genetics 163:1287-1298.
Giaever et al. (2004) Chemogenomic profiling: identifying the functional in-
teractions of small molecules in yeast. Proc Natl Acad Sci U S A 101:793-798.
Hoepfner et al. (2014) High-resolution chemical dissection of a model eu-
karyote reveals targets, pathways and gene functions. Microbiol Res
169:107-120.

Kontoyiannis DP (1999) Genetic analysis of azole resistance by transposon
mutagenesis in Saccharomyces cerevisiae. Antimicrob Agents Chemother
43:2731-2735.

Lee et al. (2014) Mapping the cellular response to small molecules using che-
mogenomic fitness signatures. Science 344:208-211.

Lum et al. (2004) Discovering modes of action for therapeutic compounds using
a genome-wide screen of yeast heterozygotes. Cell 116:121-137.

Skrzypek et al. (2017) The Candida Genome Database (CGD): incorporation of
Assembly 22, systematic identifiers and visualization of high throughput se-
quencing data. Nucleic Acids Res 45: D592-D596.

Spitzer et al. (2011) Cross-species discovery of syncretic drug combinations that
potentiate the antifungal fluconazole. Mol Syst Biol 7: 499.

mechanism of the novel drug candidate AR-12, initially developed as an
anticancer compound yet now in preclinical development for treatment
of cryptococcosis (Pianalto and Alspaugh, 2016). It was shown that the
chemical affects the acetyl-CoA synthetase (ScAcs2) leading to severe
cellular defects. Genome-wide synthetic genetic arrays (SGA) are an-
other interesting example of how deletion collections can be used to
study chemogenetic interactions (Baryshnikova et al., 2010). Very re-
cently, Mount et al. used this technique to uncover genetic interaction
partners of SCERG3 (Mount et al., 2018). Resistance to azole drugs can
be caused by mutations in SCERG3, since the gene product is responsible
for converting ergosterol precursor molecules into toxic sterols. The
identification of conditional genetic interaction partners of SCERG3 was
achieved by screening double deletion strains, with the query strain
Scerg3A and the haploid gene deletion collection, for growth in the
presence of an azole drug. Nine genes were identified for which dele-
tion suppressed Scerg3-mediated resistance to azoles. Finding genetic
interactions using this setup could allow for the discovery of drug tar-
gets, leading to compounds applied in combination therapy. Another
interesting feature of the deletion collections is the presence of 20-bp
barcodes in the kanamycin deletion cassette, unique to the individual
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Homozygous azole susceptibility
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deletion strain. This allows for parallel analysis of many strains in
competition assays, which is applied frequently in pharmacogenomics
(Pierce et al., 2007, Delneri, 2010). The potential of this technique to
find the target of a drug or factors involved in the mode-of-action has
been illustrated for clotrimazole and confirmed for fluconazole
(Hillenmeyer et al., 2008; Smith et al., 2009; Robbins et al., 2015).
Chemical-genetic profiles of synergistic drug combinations with fluco-
nazole were established, using this technique as well (Spitzer et al.,
2011). Instead of using large collections of deletion mutants, one can
also perform mutagenesis to examine the role of genes in processes
related to azole susceptibility (Kontoyiannis, 1999; Hallstrom and
Moye-Rowley, 2000).

Observing the effect of gene overexpression on fitness in the pre-
sence of an azole drug can also be applied to study interacting factors.
Overexpression collections have been generated, using either a strong
promoter, such as the ScGAL1 promoter, or by using multicopy plas-
mids (Boone et al., 2007). By overexpressing a cDNA library, it was
initially shown that overexpression of SCERG11 in S. cerevisiae confers
resistance to fluconazole (Kontoyiannis, 1999; Fiori and Van Dijck,
2012). In earlier work and using a similar multicopy overexpression
collection, we found ScMgel to be a suppressor of fluconazole sus-
ceptibility, leading to the discovery of Fe-S cluster and iron regulon
involvement in this process. We were able to show that this correlation
also applies to the pathogenic fungi, C. albicans and C. glabrata
(Demuyser et al., 2017). The overlap between the results of several
screening reports proves the validity of the setup. Slight differences in
strain background and experimental conditions allow for the discovery
of alternate processes involved in the phenotype.

Genetic screening of deletion or overexpression collections allows
for identification of molecular drug targets. Yet, apart from identifying
the major drug target, they also enable identification of off-targets.
These are molecules not directly linked to the target pathway, but also
represent part of the mode-of-action of the drug under study. Screening
collections of heterozygous deletion mutants typically yields

SPC98
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Homozygous azole resistance

Heterozygous azole resistance
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Fig. 1. Schematic overview of genes recovered
in azole susceptibility and resistance screen-
ings. Both results from HOP and HIP analyses
are depicted, with genes involved in azole re-
sistance and susceptibility. The genes for
which the deletion or mutant strains show re-
duced resistance to the azole are depicted in
green, the genes for which the deletion or
mutant strains show improved resistance to the
azole are depicted in orange. The colour scale
at the bottom represents the percentage of
screens the particular genes are identified in,
ranging from 40 to 80%. Genes isolated in
under 40% of the screenings are not depicted.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).

RRP43  CMD1

Relative occurrence in screens

e
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information on such off-targets. As several research groups already
performed screenings of S. cerevisiae mutant collections in the presence
of azole antifungals, we attempted to generate an overview of genes
that are most often identified as regulators of azole resistance or sus-
ceptibility. We selected five azole drugs, fluconazole, miconazole,
itraconazole, ketoconazole and clotrimazole, based on the available
data. The reference databases used in this study are depicted in Table 2.
Fig. 1 schematically shows the genes that were recovered in a minimal
number of screening setups (Kontoyiannis, 1999; Anderson et al., 2003;
Giaever et al., 2004; Lum et al., 2004; Spitzer et al., 2011; Hoepfner
et al., 2014; Lee et al., 2014). While known determinants of azole re-
sistance were clearly recovered, such as ScErgll, ScPdr5 and ScErg3,
also potential off-targets are shown. Performing meta-analysis of these
widely-available datasets thus proofs to be an efficient method to search
for unknown regulators of drug resistance.

Finally, S. cerevisiae gene collections have been generated where the
translated protein is modified with some type of tag. To study protein-
protein interactions, protein arrays were generated for yeast two-hybrid
analysis (Uetz et al., 2000). This platform has been applied to uncover
the interaction of the primary regulatory protein of multidrug resistance,
ScPdrl, and chromatin modifying factors (Martens et al., 1996). Further,
collections were generated where each ORF is linked to a sequence en-
coding a tag to allow easy purification, such as a tandem affinity pur-
ification (TAP) tag or a glutathione S-transferase polyhistidine (GST-
HisX6) tag (Zhu et al., 2001; Ghaemmaghami et al., 2003). The latter
method was used recently to elucidate that azole resistance conferred by
ScPdrl6 is dependent on the protein’s lipid binding properties (Holic
et al., 2014). Systematic analysis of protein localization can be achieved
by using the green fluorescence protein (GFP) tagged S. cerevisiae col-
lection (Huh et al., 2003). The data can be accessed from the YeastGFP
website (https://yeastgfp.yeastgenome.org). It needs to be pointed out
here, however, that verification of localization is necessary when of
particular interest, as it has been shown that reported information is not
always reliable (Demuyser et al., 2017).
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S. cerevisiae as a heterologous expression system

S. cerevisiae has been used as a system for heterologous expression of
genes for many years, both for large scale production of proteins and for
research purposes (Mokdad-Gargouri et al., 2012). Especially, the well-
established genetic tools and consequent simplicity of experimentation
allow for straightforward heterologous expression in this organism.
Researchers have used the system for validation of the role of genes
from alternative organisms in azole susceptibility. As such, it was
shown that the wheat pathogen Mycosphaerella graminicola CYP51
protein complements the function of its orthologue in S. cerevisiae
(Cools et al., 2010). They, furthermore, provide evidence that a muta-
tion in the MgCYP51 gene, is causal of the decreased azole susceptibility
in the M. graminicola population. Likewise, it was shown in Aspergillus
fumigatus that both the AfErgl1A and AfErgl1B isoenzymes function-
ally complement S. cerevisiae Ergl1, yet AfErg11A is more important for
fluconazole resistance compared to AfErgl1B (Martel et al., 2010). The
system of heterologous expression in S. cerevisiae is also used frequently
to verify the effect of ERG11 mutations in azole susceptibility (Lamb
et al., 1997). A strategy to assess the role of target altering mutations in
azole resistance in clinical C. albicans isolates has been set up by San-
glard and coworkers (Sanglard et al., 1998). The CaERG11 genes from
several isolates were amplified and cloned in a galactose-inducible
yeast expression plasmid and transformed in the YKKB-13 S. cerevisiae
strain, lacking the major multidrug efflux gene ScPDRS5, as such yielding
a more susceptible strain. The endogenous ScERG11 gene was disrupted
to reduce the background signal. Assessing the azole susceptibility by
disk diffusion assays or an alternative method, generates information
on the affinity of the Ergll enzyme to the azole tested and thus, the
clinical relevance of the allele under study. This strategy has since been
used extensively to correlate ERG11 mutations from clinical isolates
from different pathogenic species to phenotypes (Favre et al., 1999;
Cools et al., 2010; Alcazar-Fuoli et al., 2011; Xiang et al., 2013).

Apart from Ergll functionality testing, also other genes can be ex-
pressed in S. cerevisiae to determine their role in drug susceptibility. A
C. albicans genomic library can be constructed and integrated in S.
cerevisiae plasmids. Transformation of these plasmids in a hy-
persusceptible S. cerevisiae strain and screening of these clones for in-
creased drug resistance, can yield information on additional factors
involved in the regulation of this process in the organism under study.
Using such a genomic assay, the CaERG6 gene was isolated by com-
plementing the concomitant S. cerevisiae deletion strain and monitoring
of ergosterol synthesis (Jensen-Pergakes et al., 1998). By expressing the
C. albicans genome in a Scpdr5A strain, researchers identified the major
C. albicans multidrug transporters, CaCdrl and CaCdr2 (Prasad et al.,
1995; Sanglard et al., 1997). In 1997, Sanglard and co-workers isolated
CaCDR2, encoding a major C. albicans drug efflux pump (Sanglard et al.,
1997). Similarly, the multidrug efflux transporters CaFlul and CaMdr1
were identified (Fling et al., 1991; Calabrese et al., 2000). Other labs
used this strategy to identify additional factors involved in azole sus-
ceptibility. Screening a C. albicans genomic DNA library for com-
plementation of a S. cerevisiae Scpdr1A Scpdr3A mutant strain yielded
three genes, CaFCR1, CaFCR2 and CaFCR3. The CaFCRI1 gene was
shown to encode a protein containing a zinc finger motif, as found in
ScPDR1 and ScPDR3 (Talibi and Raymond, 1999). CaFCR3 was shown
to encode a protein containing a basic leucine zipper domain, as en-
countered in the ScYAP3 gene (Yang et al., 2001). Likewise, the pro-
teins CaCta4, CaAsgl and CaCtfl were identified as transcription fac-
tors regulating drug resistance by functional complementation of a S.
cerevisiae strain lacking ScPDR1 and ScPDR3 (Coste et al., 2008). One
can also opt to search for factors influencing the known drug efflux
pump encoding genes by monitoring expression of a reporter gene, such
as lacZ placed behind the drug efflux gene promoter. CaNdt80 was
discovered to be positively involved in resistance by regulating
CaCDR1, using this setup (Chen et al., 2004a, 2004b, 2004c).

However, despite the homology between several of these C. albicans
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and S. cerevisiae transcription factors, their characteristics do not always
seem to overlap (Coste et al., 2008). It thus appears that some aspects of
drug susceptibility regulation underwent significant rewiring. This di-
vergence is nicely illustrated by Mount and co-workers. Using a
genomic screening in S. cerevisiae, they identified nine determinants of
azole susceptibility, while only two of these seemed to play a role in C.
albicans (Mount et al., 2018). Apart from regulation of drug suscept-
ibility and cellular response to stress, other processes also underwent
rewiring events, such as nutrient metabolism (Cowen et al., 2006; Sarda
and Hannenhalli, 2015; Dalal et al., 2016; Tebung et al., 2016).

Further optimization of the heterologous drug efflux expression
strategy by the lab of Richard Cannon lead to the establishment of the
yeast membrane protein hyperexpression system (Niimi et al., 2005;
Lamping and Cannon, 2010). The gene encoding a (putative) drug ef-
flux pump is cloned in a plasmid containing the strong ScPDR5 pro-
moter, a multiple cloning site, a ScPGK1 terminator, a marker gene and
the 3’ end of the ScPDR5 ORF for homologous recombination. The
transformation cassette obtained by restriction digest is transformed in
a S. cerevisiae strain lacking seven major ABC drug efflux transporters
and the ScPDR3 transcriptional regulator gene, rendering the strain
more sensitive to drugs. In addition, the ScPDR1 gene contains a gain-
of-function mutation allowing for strong expression from the ScPDR5
promoter. Using this approach, efflux pumps from various fungal pa-
thogens can be structurally and functionally analysed (Nakamura et al.,
2001; Shukla et al., 2003; Lamping et al., 2007; Basso et al., 2015;
Panapruksachat et al., 2016; Sanglard and Coste, 2016; Watanasrisin
et al., 2016; Lamping et al., 2017). One can compare the MIC values of
the strains, the substrate specificity of the pumps and their efflux ac-
tivity by rhodamine 6 G assays. Tthe role of post-translational mod-
ifications of the pumps, such as phosphorylation, in efflux activity has
been determined, using this setup (Wada et al., 2002, 2005).

Another promising application of heterologous expression of drug
efflux pumps in S. cerevisiae, are chemosensitization assays. Compounds
that inhibit drug efflux could be used in combination therapy, po-
tentiating the existing yet limitedly efficient azole drugs (Maesaki et al.,
1998; Lamping et al., 2007). The inhibitory effect of established drugs,
such as the immunosuppressants FK506 and tacrolimus, the antifungal
drug terbinafine, the anthelminthic milbemycin and the anticancer
drug curcumin, on CaCDR-mediated efflux has successfully been es-
tablished using the above-mentioned platform (Maesaki et al., 1998;
Schuetzer-Muehlbauer et al., 2003; Lamping et al., 2007; Sharma et al.,
2009). One can, however, also screen compound libraries for inhibition
of drug efflux. Niimi et al. screened a 1.8-million-member collection of
surface-active D-octapeptides for increased susceptibility against flu-
conazole of the S. cerevisiae expressing CaCDR1 strain and identified the
compound RC21v3 as a potent inhibitor of this drug efflux pump (Niimi
et al., 2004, 2012). It was shown that potentiating fluconazole with this
compound is effective in eliminating azole-resistant oral candidiasis
(Hayama et al., 2012). Screening a library of 1200 marketed drugs in a
similar system, Holmes et al. identified the monoamine oxidase A in-
hibitor clorgyline as an inhibitor of both CaCdrl and CaCdr2. Synergy
with multiple azoles was established against resistant C. albicans and C.
glabrata isolates (Holmes et al., 2012). It was shown recently, however,
that the compound also decreases susceptibility to polyenes and echi-
nocandins (Nagayoshi et al., 2017). Multiple other assays have been
carried out using different target efflux pumps or alternative compound
collections (Li et al., 2006; Keniya et al., 2015). Even targets not di-
rectly related to drug efflux yet promising in combinatorial therapy
with azoles have been screened using the established platforms
(Tebbets et al., 2012; Keniya et al., 2013).

Finally, other screening setups in pharmacology can also benefit
from heterologous expression in S. cerevisiae. One can verify that a
novel drug is not a substrate for efflux in the targeted fungal species, as
such avoiding efflux-mediated resistance (Holmes et al., 2016). Sec-
ondly, off-target effects of a novel drug can be identified early on using
heterologous expressed human genes in S. cerevisiae. Parker et al.
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generated a humanized yeast strain, containing the HSERG11 gene, to
allow screening of off-target effects of novel drugs targeting Ergll
(Parker et al., 2008). This strategy allows for early identification of non-
specific compounds, potentially causing severe side-effects.

S. cerevisiae as a hub of information on sterol metabolism and cellular
signalling

Apart from the major tools designed specifically for S. cerevisiae, one
can also take advantage of the wealth of knowledge available for this
model organism. Several factors have been implicated in fungal azole
susceptibility, such as sterol metabolism, drug efflux and mitochondrial
signalling. For each of these factors, significantly more is known in S.
cerevisiae compared to any other fungus.

Sterol metabolism is particularly well-studied in S. cerevisiae, as
reviewed in (Lv et al., 2016), since it is not only involved in resistance
against azole antifungals, but also in fungal generation of products of
high economic value, such as provitamin D, (Ma et al., 2018). Recently,
a potential role of ergosterol was established in generation of anticancer
drugs (Subbiah and Abplanalp, 2003). Optimization of ergosterol pro-
duction through metabolic engineering is performed frequently (Nahlik
et al.,, 2017). Genetic engineering altering fluxes through the sterol
biosynthesis pathway has been applied to increase the thermotolerance
of ethanol production in S. cerevisiae (Caspeta et al., 2014). As S. cere-
visiae is also used as a model system for higher eukaryotes, sterol me-
tabolism has been subject of investigation in disease models, such as
Niemann-Pick disease, a cholesterol storage disorder (Reiner et al.,
2005). The high interest in the sterol synthesis pathway in various re-
search fields, has boosted the knowledge we have on this process in
yeast compared to other fungi (Lv et al., 2016). Historically, almost all
genes encoding enzymes involved in sterol biosynthesis were dis-
covered first in S. cerevisiae, creating a head start with respect to other
fungi (Karst and Lacroute, 1977; Yoshida and Aoyama, 1987; Lees et al.,
1995). Based on homology, orthologues in other organisms were found.
Table 1 shows an overview of the S. cerevisiae proteins involved in er-
gosterol synthesis and regulation. It can be observed that the degree of
homology between the proteins involved in these processes and their
respective orthologues in C. glabrata or C. albicans is relatively high
compared to proteins involved in other processes, thus deeming it re-
levant to use S. cerevisiae as a model for this particular cellular process.
For the ERG11 gene, encoding the lanosterol-14a-demethylase, the C.
albicans orthologue was found using the ScERG11 sequence as a hy-
bridization probe against a library of C. albicans nucleotide sequences
(Kirsch et al., 1988). It was confirmed that the hit gene encoded a cy-
tochrome P450 enzyme and conferred resistance against imidazole
drugs. Other ergosterol biosynthesis genes were annotated based on
homology with the S. cerevisiae genome as well and their role in sterol
synthesis was confirmed by heterologous expression in the model or-
ganism, deleted for the respective gene (Roessner et al., 1993, Jensen-
Pergakes et al., 1998; Miyazaki et al., 1999; Kennedy et al., 2000; Aaron
et al., 2001; Jia et al., 2002; Pierson et al., 2004). Further, structural
analysis of lanosterol-14a-demethylase has been pioneered in S. cere-
visiae (Lewis et al., 1999; Monk et al., 2014). The Monk lab has es-
tablished crystal structures of the enzyme complexed with its substrate
or azole antifungals (Monk et al., 2014; Sagatova et al., 2015; Tyndall
et al.,, 2016). They also mapped the interactions between the azole
drugs and the enzyme containing relevant mutations that render the
drug less effective (Sagatova et al., 2018). Recently, they published the
Ergll crystal structures of other species, such as C. albicans and C.
glabrata (Caramalho et al., 2017; Keniya et al., 2018). Finally, factors
interacting up- and downstream with sterol metabolism are studied
more intensely in S. cerevisiae. It was shown that mutants affected in
sterol metabolism are more sensitive to stress factors, exhibit a sig-
nificantly increased doubling time and are more susceptible to a wide
array of drugs, possibly due to the reduced ScPdr5 drug efflux activity
(Kodedova and Sychrova, 2015; Bhattacharya et al., 2018). Most
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recently, other researchers identified ergosterol as a trigger of macro-
phage pyroptosis, or inflammatory, programmed cell death in an initial
phase of the innate immune response (Koselny et al., 2018). These
newly-established aspects of sterol metabolism acknowledge its im-
portant status as a drug target and support therapy strategies that aim
to potentiate azole antifungals. As nicely reviewed in (Hu et al., 2017),
sterol metabolism is regulated by many environmental factors, such as
presence of iron, ethanol and oxygen, and a multitude of biosynthesis
enzymes. Recent advances in this field include the elucidation of the
importance and regulation of sterol transport in the cell (Roelants et al.,
2018; Tian et al., 2018).

Drug efflux in S. cerevisiae is mainly achieved by ScPdr5, the most-
known member of the Pdr5 subfamily of asymmetric ATP-binding
cassette (ABC) transporters (Golin and Ambudkar, 2015). Although this
subfamily only exists in fungi and moulds, various aspects related to
function and structure of ScPdr5 can also be applied to mammalian
asymmetric ABC transporters, many of which are of medical im-
portance (Dean et al., 2001). Examples are the HsCFTR protein, a
chloride channel that when mutated can cause cystic fibrosis, and the
HsTapl transporter that is involved in specific types of diabetes
(Jackson and Capra, 1993; Quinton, 1999). Furthermore, several of the
S. cerevisiae specific tools described above have been used to study
anticancer drugs, since resistance to chemotherapy is often caused by
induction of multidrug transporters, such as HsMdrl and HsABCB5, that
resemble ScPdr5 significantly (Porcu et al., 2010; Keniya et al., 2014;
Demir and Koc, 2015). Due to their clinical importance in the above-
mentioned diseases as well as in fungal pathogenesis, ABC transporters,
with ScPdr5 as model molecule, have been studied quite extensively.
Several articles report on the link between specific point mutations, or
regions, and transport function, thereby increasing understanding of
the structure-function relationship of ABC proteins (Chen et al., 2004a,
2004b, 2004c, Gupta et al., 2014; Dou et al., 2016). Another way to
support our understanding of the function and mode-of-action of ABC
transporters, is the membrane yeast two-hybrid or MYTH technology.
In this setup S. cerevisiae is used to heterologously or endogenously (in
this case, iMYTH) express an ABC transporter and a split-ubiquitin
system is employed to detect interaction between the transporter and
prey proteins (Snider et al., 2010). Interactomes of several ABC trans-
porters have been established using this technique (Paumi et al., 2009;
Snider et al., 2013). Other efforts have been made as well to uncover
ScPdr5 involved signal transduction in S. cerevisiae and investigate it as
a potential drug target (Conseil et al., 2003; Hiraga et al., 2005;
Yamamoto et al., 2005; Lotti et al., 2012; Nishida et al., 2014; Rahman
et al., 2018). Table 1 shows an overview of the S. cerevisiae proteins
involved in drug efflux and regulation thereof. Although the degree of
homology between the proteins involved in the actual efflux and their
respective orthologues in C. glabrata or C. albicans seems average
compared to other processes, regulation of drug efflux is clearly not
conserved to a large extent. It can thus be noted that usage of S. cere-
visiae for the study of drug efflux regulation in Candida species is lim-
ited.

Several studies have shown that the mitochondria are important
regulators of drug susceptibility in fungi (Shingu-Vazquez and Traven,
2011). In some species, such as S. cerevisiae and C. glabrata, loss of the
mitochondrial DNA and concomitant mitochondrial dysfunction is vi-
able, while in C. albicans it is not. This hampers investigation of mi-
tochondrial functioning and drug susceptibility in the latter. In S. cer-
evisiae, complete or partial loss of the mitochondrial DNA, generating
rho® or tho™ cells, respectively, is viable and increases resistance to
azole antifungals (Traven et al., 2001). It has been shown that this
process is mediated by ScPdr5, an ABC multidrug transporter. Although
the exact mechanism is not known, it is presumed that enzymes in-
volved in mitochondrial signalling towards the nucleus, such as the
transcription factor ScRtgl, are important in increasing expression of
ScPDR5 via the transcription factor ScPdr3 (Hallstrom and Moye-
Rowley, 2000; Mutlu et al., 2014). It was shown as well, that ScErg3
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Fig. 2. Schematic overview of the fields and subfields wherein S. cerevisiae can be of particular use as a model organism for research on azole susceptibility.

plays an important role in rho’ or rho™ mediated azole resistance since
an Scerg3 rho~ mutant strain appears susceptible to the drug
(Kontoyiannis, 2000). The same phenomenon of rho’-induced drug re-
sistance has been reported for C. glabrata. Increased efflux through
CgCdrl and CgCdr2, two efflux pumps of the ABC family, has been
observed in rho® cells (Brun et al., 2004). Although rarely witnessed,
clinically-resistant C. glabrata rho’ isolates have been reported, with the
parental susceptible isolate being rho™. Remarkably, these resistant
isolates showed increased virulence as well (Ferrari et al., 2011). Other
fungal pathogens such as C. albicans, Cryptococcus neoformans and A.
fumigatus are petite-negative, indicating that loss of mitochondrial DNA
is lethal. A C. albicans strain with uncoupled oxidative phosphorylation
was reported to exhibit upregulation of CaMDR1 expression, encoding a
multidrug efflux pump, indicating that mitochondrial dysfunction can
also play a role in drug susceptibility in this petite-negative yeast
(Cheng et al., 2007). Apart from the effect of mitochondrial DNA loss on
drug efflux in S. cerevisiae and C. glabrata, changes in membrane lipid
composition have also been suggested to contribute to the resistance
phenotype (Shingu-Vazquez and Traven, 2011). For C. albicans, azole-
resistant isolates have been described where the lipid composition of
the mitochondrial membrane was clearly altered (Singh et al., 2012).
Recently, using S. cerevisiae as a model system, we identified ScMgel, a
cochaperone involved in Fe-S cluster metabolism and protein import
into the mitochondria, as a multicopy suppressor of fluconazole sus-
ceptibility (Demuyser et al., 2017). We showed, however, that neither
loss of the mitochondrial DNA nor drug efflux through ScPdr5 can so-
lely account for the increased growth of the ScMGEI overexpression
strain on fluconazole. ScMgel positively affects the level of ergosterol
remaining after fluconazole treatment and negatively affects the pro-
duction of toxic sterols. Additionally, we found that activation of the
iron regulon is necessary, yet not sufficient, for ScMgel to lower sus-
ceptibility to fluconazole. A link between Fe-S cluster metabolism and
this iron regulon had been suggested, as a yet-unknown Fe-S cluster-
containing factor negatively regulates transcription of the genes be-
longing to the iron regulon thereby signalling the sufficiency of iron in
the cell or mitochondria (Chen et al., 2004a, 2004b, 2004c). Interest-
ingly, we have established a similar role for Mgel in drug susceptibility
in the pathogenic fungi C. glabrata and C. albicans. Most recently, an-
other study showed a relation between sterol metabolism and mi-
tochondrial Fe-S cluster synthesis (Ward et al., 2018). Table 1 shows an
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overview of the S. cerevisiae proteins involved in Fe-S cluster formation
as well as other mitochondrial processes and regulation thereof. The
degree of homology between the proteins involved in these processes
and their respective orthologues in C. glabrata or C. albicans seems
average compared to other processes. A relation between mitochondrial
functioning and azole resistance has also been established in A. fumi-
gatus, where mutations in the genes encoding the subunits of the mi-
tochondrial complex I caused resistance to azole drugs (Bromley et al.,
2016). Interestingly, depending on the precise mechanism and condi-
tions, mitochondrial dysfunction can lead to azole susceptibility as well
as resistance. For instance, clinically-isolated C. glabrata strains affected
in aerobic growth were hypersusceptible to azoles, while the strains co-
isolated that retained complete mitochondrial functioning, were re-
sistant (Vandeputte et al., 2009).

Balancing the benefits and shortcomings

Although the benefits of using S. cerevisiae as a model system to
study fungal azole resistance are numerous, certain shortcomings and
limitations need to be addressed and accounted for as well. First, in the
era of high-throughput sequencing, genomes of most important human
fungal pathogens are known (Denning et al., 2002; Dujon et al., 2004;
Jones et al., 2004; Janbon et al., 2014). This allows for genomic en-
gineering and more targeted functional annotation. The ease of se-
quencing also allows for fast characterization of clinical isolates and
determination of virulence or drug resistance related mutations
(Bougnoux et al., 2002; Abdolrasouli et al., 2015). Apart from geno-
mics, also transcriptomics, proteomics and metabolomics techniques
have been applied to fungal pathogens, frequently in relation to azole
susceptibility (Rogers et al., 2006, Hoehamer et al., 2010, Sun et al.,
2013; Katragkou et al., 2016; Li et al., 2018; Salazar et al., 2018). The
availability of genome-wide mutant collections in S. cerevisiae allows
for determination of the mode-of-action of a drug or the profiling of
genetic interactions. Many initiatives aim to generate similar collec-
tions for pathogenic fungi (Roemer et al., 2003; Liu et al., 2008; Noble
et al., 2010; Schwarzmuller et al., 2014). Although these tools have
been used to understand azole susceptibility, the limited genome cov-
erage of these collections prevent complete replacement of the S. cer-
evisiae counterparts (Schwarzmuller et al., 2014; Mount et al., 2018). A
great effort that has recently been made in this respect, was the
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generation of the C. albicans ORFeome collection encompassing more
than 5000 ORFs (Legrand et al., 2018). This collection in combination
with a versatile series of destination vectors, containing optional pro-
moters, tags and markers, will allow for in-depth exploration of the
organism’s ORFeome. Our lab contributed to this endeavour by setting
up a two-hybrid approach as a proof-of-concept application. Apart from
the establishment of mutant collections, also many state-of-the-art
techniques have been developed for specific use in pathogenic fungi.
The most important evolution in genomic engineering of the last years
is the introduction of CRISPR-Cas9 in several research fields. This
technique allows fast and precise alteration of genetic sequences and
has been optimized for use in a plethora of fungal pathogens, such as C.
albicans, C. glabrata, A. fumigatus and C. neoformans (Fuller et al., 2015;
Vyas et al., 2015; Arras et al., 2016; Enkler et al., 2016). Apart from the
Candida-two-hybrid approach introduced above, we have also opti-
mized a bimolecular fluorescence complementation (BiFC) setup for
detection of protein-protein interactions in C. albicans (Suboti¢ et al.,
2017). Finally, we recently published the optimization and use of two
fluorescence resonance energy transfer (FRET)-based biosensors for in
vivo determination of protein kinase A (PKA) signalling in C. glabrata
(Demuyser et al., 2018). The specific optimization of collections and
techniques for pathogenic fungi diminishes the need for a model or-
ganism.

A shortcoming of S. cerevisiae as a model organism one needs to bear
in mind, is its relatively limited resemblance to pathogenic fungi. As
this organism is generally not pathogenic, at least not to a similar extent
as for instance C. albicans or C. glabrata, essential processes related to
growth or virulence are not necessarily shared between them. A simple
deduction of similarity is thus not always as straightforward. Apart
from virulence, also certain aspects of azole susceptibility are not
shared between these pathogens and S. cerevisiae, as is illustrated in
Table 1. As mentioned before, C. albicans and C. neoformans are petite-
negative and cannot survive without their mitochondrial DNA nor show
the accompanying azole resistance. Mount et al. also concluded from a
comparison of a synthetic genetic analysis in S. cerevisiae with a C. al-
bicans homozygous deletion mutant screen, that there is significant
divergence in genes involved in azole resistance between both organ-
isms, thereby limiting the relevance of using S. cerevisiae as a model for
this purpose (Mount et al., 2018). Further, the target of the azoles,
Ergll, is essential in S. cerevisiae, yet not necessary for viability in C.
albicans, indicating another important point of divergence between
both organisms (Bard et al., 1993). One can appreciate that the majority
of dissimilarities between the model organism and pathogenic fungi are
yet to be uncovered. It is, thus, of uttermost importance that findings in
S. cerevisiae are verified in the organism-of-interest in an early stadium
of research or drug development.

Finally, it can be discussed whether we want to develop new anti-
fungal drugs that also act against non-pathogenic fungi, such as S.
cerevisiae. Over the last few years, the role of the mycobiome in health
and disease is appreciated more. As several reports link the presence of
certain pathogenic fungi with gut diseases such as Crohn’s disease,
diarrhoea and pouchitis, and the presence of S. cerevisiae with a healthy
gut status, the specificity of antifungal drugs appears an important
feature to be considered during drug development (Kuhbacher et al.,
2006; Hoarau et al., 2016; Sangster et al., 2016; Sokol et al., 2017).
Wouldn’t it, thus, be better if we would search for antifungal drug
targets that are specific to a certain pathogen instead of general to all
fungi? An approach that is suggested to do exactly that, is targeting
virulence instead of viability. Virulence factors, such as the yeast-to-
hyphae transition in C. albicans, adherence in C. glabrata, melanin
production in C. neoformans or biofilm formation can be inhibited
without disturbing growth and creating selective pressure for drug re-
sistance (Gauwerky et al., 2009). The major disadvantage of such a
strategy is its largely preventive instead of curative potential, yet pre-
venting an outbreak may be enough for the immune system or other
members of the microbiota to take over again.
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Conclusions

In this review, we addressed the question whether S. cerevisiae can
keep up as a model organism for studying azole susceptibility in pa-
thogenic fungi. We conclude that this organism can indeed still be play
a significant role in research related to various human fungal patho-
gens, especially in terms of high-throughput mutant screening or het-
erologous expression (Fig. 2). The enormous amount of knowledge
available concerning sterol metabolism, drug efflux or mitochondrial
metabolism will play a major role in advancing drug development in
the following years. Special caution is needed, however, when inferring
conclusions made in S. cerevisiae to other fungi. We recommend to test
findings obtained with the model system, as soon as possible in the
organism under study. S. cerevisiae should be seen as a catalyser of
antifungal research, where it can speed up research instead of taking
actual part in it.
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