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Introduction

1. INTRODUCTION

Fungal infections are estimated to affect more than one billion people worldwide
(Bongomin et al, 2017) comprising from mucocutaneous to severe systemic
infections. Superficial infections of the skin and nails are the most common fungal
diseases in humans and affect around 25% of the general population worldwide
(Bongomin et al., 2017; Havlickova et al., 2008). Mucosal infections of the oral and
genital tracts are also common, especially vulvovaginal candidiasis. In fact, 50 to
75% of women in their childbearing years suffer from at least one episode of
vulvovaginitis, and 5 to 8% (~75 million women) have at least four episodes
annually (Gamarra et al., 2014; Sobel, 2007). On the other hand, even though
invasive fungal infections (IFIs) have a much lower incidence than superficial
infections, which are estimated to affect between 150-300 million people worldwide
(Bongomin et al., 2017; Geddes-McAlister & Shapiro, 2018), are of great concern
because they are associated with extremely high mortality rates (Bongomin et al.,
2017; Brown et al,, 2012). According to current estimates, 1.6 million people die
every year from invasive diseases caused by different fungal species, almost the
same as for tuberculosis (Bongomin et al., 2017; Brown et al., 2012). Therefore,
fungal pathogens are being recognized as a major human threat (Geddes-McAlister

& Shapiro, 2018).

The current incidence of invasive diseases is largely a result of the increase in
immunosuppressive infections, such as HIV/AIDS, and modern immunosuppressive
treatments (cancer patients, transplant recipients) and invasive medical
interventions (Brown et al,, 2012; Castanheira et al.,, 2017; Pfaller et al., 2019).
Additionally, the increase in the numbers of individuals in the elderly, neonate, and
patient populations requiring invasive therapies also contributes to the higher rates

of IFIs (Castanheira et al.,, 2017; Pfaller et al., 2019).

Among the fungi that can cause IFlIs, Candida yeast species are the primary threat,
particularly in health care settings, where they are among the top four most common

nosocomial bloodstream pathogens (Lamoth et al., 2018; McCarty & Pappas, 2016).
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1.1. Candida infections

Candida species are commensals and part of the normal human microbiota of skin,
gastrointestinal and genital tracts; however, they can trigger either superficial and
mucosal infections or invasive infections. Superficial infections can affect
immunocompetent patients, while invasive infections are found in susceptible
patients such as elderly and immunocompromised people (Bhattacharya et al,
2020). And it has also been associated with the use of medical devices such as central
venous catheters, cardiovascular devices and urinary catheters (Kojic & Darouiche,

2004).

Candida species are the most common fungal etiological agent of life-threatening
invasive infections (Brown et al,, 2012; Kullberg & Arendrup, 2015; Magill et al,,
2014; Pfaller & Castanheira, 2016). More than 400,000 candidiasis cases are
estimated per year, with mortality rates ranging from 46 to 75% (Brown et al,,
2012). Nonetheless, a worldwide candidemia rate is difficult to establish due to the
variability of criteria followed in each study, of incidence rates in different countries
and year-periods, as well as to the scarce number of studies in other regions other
than Europe and North America. In addition, many patients with candidemia have
underlying medical conditions that make difficult to distinguish between mortality
due to Candida infection and all-cause mortality (Lamoth et al., 2018). There have
been reports of 30% mortality in USA or Spain (Cleveland et al., 2012; Puig-Asensio
et al,, 2014) while in other settings it reached values as high as 60% in South Africa
(Kreusch & Karstaedt, 2013) or 72% in Brazil (Doi et al., 2016).

More than a dozen Candida species can cause disease, but Candida albicans is the
predominant one, representing 53.5% of the isolates in Europe and around 43% in
North America (Pfaller et al., 2019) and Canada (McTaggart et al., 2020). The other
four most common species of Candida in decreasing order of frequency are
Nakaseomyces glabrata (formerly known as Candida glabrata), Candida parapsilosis,
Candida tropicalis and Pichia kudriavzevii (formerly known as Candida krusei)

(Pfaller et al., 2019).
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1.2. Candida albicans

Candida albicans is a species of the genus Candida, clade CTG, order
Saccharomycetales, class Saccharomycetes, subphylum Saccharomycotina and
phylum Ascomycota. Furthermore, most of the clinically relevant Candida species
belong to the CTG clade, which translates the CTG codon as serine instead of leucine

(McManus & Coleman, 2014).

Candida albicans is a diploid polymorphic yeast that can form true hyphae, along
with Candida dubliniensis, which is the closest relative to C. albicans (Jones et al,,
2004; McManus & Coleman, 2014). Hyphae are considered a virulence factor due to
their implication in adhesion and tissue invasion (McManus & Coleman, 2014).
Usually, it reproduces clonally but can undergo a parasexual cycle (Bennett &
Johnson, 2003) that contributes to genomic recombination, revelation of recessive
traits by loss of heterozygosity (LOH), aneuploidy and copy number variation. This
ability to generate genomic diversity provides another way to adapt to the

environment (Berman & Hadany, 2012; Forche et al,, 2008).

1.3. Candida albicans parasexual cycle

The parasexual cycle of C. albicans is regulated by the mating type-like locus (MTL),
located on chromosome 5, with two idiomorphs, type a and type a, and they encode
transcription factors that regulate the mating type characteristics (Hull & Johnson,
1999; McManus & Coleman, 2014). Mating only occur between cells that have
phenotypically switched from the normal “white” form to the “opaque” mating
competent form. Mating-competent cells are naturally homozygous at the MTL
locus. When two cells of opposite mating type mate, they form tetraploid zygotes by
conjugation, which subsequently undergo concerted chromosome loss until they
reach a diploid state with high levels of homozygosity and high frequencies of
aneuploidy (Figure 1.1). This process is a parasexual cycle due to the absence of
meiosis. Mating is a rare phenomenon and is thought to occur only under stressful

environmental conditions (McManus & Coleman, 2014).
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Figure 1.1. The mating cycle in C. albicans (Forche et al., 2008).

1.4. The genome of Candida albicans

Candida albicans genome’s length is between 14.3 and 14.8 Mb (Cuomo et al., 2019;
Jones et al., 2004; van het Hoog et al., 2007) and consists of eight pairs of
chromosomes, ranging in size from 0.94 to 3.19 Mb (van het Hoog et al., 2007). The
GC content is 33.5% (Cuomo et al, 2019). The genome sequence is highly
polymorphic, with approximately 4 polymorphisms/kb of the genome, of which
more than 89% are made up of single base substitutions (Jones et al., 2004). In fact,
a genome analysis of two C. albicans strains revealed an average of 1 heterozygous
single nucleotide polymorphism (SNP) every 330-390 base pairs (bp) (Butler et al,,
2009). However, this heterozygosity is not evenly distributed through the genome,

and their frequency varies considerably among isolates (Ene et al., 2019).

1.5. Antifungal drugs

Candida infections can be treated with antifungals that belong to different classes of
drugs and target different cellular processes, and cause growth inhibition
(fungistatic) or killing (fungicidal) of these pathogenic yeasts. Since the discovery of
the first antifungal, amphotericin B (AmB) (Figure 1.2), only four main classes of
antifungal drugs for systemic treatment are available to date: polyenes, pyrimidine

analogues (5-flucytosine), azoles, and echinocandins (Bhattacharya et al., 2020).
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Figure 1.2. Timeline of antifungal drugs development (Roemer & Krysan, 2014).

1.5.1. Polyenes

Polyenes are natural products that were first introduced in the 1950s (Figure 1.2).
These drugs consist of a hydrophobic polyene hydrocarbon chain and a hydrophilic
polyhydroxyl chain (Figure 1.3) (Robbins et al, 2016). They include AmB and

nystatin, but only AmB is used for systemic treatment.

Figure 1.3. Chemical structure of amphotericin B.

They exert fungicidal activity by sequestering the ergosterol from the cell
membrane and forming sponges on the outside of the cell destabilizing the

membrane (Figure 1.4) (Anderson et al.,, 2014).
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Figure 1.4. Mode of action of polyenes (modified from Robbins et al., 2017).

Even though ergosterol is more sensitive to AmB than cholesterol, the common
mammalian sterol, making this drug highly selective towards fungal cells, it still
affects mammalian cells. Consequently, they are last in line in antifungal treatment
(Ostrosky-Zeichner et al., 2010). To decrease its toxicity, the conventional AmB,
which is complexed with sodium deoxycholate (ABD), has been modified as a
cholesteryl sulfate complex (ABCD), as a lipid complex (ABLC), and as a liposomal
formulation (L-AmB) (Hamill, 2013).

Despite the limited use of AmB for the treatment of invasive candidiasis, it is mostly
chosen when the Candida spp. are resistant to other drug classes or the drugs do not
penetrate into the relevant niche (Bhattacharya et al., 2020). Resistance against this
class of antifungals is rarely encountered and has a high fitness cost in the fungus

(Vincent et al., 2013).

1.5.2. Pyrimidine analogues

The next antifungal drug discovered was flucytosine (5-fluorocytosine), introduced
in the 1960s (Figure 1.2), and it belongs to the pyrimidine analogues (Robbins et al,,
2016).

Flucytosine is a synthetic fluorinated analogue of cytosine (Figure 1.5) that is
imported into the cell via the cytosine permease enzyme, then converted to 5-
fluorouracil (5FU) by fungal specific cytosine deaminases, and finally it is
metabolized to 5-fluorouridine triphosphate (5FUTP). 5FUTP is incorporated into
the fungal RNA instead of uridine triphosphate (UTP), thereby affecting protein
translation. Alternatively, 5FU can be converted to 5-fluorodeoxyuridine
monophosphate (5FAUMP) that inhibits thymidylate synthase, an important
enzyme in DNA biosynthesis (Vermes et al., 2000).
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Figure 1.5. Chemical structure of 5-fluorocytosine.

However, due to the rapid development of resistance against it, this drug cannot be
used as monotherapy and are only administered in combination with other drugs

(Robbins et al., 2016).

1.5.3. Azoles

Azoles are the most used antifungal drugs because of their safety profile and their
range of formulations (Robbins et al., 2016), and they are widely used for the
treatment of candidiasis (Pappas et al., 2016).

Azoles are divided into two subclasses, triazoles (three nitrogen atoms in the azole
ring) and imidazoles (two nitrogen atoms) (Bhattacharya etal., 2020). Triazoles are
the largest and most common type of azoles administered in the clinical setting and
comprises fluconazole (FLC), voriconazole (VRC), posaconazole (POS), itraconazole
(ITC) and isavuconazole (Figure 1.6), while imidazoles are mainly composed of
clotrimazole (CLT) and ketoconazole (Figure 1.7), which are generally formulated

for topical use (Robbins et al., 2016).
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All azoles carry a five-membered nitrogen-containing heterocyclic moiety, which
binds to an iron atom in the heme group located in the active site of the drug target,
the 14a-lanosterol demethylase or Ergll, encoded by the ERG11 gene (Robbins et
al.,, 2016). This enzyme is a member of the cytochrome P450 superfamily and is
involved in the biosynthesis of ergosterol, a fundamental sterol in fungal
membranes. In particular, 14a-lanosterol demethylase catalyses the oxidative

removal of the 140 methyl group from lanosterol (Strzelczyk et al., 2013).

Ergosterol is the major sterol component of fungal cell membranes, including the
plasma and mitochondrial membranes, whose structure and function are vital for
fungi maintenance. Together, sterols and sphingolipids form lipid rafts in the cell
membrane that contain many biologically important proteins involved in signalling,
response to stress, mating, and nutrient transport (Bhattacharya et al., 2018;

Kodedova & Sychrova, 2015).

Ergosterol biosynthesis is catalysed by a cascade of 25 different enzymes (Figures
1.8 and 1.9 A) (Bhattacharya et al., 2020). When Ergl1 is inhibited by azoles, the
levels of ergosterol are reduced, destabilizing the cell membrane (Figure 1.9 B(a))
and other enzymes in the ergosterol pathway (Erg6, Erg25, Erg26, Erg27 and Erg3)
synthesize toxic methylated sterols (14 methylergosta 8-24-28 dienol) (Figure 1.9
B(b)) (Bhattacharya et al., 2018), which contribute to damaging the cell membrane,
altering its stability, permeability and the action of membrane-bound enzymes
(Figure 1.9 B(c)) (Odds et al., 2003; Shapiro et al.,, 2011), and thus hindering cell
growth and division. In Candida species azoles have fungistatic activity, while for

Aspergillus spp. voriconazole is fungicidal (Perlin et al.,, 2017; Robbins et al.,, 2016).
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of toxic sterols (b) that destabilize the cell membrane (c) (Robbins et al., 2017).
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Even though echinocandins are recommended as first-line therapy treatment for
candidemia, prior to species identification and susceptibility testing, FLC is still
largely used in the clinical practice. As reported in the 2016 Infectious Diseases
Society of America (IDSA) guidelines, FLC remains an acceptable empirical
alternative for patients who are not critically ill or at risk of fluconazole resistance

(Bassetti et al.,, 2018).

Fluconazole is the azole most commonly used in therapy, probably due to its oral
presentation high availability and tolerability by patients (Delarze & Sanglard,
2015). Second generation of triazoles that include VRC, POS, ITC and isavuconazole
are more potent against resistant pathogens. Isavuconazole is a novel azole, as
effective as voriconazole, but less toxic. And with a toxicity profile similar to that of
FLC, but more active (Falci & Pasqualotto, 2013; Wilson et al., 2016). However, the
use of triazoles is greatly limited due to interactions with statins, corticosteroids and

other drugs (Brown et al.,, 2012).

1.5.4. Echinocandins

Echinocandins are the most recent type of antifungals developed (Figure 1.2) and
are composed of anidulafungin, micafungin and caspofungin (Figure 1.10). They are
cyclic hexapeptides that inhibit noncompetitively the (3-1,3-D-glucan synthase or
Fks (FK506-supersensitive) (Figure 1.11). This protein is a multisubunit enzyme
complex that is involved in the synthesis of 3-1,3-D-glucan, the major component of
the cell wall (Perlin, 2011; Robbins et al.,, 2016). The enzyme complex has at least
two subunits, Fks and Rho (Douglas et al., 1994; Kondoh et al., 1997). Fks is the
catalytic subunit (Schimoler-O'rourke et al., 2003) and is encoded by three related
genes, FKS1, FKS2 and FKS3 (Perlin, 2011). Rho is a GTP-binding protein in the
Rho/Rac subfamily of Ras-like GTPases and regulates the activity of glucan synthase
(Mazur & Baginsky, 1996).
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Figure 1.11. Echinocandins mode of action. Fungal cell walls are composed of 3-1,3-D-glucans
(vellow chains) covalently linked to B-1,6-D-glucans (orange chains) as well as chitin (brown),
mannans (green), and cell wall proteins. When Fks is inhibited by echinocandins synthesis of 3-1,3-
D-glucans is inhibited disrupting the cell wall structure (Robbins et al., 2017).

These drugs are usually fungicidal and commonly chosen because they exhibit low
toxicity for humans. Echinocandins are usually administered to patients with
moderately severe to severe illness or to patients with prior exposure to azoles
(Pappas et al.,, 2016). However, their use is limited due to the absence of oral

formulations and the need for daily administration (Bassetti et al., 2018).
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1.5.5. Other antifungal drugs

Besides the antifungal drugs available for treatment of invasive infections, there are
other antifungals of topical use for the treatment of superficial mycosis (Perfect,
2017). Allylamines and thiocarbamates inhibit Ergl or squalene-epoxidase, an
enzyme involved in ergosterol biosynthesis whose inhibition leads to membrane
rupture and squalene accumulation (Bhattacharya et al., 2020; White et al., 1998).
Morpholines also thwart ergosterol biosynthesis by inhibiting two enzymes of the
pathway, C-14 sterol reductase and C-8 sterol isomerase, encoded by the ERG24 and
ERGZ genes, respectively (Bhattacharya et al., 2020; de Oliveira Santos et al.,, 2018;
White et al, 1998). And additionally, griseofulvin interferes with microtubule

formation during mitosis (de Oliveira Santos et al., 2018).

Efforts in the development of new antifungal drugs have provided us with several
molecules, like new triazoles ravuconazole, albaconazole and isavuconazole (de
Oliveira Santos et al., 2018). Albaconazole is being studied for superficial infections,
while isavuconazole was approved for its use in the clinic in 2015 (Ellsworth &
Ostrosky-Zeichner, 2020; Perfect, 2017). Other structurally different compounds
are currently being evaluated in clinical trials for their utility in treatment of fungal
infections. Two of them are in early phases of testing, such as T-2307, an arylamine
that inhibits the mitochondrial membrane potential causing a profound fungicidal
effect (Bassetti et al., 2018; Perfect, 2017) and is in phase [ development (Bassetti et
al., 2018); and OSU-0312, an inhibitor of phosphoinositide-dependent kinase 1
(PDK1) whose antifungal activity relies on the disruption of cell wall signalling
(McCarthy etal., 2017). Other compounds are in more advanced phases like VL2397,
a natural cyclic hexapeptide siderophore that disrupts intracellular fungal
biochemical machinery (Perfect, 2017), and is in phase II studies for first-line
treatment of invasive aspergillosis (Sanguinetti et al., 2019). Other drugs in phase Il
clinical trials are: rezafungin, a more stable modified echinocandin, allowing for
topical use in the treatment of skin and vaginal infections (Perfect, 2017; Sanguinetti
etal, 2019) and extended interval dosing (Bassetti et al., 2018; Garcia-Effron, 2020);
fosmanogepix is a prodrug converted to manogepix that inhibits the synthesis of
glycosyl phosphatidylinositol (GPI) hindering the attachment of adhesion proteins

to the cell wall, which in turn results in diminished cell wall integrity (McCarthy et
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al., 2017; Sanguinetti et al., 2019; Shaw & Ibrahim, 2020); and VT-1161, a modified
azole with fewer drug-drug interactions than other azoles in phase II clinical trials

for treatment of vaginal candidiasis (Perfect, 2017; Sanguinetti et al., 2019).

Of note is the SCY078, a derivative of enfumafungin, currently named ibrexafungerp
(Jallow & Govender, 2021). This is the first compound of the triterpene antifungal
drug class, it has oral bioavailability and is in phase II and III trials for invasive and
mucocutaneous candidiasis (Bassetti et al., 2018; Perfect, 2017; Sanguinetti et al.,
2019). In phase III clinical trials it showed to be effective for treatment of acute
vulvovaginal candidiasis (Jallow & Govender, 2021), and has recently been
approved for its treatment (Lee, 2021). This drug, similarly to echinocandins,
inhibits Fks1, which in turn precludes the biosynthesis of 3-1,3-D-glucan in the
fungal cell wall (Jallow & Govender, 2021).

1.6. Resistance to antifungal drugs

Resistance against antifungal drugs is defined as the combination of clinical and
microbiological resistance (Nishimoto et al., 2020; Pfaller et al., 2019). Clinical
resistance refers to failure in clearing an infection caused by an in vitro susceptible
microorganism despite adequate treatment (Costa-de-Oliveira & Rodrigues, 2020;
Nishimoto et al., 2020). This type of resistance is usually due to several factors, such
as the severity of the infection, the existence of foreign material that can support
biofilm formation, immune host status, suboptimal dosing, drug interactions,

pharmacokinetics or the fungal burden.

On the other hand, microbiological resistance is identified by determining minimal
inhibitory concentrations (MICs) in vitro for a given antifungal and interpreting this
value according to established clinical breakpoints (Morio et al., 2017; Pfaller et al.,
2019). Resistant strains have MICs above the breakpoint and are more likely to
cause a therapeutic failure than susceptible strains with MICs below the breakpoint
(Berman & Krysan, 2020; Nishimoto et al., 2020). Importantly, there is not an
absolute association between in vitro MIC and clinical response. To address the
problem of response variability, drug resistance is assessed as high probability of
treatment success, uncertain effect of treatment, or high probability of treatment

failure (Perlin et al., 2017).
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Microbiological drug resistance can be either primary (intrinsic) or secondary
(acquired). Primary drug resistance is found naturally among some fungi without
previous exposure to antifungal drugs, and often involves the same mechanism as
that which causes acquired resistance (Cowen et al.,, 2015), although unknown
mechanisms can also be implicated (Morio et al., 2017; Perlin et al., 2017).
Secondary resistance develops following exposure to antifungal drugs and can be
either reversible, due to transient adaptation, or persistent because of one or several
genetic alterations (Costa-de-Oliveira & Rodrigues, 2020). Transient resistance can
appear because of changes in chromatin organization or in gene expression.
Alternatively, resistance can also be transient because of genetic modifications with
negative fitness costs for the resistant strain compared to the wild type (WT), which

would overrun the mutant when the antibiotic pressure is lifted (Vale-Silva, 2015).

Since the introduction of the first antifungal compounds, resistant fungal isolates
have been reported worldwide and, as a result, the incidence of invasive infections
caused by resistant fungi has increased over the past decades. This increase has
been observed specially among Aspergillus fumigatus and non-albicans Candida
(NAC) species, such as N. glabrata or Candida auris (Hokken et al., 2019; Perlin et al.,
2017; Wiederhold, 2017). Moreover, the development of less toxic drugs, which can
be applied safely in a range of patients with various conditions, has contributed to
the expansion of antifungal use for prophylaxis, empirical and directed therapy,

which has in turn led to increased drug resistance (Perlin et al., 2017).

Similar to antibiotics for bacterial infection, emergence of antifungal resistance
among Candida species is a serious threat to public health worldwide. According to
the USA Centers for Disease Control and Prevention (CDC) 2019 report of antibiotic
resistance threat, more than 34,000 cases and 1700 deaths annually were due to
drug-resistant Candida spp. (Bhattacharya et al., 2020). In addition, the rise in
acquired resistance to any drug class is of great concern due to the limited spectrum

of antifungals available for treatment of fungal infections (Perlin et al., 2017).

Overall, antifungal resistance remains relatively low (McTaggart et al., 2020);
however, there is evidence suggesting that acquired resistance may be an emerging
and underdiagnosed entity, as shown in two different studies, in which quite high

azole resistance rates among mucosal C. albicans isolates (20% and 15%) were
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reported (Arendrup, 2014; Cuenca-Estrella et al., 2011). On the contrary, a study
carried out in two USA cities for C. albicans, C. tropicalis and C. parapsilosis
bloodstream isolates reported low incidences of FLC resistance, 2%, 6% and 4%,
respectively (Lockhart et al., 2012). In another epidemiological study from the
SENTRY Antifungal Surveillance Program, the C. albicans resistance rate for FLC was

of 0.3% and showed little variation throughout the years (Pfaller et al., 2019).

Resistance to all antifungal drugs have been reported, and different mechanisms
have been shown to be implicated. Nonetheless, we will focus on azole resistance

because they are the most used antifungal drugs (Robbins et al., 2017).

1.6.1. Azole resistance mechanisms

Azole resistance among Candida spp. involves several well-defined mechanisms,
including alteration or overexpression of the drug target, upregulation of drug
transporters, alteration of ergosterol biosynthesis, genome plasticity and activation
of stress response pathways (Figure 1.12) (Berkow & Lockhart, 2017; Bhattacharya
et al., 2020; Hokken et al.,, 2019; Ksiezopolska & Gabald6n, 2018; Morio et al., 2017;
Murphy & Bicanic, 2021; Perlin et al., 2017; Robbins et al., 2017; Whaley et al., 2017).
These mechanisms can occur either alone or concurrently in a single isolate (Morio
etal.,, 2017; Murphy & Bicanic, 2021; Robbins et al., 2017) and can produce additive

effects or lead to cross-resistance among azole drugs (Perlin et al,, 2017).
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Figure 1.12. Most common mechanisms of azole resistance in C. albicans. (I) Mutations in azoles
(black pentagons) target enzyme, Ergll, reduce its affinity to azoles avoiding inhibition. (II)
Hyperactivating mutations in Upc2, the transcriptional activator of ERG11, induce high expression of
the target protein increasing the amount of azole drug necessary for inhibition. (1II) Hyperactivating
mutations in the transcription factors Tacl, regulating the expression of Cdrl and Cdr2 efflux pumps
(dark and light brown arrows, respectively), and Mrr1, regulating Mdr1 pump (light red arrows),
confer constitutive high expression of the corresponding drug efflux pumps reducing the
intracellular azole concentration. (IV) Inactivating mutations in Erg3 abolish the synthesis of the
toxic sterols that destabilize the cell membrane when ergosterol biosynthesis is inhibited by azoles
(Morio et al.,, 2017).

1.6.1.1. Modification of the drug target

This mechanism is broadly documented in the literature, in which a great number
of non-synonymous nucleotide polymorphisms are registered in ERG11 alleles from
C. albicans clinical isolates resistant to azoles (Nishimoto et al., 2020; Perlin et al,,
2017; Robbins etal., 2017). More than 140 different mutations have been described,
but only a few have been directly associated to resistance (Arendrup & Patterson,
2017; Berkow & Lockhart, 2017; Berman & Hadany, 2012; Ksiezopolska & Gabaldén,
2018; Morio et al, 2017; Murphy & Bicanic, 2021). Up to date, 26 amino acid
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substitutions have been empirically linked to azole resistance either alone or in
combination: A61V, A114S, T1231, F126L, Y132F, Y132H, K143E, K143Q, K143R,
Y257H, S279F, T315A, S405F, N435V, D446E, D446N, G448E, G448V, F449S, F449V,
G450E, G464S,R467K, R4671,1471T and D502E (Chau et al,, 2004; Favre et al.,, 1999;
Flowers et al., 2015; Kakeya et al., 2000; Kelly, Lamb, Loeffler et al., 1999; Kelly,
Lamb, & Kelly, 1999; Lamb et al., 1997; Lamb et al., 2000; Liu et al., 2015; Perea et
al., 2001; Sanglard et al,, 1998; Warrilow et al., 2012; White, 1997b; Wu et al., 2017;
Xiang et al,, 2013; Zhao et al., 2013).

The relatively low number of resistance-associated mutations in ERG11 is due to the
difficulty of determining the influence of each mutation on resistance, as they
usually appear in combinations of two to four in the same allele, and there is some
uncertainty if some mutations only result in resistance when they appear in
combination (Arendrup & Patterson, 2017). These mutations confer resistance by
altering the binding site between azoles and their target in a way that azoles bind

Ergl1 with less affinity (Morio etal.,, 2017; Nishimoto et al., 2020).

1.6.1.2. Overexpression of the drug target

Overexpression of Ergl1 can be due to gene duplication (Selmecki et al., 2008) as a
consequence of the duplication of chromosome 5 or the formation of an
isochromosome of its left arm, where the genes ERG11 and TAC1 (CDRI1 and CDRZ2
transcription factor) are located (Selmecki et al., 2006; Selmecki et al., 2008); or to
constitutive activation of its transcription factor Upc2 (uptake control 2) (Dunkel,

Liu et al,, 2008; Flowers et al., 2012; Silver et al., 2004).

Regarding Upc2, it belongs to the zinc cluster transcription factor protein family,
which is characterized by a conserved Zn2-Cyse DNA-binding domain in their amino
end unique to the kingdom Fungi. The zinc finger domain is flanked by multiple
nuclear localization signals. The carboxy-terminal region of these proteins contains
a ligand-binding domain (LBD) that regulates its transcriptional activity and its
ligand-dependent cellular localization (Figure 1.13) (Silver et al., 2004; Yang et al,,
2015). It is involved in its own regulation after azole exposure as well as in that of
many genes of the ergosterol biosynthetic pathway under ergosterol starvation but
not in basal conditions (MacPherson et al., 2005; Silver et al., 2004). When sterols

are abundant, Upc2 is present in the cytoplasm bound to ergosterol and inactivated,
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while at low amounts of ergosterol, Upc2 is free and active, and is transported to the
nucleus to exert its transcriptional activity on target genes (Figure 1.14) (Yangetal,,
2015). Upc2 binds to regulatory elements of the ERG11 (and other genes of the
ergosterol biosynthetic pathway) and of its own promoter called ARE (azole-
responsive element), which is composed of a SRE (sterol response element), and an

inverted repeat sequence called INV (Oliver et al., 2007).
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Figure 1.13. Schematic representation of the domain structure of C. albicans Upc2 and localization
of described gain-of-function (Yang et al,, 2015).
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Figure 1.14. In a sterol-rich condition, Upc2 binds to ergosterol and stays in the cytosol as a
repressed form [by hiding NLS (nuclear localization signal) or by being captured with a cytosolic
protein]. On ergosterol depletion, ligan-free Upc2 undergoes conformational activation and moves to
nucleus for transcriptional activation of related genes. LBD, ligand-binding domain; DBD, DNA-
binding domain (Yang et al., 2015).
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The Upc2-mediated overexpression of ERG11 is caused by gain-of-function (GOF)
mutations that hyperactivate the transcriptional regulator, of which, seven have
been related to resistance: W478F, Y64 2F, A643T, A643V, A646V, G648D and G648S
(Figure 1.13) (Dunkel et al., 2008; Flowers et al., 2012; Heilmann et al., 2010; Hoot
et al,, 2011). All these mutations are located at the carboxyl end and result in a
constitutive activation of the regulator. However, this activation imposes a
metabolic burden, so in non-selective environments, without antifungal, is a
disadvantage to the fungus (Yang et al,, 2015). Maybe explaining why, even though
many azole-resistant C. albicans isolates show increased ERG11 expression, not all
the cases can be associated to GOF mutations in Upc2, implicating additional

regulators (Flowers et al., 2012).

1.6.1.3. Enhanced efflux of azoles

Enhanced efflux is the most common resistance mechanism against azoles among
C. albicans strains (Berman & Krysan, 2020; Costa-de-Oliveira & Rodrigues, 2020;
Morio etal., 2017; Murphy & Bicanic, 2021; Perlin et al., 2017). Fungi have two types
of efflux pumps that are located at the cell membrane, ATP-binding cassette (ABC)
transporters, which employ ATP (Rees et al., 2009), and Major Facilitator (MFS),
whose energy source is the proton gradient across the cell membrane (Berkow &
Lockhart, 2017; Bhattacharya et al., 2020; Costa-de-Oliveira & Rodrigues, 2020;
Morio et al., 2017; Murphy & Bicanic, 2021; Perlin et al., 2017).

- ABC transporters

The 28 members of the ABC protein superfamily can be grouped into five
subfamilies. The Pdr (pleiotropic drug resistance) subfamily comprises Cdrl
(Candida drug resistance 1) and its close homologue Cdr2 (Candida drug resistance
2) (Coleman & Mylonakis, 2009; Prasad & Goffeau, 2012), both involved in azole
resistance (Prasad et al.,, 1995; Sanglard et al,, 1997).

ABC proteins are made up of two transmembrane domains (TMDs) and two
cytoplasmic nucleotide binding domains (NBDs). They can be arranged as dimers in
a forward topology, where the TMDs precede the NBDs (TMDs-NBD)2, while in a
reverse topology the NBDs come first (NBD-TMDs)2. Yeast Pdr subfamily possesses
the reverse topology (Figure 1.15) (Prasad & Goffeau, 2012).
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Typically, the TMDs comprise 12 transmembrane a-helices segments (TMSs)
interlinked with six extracellular and four intracellular loops, whereas the ABC
domain is formed by Walker A and Walker B motifs and an ABC signature motif
(Prasad & Goffeau, 2012).

ATP ADP+P, ATP ADP+P,

Figure 1.15. Yeast Pdr subfamily topology. The nucleotide binding domain (NBD) and the
transmembrane domain (TMD) are arranged as dimers. The a-helices of the TMDs are represented
in blue, while the extracellular and intracellular loops are in grey (Prasad & Goffeau, 2012).

Both Cdrl and Cdr2 are able to transport several types of azoles (Coleman &
Mylonakis, 2009). In fact, deletion of CDR1 in C. albicans resulted in enhanced
intracellular FLC levels and increased susceptibility of the mutant to FLC and many
other drugs, providing genetic evidence that CDR1 is a multidrug resistance gene in
C. albicans (Sanglard et al., 1996). In contrast, inactivation of CDR2 had no effect on
FLC accumulation and did not influence the susceptibility of the mutants to FLC, but
this was attributed to the absence or extremely low CDRZ expression in susceptible
isolates (Sanglard et al.,, 1997). In fact, it has been proposed that Cdr1 makes a much
greater functional contribution to FLC resistance in C. albicans than Cdr2 (Holmes
et al,, 2008). Nonetheless, disruption of CDRZ in a Acdr1 mutant background further
increased the susceptibility to FLC and other drugs (Sanglard et al, 1997).
Upregulation of both CDR1 and CDRZ mediates azole resistance by enhanced drug

efflux and reduced azole accumulation (Nishimoto et al., 2020; Tsao et al., 2009).

In order to identify the transcription factor involved in the regulation of CDR1 and

CDR2 genes, their promoters were analysed, and 5 regulatory elements were
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identified: basal expression element (BEE), responsible for basal expression; drug
responsive element (DRE), required for expression in response to certain drugs (de
Micheli etal., 2002); two steroid responsive elements (SRE), involved in response to
steroid hormones (Karnani et al,, 2004); and a negative regulator element (NRE)
(Figure 1.16) (Gaur et al.,, 2004). Only the DRE is associated to both transient and
constitutive overexpression in resistant clinical isolates of C. albicans (de Micheli et
al., 2002). Since this region presents two CGG triplets that are recognized by zinc
cluster transcription factors, Coste and collaborators (Coste et al.,, 2004) explored
the C. albicans genome for genes encoding putative regulators with zinc finger
motifs, of which Tac1 (transcriptional activator of CDR genes) was identified as the
main regulator of ABC transporters expression. Tacl induces the expression of these
transporters in response to steroids and some toxic chemical compounds or can
become hyperactivated due to GOF mutations. Moreover, higher levels of resistance
are achieved when the TAC1 hyperactive allele becomes homozygous. This is usually
coupled with MTL homozygosity since both genes are located in the left arm of

chromosome 5 (Chr5L) (Coste et al., 2006).

TSS

= 1
BEE SRE DRE NRE

Figure 1.16. Structure of the promoter region of the CDR genes. BEE, basal expression element; SRE,
sterol responsive element; DRE, drug responsive element; NRE, negative regulator element; TSS,
transcription start site.

Twenty-one different Tacl mutations have been confirmed as GOF: T225A, W239L,
[255stop, H263Y, E461K, R673Q, AM677, R693K, A736T, A736V, A790V, 1794V,
H839Y, AL962-N969, P971S, N972D, N972I, N972S, N977D, G980E and G980W
(Coste et al., 2006; Coste et al., 2007; Coste et al., 2009; Sitterlé et al., 2020; Znaidi et
al., 2007). These mutations are usually located within Tacl middle (MHR, middle
homology region) and activation domains (TAD, transcriptional activation domain

at the carboxy end). In fact, it has been proposed that the Tacl middle region exerts
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an inhibitory effect on the TAD region and that GOF mutations in either domain

weaken this interaction (Figure 1. 17) (Liu & Myers, 2017).
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Figure 1.17. Location of identified GOF mutations in Tacl. The green area (DBD) contains the DNA
binding domain, the zinc cluster motif is indicated in black shading, the hatched area depicts the
transcription activation domain (TAD), and the orange area the middle homology region (MHR).
(Modified from Nishimoto et al., 2020).

Recently, another transcription factor that regulates Cdr1 has been discovered and
it has been proposed as a new player in the development of resistance (Schillig &
Morschhauser, 2013). It was called Mrr2 (multidrug resistance regulator 2) and was
shown to be essential for the basal expression of CDR1 but was not involved in CDR2
regulation. Up to date, only three studies have aimed at establishing its involvement
in resistance but with opposing results (Feng et al., 2019; Nishimoto et al., 2019;
Wang et al,, 2015). So far 21 non-synonymous mutations have been described in
MRRZ2 and 6 of them have been associated to azole resistance by Wang and
collaborators (Wang et al., 2015) and Feng and collaborators (Feng et al., 2019):
H358N, E439N, S466L, A468G, S469T and T470N.

- The MFS transporters

The most relevant member of the Major Facilitator transporters in resistance to
azoles is Mdrl (multidrug resistance 1) (Berkow & Lockhart, 2017; Gaur et al,,
2008), encoded by MDRI1 (previously termed BEN* for conferring resistance to
benomyl) (Fling et al., 1991; Franz et al., 1998), which is more specific towards FLC
and VRC than the other azole class members (Cheng et al., 2007; Sanglard et al,,
1995; Sanglard & Coste, 2016).

The C. albicans genome sequence predicts 95 MFS transporters classified in 17
families, and all of them have around 12 to 14 transmembrane segments and no
NBDs (Gaur et al., 2008). MDR1 encodes an MFS transporter of the DHA1 family that
leads to enhanced azole efflux and azole resistance when overexpressed. When it

was disrupted in MDR1 overexpressing C. albicans isolates the mutants exhibited
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increased susceptibility to FLC (Wirsching, Michel, & Morschhduser, 2000). As with
CDR2, even though MDRI1 expression is very low in azole-susceptible C. albicans
clinical isolates (Morschhauser et al., 2007), its overexpression has been linked to

azole resistance (Gaur et al., 2008).

Constitutive overexpression of MDR1 in azole-resistant C. albicans strains was also
linked to mutations in trans-regulatory factors (Wirsching, Michel, Kohler et al.,
2000). Analysis of the cis-acting elements present in the MDR1 promoter region
revealed that multiple transcription factors regulate MDR1 expression (Hiller et al.,
2006). For example, a benomyl response element (BRE) is required for benomyl-
dependent MDR1 upregulation and necessary for constitutive high expression. This
element contains a consensus binding sequence for the Mcm1 transcription factor.
A second element, the H202 response element (HRE) is required for H202-dependent
MDR1 upregulation but dispensable for constitutive high expression and is thought
to be recognized by Cap1, a bZip transcription factor (Rognon et al., 2006). Upc2 has
also been linked to MDRI1 regulation (Znaidi et al.,, 2008), however, the zinc cluster
transcription factor Mrr1 (multridrug resistance regulator 1) was identified as the
central regulator of MDR1 expression and GOF mutations in this transcriptional
regulator were linked to MDR1 overexpression and FLC resistance (Morschhauser
et al,, 2007). Sixteen different Mrrl GOF mutations have been reported causing
constitutive upregulation of MDR1: K335N, Q350L, T360I, T381I, P683H, P683S,
N803D, R873T, V877F, G878E, A880E, W893R, T896I, G963S, G997V and L998F
(Figure 1.18) (Dunkel et al.,, 2008; Eddouzi et al., 2013; Lohberger et al., 2014;
Morschhauser et al., 2007).
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Figure 1.18. Location of identified GOF mutations in Mrrl. The green area (DBD; amino acids 1 to
106) contains the DNA binding domain and represents the region that is sufficient for the activation
of the MDR1 promoter, the zinc cluster motif (amino acids 31 to 59) is indicated in black, the hatched
area (AD1; amino acids 1051 to 1108) depicts the distal activation domain 1, and the grey area (ID1;
amino acids 951 to 1050) is defined as an inhibitory domain (Modified from Schubert, Barker et al.,
2011).
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1.6.1.4. Alteration of the ergosterol biosynthesis pathway

This mechanism consists of loss-of-function (LOF) mutations in the enzyme A5,6
sterol desaturase or Erg3, involved in the ergosterol biosynthesis pathway and
encoded by the ERG3 gene. When Ergll is inhibited by azoles, this enzyme
synthesizes the toxic 14a-methylergosta-8,24(28)-dien-3p,6a-diol (Figure 1.8),
which inhibits fungal cell growth (Bhattacharya et al.,, 2020; Nishimoto et al., 2020;
Whaley et al., 2017). However, inactivation of Erg3 by LOF mutations prevents
formation of this toxic compound, causing azole resistance (Berkow & Lockhart,
2017; Hokken et al., 2019; Nishimoto et al., 2020; Whaley et al., 2017). The inhibition
of Erg3 also leads to a depletion of ergosterol and accumulation of 14a-
methylfecosterol, which allows continued growth in the presence of azole despite
altered membrane composition (Kelly et al., 1997). Moreover, mutations in Erg3 are
associated with cross-resistance to polyenes, likely caused by the depletion of the
target ergosterol (Ksiezopolska & Gabaldén, 2018; Morio et al., 2017; Nishimoto et
al.,, 2020). In some cases, this mechanism has been associated with attenuated
virulence due to impaired filamentation (Chau et al., 2005), possibly explaining why
it is rarely encountered among azole-resistant C. albicans clinical isolates (Berkow
& Lockhart, 2017; Nishimoto et al., 2020; Whaley et al,, 2017), but some erg3A
mutants have been reported to maintain the ability to form hyphae (Vale-Silva et al,,
2012). In this way, a recent study shows that changes within the ERG3 promoter that
affect expression and activity may be sufficient to confer azole resistance in niche-
specific instances without affecting C. albicans pathogenicity, which implies that
changes in ERG3 locus may be more clinically relevant than previously believed
(Luna-Tapia et al,, 2018). Nonetheless, it has also been reported that the loss of Erg3
activity confers a distinct phenotype from azole resistance, and shares some
characteristics of the trailing growth, which is defined as reduced but persistent
growth at azole concentrations above the MIC (Luna-Tapia et al., 2019), increasing

the uncertainty to the relevance of Erg3 loss of function in azole resistance.

1.6.1.5. Genome plasticity

Besides deregulation of expression and modification of cellular targets, many
resistant strains suffer genomic reorganization in the forms of loss of heterozygosity

(LOH) events or aneuploidies (Morio et al., 2017). In fact, aneuploidy was observed
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in 50% of the strains that developed FLC resistance (Selmecki et al., 2006; Selmecki
et al., 2009). Loss of heterozygosity events are frequently observed in chromosome
5, where TAC1 and ERG11 genes reside, both playing a major role in azole resistance
(Selmecki et al, 2006). They have also been reported in MRRI, located in
chromosome 3 (Schubert, Popp et al, 2011). These processes are of great
importance in the evolution of resistance since it was shown that homozygous
mutations conferred higher resistance levels than heterozygous ones (Coste et al.,

2007).

The most frequent aneuploidy relies on two extra copies of Chr5L containing ERG11
and TAC1, which correlates with azole resistance due to an amplification of the copy
number of these genes (Selmecki et al., 2006; Selmecki et al., 2009). Several other
chromosome aneuploidies related to azole resistance have been described, such as
those of chromosomes 3, 4, 6 and 7. Trisomy of chromosome 3 has been reported
after azole exposure. This chromosome hosts the pump encoding genes CDR1 and
CDRZ as well as MRR1, thus, chromosome 3 increased copy number causes increased
CDR1 and CDRZ2 expression and facilitates resistance development (Mount et al,,
2018; Selmecki et al., 2009). The azole resistance associated with chromosome 4
trisomy was neither attributed to increased efflux pump activities nor to altered
ergosterol biosynthesis in clinical isolates. Thus, this need to be further studied in
the future (Anderson et al., 2017). Other studies reported that azole-resistant
strains that exhibited substantial overexpression of MDR1 were also found trisomic
for chromosome 6, which carries the MDR1 gene (Perepnikhatka et al., 1999;
Selmecki et al., 2009). In addition, Mount and collaborators (Mount et al., 2018) have
shown that amplification of chromosome 3 and 7 enables the evolution of antifungal
drug resistance, likely through the upregulation of multiple genes involved in efflux
and stress response signalling. In the amplified region of chromosome 3, three genes
with annotated roles in response to azoles or membrane transport were identified:
orf19.344 (upregulated in azole-resistant strains and thought to be regulated by
Tacl), orf19.304 (putative transporter similar to MDR proteins), and Npr2 (putative
urea transporter). The latter was implicated as a mediator of azole resistance in the
absence of RGD1, which encodes an RHO-GTPase activating protein that had not
been previously implicated in azole resistance in C. albicans. In chromosome 7, the

genes coding for the cellular stress response regulator Hsp90 (heat shock protein
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90), the MFS transporter Flul, and sugar transporters as Hgt12 and Hgt13 were
identified.

It has been reported that azole exposure causes aberrant cell cycle regulation in
C. albicans with a tetraploid intermediate preceding aneuploidy formation
(Harrison et al,, 2014), and promoting whole-chromosome LOH via unusual mitotic
divisions (chromosome duplications and losses) (Forche etal., 2011; Harrison etal.,
2014). Interestingly, both LOH and aneuploidy occur at a much higher frequency

than point mutations (Forche et al., 2011).

1.6.1.6. Stress responses

Cellular stress-response circuitry provides a critical strategy for fungi to survive the
cell membrane stress induced by exposure to azoles. A leading example of a global
cellular regulator that governs stress responses crucial for azole resistance is the
molecular chaperone Hsp90. This protein is a conserved and essential chaperone
that regulates cellular signalling by stabilizing a myriad of client proteins, many of
which are signal transducers such as the protein phosphatase calcineurin and some
kinases in the Pkcl signalling cascade (Figure 1.19) (Cowen & Lindquist, 2005;
Cowen et al., 2009; LaFayette et al,, 2010; Singh et al.,, 2009). Compromise of Hsp90
function blocks the evolution of azole resistance, the resistance caused by the loss
of function of Erg3 and reduces the resistance of isolates that evolved resistance in
a human host by multiple mechanisms (Cowen & Lindquist, 2005; Cowen et al,,

2009; Robbins et al., 2017).

Calcineurin is a Ca2*-calmodulin-activated protein phosphatase that is involved in
the regulation of cell cycle progression, cation homeostasis, morphogenesis, and
responses to environmental stress. In C. albicans is formed by a heterodimer
composed of a catalytic subunit, Cnal, and a regulatory subunit, Cnb1 (Figure 1.19).
When activated, it initiates a signalling cascade leading to the dephosphorylation
and activation of the major transcription factor Crz1 (Figure 1.19) (Iyer et al., 2022).
It has also been shown that calcineurin is essential for tolerating cell membrane
stresses elicited by azoles (Cruz et al., 2002; Sanglard et al., 2003). Hsp90 physically
interacts and stabilizes the catalytic subunit of calcineurin, such that depletion of
Hsp90 leads to depletion of calcineurin (Singh et al., 2009). Therefore, similarly to

Hsp90, calcineurin’s role in azole resistance is mainly associated with resistance
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mechanisms that do not avert the toxic effect of the antifungal drug, such as LOF

mutations in Erg3 (Cowen & Lindquist, 2005).

Hsp90 also stabilizes core components of the protein kinase C (PKC) pathway, which
is critical to cell wall homeostasis, morphogenesis, and responses to cell wall and
cell membrane stress. Pkcl is a core kinase that acts upstream of the terminal
mitogen-activated protein kinase (MAPK) signalling cascade, comprising Bck1,
Mkk1 and Mkcl kinases (Figure 1.19) (Iyer et al, 2022). Deletion of PKCI in
C. albicans confers hypersensitivity to the azoles and renders the azoles fungicidal,
while deletion of MKC1 does not, suggesting that Pkc1 has other downstream targets

involved in membrane stress responses (LaFayette et al., 2010).

Other Hsp90 interacting proteins have been implicated in drug tolerance and
resistance, that is the case of the Hsp90 co-chaperone Sgtl (Figure 1.19). This
protein is important for regulating antifungal-induced stress, as depletion of SGT1
abrogates azole tolerance and resistance (Shapiro et al., 2012). Hsp90 function was
also found to be regulated by acetylation such that pharmacological inhibition of
lysine deacetylases phenocopies inhibition of Hsp90, blocking the evolution of azole
resistance and reducing resistance of C. albicans that evolved in a human host

(Robbins et al., 2012).

Nonetheless, all of these stress response pathways have also been associated to
azole tolerance, which might indicate that they do not confer true resistance (MIC
above the clinical breakpoints) but enables the yeast to continue growing even in

the presence of elevated drug concentrations.
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Figure 1.19. Cellular stress response pathways activated after compromise of cell membrane
integrity upon azole exposure. Azoles inhibit the biosynthesis of ergosterol, resulting in ergosterol
depletion in the cell membrane and thus, cell membrane stress. The central cellular regulator
modulating stress responses is Hsp90, which is post-translationally regulated by lysine deacetylases
(KDAC). Hsp90 interacts with several proteins such as its co-chaperone Sgtl, calcineurin and
components of the PKC pathway (Pkcl, Bckl, Mkk1l and Mkc1). These two signalling cascades
activate transcription factors and additional regulators yet to be identified that are located in the
nucleus. Preponderant factors involved in azole resistance and tolerance are circled in red (Modified
from lyer et al., 2022).

1.6.1.7. Alternative resistance mechanisms

Despite the already mentioned mechanisms, several reports suggest that other
mechanisms must exist since azole-resistant C. albicans clinical isolates that lack any
of the established mechanisms have been reported (Berkow & Lockhart, 2017;
Ksiezopolska & Gabaldén, 2018), highlighting the need for further research in this

31



Introduction

area. Moreover, sequencing of the genes associated to azole resistance in C. albicans
clinical isolates continues to reveal new putative GOF mutations (Garnaud et al.,

2015; Sitterlé et al., 2020; Spettel et al,, 2019).

Another promising area of research is the transporter involved in azole uptake.
Azoles are imported by facilitated diffusion in an energy independent manner.
Different azole uptake rates have been reported in azole-resistant C. albicans clinical
isolates, but the transporter remains to be discovered (Mansfield et al., 2010;

Nishimoto et al., 2020).

A recent study has demonstrated that the Mltlp vacuolar ABC transporter is
implicated in the import of azoles into vacuoles and its deletion causes susceptibility

to azoles in C. albicans (Khandelwal et al., 2019).

Besides genetic alterations, epigenetics have also been associated to azole-
resistance development. In C. albicans deacetylating enzymes have been shown to
be overexpressed in resistant isolates during resistance acquisition, and was
attributed to the activity of Hsp90, which has to be deacetylated in order to interact
with its client proteins (Chang et al., 2019).

An additional mechanism that contributes to azole resistance is enhanced mRNA
stability. Analysis of two matched pairs of azole-susceptible and resistant isolates
revealed that the half-life of CDRI mRNA was threefold higher in the resistant
isolates compared with their susceptible counterparts (Manoharlal et al., 2008) and
the poly(A) tail of CDRI mRNA was 35%-50% hyperadenylated in the resistant
isolates (Manoharlal et al., 2010). mRNA adenylation is controlled by poly(A)
polymerase (Pap1), which is encoded by two distinct alleles, PAP1-a and PAP1-q,
located in close proximity to the MTL. Whereas the susceptible isolates were
heterozygous for PAPI, the resistant isolates where homozygous for the PAPI-a
allele. PAP1-a has a repressive effect on CDRI transcript polyadenylation and
stability, while PAP1-a homozygosity contributes to azole resistance (Manoharlal et

al,, 2010).

1.6.2. Tolerance

Tolerance is defined as the ability of a subpopulation from 5 to 90% of the cells to

grow slowly in the presence of an antifungal drug at concentrations above the MIC
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and differs from resistance in that is less dependent on the drug concentration and
is affected by environmental conditions such as pH and temperature. The size of the
subpopulation of tolerant cells determines the tolerance level of the isolate together
with the colony forming rate at supra-MIC concentrations of the drug (Rosenberg et

al, 2018).

Tolerance has been associated to several stress response pathways elements such
as Hsp90 (Cowen & Lindquist, 2005), calcineurin (Sanglard et al., 2003), target of
rapamycin (TOR) (Khandelwal et al, 2018) and Rim (pH response pathway)
(Garnaud et al., 2018). Their inhibition eliminates tolerance without affecting the
MIC and greatly increases the fungicidal activity of FLC across a diverse set of
isolates with different tolerance levels (Berman & Krysan, 2020). Other cellular
components that have been linked to tolerance are the vacuoles. In this regard,
defects in vacuolar transport were shown to enhance growth at supra-MIC levels
(Berman & Krysan, 2020; Luna-Tapia et al., 2015; Luna-Tapia et al., 2016; Mount et
al., 2018). Also, the final transcription factor of the Rim pathway, Rim101, may
influence tolerance by regulating the transcription of key components of the

vacuolar trafficking pathway (Berman & Krysan, 2020; Cornet et al., 2005).

It has been proposed that tolerance may increase the frequency of antifungal
resistance (Cowen & Lindquist, 2005) since tolerant strains are able to divide more
frequently in the presence of azoles than susceptible ones, its population will be
predominant and, therefore, will have a higher probability to acquire new mutations

(Berman & Krysan, 2020).

Another common term used for referring growth at supra-MIC concentrations of
drug is trailing growth. Trailing is defined as reduced but persistent visible growth
at drug concentrations above the MIC (Marcos-Zambrano et al., 2016). Like
tolerance, trailing growth is sensitive to growth conditions (Agrawal et al., 2007;
Coenye et al., 2008; Marr et al., 1999). Therefore, it is thought that tolerance and
trailing growth probably reflect the same phenomenon (Berman & Krysan, 2020;
Nishimoto et al., 2020).

33



Introduction

The clinical importance of tolerance is still under debate, although lately it has been
proposed to be a contributor to recurrent or persistent infections (Berman &

Krysan, 2020; Nishimoto et al., 2020; Rosenberg et al., 2018).

1.7. CRISPR-Cas9

In order to improve drug discovery and therapeutic guidelines is important to
understand the mechanisms of resistance encountered in resistant clinical isolates
(McTaggart et al., 2020). Efficient genetic manipulation tools may help to this end
but they have often been time-consuming and cumbersome in fungi, particularly in
species with diploid genomes that lack a sexual cycle. Additional factors hampering
genetic manipulation are low efficiency of transformation and/or homologous
recombination (HR), the absence of natural plasmids, and the lack of cloning vectors
or the limited number of dominant markers available for selection (Morio et al,,

2020).

The CRISPR (clustered regularly interspaced short palindromic repeats) locus was
firstreported in 1987 in Escherichia coli (Ishino et al.,, 1987) and years later was also
discovered in archaea by Mojica and collaborators (Mojica et al., 1993). This same
group together with those of Bolotin and Pourcel reported in 2005 that part of the
sequences contained in the CRISPR loci, the spacers (Figure 1.20), derived from
microbial pathogens and foreign genetic elements, such as bacteriophages, archaeal
viruses and plasmids, providing evidence that these genetic elements acted as a
microbial immune system (Bolotin et al.,, 2005; Mojica et al., 2005; Pourcel et al,,
2005). Moreover, analysis of the flanking regions of the CRISPR loci elicited the
discovery of four genes that were homologous in different bacterial and archaeal
species and were named CRISPR-associated (cas) genes and were predicted to act
together with CRISPR loci (CRISPR-Cas systems) working as an acquired immune
system (Jansen et al., 2002; Makarova et al., 2006).
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Figure 1.20. Structure of CRISPR loci. The CRISPR loci are composed of two elements: the repeat
sequences (pink) that usually include a palindromic structure (exemplified by the Escherichia coli
sequence shown below), and the spacer regions with no homology with each other (grey, green and
blue) (Modified from Ishino et al., 2018).

It was later discovered that the RNA transcripts of the CRISPR loci are processed into
short CRISPR RNAs (crRNA) that contain the repeat and spacer sequences. The
spacer sequence, also termed guide, is complementary to the invading DNA. When
the crRNAs are complexed with the Cas proteins, they recognize the target sequence,
called protospacer, by base pairing, inducing sequence-specific cleaving (Gasiunas
et al.,, 2012). Also, CRISPR-Cas systems have a mechanism to distinguish between
foreign and self DNA via the protospacer adjacent motif (PAM), which is only present
in the invading DNA (Hille et al.,, 2018).

The potential of CRISPR-associated protein Cas9 for genome editing was first
reported in 2012 (Gasiunas et al,, 2012; Jinek et al., 2012). There are two classes of
CRISPR-Cas systems based on the architecture of the effector complex, which carries
out DNA cleaving, class 1 and class 2, each subdivided into three types. Class 2
systems have a single multidomain effector protein and thus it was the system of
choice to develop the genomic editing technology. The best studied is the Cas9
protein, a class 2 type Il RNA-guided endonuclease, which forms a ribonucleoprotein
complex with the crRNA and a trans-activating RNA (tracrRNA) essential for target
recognition (Figure 1.21) (Ishino et al, 2018). Among Cas9 proteins, the most
common variant used for genome editing is the Streptococcus pyogenes Cas9

(SpCas9) (Komor et al., 2017).
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Figure 1.21. Structure of Cas9-crRNA-tracrRNA complex and DNA cleaving mechanism. The Cas9-
crRNA-tracrRNA complex binds to foreign DNA containing the PAM, where Cas9 binds and starts to
unwind the double strand of the foreign DNA to induce duplex formation of crRNA and foreign DNA.
Cas9 consists of two regions, called the REC (recognition) and the NUC (nuclease) lobes. The REC
lobe is responsible for nucleic acid recognition. The NUC lobe contains the HNH and RuvC nuclease
domains and a C-terminal region containing a PAM-interacting (PI) domain. The HNH and the RuvC
domains cleave the DNA strand, forming a duplex with crRNA and the other DNA strand, respectively,
so that double-strand break occurs in the target DNA (Ishino et al,, 2018).

The CRISPR-Cas9 editing tool directs Cas9 to the target site by a single-guide RNA
(sgRNA), which comprises the roles of the crRNA and tracrRNA in the native system,
where Cas9 will introduce a double-stranded break (DSB) 3 bp upstream of the PAM
(NGG for SpCas9, where N stands for any base (A, T, C, G)). The DSB can be repaired
by nonhomologous end joining (NHE]), usually resulting in insertions or deletions
leading to frame shift of the reading frame and premature stop codons.
Microhomology-mediated end joining (MME]) is an alternative, also an error-prone
repair pathway requiring short homology regions (2-40 bp). If a donor template
with appropriate homology regions is available (e.g., the second allele in diploid
genomes, or exogenous DNA), repair may occur by homology-directed repair (HDR).
Precise editing exploits HDR machinery providing the cell with donor DNA
molecules harbouring the intended mutation flanked by homology arms (Figure

1.22). Although conventional methods can also be used to introduce mutations by
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HDR, DSBs significantly increase the rate of these events by up to 4000-fold (Morio
etal., 2020).

tracrRNA
Target gene ; CrRNA
; Cas9
"‘srgRNA
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Figure 1.22. Genome editing by CRISPR-Cas9. Cas9 is directed by sequence homology between the
crRNA of the sgRNA and the target gene (in blue), which is then cleaved. The Cas9-induced cut
generates a double-stranded break (DSB) that has to be repaired by the cell. There are two main
repair mechanisms involved: the non-homologous end joining (NHE]) that usually implies short
deletions or insertions (left), and the homology-directed repair (HDR) that repairs the DSB by
recombination with the other allele or, if present, with a donor DNA template (green bar; right)
(Ishino et al., 2018).

Several methods for CRISPR-Cas9 editing in C. albicans have been developed in the
recent years. Almost all of them relied on the expression of Cas9 by the yeast and on
the use of selection markers (Huang & Mitchell, 2017; Liu et al., 2022; Min et al,,
2016; Ng & Dean, 2017; Nguyen et al., 2017; Shapiro et al., 2018; Vyas et al,, 2015;
Vyas et al., 2018). They were focused on generating deletion mutants, but they can
also be adapted to introduce different genetic changes (single-nucleotide mutation,
stop codon insertion, barcoding, fluorescent tagging, etc.) in coding as well as
noncoding regions. Moreover, they allow engineering of heterozygous mutations in

diploid species (Morio et al., 2020).
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2. OBJECTIVES

Fungal infections have become a serious concern in the clinical setting due to their
associated high mortality rates that are related, on the one hand, to the affected
population, generally immune compromised or debilitated, and, on the other hand,
to the increase in recent years of these patients, which has also been accompanied
by an increase in the isolation of strains resistant to antifungal drugs. The main
causative agents of fungal infections worldwide belong to Candida species, of which
Candida albicans represent the majority of the isolates. This species can cause from
superficial to invasive infections that are commonly treated with antifungal drugs of
the azole class, which exert a fungistatic effect on these yeasts. Even though the
resistance rates to these agents among Candida species are not very high, their
occurrence are of great concern due to the limited spectra of antifungal drugs
available for treatment. Furthermore, although there are several well-established
resistance mechanisms, there is evidence of the existence of alternative factors yet
to be linked to azole resistance. Besides bona fide resistance, tolerance to antifungal
drugs has also gained interest since it has been proposed as a precursor of acquired
resistance and a cause of recurrent or persistent infections. Therefore, research on
resistance and tolerance mechanisms is still of utmost importance to expand the
knowledge of all the factors involved in resistance development and establishment,

which in turn can aid on improving therapeutic guidelines and drug discovery.
The objectives of this thesis were:

1. Evaluation of azole susceptibility in clinical isolates of C. albicans from the

UPV/EHU collection.

2. Identification of the most common resistance mechanisms in azole-resistant and
susceptible C. albicans strains by sequencing target regions of the genes ERG11,
TAC1, UPC2, MRR1 and MRRZ; and measuring expression levels of CDR1, CDRZ and
MDRI1 genes.

3. Evaluation of the role in azole resistance of new mutations by CRISPR-Cas9 gene

editing.

4. Follow-up on the adaptation to fluconazole exposure in vitro of azole-susceptible

C. albicans strains.
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3. MATERIAL AND METHODS

3.1. Microorganisms

The Candida albicans reference strains and clinical isolates used in this thesis are
listed in Tables 3.1 and 3.2. Subcloning Efficiency™ DH5a™ Competent Cells
(Invitrogen, USA) were used for cloning the plasmid pV1524 (Vyas et al., 2018) and

its derivatives (See Section 3.7.6).

Table 3.1. Candida reference strains.

Species Strain Sample origin
Candida albicans ATCC® MYA-2876™ (SC5314) -

Candida albicans ATCC® 64124™ Oral

Candida albicans ATCC® 64450™ Skin

Candida parapsilosis ATCC®22019™ -

Candida krusei ATCC®6258™ Sputum

ATCC: American Type Culture Collection

Table 3.2. Candida albicans clinical isolates.

Identity Sample origin Source

BE-AZ Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-32 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-47 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-48 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-90 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-113 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
BE-114 Vulvovaginal Bombero-Etxaniz Health Centre (Bilbao)
06-100 Necrotizing cellulitis UPV/EHU Collection (Leioa)

06-114 Oral UPV/EHU Collection (Leioa)

06-116 Prosthesis UPV/EHU Collection (Leioa)

08-105 Oral lichen planus UPV/EHU Collection (Leioa)

08-187 Oral lichen planus UPV/EHU Collection (Leioa)

09-297 Oral lichen planus UPV/EHU Collection (Leioa)

10-166 Unknown UPV/EHU Collection (Leioa)
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Table 3.2. Continued.

Identity

10-168
15-155
10-169
10-170
10-171
10-221
10-280
10-294
10-295
15-153
15-154
15-156
15-157
15-158
15-159
15-160
15-161
15-176
15-178
15-179
16-091
16-092
16-122
16-123
16-132
16-133
16-134
16-135
16-138
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Sample origin
Unknown
Unknown
Unknown
Unknown
Unknown

Oral lichen planus
Oral

Oral

Oral

Urine nephrostomy
Blood culture
Vitreous humor
Oral mucosa
Blood culture
Wound
Unknown
Blood culture
Unknown
Unknown
Unknown
Vaginal exudate
Sputum

Vaginal

Vaginal
Pharyngeal
Vaginal

Vaginal

Vaginal

Broncho aspirate

Source

UPV/EHU Collection (Leioa)

Hospital de la Santa Creu i Sant Pau (Barcelona)
UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

UPV/EHU Collection (Leioa)

Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital de la Santa Creu i Sant Pau (Barcelona)
Hospital Universitari [ Politecnic de la Fe (Valencia)
Hospital Universitari [ Politecnic de la Fe (Valencia)
Hospital Universitari [ Politecnic de la Fe (Valencia)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)
Hospital Universitario Severo-Ochoa (Madrid)

Hospital Universitario Severo-Ochoa (Madrid)
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3.2. Plasmid pV1524

The vector pV1514 constructed by Vyas and colleagues (Vyas et al., 2018) contains
all the elements necessary for CRISPR-Cas9 editing in C. albicans. Namely, the CAS9
gene, the guide-RNA scaffold, which links Cas9 and the guide-RNA (gRNA), and a
cloning site for gRNAs. Additionally, all genes required for the editing system are
flanked by two sequences homologous to the 5 and 3’ ends of the NEUT5L locus,
respectively, and two Flp recognition target (FRT) sequences. The former will direct
integration of the CRISPR cassette in this locus by homologous recombination, while
the latter are recognized by a tyrosine site-specific recombinase (flippase, Flp),
which will excise the cassette. The gene FLP in the plasmid is under the control of

the maltose-inducible MALZ2p promoter (Figure 3.1).

ENO1p

(FRT

NEUTSL-5'

(f1 ori
AmpRp

pv1i524
14.423 bp

CYC1 terminator

NEUT5L-3' MAL2p

[FRT]
gRNA scaffold

NAT1 TEF terminator

Figure 3.1. Simplified map of plasmid pV1524. Purple, CAS9 and FLP genes; orange, resistance
marker genes (NAT1 and AmpR); white, promoters and terminators; yellow, replication origins;
green; NEUT5L homologous regions; blue, FRT sequences; grey, gRNA scaffold.
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3.3. Media and culture conditions

3.3.1. Culture media for Candida
— Sabouraud Dextrose Agar EP/USP/ISO (Condalab, Spain)
Suspend 65 g of powder in 11 of distilled water and sterilize in autoclave at 121°C

for 15 minutes. The final medium contains:

¢ Dextrose 40 g/1

e Mixture of peptic digest of animal tissue

and pancreatic digest of casein (1:1) 10g/1

¢ Bacteriological agar 15 g/l

— Candida Chromogenic Agar (Condalab, Spain)

Suspend 45.9 g of medium in 1 1 of previously sterilized and cooled distilled water

and take it to boiling point three times. The final medium contains:

e Glucose 20 g/1
e Chloramphenicol 0.5g/1
e Peptone 10 g/1
¢ Bacteriological agar 15 g/l
e Chromogenic mixture 0.4 g/l

— RPMI-1640 (Sigma-Aldrich, USA)

This medium contains glucose (2 g/1) and L-Glutamine (0.3 g/l), besides other
components, and lacks Sodium Bicarbonate. Suspend 10.4 g of powder in 900 ml of
cooled down sterilized and distilled water, complete with 0.164 M 3-(N-
Morpholino)propanesulfonic acid (MOPS) (Scharlab, Spain), adjust pH to 7+0.1 with
NaOH 5 M and add sterile distilled water up to 1 1. Finally, sterilize by filtration (0.2

um aPES membrane; Fisher Scientific, USA).

This medium was used for susceptibility testing (see Section 3.4) and the evolution

experiment (see Section 3.8).
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— Yeast Extract Peptone Dextrose (YEPD) broth/agar

¢ Yeast extract 10g
e Peptone 20g
e Dextrose 20g
e Bacteriological agar (for YEPD agar) l6g

Suspend in 11 of distilled water and sterilize in autoclave at 121°C for 15 minutes.
— YEPD + 10NT

This medium was prepared for flip-out (FO) screening (see Section 3.7.12). After
sterilizing, YEPD agar was cooled down to 50°C in a water bath and then

supplemented with 10 pug/ml of nourseothricin (NT) (Jena Bioscience, Germany).
— YEPD + NT

This medium was used for transformants selection and flip-out screening (see
Sections 3.7.10 and 3.7.12). In this case, YEPD agar was supplemented with 100
pg/ml of NT.

— YEP + 2% maltose broth/agar

This medium was used for flip-out induction (see Section 3.7.12). [t was prepared as
YEPD but without adding dextrose and separately, a solution of 20% maltose (w/v)
was prepared in distilled water and sterilized by filtration (0.2 pm; Sarstedt,
Germany). After sterilization, YEP was cooled down to 50°C in a water bath and 2%

maltose (v/v) was added.
— YEP + 4% maltose broth/agar

This medium was prepared as above, except for the final maltose concentration,
which was 4% (v/v).

— Yeast Nitrogen Base (YNB) + 2% maltose broth/agar

A 100 ml solution containing 10X YNB and 20% maltose (w/v) was prepared and
sterilized by filtration (0.2 pm; Sarstedt, Germany). The final broth medium was

prepared by dilution of this solution with 900 ml of sterile distilled water. If agar

plates were to be made, 1.6 g/1 of bacteriological agar was added to 900 ml of water,
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autoclaved at 121°C for 15 minutes and cooled down to 50°C in a water bath before

adding the concentrated solution of YNB+maltose (10X).
— YNB + 4% maltose broth

This medium was prepared as above, except for the maltose concentration, which

was 4% (v/v).
— YNB supplemented with fluconazole (YNB+FLC)

YNB medium was prepared as explained above using glucose (2% final
concentration) instead of maltose as carbon source and was supplemented with the
appropriate fluconazole (FLC) concentration (0.125, 0.25, 0.5, 1, 2, 4, 8, 10, 16, 32,
64 pg/ml). This medium was used for Spot Assays (see Sections 3.7.13.2 and 3.8.7)

3.3.2. Culture media for Escherichia coli
— Luria-Bertani (LB) (Lennox) broth (Condalab, Spain)

Suspend 20 g of the medium in 1 1 of distilled water and sterilize in autoclave at

121°C for 15 minutes. The final composition is:

e Tryptone 10 g/1
e Yeast Extract 5g/1
e Sodium Chloride 5g/1

— LB + NT broth/agar

For LB broth, 50 pg/ml of NT were supplemented to each culture flask just before
inoculation. In the case of LB agar, it was prepared with LB Agar (Lennox) (Condalab,
Spain) suspending 35 g of powder in 11 of distilled water. Then it was sterilized in
autoclave at 121°C for 15 minutes and cooled down to 50°C before adding 50 pg/ml
of NT.

3.3.3. Culture conditions

Unless otherwise stated, yeasts were usually grown in Sabouraud agar or YEPD agar

at 37°C for 24h for strain maintenance.
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Escherichia coli was grown in LB + NT broth at 37°C and 200 rpm for 12-16h for
plasmid purification (see Section 3.7.3) and in LB + NT agar at 37°C for 24h for

transformants selection (see Section 3.7.6).
3.4. In vitro susceptibility to antifungal drugs

3.4.1. M27-A3 method by CLSI

Susceptibility testing against FLC (Sigma-Aldrich, USA) of Candida reference strains
and clinical isolates was performed by the standardized broth microdilution method
according to the Clinical and Laboratory Standards Institute’s (CLSI) M27-A3
document (Clinical and Laboratory Standards Institute, 2008) and M27-54 (Clinical
and Laboratory Standards Institute, 2012), containing FLC in a 0.12-64 pg/ml
concentration range. Strains were classified as either resistant (MIC = 8 pg/ml),
susceptible-dose dependent (SDD) (MIC = 4 pg/ml) or susceptible (MIC < 2)
according to the MIC breakpoints published in the M27-54 document (Clinical and
Laboratory Standards Institute, 2012).

Clotrimazole (CLT) antifungal activity testing is not standardized, so the protocol of
Pelletier and collaborators (Pelletier et al, 2000) based on the CLSI's M27-A3
document with modifications was followed. The stock solution of CLT 10000 pg/ml
of dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) was diluted to 1600 pug/ml with
sterile distilled water. Then, serial dilutions of CLT (16 to 0.03 pg/ml) were
prepared in sterile distilled water. The growth control contained the highest DMSO
concentration (16%) possible to discard fungal growth inhibition by this compound.
The cut-off value 0.5 pg/ml was used to determine if clinical isolates are susceptible
or resistant. The plates were sealed with parafilm and stored at -80°C for a

maximum of 6 months covered with aluminium foil until used.

3.4.2. Sensititre YeastOne® Y010 method

Other antifungal drugs (posaconazole (POS), itraconazole (ITC), voriconazole (VRC),
flucytosine (5FC), anidulafungin (AFG), caspofungin (CFG), micafungin (MFG) and
amphotericin B (AmB)), along with FLC, were assayed with the commercial method
Sensititre YeastOne® Y010 (Trek Diagnostic Systems, United Kingdom). Candida
parapsilosis ATCC 22019 and C. krusei ATCC 6258 were used as reference strains.
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This is a colorimetric dilution method that contains a growth indicator based on the
oxidation of the Alamar blue dye, which facilitates endpoint reading by a colour
change. Each plate includes serial dilutions of nine dehydrated antifungals: AFG
(0.015-8 pg/ml), MFG (0.008-8 pg/ml), CFG (0.008-8 pg/ml), S5FC (0.06-64 pg/ml),
POS (0.008-8 pg/ml), VRC (0.008-8 pg/ml), ITC (0.015-16 pg/ml), FLC (0.12-256
pug/ml) and AmB (0.12-8 pg/ml). The assay was carried out following

manufacturer’s instructions.

3.5. Characterization of ERG11, TAC1, UPC2, MRR1 and MRRZ genes

in Candida albicans strains

3.5.1. Primer design

The primers used for amplification of target regions of ERG11, TAC1 and UPCZ genes
were described by Arrieta Aguirre (Arrieta Aguirre, 2018), and for the MRR2 gene
by Wang and collaborators (Wang et al., 2015). For MRR1 we performed a search in
NCBI’'s Nucleotide database of the MRR1 gene in C. albicans. An alignment was done
with sequences comprising the complete coding sequence (CDS) with Clustal Omega
at EMBL-EBI (McWilliam et al., 2013). Based on the alignment, three pairs of primers
were designed to amplify three regions of the MRR1 gene rich in gain-of-function
(GOF) mutations that were previously published (Dunkel et al., 2008; Eddouzi et al.,
2013; Lohberger et al., 2014; Morschhauser et al., 2007). Primers were designed at
conserved regions to avoid polymorphisms and to assure correct annealing to their
DNA target. Criteria described by Sambrook and Russel (Sambrook & Russell, 2001)
was followed: primers must be 18-25 nucleotide long, guanine and cytosine
proportion must not exceed 60%, three or more guanines or cytosines in the 5 last
nucleotides of the 3’ end must be avoided, and preferably they should have a melting

temperature (Tm) between 52 and 58°C.

The quality of the selected primers was evaluated with the Oligo Analyzer 3.1
program of IDT (Integrated DNA Technologies)

(https://eu.idtdna.com/pages/tools/oligoanalyzer). The design was made to avoid

hairpin, self-dimer and hetero-dimer formation.

Primers used for amplification and sequencing of C. albicans resistance-associated

genes target regions are listed in Table 3.3.
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3.5.2. DNA purification

— PBS (Phosphate buffered saline)

e NaH2PO4 (Panreac, Spain) 0.386 g
e Na2zHPO4 (Panreac, Spain) 1.02g
¢ NaCl (Panreac, Spain) 85¢g

e Distilled water 11

Adjust pH to 7.2 and sterilize by autoclave at 121°C for 15 minutes.

— Lysis buffer

e Tris-HCI pH8 (Sigma-Aldrich, USA) 50 mM

e Na-EDTA (Sigma-Aldrich, USA) 20 mM
e NaCl (Panreac Quimica, Spain) 75 mM
e Lyticase (Sigma-Aldrich, USA) 50U/ml

DNA was extracted using the DNeasy® Plant Mini Kit (Qiagen, Germany) following
manufacturer’s instructions with modifications. Briefly, 4-5 colonies grown in
Sabouraud agar over-night (ON) at 37°C were resuspended in 400 pl of sterile PBS,
90 mg of sterile glass beads (Sigma-Aldrich, USA) were added and vortexed for 5
minutes. The supernatant was transferred to another tube, and 300 pl of lysis buffer
were added. The mixture was incubated at 30°C for 20 minutes. Then, 4 ul of RNase
(100 mg/ml) (Qiagen, Germany) was added and incubated at 37°C for 20 minutes.
Then 100 pl of SDS 10% (Bio-rad, USA) and 40 pl of Proteinase K (20 mg/ml) (Roche,
Switzerland) were added and incubated at 55°C for 20 minutes. Finally, the kit
protocol was followed from the fourth step. DNA concentration and purity were
determined by measuring absorbance at 230, 260 and 280 nm with NanoDrop 1000
(ThermoFisher Scientific, USA). Values between 1.6 and 2 of A260/280 and
A260/230 ratios indicate a high purity level. DNA samples were stored at -20°C until

use.
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Table 3.3. Primers for amplification and sequencing of C. albicans resistance-associated genes target
regions.

Target region Annealing
getreg Sequence (5’-3’) temperature Reference
and Primer o
(°Q)
TAC1 673-1383
Zinc2-1123 GATGCCAACGAATTATTGA Coste et al.,, 2009
63 . .
Tac1-Rv3-461 TGGTAGTGACATCGTTGGTATTG Ametzao‘?gu‘rre'
TAC1 2017-2940
Tac1-Fw3-673 ACCTCAGTTCAAGCAAGTACTG o Arrieta Aguirre,
Tac1-Rv2-980 CCTTTGATAGGAAAAAATATATGAAAC 2018
ERG11 83-746
Ergl1-F2 GGGTTCCATTTGTTTACAACTTAGT - Arrieta Aguirre,
Ergl1-R1 GCAGCATCACGTCTCCAATAA 2018
ERG11 639-1554
Ergl1-F3 TGACCGTTCATTTGCTCAACTA - Arrieta Aguirre,
Ergl1-R4 GATTTCTGCTGGTTCAGTAGGT 2018
UPC2 1804-2094
Upc2-Fw GGCCATGCGGATAATGAGA . Arrieta Aguirre,
Upc2-Rv ATTACTGGTAAGGACGCTTGG 2018
MRR1908-1174
Mrr1-F-335 GAGACTTTAGAAGAGTGAATCA
58 This study
Mrr1-R-381 TGTCATAGGGAACAACATCAT
MRR1 1151-2114
Mrr1-F-381 TCAATGATGTTGTTCCCTATGA
58 This study
Mrr1-R-683 CGTCTCGATACGCTAAGAA
MRR1 2266-3200
Mrr1-F-803 AAATCATTCTTGGTGTCAGTAT
58 This study
Mrr1-R-1037 AAAGGTGTATTGCCATAGTAA

54



Material and methods

Table 3.3. Continued.

Target region Annealing
getreg Sequence (5’-3°) temperature Reference
and Primer o
(°0)
MRR2
Mrr2-1F GCAGAAGCGAGGGAACTTGAAA
Mrr2-1R AGCACGGAGTGTGTCGTAGGAA
Mrr2-2F TGATCCCCATCATAGACGAAAC
58 Wang etal,, 2015
Mrr2-2R TAGGTCCCTTGAATAAGTAGAGCG
Mrr2-3F AGTAGAAACCAAACTCCAAGCC
Mrr2-3R CGAAACTTCTGCCATCCTCAAT

3.5.3. Amplification protocol

The amplification was carried out in a GeneAmp® PCR System 9700 (Applied
Biosystems, USA). The PCR mixture contained each primer pair described in Table

3.3 in a final reaction volume of 25 pl (Table 3.4).

Table 3.4. PCR reaction mixture for amplification of resistance-associated genes.

Reagents Volume (pul)

Phusion High-Fidelity PCR Master Mix with

GC Buffer (2X) (ThermoFisher Scientific, USA) 125
Forward primer (25 uM) 0.5
Reverse primer (25 uM) 0.5
DNA (5 ng/ul) 2

H20 up to 25 pl

The PCR thermal cycling conditions were constant for all gene fragments except the
annealing temperature, which varied depending on the gene fragment being

amplified (Table 3.3), and consisted of:

Initial denaturation 98°C-30s

Denaturating stage 98°C-5s

Annealing stage Table 3.3-30s [ 30cycles
Elongation stage* 72°C-30s

Final elongation 72°C - 5 min

*TAC1 2017-2940 fragment’s elongation step was set for 15 s at 72°C.

55



Material and methods

Sequences were obtained at the Sequencing and Genotyping Service SGlker of the
University of the Basque Country UPV/EHU. The sequences were analysed with
Chromas 2.5.1 software (Technelysium) to identify heterozygous mutations, and
BioEdit Sequence Alignment Editor 7.2.5 to align them with the reference sequences
DQ393587 for TAC1, EU583451 for UPCZ, X13296 for ERG11, XM_711520 for MRR1
and XM_705846 for MRR2, downloaded from the NCBI's Nucleotide database.

3.6. Gene expression analysis by quantitative reverse

transcription PCR (RT-qPCR)

The expression levels of CDR1, CDR2 and MDR1 genes were measured by RT-qPCR
in all resistant isolates and SC5314, BE-047, BE-090 and 15-161 susceptible strains.
Primers for each gene were selected and efficiency of each pair of primers was
determined. cDNA was synthesized by reverse transcription from RNA extracted
from C. albicans strains and amplified by RT-qPCR. Expression levels of target genes
were normalized with reference to that of reference genes (actin, ACT1, and plasma
membrane H*-ATPase genes, PMA1) (Morio et al, 2012). Primers for cDNA

amplification were obtained from the literature and are listed in Table 3.5.

Table 3.5. Primers for gene expression analysis by RT-qPCR.

Concentration

Primer Sequence (5’-3’) (UM)* Reference
CDR1-Fw ATTCTAAGATGTCGTCGCAAGATG 0.5

CDR1-Rv AGTTCTGGCTAAATTCTGAATGTTTTC 0.5

CDR2-Fw TAGTCCATTCAACGGCAACATT 0.3 (0.5)

CDR2-Rv CACCCAGTATTTGGCATTGAAA 0.1 (0.3) Flowers et
MDR1-Fw ACATAAATACTTTGCCCATCCAGAA 0.5 al, 20z
MDR1-Rv AAGAGTTGGTTTGTAATCGGCTAAA 0.3 (0.5)

ACT1-Fw ACGGTGAAGAAGTTGCTGCTTTAGTT 0.5 (0.3)

ACT1-Rv CGTCGTCACCGGCAAAA 0.3 (0.1)

PMA1-Fw TTGAAGATGACCACCCAATCC 0.5 (0.3) Morio et al,,
PMA1-Rv GAAACCTCTGGAAGCARATTCG 0.3 (0.1, 0.5) 2012

*For the expression analysis of the CRISPR-Cas9 transformants and the in vitro evolution
experiment populations, the primer concentrations were adjusted as specified in brackets.
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3.6.1. RNA purification

3.6.1.1. Sample preparation

Yeasts were first incubated in Sabouraud agar at 37°C for 24h, and a single colony
was used to inoculate 3 ml of Sabouraud broth that was incubated at 30°C and
200 rpm ON. Optical density at a wavelength of 600 nm (ODsoo) of ON cultures was
measured and 10 ml of fresh Sabouraud broth were inoculated with 10 cells/ml.
The latter cultures were incubated at 30°C and 120 rpm for approximately 6 hours
to reach the exponential phase (ODeoo = 2-3), and 1.5 ml of mid-log cultures were

harvested by centrifugation at 16800 g for 2 min.

3.6.1.2. RNA extraction

Total RNA was extracted from mid-log cells using the MasterPure™ Yeast RNA
Purification Kit (Epicentre Biotechnologies, USA) following manufacturer’s
instructions with modifications; proteinase K treatment was carried out at 50°C for
20 minutes and DNase treatment was prolonged up to 30 minutes. RNA was
quantified with NanoDrop 1000 (ThermoFisher Scientific, USA). The quality and
integrity of RNA was determined with Bioanalyzer at the Gene Expression Service
SGlker of the University of the Basque Country UPV/EHU. RNA was stored at -80°C

until use.

3.6.2. cDNA synthesis

cDNA was synthesized by reverse transcription from RNA extracted from C. albicans
strains with PrimeScript™ RT reagent Kit (Perfect Real Time) (Takara) following
manufacturer’s instructions. In addition, negative controls of the reverse-
transcription were performed, which consisted of a pool of RNA samples and all the
kit reagents except for the reverse transcriptase. In total four RNA pools were
prepared mixing equal volumes of each sample, one corresponded to the susceptible
strains RNA while the other three were made up of the resistant strains RNA. cDNA

was stored at -80°C until use.

3.6.3. Efficiency determination

The cDNA of the genes whose primers are specified in Table 3.5 was amplified from

RNA of the SC5314 C. albicans strain, and for efficiency determination, a standard
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curve was performed with six 1/5 serial dilutions (from 40 ng/ul to 0.0128 ng/ul).
Primer concentration was adjusted until all efficiencies were between 0.8 and 1.1
and no primer dimers were formed. Efficiency is calculated with the following
equation: E = [10¢-Y/™)] — 1; where m stands for the slope of the linear regression
of representing the quantification cycle (Cq) versus the logarithm of cDNA

concentration (Bustin et al., 2009).

3.6.4. Reference genes stability analysis

Stability of the two reference genes used for normalization was calculated with
geNorm (Vandesompele et al,, 2002).

3.6.5. Amplification by RT-qPCR

RT-gPCR was performed in an ABI 7300 Real-Time PCR System (Applied
Biosystems) with the following conditions. The 20 pl PCR reaction mixture
composition is shown in Table 3.6 where primers volume varied in accordance with

the final concentration specified in Table 3.5.

Table 3.6. RT-qPCR reaction mixture for gene expression analysis.

Reagents Volume (pul)
SYBR® Premix ExTaq™ (Tli RNaseH Plus) 10

(Takara) (2X)

ROX (50X) 0.4

Forward primer (25 uM) *

Reverse primer (25 uM) *

cDNA (20 ng/pl) 2

H20 up to 20 ul

* Variable volume in accordance with the final concentration
specified in Table 3.5 for the different primer pairs.
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The PCR thermal cycling conditions were as follows:

Initial denaturation 95°C-30s

D t t t 950C - 5
enaturating stage S 40 cycles

Annealing and elongation stage  60°C-30s

95°C-15s

60°C - 1 min
Dissociation curve

95°C-15s

60°C-15s

Each resistant and susceptible strain was tested in triplicate and for each gene a non-
template control was included. Additionally, the SC5314 strain RNA sample was

used as an inter-plate calibrator (IPC) and was included in all PCR plates.

3.6.6. Data analysis

The fluorescence data obtained were analysed with the 7300 System SDS Software
Version 1.4.0.27 supplied by Applied Biosystems. The software automatically set the
base line for each sample, which indicates the absence of detectable amplification.
When fluorescence exceeds significantly the base line, the threshold was fixed
manually to 0.2. Then, Cq was automatically calculated, which corresponds to the
amplification cycle where the fluorescence overcomes the threshold in logarithmic

scale (Figure 3.2).

Delta Rn vs Cycle
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Figure 3.2. Graphic representation of the emitted fluorescence relative intensity versus the PCR
cycle number.

59



Material and methods

To calculate the fold-change (FC) in gene expression the following steps were

followed:
a. Quality control: technical replicates that deviated > 0.5 SD were eliminated.

b. Inter-plate calibration was calculated with the next equation: Cq,,p;m = Cq —
Cq + IPC, where Cq represents the Cq value of each replicate in each plate, Cq is the
average Cq of the three replicates in its corresponding plate and IPC is the average

Cq of all the IPCs.

c. Normalization: Cq of our target genes (tg) was normalized against the geometric
average of those of the reference genes (ref) as follows: ACq = Cq;y — C_qref. The

ACq of resistant isolates (r) was compared with the average ACq of the susceptible

ones (s) (AACq = ACq, — ACqq).

The FC was calculated with the 2-24Cqequation, as described by Livak and Schmittgen
(Livak & Schmittgen, 2001). Overexpression was arbitrarily considered significant

when the FC was greater than 2 (Torelli et al., 2008).

3.7. Single-base editing mediated by CRISPR-Cas9 system

The genome editing by CRISRP-Cas9 followed in this work is outlined in Figure 3.3.
First, specific gRNA sequences for each mutated gene were searched and cloned into
pV1524 plasmid, then the recombinant plasmids were transformed into E. coli
competent cells to obtain multiple copies of each plasmid (Figure 3.3 A). After
selection and verification of correct clones, the recombinant vector together with a
repair template (RTe) containing the desired mutation was introduced in C. albicans
SC5314 by electroporation (Figure 3.3 B). Finally, the integrated vector was
removed by Flp activity induction (Figure 3.3 D).
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Figure 3.3. Schematic CRISPR-Cas9 editing process in C. albicans. A, gRNA cloning into pV1524 plasmid after excision with Esp3I; B, C. albicans transformation
with linearized recombinant pV1524 excised with Kpnl and Sacl and RTe; C, integration of CRISPR-Cas9 cassette into C. albicans chromosome 5 NEUT5L locus
and CRISPR-Cas9-mediated editing; D, induction of flippase activity and excision of CRISPR-Cas9 cassette.
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Material and methods

3.7.1. Experimental design

3.7.1.1. Guide-RNA design

CRISPR-Cas9 editing relies on the endonuclease activity of Cas9, which catalyses the
formation of double-stranded breaks (DSBs). Its activity is sequence-specific and is
guided by a 20 bp RNA molecule called gRNA that needs to be adjacent in its 3’ end
to a PAM (protospacer adjacent motif). The PAM sequence recognized by Cas9 is
composed of three bases, 5’-NGG-3’. Therefore, for our experiment, we first searched
for PAM sequences near to each of the desired mutations. In order to do so, the
complete CDS of TAC1, ERG11 and MRRZ genes of C. albicans SC5314 were
downloaded from NCBI's Nucleotide database and Cas9’s PAM motifs surrounding
the single nucleotide polymorphism (SNP) were searched both in the coding and
complementary sequences. Then, the following 20 bp towards the 5 end were
annotated, which would be the gRNA sequences. Each gRNA was evaluated for its
specificity with BLAST (Basic Alignment Search Tool,
https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the reference genome sequence of
C. albicans SC5314 and for hairpin formation with Oligo Analyzer 3.1 program.
Based on those two results and their distance to the mutation, a gRNA for each gene

was selected.

3.7.1.2. Repair template design

After Cas9 enzyme cuts the DNA double strand, C. albicans will repair the DSB
primarily by homologous recombination (HR) (Legrand et al., 2019). In order to
introduce small genome changes we can take advantage of this repair mechanism
and introduce into C. albicans competent cells a RTe, together with the Cas9-
containing vector, that carries the desired SNP and is homologous to both ends of
the DSB. Thus, we designed two RTes specific for each gRNA selected, since they
have to be centred over the cleaving site (3-4 bp 5 of the PAM sequence). One
contained the desired mutation (mutated RTe) while the other one had the wild type
(WT RTe) sequence as control. In addition to the desired mutation, we included in
the RTe sequence two silent mutations in the 7 nucleotides adjacent to the PAM, in
order to avoid post-modification cleavage of the genome and undesired cuts in the

RTe. All RTe’s were designed to be 100 bp long to allow HR.
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3.7.2. Guide-RNA preparation

— Annealing buffer
e TrispH 7.5 10 mM
e NaCl 50 mM
e EDTA 1 mM

The gRNA was prepared by annealing two oligonucleotides phosphorylated at their
5’-ends (Table 3.7) in the following conditions: both oligonucleotides were
resuspended in annealing buffer to a final concentration of 100 pM, 10 pl of each
were mixed and were incubated at 95°C for 5 minutes. Then, it was left to cool at

room temperature for 1 hour.

Table 3.7. Primer sequences for gRNA synthesis.

Primer gRNA Sequence (5’-3’)

Tacl1-758-g2F ATTTGTTTTTAAAAGTAGTAAACAAG
Tacl-758-g2

Tacl-758-g2R AAAACTTGTTTACTACTTTTARAAAA

Ergl1-477-g4F ATTTGCAATTTGCTTATGTTCAATTG
Ergl1-477-g4

Ergl1-477-g4R AAAACAATTGAACATAAGCAAATTGC

Mrr2-311-g1F ATTTGCCACTCGCTCACTGCCCTCCG
Mrr2-311-g1

Mrr2-311-g1R AAANCGGAGGGCAGTGAGCGAGTGGC

gRNA sequence is highlighted in blue. The rest of the primer sequence corresponds to plasmid
sequence.

3.7.3. Plasmid purification

Plasmid pV1524 was ordered from the Addgene repository in a bacterial stab, which
was subcultured upon reception in LB agar + NT at 37° for 24 h. From a single colony
two ON cultures were initiated in LB+ NT at 37°C and 200 rpm. One of these cultures
was used for storage at -80°C in 25% glycerol and the other one for plasmid

purification.

Plasmids were extracted with GeneJET Plasmid Miniprep Kit (ThermoFisher
Scientific) following manufacturer’s instructions with modifications. Briefly, the
pelleted cells were thoroughly resuspended with 250 pl of the Resuspension
Solution by vortexing and incubated for 15 min at 37°C. Then 250 pl of the Lysis
Solution were added, the tubes were inverted 5 times, and incubation was

prolonged up to 5 min. Subsequently, 350 pl of the Neutralization Solution were
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incorporated, the tubes were again inverted 5 times and incubated in ice for 5 min.
The mix was centrifuged at maximum revolutions and the supernatant was passed
through the column 6 times by centrifugation for 30 s at 5000 g. Washing was
performed two times with 500 pl of Wash Solution, followed by an additional
centrifugation for 1 min at 12000 g. After incubating for 1 min at room temperature
with pre-warmed Elution buffer at 60°C, plasmids were eluted by centrifugation for
2 min at 12000 g. The eluate was passed through the column a second time and

purified plasmids were quantified with NanoDrop 1000.

3.7.4. Restriction digestion of pV1524 for gRNA cloning

The plasmid pV1524 was digested with BsmBI (Esp3I) (ThermoFisher Scientific)
restriction enzyme. The digestion was carried out in 40 pl reaction volume (Table

3.8) and was incubated at 37°C for 2 hours.

Table 3.8. Restriction digestion with BsmBI mixture.

Reagent Volume (pl) Final concentration
Vector * 5 ug/40 pl

Tango Buffer (10X) 4

BsmBI (Esp3I) (10 U/pl) 2 0.5U/ul

DTT (20 mM) 2 1 mM

Milli-Q water up to 40 pl

* Variable volume depending on the concentration of the vector sample.

The digestion product was migrated in an agarose gel at 0.8% stained with Ethidium
Bromide 0.2 pg/ml for 1 hour at 100 V (Figure 3.4). Then, the desired band was
excised from the gel with a clean scalpel and was extracted with GeneClean III Kit
(MP Biomedicals) with the following modifications: the DNA was incubated with EZ-
GLASSMILK® for 5 min at 55°C and another 5 min at room temperature; the bound
DNA was washed 3 times with 600 pl of New Wash; and elution was performed in
two steps with TE buffer pre-warmed at 55°C and incubation for 2 min at room
temperature. The final centrifugation step was carried out at 14000 g for 1 min.
Plasmid restriction digests were quantified by gel electrophoresis and image
analysis with a Molecular Imager® ChemiDoc™ XRS System and Quantity One

Analysis Software 4.5.0 (BioRad, USA).
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— 14399 bp

Figure 3.4. Agarose gel of pV1524 digested with BsmBI.

3.7.5. Ligation

The gRNAs and the digested plasmids were ligated in a 3:1, 5:1 or 7:1 molar ratio in
a final volume of 20 pl (Table 3.9). The reaction was incubated at 16°C ON.

Table 3.9. Ligation reaction mixture.

Reagent Volume (ul)  Final concentration

Vector * 5ng/ul

0.624 ng (3:1), 1.040 ng (5:1), 1.456 ng (7:1) or
0.153 ng (3:4) / 20 pl

T4 DNA Ligase buffer (10x) 2 -

gRNA: *

T4 DNA ligase (5 U/ul) 0.2 1U0/20 ul
Milli-Q water up to 20 pl
agRNA input amount was calculated with NEBioCalculator®

(http://nebiocalculator.neb.com/#!/ligation), * Variable volume
3.7.6. Transformation of E. coli competent cells

The ligation product was transformed into E. coli Subcloning Efficiency™ DH5a™
Competent Cells (Invitrogen, USA) following manufacturer’s instructions.

Transformants were selected by cultivation in LB agar + NT at 37°C for 24-72h.

3.7.7. Screening of correct transformants

Ligation was confirmed by colony PCR (Table 3.10) and sequencing. Prior to PCR, a
colony was suspended in 20 pl of water and boiled for 20 minutes, and 2 pl of the

lysate were used for amplification. Positive transformants were grown in LB
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broth + NT for plasmid purification and subsequent sequencing. The primers used

for PCR and sequencing are shown in Table 3.11.

Table 3.10. Colony PCR reaction mixture.

Reagents

Volume (pul)

BioMix™ 2X (Meridian
Bioscience™)

Forward primer (25 pM)

Reverse primer (25 uM)

Colony lysate

Water

10

0.4
0.4
2

up to 20 pl

Table 3.11. Primer sequences for gRNA transformants screening and sequencing.

Primer gRNA Sequence (5’-3")
PCR COLONY
Tac1-758-g2-5’ CGAGACTTGCGTAAACTATTTTTAATTTGTTT
Tac1-758-g2

Tac1-758-g2-3’
Ergl11-477-g4-5’
Ergl11-477-g4-3’
Mrr2-311-g1-5’
Mrr2-311-g1-3’
SEQUENCING
gRNAseq-Fw

gRNAseq-Rv

Ergl1-477-g4

Mrr2-311-g1

All

CTTGCTATTTCTAGCTCTAAAACTTGTTT

GCGTAAACTATTTTTAATTTGCAATTTG

TTCTAGCTCTAAAACAATTGAAC

GCGTAAACTATTTTTAATTTGCCACTC

TGCTATTTCTAGCTCTAAAACGGAG

GAAGCATCTAATCAACTCCCAGATCA

AACTGAATTGTGCTTGAATACCA

gRNA sequences are highlighted in blue

The thermocycling steps were:

[nitial denaturation
Denaturating stage
Annealing stage
Elongation stage

Final elongation

94°C - 5 min
94°C-30s
61°C-30s
72°C-5s
72°C - 3 min

25 cycles
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3.7.8. Repair template synthesis

The RTe were synthesized by primer extension of two overlapping primers (Table

3.12) in 50 pl reaction volume (Table 3.13).

Table 3.12. Primer sequences for RTe synthesis.

Primer RTe Sequence (5°-3’)
TacL.758-RTe2 F TTGAATCTATTGATTGAAACTTTTTTAAGTTTTTTTA
acl-foeRiestw AAAGTAGTAAGCAGEEEAATAGT
Tacl-758-RTe2
Tacl.758.RTe2 R ATATTGTACTATTTTGTTGTTTGTCTTGACTGTCATT
ac esnv AGAACTATTEEACTGCTTACTAC
TacLWT-RTe2 F TTGAATCTATTGATTGAAACTTCTTTAAGTTTTTTTA
acl-Wi-Riestw AAAGTAGTAAGCAGEGEAATAGT
Tacl-WT-RTe2
TacLWT-RTe2 Ry ATATTGTACTATTTTGTTGTTTGTCTTGACTGTCATT
ac € AGAACTATTEEACTGCTTACTAC
TTTGGTGGTGGTAGACATAGATGTATTGGGGAACAAT
Ergl1-477-RTed Fw TTGCTTGTGTCCAGTTRBBAACC

Ergl1-477-RTed
CAATAGTCCATCTTAAATTATAAACAAAAGTAGTTAA

AATGGTTECEAACTGGACACAAG
TTTGGTGGTGGTAGACATAGATGTATTGGGGAACAAT

Ergl11-477-RTed Rc

Ergl1-WT-RTed Fw TTGCTTATGTCCAGTTREBAACC
Ergll-WT-RTe4
Erel1.WT-RTed Ry CAATAGTCCATCTTAAATTATAAACAAAAGTAGTTAA
re AATGGTTEEHAACTGGACATAAG
AACCATCATGAAAGAGTTTGACATTACCAAAACCCAC
Mrr2-311-RTel Fw TCGCTCACTGCTCTTCRBBTAGA
Mrr2-311-RTel
Mre2-311-RTed Ry CAGTTCTGGTGCCACGATTTTATAGAACCTAAGCATG
" € ATTTCTABBHGAAGAGCAGTGAG
Mre2-WT-RTel E AACCATCATGAAAGAGTTTGACATTACCARAACCCAC
rre-i-Rlelrw TCGCTCACTGCTCTTCEBECAGA
Mrr2-WT-RTel CAGTTCTGGTGCCACGATTTTATAGAACCTAAGCATG
Mrr2-WT-RTel Rv ATTTCTGEEEGAAGAGCAGTGAG

Bold red, base change to trigger single base editing; yellow, coding triplet for the amino acid
change; bold pink, silent mutations; green, PAM. The overlapping sequence between the two
primers is underlined.

Table 3.13. RTe synthesis reaction mixture.

Reagents Volume (pul)
Phusion High-Fidelity PCR Master Mix with GC Buffer 25

(2X) (ThermoFisher Scientific, USA)

Forward primer (25 uM) 2

Reverse primer (25 uM) 2

Water up to 50 ul
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The PCR cycling conditions were:

Initial denaturation 98°C-30s

Denaturating stage 98°C-5s

Annealing stage 71°C-15s 30 cycles
Elongation stage 72°C-15s

Final elongation 72°C -5 min

PCR products were purified with QIAquick® PCR Purification Kit (Qiagen, Germany)

following manufacturer’s instructions.

3.7.9. Restriction digestion of recombinant pV1524 for C. albicans

transformation

Before transformation of C. albicans with recombinant pV1524 plasmids containing
the gRNAs, the vectors had to be linearized to facilitate integration in the host
genome. They were double digested with Kpnl and Sacl restriction enzymes in 40 pl
of reaction volume (Table 3.14), and the digestion mixture was incubated at 37°C

for 2 h.

Table 3.14. Double restriction with Kpnl and Sacl reaction mixture.

Reagents Volume (pl) Final concentration
Vector (200 ng/ul) 25 5 ug/40 pl

Tango Buffer (10X) 4 1X

Kpnl (10 U/pl) 2 0.5U0/ul

Sacl (10 U/ul) 2 0.5U0/ul

Milli-Q water up to 40 pl

The restriction sites for Kpnl and Sacl in plasmid pV1524 are located next to the
NEUTS5L locus sequences, leaving two fragments, one of 11552 bp that contains all
the elements necessary for integration, genome editing and vector removal; and

another one of 2871 bp with the elements used for cloning in E. coli.

Digested plasmids were dialysed against Milli-Q water for 1 h with Nitrocellulose

membranes MF™ 0.025um VSWP (Millipore, USA).
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3.7.10. Transformation of C. albicans by electroporation

— Transformation Mix (for 10 ml):

¢ 10X TE Buffer pH 7.5 1ml
e 1M Lithium Acetate pH 7.5 1 ml
e Milli-Q water 8 ml

A hybrid lithium acetate/electroporation protocol was used for transformation of
C. albicans. First, an ON culture was established at 30°C and 200 rpm in YEPD broth.
Next day 50 ml of YEPD broth were inoculated with 100 pl of the ON culture and was
incubated at 30°C and 200 rpm until an ODeoo of 1.6-2.2 was reached. The culture
was then centrifuged for 5 min at 3000 g at 4°C. The supernatant was discarded, and
the pellet was resuspended in 10 ml of cold Transformation Mix followed by
incubation for 1 hour at 30°C and 150 rpm. Then, 250 pl of 1 M DTT freshly prepared
was added and incubation was prolonged for 30 minutes. Here after, 40 ml of cold
sterile Milli-Q water was added and after mixing, the mixture was centrifuged at 4°C
and 3000 g for 5 min. From this point onwards the tubes were kept on ice. The
supernatant was discarded, and the pellet was resuspended in 25 ml of cold sterile
Milli-Q water by gently mixing. The centrifugation step was repeated, and the
supernatant was discarded. The pellet was resuspended in 1 ml of sterile cold 1 M
sorbitol and centrifuged again. After discarding the supernatant, the cells were

resuspended in the remaining volume to obtain a dense suspension.

In a pre-cooled 0.2 cm electroporation cuvette 40 pl of cell suspension were mixed
with 5 pg of the gRNA containing plasmid linearized with Knpl and Sacl and dialysed,
and 6 pg of purified RTe. Electroporation was carried out in a Gene Pulser® II
Electroporation System (BioRad, USA) at a voltage of 1.8 kV, a capacitance of 25 pF
and a resistance of 200 Q. After electroporation, 1 ml of cold YEPD broth was added
and the electroporated cells were transferred to a 2 ml Eppendorf tube. The volume
was divided into two tubes (transformation 1 and 2) and cells were incubated for 4
hours at 30°C and 250 rpm, then they were centrifuged 5 min at 3000 g, and 800 pl
of the supernatant were removed to concentrate the cell suspension. We plated 100

ul of each tube in YEPD+NT agar plates and were incubated at 37°C for 5 days.
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3.7.11. Screening of transformants

Every colony of the transformation plates were transferred to YEPD+NT agar plates
and were incubated at 37°C for 24-48h. If evident growth was achieved each
transformant was analysed for vector integration at the NEUT5L locus by colony
PCR as described in Section 3.7.7, with the exception that C. albicans lysates were
obtained in NaOH 20 mM. Three pair of primers were designed to check the correct
integration of plasmid pV1524 at NEUT5L (Figure 3.5 and Table 3.15). It has to be
noted that if pV1524 were integrated homozygously into the genome, then the
NEUTS5L locus could not be amplified due to the long size of the resulting amplicon
(around 11 kb).

Additionally, in order to detect if the transformants had acquired the desired
mutation, or not in the case of the controls, allele-specific primers were designed for
each mutation (Table 3.15). These primers were paired with those used for

sequencing the corresponding gene fragment (Table 3.3).

Neut5LUp-Fw ENO1Up-Rv Neut5L3'Up-Fw Neut5LDown-Ry
— o — —
4 s (1 S e o
) . r
NEUTSL-5 ENO1p MAL2p NAT1 TEFp ‘ NEUTSL-3
— {—
NeutSL-Fw BRNA Neut5L-Rv

Figure 3.5. Schematic view of the location of primers used for integration screening. Neut5LUp-Fw
and Neut5LDown-Rv are located upstream and downstream, respectively, from the NEUT5L locus in
Chr5, and they are paired with ENO1Up-Rv and Neut5L3’Up-Fw that are located inside the plasmid
sequence. These two primer pairs will only give a PCR product when the plasmid is integrated into
chromosome 5 of C. albicans SC5315. The other two primers, Neut5L-Fw and Neut5L-Rv, are directed
to the 5’ and 3’ ends of the NEUT5L locus and will generate a PCR product when the plasmid is absent.
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Table 3.15. Primers for screening of transformants.

. Amplification ) oy
Primer target/Size (bp) Sequence (5’-3")
INTEGRATION
NeutSLUp-FW TTGTCTAATATACAGGATCTG

Locus 5’ end/826
ENOlUp-RV GTCTATAGTGAAGATGATCA
Neut5L3'Up-FW TATCGAGTGTTTAAGGATAATG
Locus 3’ end/979
Neut5LDown-Rv ATCTATATTGTCAAGCCAAGAC
Neut5L-Fw Whole 10CUS/953(OI‘ ATGAAGAATGCTGAATCAC
Neut5L-Rv 11779)* CTTTAGCTTCTTCTACCGTATG
MUTATION
Tacl-S758Fesp-Fw Mutated allele CCAATTTGAATCTATTGATTGAAACTTT
Tac1-S758WTesp-Fw WT allele CCAATTTGAATCTATTGATTGAAACTTC
Tac1-980-Rv2 Table 3.3
Erg11-Y477Cesp-Fw Mutated allele TGGGGAACAATTTGCTTG
Ergl11-Y477WTesp-Fw WT allele GTATTGGGGAACAATTTGCTTA
Ergl1-R4 Table 3.3
Mrr2-A311V-Fw CAGATCGACGGACATTAC
Mrr2-A311Vesp-Rv Mutated allele GAACCTAAGCATGATTTCTA
Mrr2-A311WTesp-Rv WT allele GAACCTAAGCATGATTTCTG

The base specific for the introduced mutation is highlighted in red. *When the pV1524 is integrated
into the NEUT5L locus the amplification product from the primer pair Neut5L-Fw and Neut5L-Rv
would be around 11 kb so it would not be amplified by the Taq polymerase.

The cycling conditions for integration screening were:

Initial denaturation 95°C - 5 min

Denaturating stage 95°C-30s

Annealing stage 49°C - 1 min 30 cycles
Elongation stage 72°C -1 min

Final elongation 72°C - 5 min
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For amplification of the whole NEUT5L locus:

Initial denaturation
Denaturating stage
Annealing stage
Elongation stage

Final elongation

95°C - 5 min

95°C-30s

53°C-30s 30 cycles
72°C-30s

72°C -5 min

For detection of WT allele in Tac1 transformants:

Initial denaturation
Denaturating stage
Annealing stage
Elongation stage

Final elongation

94°C - 5 min

94°C-30s

64°C-30s 30 cycles
72°C-15s

72°C -5 min

For detection of WT allele in Ergl1 transformants:

Initial denaturation
Denaturating stage
Annealing stage
Elongation stage

Final elongation

For detection of mutated allele in Mrr2 transformants:

Initial denaturation
Denaturating stage
Annealing stage
Elongation stage

Final elongation

95°C - 5 min

95°C-30s

66°C-30s 25 cycles
72°C-15s

72°C -5 min

94°C - 5 min

94°C-30s

65°C-30s 30 cycles
72°C-15s

72°C -5 min

Material and methods

Only integrative mutants were sequenced to confirm the mutation. The PCR

conditions for sequencing were the same used in Section 3.5.3, but cell lysates were

used instead of purified DNA as template. In this case, only the mutation-containing
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region was amplified. Therefore, for amplification of TAC1, ERG11 and MRRZ the

following pairs of primers were used, respectively:
- TAC1: Tac1-673-Fw3 and Tac1-980-Rv2

-ERG11: Ergl1-F3 and Ergl1-R4

- MRR2: Mrr2-2F and Mrr2-2R

The amplicon sequences were obtained from the Sequencing and Genotyping

Service SGlker of the University of the Basque Country UPV/EHU.

3.7.12. Flip-out (FO)

To eliminate the CRISPR-Cas9 genes and the resistance marker, the Flp recombinase
was induced. Induction conditions had to be adjusted for each mutant. Two types of
media were used, YEP and YNB, supplemented either with 2% or 4% maltose. In
addition, different times of incubation were sustained; usually cultures were
maintained for 48 h at 30°C and 200 rpm in any of those media. When this strategy
failed, ON cultures were set up in YEPD at 30°C and 200 rpm, and 50 pl of the ON
cultures were transferred to 25 ml of YEPD and were incubated at 30°C and 200 rpm
until they reached an 0Desoo = 1.6-2. Then, 500 pl of the latter culture were
transferred to 25 ml YEP with 2% maltose and incubated at 37°C and 200 rpm for
4 h.

After the induction phase, we plated 300 cells onto YEPD, YEPD+10NT and
YEPD+NT agar plates that were incubated at 37°C between 24 and 48 hours. Only
the small colonies grown in YEPD+10NT were analysed for FO (Figure 3.6). The
selected colonies were streaked in YEPD and YEPD+NT agar plates and incubated at
37°C for 24 hours. The colonies that only grew in YEPD agar (Figure 3.7) were
confirmed by colony PCR, as was done to verify integration of the plasmid into

Candida’s genome, and sequencing (see Section 3.7.11).
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Figure 3.6. Colonies grown on YEPD+10NT agar plates after flip-out induction. Red circles mark
small colonies that would be further analysed.

YEPD+NT

Figure 3.7. Small colonies obtained from YEPD+10NT agar plates (Fig. 3.6) streaked onto YEPD (left)
and YEPD+NT (right) agar plates.
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3.7.13. Phenotypic characterization of mutants

Two mutants from independent transformations were selected and their
susceptibility phenotype was assessed by CLSI method and Spot Assay. Mutants of
transcription factors Tacl and Mrr2 were also assayed for CDR1 and CDRZ gene

expression by RT-qPCR.

3.7.13.1. CLSI

Susceptibility to FLC was assessed by the CLSI method as explained in Section 3.4.1.
Plates were incubated at 37°C or 25°C for 48h or up to 72h when little growth was

seen after 24h of incubation.

3.7.13.2. Spot Assay

For Spot Assay, ON cultures in YNB at 30°C and 200 rpm were adjusted to ODeoo= 1
and then five 5-fold serial dilutions were prepared. Five microliters of each dilution
were spotted onto duplicate YNB and YNB+FLC agar plates. Plates were incubated
at 25°C for 72h or at 37°C for 48 h.

3.7.13.3. Gene expression

Expression of the CDRI and CDRZ genes for the Tacl and Mrr2 mutants was
measured by RT-qPCR as explained in section 3.6. In this case, in addition to ACT1
and PMA]1, five additional genes proposed by Nailis and collaborators (Nailis et al.,
2006), namely RPPBZ (cytosolic ribosomal acidic protein P2B), LSC2 (succinyl-CoA
synthetase B-subunit fragment), CPA1 (carbamoyl-phosphate synthetase small
subunit), IMH3 (inosine-5'-monophosphate dehydrogenase fragment) and RIP
(ubiquinol cytochrome-c reductase complex component) were evaluated as

possible reference genes.
The primers for cDNA amplification of the new reference genes are in Table 3.16.

RNA extraction and cDNA synthesis were performed in triplicate for each sample,

and they were carried out as explained in Sections 3.6.1 and 3.6.2.

The efficiency of RT-qPCR was estimated for each gene with a standard curve of one
fifth serial dilutions of SC5314 cDNA (from 50 ng/pl to 0.016 ng/pl). Primer

concentration was adjusted to obtain an efficiency between 0.8 and 1.1 and to avoid
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the formation of primer dimers. The efficiency values were calculated as explained

in Section 3.6.3.

Stability of the reference genes was assessed with the web-based RefFinder tool
(https://www.heartcure.com.au/reffinder/), which allows analysing stability by
geNorm (Vandesompele et al, 2002), NormFinder (Andersen et al, 2004) and
BestKeeper (Pfaffl et al., 2004) calculations.

The RT-qPCR was carried out as explained in Section 3.6.5, using the primers as

stated in Tables 3.5 and 3.16.
Each sample was tested in triplicate and non-template controls were included.

Data analysis was done as detailed in Section 3.6.6. In this case, an unpaired two-
tailed t-test with Welch’s correction was used to determine if differences in
expression between mutants and control or parental strains were statistically

significant (p < 0.05).

Table 3.16. Primers for gene expression analysis by RT-qPCR.

Primer Sequence (5’-3’) Concentr?tlon Reference
(uM)

RPP2B-Fw TGCTTACTTATTGTTAGTTCAAGGTGGTA 0.1 (0.3)

RPP2B -Rv CAACACCAACGGATTCCAATAAA 0.1

LSC2-Fw CGTCAACATCTTTGGTGGTATTGT 0.3 (0.5)

LSC2-Rv TTGGTGGCAGCAATTAAACCT 0.1 (0.3)

CPA1-Fw TCTGGTGTTGCTGCCATAACTG 0.5 Nailis et al.,

CPA1-Rv AATTCTCCCCAATGATGAACCTT 0.3 (0.5) A0

IMH3-Fw TATTCATATGGCATTATTGGGTGGTA 0.3 (0.5)

IMH3-Rv AACCATTTCTGCTTGTTCTTCAGA 0.1 (0.5)

RIP-Fw TGTCACGGTTCCCATTATGATATTT 0.3 (0.5)

RIP-Rv TGGAATTTCCAAGITCAATGGA 0.1 (0.5)

“The primer concentrations in brackets refer to the ones used in the gene expression analysis of
the in vitro evolution experiment.
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3.8. In vitro evolution of azole resistance

Candida albicans reference strain SC5314 and the clinical isolate BE-47, both
susceptible to azoles (FLC MIC 0.25 pg/ml), were subjected to an in vitro evolution
experiment with FLC to check for acquisition of resistance and development of GOF
mutations. The yeasts were freshened up in Sabouraud agar at 37°C ON. Then, two
flasks with 10 ml of RPMI 1640 medium, one of them supplemented with FLC 0.25
ug/ml, were inoculated each with one yeast colony and incubated at 37°C and 140
rpm for 24 hours. ODeoo was measured and 10° cells were transferred into 10 ml of
their corresponding fresh medium, with FLC 0.25 pg/ml (experimental populations)
or without it (control populations), every day for three consecutive days (samples
t1, t2 and t3). From that point on, experimental populations were transferred daily
to fresh medium with FLC, whose concentration was doubled once they reached an
ODsoo 2 1, up to FLC 64 pg/ml on day 15 (samples t4, t5...t15), and they were
maintained in this medium with FLC 64 pg/ml until day 23 (samples t16-t23), with
daily changes. Following the exposition to FLC, both SC5314 and BE-47
experimental populations were subcultured in RPMI medium without FLC for an
additional 32-day period (until day 55; samples t24-t55) in order to evaluate if the
acquired resistance was due to transient or permanent mechanisms. Parallel control
samples were transferred daily into RPMI medium and incubated in the same

conditions (Figure 3.8).

/ /“
L / BE-47 RPMI ===p Control

Time (d) t0 4 t15 t23 155

! { { !

SC5314 { RPMI + Fluconazole (0.25-64 pg/ml) mmmp Experimental

Medium \Xgl (AU VLV, VAV, U VL V.V, V.V, V. V.V U, V. V.V, \U 4

changes x32

Figure 3.8. Schematic representation of the evolution experiment process.

Throughout the experiment, aliquots of every inoculum of experimental and control

populations were mixed with an equal volume of glycerol 50% and stored at -80°C.

78



Material and methods

A summary of the experimental populations’ samples and their corresponding FLC

concentration is shown in Table 3.17.

Table 3.17. Summary of experimental populations’ samples and their corresponding FLC
concentration.

Experimental

., t0 t1t3 t4 t5 t6 t7 819 t11 t13  t15-t23  t24-t55
populations’ samples

FLC concentration

0 025 05 1 2 4 8 16 32 64 0
(ng/ml)

3.8.1. Susceptibility testing of the experimental and control populations

The susceptibility against azole drugs of the SC5314 and BE-47 derived populations
was assayed as described in Section 3.4 with modifications. Since we were working
with the whole population, the inoculum was prepared from ON cultures at 37°C
and 200 rpm in RPMI medium and adjusted to the cell density recommended by the

CLSI and Sensititre YeastOne® methods.

3.8.2. Sequencing of TAC1, ERG11, UPC2, MRR1 and MRRZ2 genes

DNA was extracted from selected experimental and control populations of SC5314
and BE-47 strains (Section 3.5.2), and sequencing of the target regions of the TACI,
ERG11, UPC2, MRR1 and MRRZ genes (Section 3.5.3) was performed. The selected
populations were SC5314_t0, t4, t7, t15, t23, t26 and t55 and BE-47_t0, t7 and t23.

3.8.3. RNA extraction and RT-qPCR

The expression level of CDR1, CDRZ2, MDR1 and ERGI11 genes were measured in
SC5314 and BE-47 strains and their derived populations. The ACT1, PMA1, RPPB2,
LSC2, CPA1, IMH3 and RIP were evaluated as possible reference genes. The primers
for cDNA amplification of ERG11 are listed in Table 3.18.

Table 3.18. Primers for gene expression analysis by RT-qPCR.

. Concentration
Primer Sequence (5’-3’) Reference
(uM)
ERG11-Fw AACTACTTTTGTTTATAATTTAAGATGGACTATTGA 0.5 Morio et
ERG11-Rv AATGATTTCTGCTGGTTCAGTAGGT 0.5 al, 2012
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RNA extraction and cDNA synthesis were performed twice for each sample, and they

were carried out as explained in Sections 3.6.1 and 3.6.2.

The efficiency of RT-qPCR was estimated as explained in Section 3.7.13.3 and primer
concentrations were adjusted. The efficiency values were calculated as explained in

Section 3.6.3.
Stability of the reference genes was assessed as in Section 3.7.13.3.

The RT-qPCR was carried out as explained in Section 3.6.5, using the primers as

stated in Tables 3.5, 3.16 and 3.18.

Each sample was tested in triplicate and non-template controls were included.
Additionally, the SC5314_t0 population was used as IPC and was included in all PCR
plates.

Data analysis was done as detailed in Section 3.6.6 and 3.7.13.3. In this case,

expression between experimental and control populations was compared.

3.8.4. Zygosity of the MTL locus

Mating-type like (MTL) locus zygosity was determined in control and experimental
populations of both C. albicans strains, as well as in 10 random colonies from each

population, as described by Rustad and collaborators (Rustad et al., 2002).

3.8.5. Fitness determination

Fitness of the populations obtained at the different time points of the assay were
estimated from their doubling time (g). Briefly, frozen yeast stocks of each
population were grown ON in RPMI at 37°C and 30°C, and 200 rpm. ODsoo was
adjusted to 0.2 with fresh medium and five wells of two 100-well plates (Bioscreen)
were loaded with 200 pl of the adjusted suspensions of each population. Five control
wells contained only RPMI. Each plate was incubated at 37°C or 30°C for 24 h in
Labsystems Bioscreen C, and OD (420-580 nm) was registered every 30 minutes,

after 10 seconds of low intensity shaking.

The doubling time (g) was calculated for each population (g =In2/u, where p stands
for the linear regression slope of the exponential phase of the corresponding
growing curve, built with natural logarithm of OD data). Then, fitness was estimated

as the ratio (quotient) between g values of the initial populations (SC5314_t0 and
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BE47_t0) and their correspondent control or experimental populations. Statistical
differences between control and exposed populations were analysed with the one-
way ANOVA with Tukey’s test for multiple comparisons (GraphPad Prism 8). Values

of p < 0.05 were considered statistically significant.

3.8.6. Tolerance to fluconazole

Tolerance to fluconazole of control and experimental populations was estimated as
explained by Rosenberg and collaborators (Rosenberg et al., 2018). Population
samples stored at -80°C were cultured in 10 ml of RPMI medium at 30°C and 200
rpm for 16 to 48h (until cultures reached and ODeoo 2 1). Cultures were adjusted at
an ODesoo = 0.25 in RPMI medium, and then diluted 1/1000 to prepare an inoculum
similar to the one established by CLSI. Flat bottom 96-well plates containing serial
dilutions of fluconazole from 64 pg/ml to 0.125 pg/ml according to the CLSI protocol
were inoculated with 100 ul of the diluted inoculum and incubated at 25 or 37°C for
48-72h. After mixing each well by pipetting, OD was measured every 24h with a BIO-
TEK® ELx808 plate reader at 450 nm.

MIC was determined after 24h of incubation and tolerance after 48h. If the control
well OD was below 0.1 after 24h, then the plate was incubated for 72h, and the MIC
was determined after 48h and tolerance after 72h. MIC was calculated as the
concentration of fluconazole at which the OD was equal or less than the 50% of the

control well.

Tolerance was estimated as established by Rosenberg and collaborators (Rosenberg
et al.,, 2018), with a parameter named supra-MIC growth (SMG) that was calculated

as the mean OD of all the wells above the MIC relative to the control well after 48h

Mean OD in wells above the MIC
OD control well

SMG =

3.8.7. Spot Assay

Similar to the tolerance assay, population samples stored at -80°C were cultured in
10 ml of YNB+glucose 2% at 30°C and 200 rpm for 16 to 48h. Cultures were then
adjusted at an ODeoo = 0.25 and diluted 1/1000. Five microliters of the diluted
inoculum were plated onto YNB+FLC (from 0 to 64 pg/ml) and plates were
incubated at 25 or 37°C for 72h. Pictures of the plates were taken every 24h.

81






RESULTS






Results

4. RESULTS

4.1. Susceptibility to azoles of the Candida albicans strains

We measured the susceptibility against azole drugs of 43 clinical isolates and 3
reference strains following the CLSI M27-A3 and Sensititre YeastOne® Y010
methods. The strains were classified as resistant, susceptible dose-dependent (SDD)
or susceptible according to the cut-offs established by CLSI M27-S4 for all azoles
except clotrimazole (CLT). According to Pelletier and collaborators (Pelletier et al.,
2000) isolates were considered resistant to CLT when their MICs were > 0.5 mg/1.

Susceptibility results are summarized in Table 4.1.

All the strains that showed either fluconazole (FLC) or CLT resistance with CLSI’s
method were also assayed with Sensititre, together with the two azole-susceptible
strains that were used for the evolution experiment (Section 3.8), SC5314 and BE-
47, and two isolates that showed inconsistent results in CLSI, 06-100 and 10-171. In
total, 21 out of the 46 strains (46%) showed reduced susceptibility to one or more
azoles, of which five only exhibited FLC resistance (BE-114, 06-114, 10-168, 10-221
and 16-134) while 6 showed reduced susceptibility against all classes (ATCC 64124,
ATCC 64550, 15-154, 15-176, 16-092 and 16-138). The rest of the isolates were
either SDD or resistant to two, three or four azole types. Six isolates had reduced
azole susceptibility against two azole types; three of them were resistant to FLC and
CLT (10-170, 15-156 and 15-157); one was resistant to FLC and posaconazole (POS)
(15-159); another was resistant to FLC and SDD to voriconazole (VOR) (16-091) and
the last one was resistant to FLC and SDD to itraconazole (ITC) (16-135). Three
isolates were less susceptible to three azole classes; one was SDD to FLC, ITC and
VOR (16-122); another was resistant to FLC and VOR, and SDD to ITC (16-123); and
the other one was resistant to FLC, ITC and POS (16-132). Only the BE-113 isolate
was found to have reduced susceptibility to four azoles, it was classified as SDD to

FLC and VOR, and resistant to ITC and POS.

The Sensititre YeastOne® Y010 method also measures the activity of the
echinocandin group (caspofungin, micafungin and anidulafungin), 5-fluorocytosin
and amphotericin B. None of the isolates showed reduced susceptibility to any of

these antifungal compounds.
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Table 4.1. MIC values of azole drugs at 24h measured either by CLSI or Sensititre YeastOne® methods

of C. albicans clinical isolates of the UPV/EHU collection and three reference strains.

Straina CLSI (MIC)Y Sensititre YeastOne® (MIC)

FLC CLT FLC ITC POS VOR
BE-47 0.12 0.03 0.5 0.03 0.015 0.008
BE-AZ 0.12 0.03 - - - -
BE-32 0.12-0.25 0.03 - - - -
BE-48 0.12-0.25 0.03 - - - -
09-297 0.12-0.25 0.03 - - = =
10-166 0.12 0.03 - - - -
10-294 0.12-1 0.03-0.06 - - - -
15-158 0.12 0.03 - - - -
15-178 0.12 0.03 - - - -
SC5314 0.12 0.03 0.12-0.25  0.03-0.06 0.008 0.008-0.03
BE-90 0.12 0.12 - - - -
06-116 0.25-0.5 0.03-0.06 - - - =
10-169 0.12-0.25 0.03-0.06 - - - -
10-295 0.12-0.25 0.03 - - - =
15-153 2 0.03 - - - -
15-155 0.12-0.25 0.03-0.06 - - - -
15-161 0.12-0.25 0.03-0.06 - - - -
15-179 0.12-0.25 0.03 - - - =
10-171 0.12-0.5 0.03-0.12 0.12 0.03 0.015 0.008
10-280 0.12-0.5 0.03-0.12 - - - -
08-187 0.25-0.5 0.03-0.06 - - - -
08-105 0.25-0.5 0.03-0.06 - - - -
15-160 0.25 0.03-0.06 - - - -
06-100 0.12-0.5 0.03-0.06 0.5 0.03 0.03 0.008
16-133 0.5 0.12 - - - -
16-135 (48h)¢ 1(64) (0.12) 0.5 (2) 0.5 (16) 0.03 (8) 0.015 (0.03)
16-132 (48h)¢ 0.5 (64) 0.12 (0.25) | 0.5(256) 0.06 (16) 0.015 (8) 0.015 (0.06)
15-159 2 0.03 2 16 8 0.06
16-122 2-4 0.03 8 0.25 0.06 0.5
16-123 8 0.03 4 0.12 0.03 0.5
10-168 2-64 0.25 0.25 0.03 0.015 0.008
06-114 2-64 0.12-2 0.25 0.03 0.015 0.008
BE-114 4-64 0.25-1 2 0.06 0.03 0.03
10-221 64 0.25 0.25 0.03 0.015 0.008
16-134 64 0.25 0.5 0.03 0.015 0.008
15-156 64 0.25-2 0.5 0.06 0.03 0.008
15-157 64 2 0.5 0.03 0.015 0.008
10-170 64 1-2 0.12 0.03 0.008 0.008
BE-113 2-4 0.25-0.5 8 16 8 1
16-091 64 0.03 8 0.12 0.03 0.5
ATCC 64550 16 2 32 0.25 0.5 0.5
15-154 32-64 0.5 32 16 8 0.5
15-176 16-64 2-4 64 0.5 0.5 1
ATCC 64124 - - 256 16 1 8
16-092 64 0.5 256 16 8 8
16-138 64 1 256 16 8 8

a Reference strains are indicated in purple. ® More than one MIC value reflects the range of values

obtained in different experiments. ¢ Measurement after 48h in brackets.

MIC values above the resistance cut-off are shown in bold red and those in the SDD range are
highlighted in bold black.
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4.2. Expression level of CDR1, CDR2 and MDR1 genes of azole

resistant clinical isolates

The Mrrl and Mrr2 transcription factors regulate, respectively, MDRI and CDRI1
gene expression (Morschhduser et al., 2007; Schillig & Morschhduser, 2013) and
gain-of-function (GOF) mutations have been described for both genes (Dunkel et al.,
2008; Eddouzi et al,, 2013; Feng et al,, 2019; Lohberger et al., 2014; Morschhduser
et al., 2007; Schubert et al, 2011; Wang et al., 2015). Therefore, we decided to
analyse the expression of CDR1 and MDR1 genes in our collection of C. albicans
strains. CDR2 was also included to see if Tacl GOF mutations were associated to

overexpression of CDR1 or CDRZ alone, or both.

4.2.1. RT-qPCR efficiency

The efficiency of the RT-qPCR reaction for each of the genes is shown in Table 4.2.
We were unable to determine the efficiency for CDRZ gene due to its low expression

level.

Table 4.2. Efficiency values of the amplification reaction for each gene.

Gene Gene name Efficiency
CDR1 Candida Drug Resistance 1 — ABC efflux pump 0.96
CDR2 Candida Drug Resistance 2 — ABC efflux pump

MDRI1 Multidrug Resistance 1 - Major Facilitator pump 0.92
ACT1 Actin 1
PMA1 Plasma membrane H*-ATPase 0.96

4.2.2. Reference genes’ stability

The M stability value calculated by GeNorm was 0.051 for the two genes (ACT1 and
PMA1).

4.2.3. Fold-change in gene expression

Expression level of CDR1, CDR2 and MDR1 genes was measured by RT-qPCR in the
clinical isolates classified as resistant in this study in order to identify which ones

could harbour GOF mutations in Mrrl and Mrr2 transcription factors. Their mRNA
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transcript level was compared to that displayed by four susceptible isolates of the
same collection (SC5314, BE-47, BE-90 and 15-161). Each gene was considered to

be overexpressed when it showed at least a two-fold increase in its mRNA transcript

levels (Torelli et al., 2008).

Ten out of the 19 tested isolates overexpressed the CDR1 gene (Figure 4.1). The
resistant reference strains ATCC 64550 and 64124 showed the greatest
overexpression (x16.32 and x16.79, respectively), while the rest of the

overexpressing isolates ranged between x2.09 and x6.01.

The CDRZ2 gene was overexpressed in 5 isolates and displayed the highest increment
in expression level among the three genes studied (Figure 4.1). The highest increase
was shown by ATCC 64124 (x272.24) followed in descending order by 15-176
(x148.09), ATCC 64550 (x74.93), BE-113 (x3.25) and 16-132 (x2.41).

The MDRI1 gene was overexpressed in isolates 06-114, 15-176, 16-132 and ATCC
64550 with a fold-change of x5.97, x117.12, x3.86 and x14.11, respectively (Figure

4.1). Except for 06-114, the other isolates were also overexpressing the other two

efflux pumps.
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Figure 4.1. CDR1, CDR2 and MDR1 mRNA expression level in azole resistant clinical isolates
measured by RT-qPCR relative to a group of four susceptible isolates. Error bars indicate standard
deviations (SD) of three technical replicates. The dotted line indicates a two-fold increase of
expression. Reference strains are indicated in purple.
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In light of these results, MRR1 gene was sequenced for the MDR1 overexpressing
strains (06-114, 15-176, 16-132 and ATCC 64550), together with the two azole
resistant vulvovaginal isolates (BE-113 and BE-114), while the MRR2 gene was
sequenced for all the CDR1 overexpressing strains and six randomly chosen

susceptible isolates.

4.3. Characterization of ERG11, TAC1, UPC2, MRR1 and MRRZ genes

To investigate the molecular mechanisms behind azole resistance in our resistant
isolates we amplified and sequenced some target regions of Ergl1, Tacl, Upc2, Mrrl

and Mrr2 encoding genes of the C. albicans collection under study (Table 3.3).

4.3.1. Ergl1 amino acid substitutions

For Ergll, 27 distinct non-synonymous mutations were identified among
susceptible and resistant isolates (Table 4.3). Six of them were previously described
as GOF mutations (A114S, Y132H, K143R, Y257H, G450E, and R467K) and 11 were
new substitutions (R47K, W57L, R76C, A149D, F217L, D225N, P236H, F319L,
V402F, Y477C and Q479E). Most of them appeared in susceptible isolates, however,
W57L and F217L were only present in one resistant strain (16-122) in
heterozygosis, and the amino acid substitution Y477C was found in strain 16-134 in
homozygosis. Eight out of the 46 strains studied did not harbour any mutations, the
rest of them contained from one to four non-synonymous amino acid substitutions.
Only seven out of the 21 azole resistant isolates harboured GOF mutations in Erg11.
Besides the non-synonymous mutations, we also identified 23 different single
nucleotide polymorphisms (SNPs) that did not lead to changes in the amino acid
sequence (Supplementary material Table I). In combination, most of the strains
exhibited between 8 and 16 polymorphisms, of which the majority were

Ssynonymous.
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Table 4.3. Amino acid substitutions found in Erg11 of azole-susceptible and resistant isolates of the
UPV/EHU collection.

S42L
R47K
D116E
K128T

W57L
F72L
R76C

A149D

D153E

V1591
F217L

D225N

P236H

E266D

F319L

V402E

V4371

Q474K

Y477C

Q479E

V488l

Straina

BE-47

BE-AZ B
BE-32
BE-48
09-297
10-166
10-294
15-158
15-178
SC5314
BE-90
06-116
10-169
10-295
15-153
15-155
15-161
15-179
10-171
10-280
08-187
08-105
15-160
06-100 || [ |
16-133 ]

16-135*
16-132*
15-159
16-122
16-123
10-168
06-114
BE-114
10-221
16-134
15-156
15-157
10-170
BE-113 ] [

16-091 ] ]

ATCC 64550 L] 1
15-154

15-176 [
ATCC 64124 L] 1 ]
16-092 [ |
16-138 I
Blue: previously described mutations; green: previously described mutations associated to resistance;
red: new mutations found in this work; light colour: mutations in heterozygosis; dark colour:
mutations in homozygosis. 2 Reference strains are highlighted in purple.
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4.3.2. Tacl amino acid substitutions

For Tacl, we identified 27 non-synonymous mutations, of which 14 were described
as not associated to resistance (R206H, V207A, A377V, N396S, N772K, D776N,
N823K, E829Q, C858Y, R869Q, I895T, N896S, S935L and S941P), four as GOF
(A736V, H839Y, AL962-N969 and N977D) and 9 are introduced for the first time in
this study (G245A, E265K, E319K, R341G, Q404P, E423D, Y449H, S758F and N881S)
(Table 4.4). All new mutations found were harboured by susceptible isolates, except
for S758F, which was only present in homozygosis in the BE-113 resistant strain. All
isolates studied contained from one to ten mutations. Only two of the resistant
strains harboured previously described GOF mutations in Tacl (15-176 and ATCC
64124), each presenting two GOF mutations in heterozygosis. In addition to the non-
synonymous mutations, we also identified 41 synonymous SNPs, with most of
strains presenting a high number of polymorphisms of both types, many harbouring

between 17 and 22 SNPs (Supplementary material Table II).
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Table 4.4. Amino acid substitutions found in Tacl of azole susceptible and resistant isolates of the
UPV/EHU collection.

R206H
V207A
G245A
E265K
E319K
R341G
A377V
N396S
Q404P
E423D
Y449H
S758F

N772K
D776N
N823K
E829Q
C858Y
R869Q
N881S
1895T

N896S
S935L

S941P

Straina

BE-47

BE-AZ

BE-32

BE-48

09-297

10-166

10-294

15-158

15-178 ]
SC5314
BE-90
06-116
10-169
10-295
15-153
15-155 ]
15-161
15-179
10-171
10-280
08-187
08-105
15-160
06-100
16-133 ]
16-135*
16-132*
15-159
16-122
16-123
10-168
06-114 1
BE-114
10-221
16-134
15-156
15-157
10-170
BE-113
16-091
ATCC 64550
15-154
15-176
ATCC 64124
16-092
16-138

Blue: previously described mutations; green: previously described mutations associated to resistance; red:
new mutations found in this work; light colour: mutations in heterozygosis; dark colour: mutations in
homozygosis. 2 Reference strains are highlighted in purple.

-

.
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4.3.3. Upc2 amino acid substitutions

For Upc2, we only found two GOF mutations both in heterozygosis, A643V in isolate
15-176 and G648S in isolates 16-091, 16-122 and 16-123 (Table 4.5). These
substitutions were previously described in association to azole resistance. In this
case, no synonymous mutations were identified in the sequenced region of UPC2

(Supplementary material Table III).

4.3.4. Mrr1 amino acid substitutions

We sequenced the target regions of MRR1 gene of the isolates that overexpressed
MDR1 (06-114, 15-176, 16-132 and ATCC 64450), and the BE-113 and BE-114
vulvovaginal resistant isolates. Additionally, despite not being able to measure the
expression of the efflux pumps in the 16-134 and 16-135 resistant isolates, we also
sequenced the MRRI1 gene of these isolates. We identified four amino acid
substitutions already described in the literature, and one of them, G947S, has been
associated to azole resistance (Table 4.5). This mutation was harboured in
homozygosis by isolate 15-176. For MRR1 we found many synonymous mutations
that were common among the sequenced isolates (Supplementary material Table

V).
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Table 4.5. Amino acid substitutions found in Upc2 and Mrrl of azole susceptible and resistant
isolates of the UPV/EHU collection.

Upc2 Mrr1
Strain2 V341E L592F _ E1020Q

BE-47
BE-AZ
BE-32
BE-48
09-297
10-166
10-294
15-158
15-178
SC5314
BE-90
06-116
10-169
10-295
15-153
15-155
15-161
15-179
10-171
10-280
08-187
08-105
15-160
06-100
16-133
16-135* I
16-132*
15-159
16-122
16-123
10-168
06-114
BE-114 | I
10-221
16-134
15-156
15-157
10-170
BE-113
16-091
ATCC 64550
15-154
15-176 | I
ATCC 64124
16-092
16-138
Blue: previously described mutations; green: previously described mutations associated to
resistance; red: new mutations found in this work; light colour: mutations in heterozygosis; dark
colour: mutations in homozygosis; grey: not sequenced. 2 Reference strains are higlighted in
purple.
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4.3.5. Mrr2 amino acid substitutions

We sequenced the MRRZ gene of the isolates that overexpressed CDR1 (BE-113, BE-
114, 15-157, 15-159, 15-176, 16-091, 16-132, 16-138, ATCC 64450 and ATCC
64124) as well as of six susceptible isolates (BE-AZ, BE-47, 06-116, 08-105, 15-153
and 15-158). As for MRR1, the MRRZ gene of resistant isolates 16-134 and 16-135
were also sequenced. Three out of the 11 amino acid substitutions identified are
described for the first time in this study (A311V, D442E and A627V) (Table 4.6).
D442E and A627V were found in resistant and susceptible strains so they are
unlikely to be involved in resistance. On the contrary, A311V was found in
homozygosis only in the BE-114 resistant isolate. In addition, in MRRZ we also found
many synonymous mutations in the selected strains (Supplementary material Table

V).
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Table 4.6. Amino acid substitutions found in Mrr2 of azole susceptible and resistant isolates of the
UPV/EHU collection.

S$143P
L144V
T145A
S165N
A311V
D442E
V451A
A459T
S$480P
V582L
A627V

Straina

BE-47

BE-AZ I
BE-32

BE-48

09-297

10-166

10-294

15-158

15-178

BE-90
06-116 [ I
10-169
10-295
15-153
15-155
15-161
15-179
10-171
10-280
08-187
08-105 [ ]
15-160
06-100
16-133
“16-135+ [ e [ [
16-132*
15-159 I I
16-122
16-123
10-168
06-114
BE-114 I I [
10-221
16-134
15-156
15-157 I [ .
10-170
BE-113
16-091
ATCC 64550
15-154
15-176
ATCC 64124
16-092

L
16-138 [ ]

Blue: previously described mutations; green: previously described mutations associated to
resistance; red: new mutations found in this work; light colour: mutations in heterozygosis; dark
colour: mutations in homozygosis; grey: not sequenced. 2 Reference strains are highlighted in purple.
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4.4. Analysis of the role in azole resistance of the new mutations
identified

The sequencing of ERG11, TAC1, UPC2, MRR1 and MRRZ genes revealed 18 amino
acid substitutions that are first described in this study. Among these, three were
only found in resistant isolates, while the others were harboured either by just

susceptible isolates or by both susceptible and resistant strains.

The three mutations found only among resistant isolates were Ergl1 Y477C in 16-
134, Tacl S758F in BE-113, and Mrr2 A311V in BE-114. All three were considered
promising candidates for playing a role in azole resistance. In the first case, the 16-
134 isolate exhibited FLC-resistance but did not harbour any of the described GOF
mutations in the gene fragments studied in this work. Secondly, the BE-113 isolate
had reduced susceptibility to azoles, which could be due to the two resistance-
associated mutations found in Ergll. Nonetheless, this strain also exhibited
overexpression of CDR1 and CDRZ2 genes but did not show any GOF mutations in
either the TACI or the MRRZ sequenced fragments that could account for their
higher expression levels. Lastly, the BE-114 isolate was also FLC-resistant and
showed overexpression of CDR1, but we could not find any GOF mutations that could
explain its phenotype. Therefore, we tried to characterize the three new mutations
found in resistant strains by introducing them into C. albicans SC5314 reference
isolate by CRISPR-Cas9 methodology and analysing the resistant phenotype of the

mutants and their corresponding control.

4.4.1. Design of gRNAs to direct Cas9 to TAC1, ERG11 and MRRZ genes

Among all the possible guide-RNAs (gRNAs), the closest to each mutation site were
first examined (Table 4.7). Five gRNAs were studied for TACI, four for ERG11 and
seven for MRRZ2. The guides used to carry out the gene editing were selected based
on their distance to the mutation, the hairpin formation, and the recognition of off-

target sites.

BLAST searches of the selected gRNAs allowed us to check the specificity of each of
them. These alignment hits could be classified into three types: 1) homology
between the off-target site and the first 12 (or more) nucleotides (nt) of the gRNA,

which are essential for target recognition and cleaving (DiCarlo et al., 2013; Jiang et
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al,, 2013; Jinek et al,, 2012); 2) homology between the off-target site and less than
the first 12 nt of the gRNA; and 3) no homology between the off-target site and the
first nt of the gRNA (Figure 4.2). Only the first one, if encountered adjacent to a PAM

site, could represent a greater possibility of unspecific cutting.

For the simplicity of design, guides located on the sense strand were favoured
against those on the complementary strand. Therefore, Tac1-758-g2 gRNA was
chosen for editing the TAC1 gene, Ergl1-477-g4 for ERG11 and Mrr2-311-gl for
MRRZ2 (underlined guides in Table 4.7).

Target sequence
Complete homology = L it e i e e e NGG

1] % o k Kk o K o K ® 0 s 2 s s s 8 s w8
R
20 1

2] K o kK e e e s v 0 e a0 e s 0 0 s
R
20 1

3] Eh * 8k e s s s 8 8 8 s 8o * R %
R
20 1

Figure 4.2. Schematic representation of the complete homology between the gRNA (blue bar), and
the target sequence of C. albicans SC5314 which is adjacent to the PAM site NGG, and three categories
of partial alignments, as described in the text. Red asterisks indicate no nucleotide homology
between the gRNA and Candida’s sequence. NGG, PAM site.
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Table 4.7. gRNAs designed for CRISPR-Cas9 editing of C. albicans.

gRNA Target gene Sequence (5°-3’) Distance to mutation Probable off-targets Hairpin
Tacl-758-g1 CATCCTCAATTACCAGAGTC 32 nt (upstream) 2 AG=0.23 Kcal{mole
Tm =27.5°C
Tac1-758-g2 TTTTTAAAAGTAGTAAACAA 28 nt (downstream) 7 AG:.-I.(;Z_S ;(;:allf?ole
Tacl-758-g3? TAC1 TTCAATCAATAGATTCAAAT 24 nt (upstream) 10 AG:_}?]Z_G;(ScalI{gwIe
Tac1-758-g4 TTCAAATTGGTTCCTGACTC 37 nt (upstream) 0 Ac=0.01 Kcal/omole
Tm =24.9°C
Tacl-758-g52 TAATCTAACAATCAATTCAA 98 nt (downstream) 41 AG:.IEL;Z Ega;/nrgole
Ergl1-477-gl TGGTAGACATAGATGTATTG 15 nt (upstream) 8 AG=1.02 Kcalfmme
Tm =39.8°C
Ergl1-477-g2 GTGGTAGACATAGATGTATT 16 nt (upstream) 1 AG:};O_Z gaslf? ole
ERG11 2 Kes
AG=1.38 Kcal/mole
Ergl11-477-g3b TCTTCACCTTATTTACCATT 38 nt (upstream) 12 Tm = -9.9°C
Erg11-477-g4 CAATTTGCTTATGTTCAATT 9 nt (downstream) 7 AG:.I%::Z I_(;:a;{gnole
Mrr2-311-g1 CCACTCGCTCACTGCCCTCC Adjacent (upstream) 1 AG:._I%G_S ;Zj{?me
Mrr2-311-g2 TCCAGGCAGAAATCATGCTT 13 nt (downstream) 1 AG=1.21 KcaI{moIe
Tm =37.5°C
Mrr2-311-g3 GCTTAGGTTCTATAAAATCG 27 nt (downstream) 1 AGT=; K_cgléroncole
Mrr2-311-g42 MRR2 ACCTAAGCATGATTTCTGCC 2 nt (upstream) 2 AG:—_Orﬁ3_I;c;Jémole
Mrr2-311-g5? TAAGCATGATTTCTGCCTGG 5 nt (upstream) 1 AG:-?ﬁ?»_I;c;Jémole
Mrr2-311-g6° CCTGGAGGGCAGTGAGCGAG 20 nt (upstream) 0 AG=1.44 Kea I{mOIe
Tm =39.8°C
Mrr2-311-g72 TTGCTCTGGGTGTACAGTTC 37 nt (downstream) 0 AG:._I%7E; ;(;allfgnole

agRNA sequence is located in the complementary sequence
bgRNA sequence is adjacent to 3 consecutive PAMs
The selected gRNAs for CRISPR-Cas9 editing are underlined
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4.4.2. Design of RTe’s to introduce the putative GOF mutations in TAC1,
ERG11 and MRR2

The mutated and WT repair templates (RTe’s) designed to introduce the newly

described mutations are presented in Table 4.8.

Table 4.8. Repair templates designed for CRISPR-Cas9 editing in C. albicans.

Associated

gRNA Sequence (5’-3")

Repair template

TTGAATCTATTGATTGAAACTTTTTTAAGTTTTTTTAAAAG
Tac1-758-RT2 TAGTAAGCAGTGGAATAGTTCTAATGACAGTCAAGACAAAC
AACAAAATAGTACAATAT

Tac1-758-g2
TTGAATCTATTGATTGAAACTTCTTTAAGTTTTTTTAAAAG
Tacl1l-WT-RT2 TAGTAAGCAGTGGAATAGTTCTAATGACAGTCAAGACAAAC
AACAAAATAGTACAATAT

TTTGGTGGTGGTAGACATAGA
Erg11-477-RT4 TGTATTGGGGAACAATTTGCTTGTGTCCAGTTAGGAACCAT
TTTAACTACTTTTGTTTATAATTTAAGATGGACTATTG

Ergl11-477-g4
TTTGGTGGTGGTAGACATAGATGTATTGGGGAACAATTTGC
Ergl11-WT-RT4 TTATGTCCAGTTAGGAACCATTTTAACTACTTTTGTTTATA
ATTTAAGATGGACTATTG

AACCATCATGAAAGAGTTTGACATTACCAAAACCCACTCGC
Mrr2-311-RT1 TCACTGCTCTTCAGGTAGAAATCATGCTTAGGTTCTATAAA
ATCGTGGCACCAGAACTG

Mrr2-311-gl
AACCATCATGAAAGAGTTTGACATTACCAAAACCCACTCGC
Mrr2-WT-RT1 TCACTGCTCTTCAGGCAGAAATCATGCTTAGGTTCTATAAA
ATCGTGGCACCAGAACTG

Bold red, mutated base; yellow shade, coding triplet for the amino acid change; bold pink, silent
mutations; green, PAM.

4.4.3. Transformation with CRISPR-Cas9 system

To analyse each mutation we performed two transformations, one to introduce the
desired mutation and another one that would leave the SC5314 strain as WT but
that had gone through the whole editing process (Figure 4.3). In addition,
electroporated cells were divided into two tubes in order to obtain two replicates of

the transformation (Transformation 1 and 2; T1 and T2).

100



Results

S YR VSRR PR N R U RS S e PR TR R e R S J YR

2250 226 2280 2250
AGGAACCAATTT TTTTAAAR
SC5314TAClalleles | . . . . . . ....
lutated RTe
Homozygous mutants |2 = 24 /eisiss pisians s Mdinibc e bo einiz ST TR R no Biva B inis oo milic cinlo o .
T e (
R S IS L B W S R S N N B I SR R i Gis
WT mutants |22 e onalitmn g senniline pos ool enmand Slasasaianumlaa 22 (
Site of mutation Silent mutations
| e | T | |
2320 2330 2340 2350
TGACAGTCAAGACAAACAACAALAATAGTACAATATGTGTGAAL

SC5314 TAC1 alleles o . o~
Mutated RTe e s s s e e s s s s sesscscosscsssssssssnsncssas

Homozygous mutants EEoERe s sESsnd Silaessid S aseE dodita SNS SuIAF
Heterozygous mutants A A o AT W S T TS

WT mutants

Figure 4.3. Alignment of SC5314 TAC1 alleles, repair templates and mutated TACI gene fragments
from six transformants. The mutated RTe for Tac1 is highlighted in red while the WT RTe is in blue.

4.4.3.1. Transformants for Tacl S758F (Tac1-758-RTe2 and Tacl-WT-RTe2)

To obtain Tacl mutants we had to do four transformations with the mutated RTe,
from which we obtained 82 transformants (44 from T1 and 38 from T2) and three
transformations with the WT RTe obtaining 10 transformants (3 from T1 and 7 from
T2). The difference in the transformation yield between the two RTe’s is due to the
extra transformation performed with the mutated RTe that achieved a much better
efficiency. Each transformant was labelled with the letter D (for Double
transformation, since they were transformed simultaneously with the digested
pV1524 plasmid and the RTe) followed by a number according to the order they

were picked.

Each transformant was checked for integration into the NEUTS5L locus and
acquisition of the mutation as stated in the Material and Methods section 3.7.11.
Usually, we first checked if the transformants had integrated the plasmid into their
genome and, if positive, then we also checked if the integration had occurred in
homozygosis or heterozygosis. We also performed allele-specific PCR in order to
determine whether they had acquired the mutation or not (Figure 4.4). The
characteristics of the PCR amplicons of each transformant are registered in Table

4.9.
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Figure 4.4. Representative image for the PCRs characterizing the Tacl transformants directed to
assess the integration of the CRISPR cassette into the NEUTS5L locus and the acquisition of mutation.
A) Integration at the NEUT5L locus, B) Integration zygosity, and C) Mutation acquisition.

Most transformants (75%) integrated the plasmid, and all but two integrated it in

heterozygosis (Table 4.9).

Detection of the S758F mutation in Tacl was done by a specific PCR for the WT
allele. The transformants were classified as homozygous, heterozygous or WT
according to the intensity of the bands in an agarose gel (Figure 4.4C; D34, D53, D54
and D46 were considered to be WT; D50 and D52 heterozygous; and D35 and D36
homozygous). Among the mutant transformants, 24 were identified as homozygous
mutants, 15 as heterozygous and 19 as WT. On the other hand, PCR of the WT
transformants gave unspecific results, classifying 3 as homozygous, one as

heterozygous and the rest as WT (Table 4.9).

We sequenced the TAC1 gene fragment harbouring the desired mutation for 48
transformants (41 mutant and 7 WT), of which 7 (17.1%) had incorporated the
mutation in homozygosis (one of them also had other mutations), 9 (22%) in
heterozygosis, one (2.4%) had repaired the DSB with a repair mechanism distinct
from HR, and 4 showed only the silent mutations. The rest of the mutant
transformants seemed not to have incorporated the RT. As for the WT
transformants, five (71.4%) were correctly modified, while two seemed unmodified.

A summary of the sequencing results is listed in Supplementary material Table VI.
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Table 4.9. Screening of Tac1l transformants for integration of the CRISPR-Cas9 cassette into the NEUT5L locus and gene editing by PCR.

Transformant Intesgﬁ ztion Neut5L Mutation | Transformant Intesgﬁ :tion Neut5L | Mutation | Transformant lnte!igﬁ :tion Neut5L | Mutation
D1 Yes/Yes = WT D42 No/No = = D73 Yes/Yes Yes WT
D2 Yes/Yes Yes Mut D43 Yes/Yes Yes Mut D74 No/- - -
D3 Yes/Yes Yes WT D44 Yes/Yes Yes Het D75 Yes/Yes Yes WT
D4 Yes/Yes - Mut D45 Yes/Yes Yes Het D76 Yes/Yes Yes Mut
D5 No/No Yes - D46 Yes/Yes Yes WT D77 No/- - -
D6 Yes/Yes Yes WT D47 No/- - - D78 Yes/Yes Yes Mut
D7 -/- - WT D48 Yes/Yes Yes Het D79 Yes/Yes Yes Mut
D8 Yes/Yes - Mut D49 Yes/Yes Yes Het D80 Yes/Yes Yes Mut
D14 No/No Yes Het D50 Yes/Yes Yes Het D81 Yes/Yes Yes WT/Het
D16 Yes/Yes No Mut D51 No/No Yes - D82 Yes/Yes Yes WT/Het
D17 Yes/Yes Yes Mut D52 Yes/Yes Yes Het D83 No/- - -
D18 Yes/Yes Yes Mut D53 Yes/Yes Yes WT D84 Yes/Yes Yes WT/Het
o D19 Yes/Yes No Mut D54 Yes/Yes Yes WT D85 Yes/Yes Yes WT
E D20 No/No Yes Mut D55 Yes/Yes Yes WT D86 Yes/Yes Yes WT
oo D21 Yes/Yes Yes Het D56 Yes/Yes Yes WT D87 Yes/Yes Yes Mut
'-l’\’ D22 Yes/Yes Yes Mut D57 No/- - - D88 Yes/Yes Yes Mut
— D23 Yes/Yes Yes Het D58 No/- - - D89 Yes/Yes Yes Mut
& D28 No/No - - D59 No/- - - D90 Yes/Yes Yes WT
= D29 No/No - - D60 Yes/Yes Yes WT D91 No/- - -
D30 No/No - - D61 Yes/Yes Yes Mut D92 No/- - -
D31 No/No - - D62 Yes/Yes Yes Mut
D32 No/No - - D63 Yes/Yes Yes Mut D9 No/No - -
D33 No/No - - D64 Yes/Yes Yes Het D10 No/No - -
D34 Yes/Yes Yes WT D65 Yes/Yes Yes WT C;l D11 Yes/Yes - -
D35 Yes/Yes Yes Mut D66 Yes/Yes Yes Mut gz D12 Yes/Yes - -
D36 Yes/Yes Yes Mut D67 No/- - - ;I D13 Yes/Yes Yes -
D37 NG D68 Yes/Yes Yes Het T D15 No/No Yes WT/Het
D38 Yes/Yes Yes Het D69 Yes/Yes Yes Het ‘3 D24 Yes/Yes Yes Mut
D39 No/No - - D70 Yes/Yes Yes Het ﬁ D25 Yes/Yes Yes Mut
D40 Yes/Yes Yes Het D71 Yes/Yes Yes Het D26 Yes/Yes Faint Mut
D41 Yes/Yes Yes Mut D72 No/- - - D27 Yes/Yes Yes WT

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed
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4.4.3.2. Transformants for Ergl1 Y477C (Ergl11-477-RTe4 and Ergl1-WT-RTe4)

In the case of Ergl1 mutants we performed two independent transformation reactions
with the mutation containing RTe, after which we obtained 304 transformants (65
from T1 and 31 from T2 of the first transformation, and 104 from T1 and 104 from T2
of the second transformation), and one transformation with the WT RTe, from which
we obtained 289 transformants (147 from T1 and 142 from T2). Ergl1 transformants
were labelled with an E for the ones that were transformed with the mutated RTe or
EW for the WT RTe, and a number corresponding to the order they were picked
followed by the transformation replicate number (for example, E23.2, Ergll

transformant number 23 from T2 transformation).

In this way, we analysed 131 transformants from the mutated RTe and 30 from the
WT, of which only 36 out of the mutated transformants (27%) and half of the WT
transformants had integrated the pV1524. All integrative mutants underwent

integration in heterozygosis (Table 4.10).

As for Tacl transformants, detection of the Y477C mutation was performed with a PCR
specific for the WT allele. Of the 36 transformants that had undergone integration
obtained from the transformation with the mutated RTe, 21 (58.3%) were classified
as homozygous, 9 (25%) as heterozygous and 6 (16.7%) as WT. Whereas all of the
integrative WT transformants were identified correctly as WT (Table 4.10). The

results of this PCR were used to select the transformants to be sequenced.

We sequenced the ERG11 gene fragment harbouring the desired mutation for 31
transformants (27 mutant and 4 WT). Out of the 27 mutant transformants, 18 (66.7%)
incorporated the mutation in homozygosis (homozygous transformant), 4 (14.8%) in
heterozygosis (heterozygous transformant) and 5 (18.5%) had repaired the double
strand break (DSB) with a mechanism distinct from homologous recombination (HR).
On the other hand, the four WT transformants were correctly modified. Of note, two of
the homozygous and one of the heterozygous mutant transformants, and one of the
WT transformants carried unintended mutations, so they were discarded together
with those that had not used the RTe for repairing. A summary of the sequencing

results is listed in Supplementary material Table VII.
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Table 4.10. Screening of Erg11 transformants for integration of the CRISPR-Cas9 cassette into the NEUT5L locus and gene editing by PCR.

Transformant 5/ 3’. Neut5L  Mutation | Transformant 5/ 3'. Neut5L Mutation| Transformant >/ 3,. Neut5L Mutation
Integration Integration Integration
E1.1 No/Yes Yes = E32.1 Yes/Faint = = E63.1 Yes/Yes Yes Mut
E2.1 No/No Yes - E33.1 No/- - - E64.1 Yes/Yes Yes Het
E3.1 No/No Yes - E34.1 No/- - - E65.1 No/- - -
E4.1 No/No Yes - E35.1 Faint/Faint - - E66.1 Yes/No - -
E5.1 No/No Yes - E36.1 Faint/Faint - - E67.1 Yes/No - -
E6.1 No/No Yes - E37.1 Yes/Faint - - E68.1 Yes/No - -
E7.1 Yes/Yes Yes Mut E38.1 No/- - - E69.1 Yes/No - -
E8.1 No/No Yes - E39.1 No/- - - E70.1 Yes/Yes Yes Het
E9.1 No/Yes Yes - E40.1 No/- - - E71.1 Faint/No - -
E10.1 Yes/No Yes - E41.1 Faint/No - - E72.1 Faint/No - -
E11.1 Yes/Yes Yes Mut E42.1 Yes/Yes Yes Mut E73.1 Yes/Yes Yes WT
E12.1 Yes/Yes Yes Mut E43.1 Yes/- - - E75.1 Faint/Faint Yes Het
E E13.1 No/No Yes - E45.1 Yes/Yes Yes Het E76.1 - - Het
& E151 Yes/Yes Yes Mut E46.1 Noj/- - - E77.1 - - Het
N El6.1 No/- - i E47.1 Yes/Yes Yes Het E78.1 ; ; Het
: E17.1 No/- - - E48.1 Yes/No - - E79.1 - - Mut
‘;10 E18.1 No/- - - E49.1 No/- - - E80.1 - - Mut
E E19.1 No/- - - E50.1 Yes/Yes Yes Het E81.1 - - Mut
E20.1 Yes/Yes Yes WT E51.1 No/- - - E82.1 No/No - WT
E21.1 Yes/No - - E52.1 NG E83.1 - - Mut
E22.1 NG E53.1 NG E84.1 - - Mut
E23.1 NG E54.1 NG E85.1 - - Mut
E24.1 No/- - - E55.1 No/- - - E86.1-E117.1 - - -
E25.1 Yes/No - - E56.1 Yes/Yes Yes Mut E118.1 Yes/No - -
E26.1 Yes/Yes Yes Mut E57.1 Yes/Yes Yes Mut E119.1 Yes/Yes Yes Het
E27.1 No/- - - E58.1 No/- - - E120.1 Yes/No - -
E28.1 No/- - - E59.1 Yes/Yes Yes Het E121.1 Yes/No - -
E29.1 No/- - - E60.1 NG E122.1 Yes/No - -
E30.1 Yes/Faint - - E61.1 Yes/Yes Yes Mut E123.1 Faint/No - -
E31.1 No/- - - E62.1 Yes/Yes Yes Mut E124.1 Yes/Yes Yes Mut

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed



Table 4.10. Continued.

Transformant 5/ 3'. Neut5L Mutation| Transformant 5/ 3'. Neut5L Mutation| Transformant 5/ 3'. Neut5L Mutation
Integration Integration Integration
E125.1 Yes/Yes Yes Mut E19.2 No/- = = E50.2 = = Mut
E126.1 Yes/Faint Yes Mut E20.2 No/- - - E51.2 - - Het
E127.1 No/No = = E21.2 Yes/Yes Yes Mut E52.2-E83.2 = = =
E128.1 - - Mut E22.2 NG E84.2 No/No - -
E129.1 - - Het E23.2 No/- - - E85.2 Yes/Yes Yes Mut
E130.1 - - Mut E24.2 No/- - - E86.2 Yes/No - -
E131.1 - - Mut E25.2 No/- - - E87.2 Yes/Yes Yes Mut
E132.1 - - Mut E26.2 No/- - - E88.2 Yes/No - -
E133.1 - - Mut E27.2 Yes/Yes Yes WT E89.2 Yes/Yes Yes Mut
E134.1 - - Het E28.2 No/- - - E90.2 No/- - -
E136.1 - - Het E29.2 No/- - - E91.2 No/- - -
E137.1 No/No - WT E30.2 No/- - - E92.2 No/- - -
E E138.1-E169.1 - - - E31.2 No/- - - E93.2 No/- - -
& E12 No/No Yes - E32.2 Yes/No - - E94.2 - - Mut
N E2.2 Yes/Yes Yes  Mut E33.2 Yes/No - i E95.2 - ; Mut
E E3.2 Yes/Yes Yes Mut E35.2 Yes/No - - E96.2 - - Mut
‘;10 E4.2 No/No Yes - E34.2 Yes/No - - E97.2 - - Mut
E E5.2 No/No Yes - E36.2 Yes/No - - E98.2 - - Mut
E6.2 No/No Yes - E37.2 No/- - - E101.2 - - Mut
E7.2 No/No Yes - E38.2 Faint/No - - E99.2 - - Mut
E8.2 Yes/No Yes - E39.2 Yes/Faint Yes Het E100.2 - - Mut
E9.2 Yes/Yes Yes Mut E40.2 Yes/Faint Yes WT E102.2 - - Mut
E10.2 Yes/Yes Yes WT E41.2 Faint/- - - E103.2 - - Mut
E11.2 Yes/No Yes - E42.2 - - Mut E104.2-E135.2 - - -
E13.1 No/- - - E44.2 - - Mut
E14.2 No/- - - E45.2 - - Mut
E15.2 No/- - - E46.2 Yes/No - WT
E16.2 No/- - - E47.2 - - Mut
E17.2 No/- - - E48.2 - - Mut
E18.2 No/- - - E49.2 - - Mut

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed
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Table 4.10. Continued.

Transformant 5’/3’ Integration | Neut5L | Mutation
EW1.1 No/No Yes -
EW2.1 No/No Yes -
EW3.1 No/No Yes -
EW4.1 No/No Yes -
EW5.1 No/No Yes -
EW6.1 Yes/Yes Yes WT
EW7.1 Yes/Yes Yes WT
EwW8.1 No/No Yes -
EW9.1 Yes/Yes Yes WT
EW10.1 No/No Yes -
EW11.1 Yes/Yes Yes WT
EW12.1 Yes/Yes Yes WT
EW13.1 Yes/Yes Yes WT

S EwWi4l Yes/Yes Yes WT

& EW15.1 Yes/Yes Yes WT

E EW16.1-EW147.1 - - -

T EW1.2 No/No Yes =

‘;o EW2.2 Yes/No Yes -

= EwW3.2 No/No Yes -
EW4.2 No/No Yes -
EW5.2 No/No Yes -
EW6.2 Yes/Yes Yes WT
EW?7.2 No/No Yes -
EWS8.2 Yes/Yes Yes WT
EW9.2 Yes/Yes Yes WT
EW10.2 No/No Yes -
EW11.2 Yes/Yes Yes WT
EW12.2 Yes/Yes Yes WT
EW13.2 Yes/Yes Yes WT
EW14.2 No/Yes Yes -
EW15.2 Yes/Yes Yes WT

EW16.2-EW142.2 - - -

WT, wild-type sequence; -, not performed
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4.4.3.3. Transformants for Mrr2 A311V (Mrr2-311-RT1 and Mrr2-WT-RT1)

We carried out two transformations for Mrr2 with the mutated RTe where we
obtained 341 transformants (166 from T1 and 175 from T2) and we had to do five
transformations with the WT RTe in order to get a large number of transformants,
156 in total (101 from T1 and 55 from T2). The transformants were labelled
similarly to Ergl1 ones, and we used M or MW to refer to mutagenic or WT RTe-

derived transformants.

We analysed 235 mutated and 71 WT RTe transformants of which 32 (13.6%) and
9 (12.7%) had integrated pV1524, respectively, and only one of them did it in
homozygosis. In order to detect the A311V mutation we carried out a PCR specific
for the mutated allele. Thirteen integrative transformants from the mutated RTe
were identified as homozygous, another 13 as heterozygous and 9 as WT. All of the

integrative WT transformants were correctly identified as WT (Table 4.11).

We sequenced the MRR2 gene fragment harbouring the desired mutation of 22
transformants (18 mutant and 4 WT) of which 9 (50%) had the mutation in
homozygosis, 2 (11.1%) were heterozygous, 7 (38.9%) had repaired the DSB with a
repair mechanism distinct from HR. Half of the WT transformants were correctly
modified. A summary of the sequencing results is listed in Supplementary material

Table VIII.
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Table 4.11. Screening of Mrr2 transformants for integration of the CRISPR-Cas9 cassette into the NEUT5L locus and gene editing by PCR.

Transformant lntesgﬁ jtion Neut5L Mutation | Transformant Intesgﬁ :tion Neut5L | Mutation| Transformant Intesgﬁ :tion Neut5L Mutation
M1.1 No/No Yes = M32.1 No/No = = Mé64.1 No/No = =
M2.1 No/No Yes - M33.1 No/No - - M65.1 No/No - -
M3.1 No/No Yes - M35.1 No/No - - M66.1 No/No - -
M4.1 No/No Yes - M36.1 No/No - - M67.1 Yes/Yes Yes Mut
M5.1 No/No Yes = M37.1 No/No = = M69.1 Yes/Yes Yes WT
Mé6.1 No/No Yes - M38.1 No/No - - M68.1 Yes/Yes Yes Mut
M7.1 No/No Yes - M39.1 No/No - - M70.1 Yes/Yes Yes Mut
M8.1 No/No Yes - M40.1 No/No - - M71.1 Yes/Yes Yes WT
M9.1 No/No Yes - M41.1 No/No - - M72.1 Yes/Yes Yes WT
M10.1 No/No Yes - M42.1 Yes/Yes Yes Het M73.1 No/- - -
M11.1 No/No - - M43.1 No/No - - M74.1 No/- - -
M12.1 No/No - - M44.1 No/No - - M75.1 No/- - -

- M13.1 No/No - - M45.1 No/No = = M76.1 No/- = =

E M14.1 No/No - - M46.1 No/No - - M77.1 NG

- Mi15.1 No/No - - M47.1 No/No = = M78.1 No/- = =

S M16.1 No/No - - M48.1 Yes/Yes Yes Het M79.1 No/No Yes Mut

:5'_1‘ M17.1 No/No - - M49.1 No/No - - M80.1 NG

= M18.1 Yes/Yes Yes Mut M50.1 No/No - - M81.1 - - WT

= M19.1 No/No - - M51.1 NG M82.1 - - Mut
M20.1 No/No - - M52.1 No/No - - M83.1 - - Mut
M21.1 No/No - - M53.1 No/No - - M84.1 - - WT
M22.1 No/No - - M54.1 No/No - - M85.1 No/No Yes Mut
M23.1 No/No - - M55.1 Yes/Yes Yes Het M86.1 No/No Yes Mut
M24.1 No/No - - M56.1 No/No - - M87.1 - - Mut
M25.1 No/No - - M57.1 No/No - - M88.1 - = Mut
M26.1 No/No - - M58.1 No/No - - M89.1 Yes/No No -
M27.1 No/No - - M59.1 Yes/Yes Yes Het M90.1 NG
M28.1 Yes/Yes Yes Het M60.1 No/No - - M91.1 No/- - -
M29.1 No/No - - M61.1 No/No - - M92.1-M98.1 NG
M30.1 No/No - - M62.1 Yes/Yes Yes Mut M99.1 No/- - -
M31.1 No/No - - M63.1 No/No - - M100.1 No/- - -

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed



Table 4.11. Continued.

Transformant 5/ 3'_ Neut5L Mutation | Transformant 5,/3'. Neut5L  Mutation | Transformant >/ 3,. Neut5L | Mutation
Integration Integration Integration

M101.1 No/- - - M159.1 Yes/Yes Yes Mut M25.2 No/No - -
M102.1-M105.1 NG M160.1 No/- - - M26.2 Yes/Yes Yes WT
M106.1 No/- - - M161.1 No/- - - M27.2 No/No - -

M107.1 NG M162.1 No/- - - M28.2 No/No - -

M108.1 No/- - - M163.1 No/- - - M29.2 No/No - -
M109.1-M119.1 NG M164.1 No/- - - M30.2 No/No - -
M120.1 No/- - - M165.1 No/- - - M31.2 No/No - -

M121.1 No/- - - M1.2 Yes/Yes Yes WT M32.2 Yes/Yes Yes WT
M122.1-M126.1 NG M2.2 Yes/Yes Yes WT M33.2 No/No - -
M127.1 No/- - - M3.2 No/No Yes - M34.2 No/No - -

M128.1 NG M4.2 No/No Yes - M35.2 No/No - -

M129.1 NG M5.2 No/No Yes - M36.2 No/No - -

- M130.1 Yes/No Yes - Mé6.2 No/No Yes - M37.2 No/No - -
E M131.1-M133.1 NG M7.2 No/No Yes - M38.2 No/No - -
- M134.1 Yes/No Yes - M8.2 No/No Yes - M39.2 No/No - -
- M135.1 No/- - - M9.2 No/No Yes - M40.2 No/No - -
N;_ M136.1-M141.1 NG M10.2 No/No Yes - M41.2 No/No - -
= M142.1 No/- - - M11.2 Yes/Yes Yes Mut M42.2 No/No - -
= M143.1 No/- - - M12.2 Yes/Yes Yes Mut M43.2 No/No - -
M144.1 NG M13.2 No/No - - M44.2 No/No - -

M145.1 No/- - - M14.2 No/No - - M45.2 No/No - -

M146.1 NG M15.2 Yes/Yes Yes Het M46.2 No/No - -

M147.1 NG M16.2 No/No - - M47.2 No/No - -

M148.1 No/- - - M17.2 No/No - - M48.2 No/No - -

M149.1 NG M18.2 No/No - - M49.2 Yes/Yes Yes Het

M150.1 NG M19.2 No/No - - M50.2 No/No - -

M151.1 No/- - - M20.2 No/No - - M51.2 No/- - -

M152.1 NG M21.2 No/No - - M52.2 No/- - -

M153.1 NG M22.2 Yes/Yes Yes Het M53.2 No/- - -

M154.1 No/- - - M23.2 No/No - - M54.2 No/- - -
M155.1-M158.1 NG M24.2 No/No - - M55.2 No/- - -

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed



Table 4.11. Continued.

Transformant 5’/3’ Integration Neut5L | Mutation| Transformant 5/ 3'_ Neut5L Mutation| Transformant >/ 3,_ Neut5L Mutation
Integration Integration
M56.2 Yes/Yes Yes WT M87.2 No/- - - M121.2 NG
M57.2 No/- - - M88.2 NG M122.2 No/- - -
M58.2 No/- - - M89.2 No/- - - M123.2 No/- - -
M59.2 No/- - - M90.2 NG M124.2 No/- - -
M60.2 No/- - - M91.2 NG M125.2 No/- - -
M61.2 NG M92.2 No/- - - M126.2 No/- - -
M62.2 NG M93.2 No/- - - M127.2-M131.2 NG
M63.2 NG M94.2 No/- - - M132.2 No/- - -
M64.2 No/- - - M95.2 NG M133.2-M135.2 NG
M65.2 NG M96.2 No/- - - M136.2 No/- - -
M66.2 No/- = = M97.2 NG M137.2 NG
M67.2 No/- - - M98.2 No/- - - M138.2 No/- - -
- Mé682 NG M99.2 NG M139.2 NG
E M69.2 No/- - - M100.2 NG M140.2 NG
- M70.2 No/- - - M101.2 No/- - - M141.2 No/- - -
; M71.2 No/- - - M102.2 No/- - - M142.2 NG
N; M72.2 NG M103.2 No/- - - M143.2 No/- - -
= M73.2 NG M104.2 No/- - - M144.2 NG
= M74.2 No/- - - M105.2 No/- - - M145.2 No/- = -
M75.2 No/- - - M106.2 No/- - - M146.2 Yes/Yes No Het
M76.2 No/- - - M107.2 No/- - - M147.2 Yes/- - -
M77.2 NG M108.2 NG M148.2 Yes/Yes Yes Het
M78.2 NG M109.2 Yes/No Yes - M149.2-M153.2 NG
M79.2 No/- - - M110.2 NG M154.2 No/- - -
M80.2 No/- - - M111.2 NG M155.2 NG
M81.2 NG M112.2 No/- - - M156.2 No/- - -
M82.2 NG M113.2-M116.2 NG M157.2 No/- - -
M83.2 No/- - - M117.2 Yes/Yes Yes Mut M158.2 NG
M84.2 NG M118.2 NG M159.2 Yes/Yes Yes Het
M85.2 No/- - - M119.2 No/- - - M160.2 No/- - -
M86.2 No/- - - M120.2 NG M161.2 No/- - -

Mut, homozygous for the mutation;

Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed



Table 4.11. Continued.

Transformant >/ 3'_ Neut5L  Mutation Transformant 5/ 3'_ Neut5L  Mutation Transformant >/ 3,. Neut5L  Mutation
Integration Integration Integration
M162.2 No/- - - MW18.1 Yes/Yes Yes WT MW50.1 No/- - -
M163.2 Yes/Yes Yes Het MW19.1 No/No Yes - MW51.1-MW101.1 - - -
M164.2 No/- - - MW20.1 No/No Yes - MW1.2 No/No - WT
M165.2 Yes/Yes Yes Het MW21.1 No/No Yes - MW2.2 No/No No -
- M166.2 No/- - - MW22.1 No/No Yes - MW3.2 No/No Yes -
E M167.2 No/- - - MwW23.1 No/No Yes - MW4.2 No/No Yes -
ﬁ“ M168.2 No/- - - MW24.1 No/No Yes - MWS5.2 No/No Yes -
o M169.2 NG MW25.1 No/No Yes - MW6.2 No/No Yes -
£ M170.2 NG MW26.1 No/No Yes - MW?7.2 No/No Yes =
= M171.2 Yes/Yes Yes Mut MW27.1 No/No Yes - MWwWs8.2 No/No Yes -
M172.2 No/- - - MwW28.1 No/No Yes - MW9.2 No/No Yes -
M173.2 No/- - - MW29.1 No/No Yes - MW10.2 No/No Yes -
M174.2 Yes/Yes Yes WT MW30.1 No/No Yes - MW11.2 No/No Yes -
M175.2 NG - Mw311 No/No Yes - MW12.2 No/No Yes -
£ Mw32.1 No/No Yes - MW13.2 No/No Yes -
MW1.1 No/No - WT = MWwW33.1 NG MW14.2 NG
MW2.1 No/No - WT EMW34.1 No/No - - MW15.2 NG
MW3.1 NG Z Mws3s.1 No/No - - MW16.2 NG
MW4.1 No/No Yes - = MW36.1 No/No - - MW17.2 No/No Yes -
MWS5.1 No/No Yes - MW37.1 No/No Yes - MW18.2 No/No Yes -
MW6.1 No/No Yes - MW38.1 No/No Yes - MW19.2 No/- - -
o Mw7zil No/No Yes - MW39.1 No/- - - MW20.2 No/- - -
ﬁ MW8.1 No/No Yes - MW40.1 No/- - - MW21.2 Yes/Yes WT
= Mwal No/No Yes - MW41.1 NG MW22.2 Yes/Yes - WT
N,l_ MW10.1 No/No Yes - MW42.1 Yes/Yes Yes WT MW23.2 Yes/Yes WT
E MW11.1 No/No Yes - MWw43.1 Yes/Yes Yes WT MW24.2 No/- - -
MW12.1 No/No Yes - MW44.1 Yes/Yes Yes WT MW25.2 No/- - -
MW13.1 No/No Yes - MW45.1 No/- - - MW?26.2 No/- - -
MW14.1 No/No Yes - MW46.1 NG MW27.2 No/- - -
MW15.1 No/No Yes - MW47.1 No/- - - MWw28.2 Yes/Yes WT
MW16.1 No/No Yes - MW48.1 No/- - - MW29.2-MW55.2 - - -
MW17.1 No/No Yes - MW49.1 Yes/Yes Yes WT

Mut, homozygous for the mutation; Het, heterozygous for the mutation; WT, wild-type sequence; NG, no growth in YEPD+NT; -, not performed



Results

All the transformants that had correctly incorporated the repair template were then
selected for flip-out (FO) induction. After FO confirmation, they were sequenced
again to check if they retained the desired mutation. Finally, two transformants of

each type were selected for phenotypic analysis and were renamed as detailed in

Table 4.12.

A duplicate for the heterozygous mutant of Mrr2 could not be obtained because the

one initially identified as heterozygous became homozygous after FO induction.

Table 4.12. New nomenclature of the transformants selected for phenotypic analysis.

Ergl1 transformant New name
E7.1_19 SC5314_Erg11Y477¢-1
E3.2_1 SC5314_Erg11Y477¢-2
E10.2_315 SC5314_Erg11Y477¢-1
E82.1_2 SC5314_Erg11Y477¢)-2
EWe6.1_78 SC5314_Ergl11Wr-1
EW6.2_57 SC5314_Ergl11WT-2
Tac1 transformant New name
D22.100 SC5314_Tac1s758F-1
D61.241 SC5314_Tac15758F-2
D38.2 SC5314_Tac15758F(h)-1
D43.1 SC5314_Tac15758F(h)-2
D24.37 SC5314_Tac1WT-1
D25.48 SC5314_Tac1WT-2
Mrr2 transformant New name
M55.1_240 SC5314_Mrr24311v-1
M12.2_269 SC5314_Mrr24311v-2
M28.1_358 SC5314_Mrr24311v(h)-1
MW43.1 97 SC5314_Mrr2WT-1
MWwW22.2 98 SC5314_Mrr2Wr-2

(h) indicates the heterozygous mutants
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Results

4.4.4. Susceptibility to fluconazole of C. albicans mutants generated by

CRISPR-Cas9

Susceptibility against fluconazole was tested by CLSI’s broth microdilution method
at 37 and 25°C for two replicates of each mutant (homozygotic, heterozygotic and
WT) together with the parental strain (SC5314) and the azole resistant isolate that
originally harboured the mutation. The isolate 16-134 could not be subjected to the

subsequent analysis because we could not recover it from the stock.

4.4.4.1. Tacl transformants

We could not observe any significant changes in fluconazole susceptibility for the
Tacl mutants, although the homozygous mutants seem to have slightly higher MIC
after 24h of incubation than the SC5314 parental strain and the heterozygous and

control mutants. Nonetheless, after 48h this difference is less apparent (Figure 4.5).

4.4.4.2. Ergl1 transformants

In the case of Erg11 transformants, none showed higher MIC than the parental strain
after 24h of incubation, neither at 37°C nor at 25°C. However, after 48h one of the
homozygous mutants (SC5314-Erg11Y477¢-1) showed a significant increase in its

fluconazole MIC at both temperatures (Figure 4.6).

4.4.4.3. Mrr2 transformants

As with the Tacl transformants, the Mrr2 homozygous mutants showed a slight
decrease in their susceptibility to FLC at 37°C, but not at 25°C. Interestingly, after
48h of incubation at 25°C the homozygous mutants showed such a heavy trailing
growth that MIC could not be determined or would be established as more than 64

pg/ml (the highest FLC concentration in the CLSI assay) (Figure 4.7).
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Figure 4.5. Fluconazole MIC values for Tac1 transformants after 24 and 48h of incubation at 37 and

25°C. The dotted line marks the mean MIC value for the SC5314 C. albicans parental strain.
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Figure 4.6. Fluconazole MIC values for Ergl11 transformants after 24 and 48h of incubation at 37 and

25°C. The dotted line marks the mean MIC value for the SC5314 C. albicans parental strain.
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Figure 4.7. Fluconazole MIC values for Mrr2 transformants after 24 and 48h of incubation at 37 and

25°C. The dotted line marks the mean MIC value for the SC5314 C. albicans parental strain.

117



Results

4.4.5. Spot Assay

Spot assay was carried at 37 and 25°C to compare the results with the ones obtained

by CLSI’s method.

4.4.5.1. Tacl transformants

Tacl transformants did not show any differences in growth between the mutants
and the WT transformants at 37°C, while at 25°C the mutants showed a slightly
higher growth (Figure 4.8). This observation is in agreement with the results of the
CLSI’s susceptibility assays at both temperatures. In addition, it has to be noted that
specially at 37°C the parental strain has a faint growth compared to the engineered

WT strain.
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Figure 4.8. Spot assay for Tacl transformants, BE-113 and parental SC5314 C. albicans strains at
37 and 25°C after 48 and 72h of incubation.
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4.4.5.2. Ergl1 transformants

For the Ergl1 transformants we did not observe any apparent differences between
the Ergl1 homozygous and heterozygous mutants and the WT and parental strain,
either at 37 or 25°C (Figure 4.9). These results are in accordance with CLSI at 24h of
incubation, but in this assay, we could not confirm the slight reduction in fluconazole

susceptibility of the SC5314-Erg11Y477C-1 mutant detected after 48h.

37°C
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Figure 4.9. Spot assay of Ergl1 transformants and SC5314 C. albicans parental strain at 37 and
25°C after 48 and 72h of incubation.
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4.4.5.3. Mrr2 transformants

For the Mrr2 transformants there were not observable differences in the growth of
the mutants with reference to the WT transformants and parental strains when
grown at 37°C (Figure 4.10), contrarily to the results obtained by CLSI. However, at
25°C a slightly increased growth of the Mrr2 homozygous mutants was registered,

which could be related to the heavy trailing growth described in the CLSI assay.
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Figure 4.10. Spot assay for Mrr2 transformants, BE-114 and parental SC5314 C. albicans strains at
37 and 25°C after 48 and 72h of incubation.
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4.4.6. Gene expression analysis

Since both Tacl and Mrr2 are transcription factors that regulate the ABC efflux
pumps Cdrl and Cdr2 (only Tacl), expression levels of these genes were measured

by RT-qPCR.

4.4.6.1. Tacl transformants

The CDR1 and CDRZ2 genes expression was not significantly altered in the mutant or
WT transformants in reference to the SC5314 parental strain. Nonetheless, we
confirmed that the BE-113 clinical isolate exhibited higher expression of CDR1
(x1.7) and CDR2 (x71), even though it did not harbour any of the previously
described GOF mutations in Tacl or Mrr2 (Figure 4.11 A).

4.4.6.2. Mrr2 transformants

In this case, CDR1 and CDRZ expression was also unaltered. In addition, the BE-114
clinical isolate when compared only to SC5314 did not exhibit increased expression
of either of the genes, which did when was compared to a pool of susceptible
isolates. Surprisingly, it even showed a significant downregulation of CDR1 (x-1.9)

(Figure 4.11 B).
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Figure 4.11. CDR1 and CDR2 mRNA expression level in CRISPR-Cas9-obtained transformants for

Tacl (A) and Mrr2 (B) measured by RT-qPCR relative to C. albicans SC5314. Error bars indicate

standard deviations (SD) of three RNA extraction replicates. **Statistical significance with reference

to the C. albicans SC5314 strain P<0.01.
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4.5. In vitro evolution of C. albicans in the presence of increasing

concentrations of fluconazole

The azole-susceptible C. albicans SC5314 and BE-47 strains were exposed to
increasing concentrations of FLC (from 0.25 to 64 pg/ml) for 23 days, after which
they were subcultured for an additional 32 days-period in the absence of the
antifungal drug. In parallel, control populations grown in medium without FLC were
maintained throughout the whole experiment. Samples from both the exposed
(experimental) and the control populations were taken at different time points of

the experiment and stored at -80°C for subsequent analysis.

4.5.1. Susceptibility to azoles

MIC values of five azoles were estimated by broth microdilution methods. MIC
values were estimated for the experimental and control populations of time spots 4,
7,15, 23,26 and 55 days for the SC5314 strain, and 7 and 23 days for BE-47 (Figure
4.12).

The SC5314 strain exhibited a decrease in susceptibility for all the azoles tested,
becoming resistant to FLC, CLT and POS, SDD to ITC, while remaining sensitive to
VRC, even though we recorded a 4-fold increase in MIC for this antifungal agent
(Figure 4.12 A). It has to be noted that the experimental population of the 7th day
(SC5314_t7, 4 pg/ml FLC) exhibited the highest increase in MIC values. From this
point onwards, the experimental populations retained the achieved resistance level

that was maintained even after removing fluconazole from the media.

On the other hand, the BE-47 only acquired resistance to CLT, while FLC, ITC and
VRC MIC values only registered a slight increase (Figure 4.12 B).
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Figure 4.12. Evolution of azoles MIC for the SC5314 (A) and BE-47 (B) populations. Pink line,
experimental populations; light blue line, control populations. The horizontal red and blue dashed
lines indicate the antifungal drug cut-off values for resistant and susceptible-dose dependent
C. albicans strains, respectively. The vertical dotted line denotes the time of fluconazole removal in
the evolution experiment.
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4.5.2. Mutations in Ergl1, Tacl, Upc2, Mrr1, Mrr2 and Erg3

The SC5314 derived populations presented two amino acid substitutions in
heterozygosis in Ergl1 (D116E and K128T), which have been previously described

as not being linked to azole resistance (Table 4.13).

The TACI gene showed more polymorphisms leading to amino acid substitutions.
The initial and control populations exhibited six heterozygous mutations not
associated to azole resistance (N396S, N772K, D776N, E829Q, S935L and S941P).
These mutations were also present in the experimental populations of days 4
(SC5314_t4, 0.5 pg/ml FLC) and 5 (SC5314_t5, 1 pg/ml), but they were absent in the
subsequent populations. Besides, we also found the N977D azole resistance-
associated mutation (Coste et al., 2006), first in heterozygosis in experimental
populations t4 and t5, and turning homozygous from day 7 population onwards. The
loss of heterozygosity (LOH) of the latter mutation was accompanied with the loss
of the other amino acid heterozygotic substitutions present in the control and
previous experimental populations (Table 4.13). We did not find any mutations in
UPC2, and the MRR1, MRR2 and ERG3 genes were not sequenced for the SC5314-

derived populations.

In the case of the BE-47, the mutations found in Ergl1 and Tac1 of the control and
experimental populations of day 23 did not exhibit any changes with respect to the
initial population (BE-47_t0) and coincided with those presented by SC5314 control
populations. Therefore, intermediate time-points were not analysed (Table 4.13).
Concerning Upc2, Mrrl and Mrr2, no amino acid substitutions were found in BE-47
populations. Since no relevant mutations were detected for BE-47 in the studied
genes, ERG3 was sequenced and the V351A mutation was identified, which was
again shared by the initial and the day 23 populations. In addition, this amino acid
substitution was already reported as not significant for azole resistance (Morio et

al, 2012)(Table 4.13).
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Table 4.13. Ergl1, Tacl and Erg3 amino acid substitutions detected in experimental and control
populations of C. albicans SC5314 and BE-47 strains derived from different times along the exposition

to FLC.
Ergll Tacl Erg3
Population
D116E K128T | N396S N772K D776N E829Q S935L S941P - V351A
SC5314_t0 NA
SC5314_t4C NA
SC5314 _t4 NA
SC5314_t5C NA
SC5314_t5 NA
SC5314_t7C NA
SC5314_t7 - NA
SC5314_t15C NA
SC5314_t15 - NA
SC5314_t23C NA
SC5314_t23 - NA
SC5314_t26C NA
SC5314_t26 - NA
SC5314_t55C NA
SC5314_t55 NA
BE-47_t0
BE-47_t23C -
BE-47_t23

t0, t4, t5, ...: days of exposition to FLC. C indicates control populations that were grown without FLC
in parallel to the exposed populations. NA, not analysed. Blue: previously described mutations;
green: previously described mutations associated to resistance; light colour: mutations in

heterozygosis; dark colour: mutations in homozygosis.

126



Results

4.5.3. Expression of CDR1, CDR2, MDR1 and ERG11 genes

We also examined other well-described resistance mechanisms like the
overexpression of efflux pumps and azoles’ target enzyme Ergl1, and measured the
relative expression level of CDR1, CDR2, MDR1 and ERG11 genes by RT-qPCR of

different populations obtained after FLC exposure.

4.5.3.1. RT-qPCR efficiency

The efficiency values for each gene are listed in Table 4.14. Again, we were unable

to determine the efficiency for CDRZ gene due to its low expression level.

Table 4.14. Efficiency values of the amplification reaction for each gene.

Gene Gene name Efficiency
CDR1 Candida Drug Resistance 1 — ABC efflux pump 1.02
CDR2 Candida Drug Resistance 2 - ABC efflux pump -
MDRI1 Multidrug Resistance 1 - Major Facilitator pump 1.06
ERG11 Cytochrome P450 lanosterol 14a-demethylase 1.06
ACT1 Actin 1.03
PMA1 Plasma membrane H*-ATPase 1.13
RPP2B Cytosolic ribosomal acidic protein P2B 1.06
LSC2 Succinyl-CoA synthetase [-subunit fragment 1.10
CPA1 Carbamoyl-phosphate synthetase small subunit 1.01
IMH3 Inosine-5'-monophosphate dehydrogenase fragment 0.93
RIP Ubiquinol cytochrome-c reductase complex component 1.04

4.5.3.2. Reference genes’ stability

The results of the stability calculations displayed in Figure 4.13 revealed that ACT1,
PMA1 and RPP2B were the most stable genes, so they were selected for

normalization.
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Figure 4.13. Stability analysis

BestKeeper.
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4.5.3.3. Level of expression of the selected genes

The SC5314 experimental populations revealed an increased expression of Cdr1 and
Cdr2 efflux pumps. In both cases, the highest increase was observed in populations
of days 7 (SC5314_t7, 4 pg/ml FLC) and 15 (SC5314_t15, 64 pg/ml FLC), where a 4
and 7 fold-change were registered for CDR1, and 320 and 1000 fold-change for
CDR2, respectively (Figure 4.14 A). The subsequent experimental populations
experienced a reduction in expression going down to around 3 and 200 fold-change,
respectively for CDR1 and CDRZ2. Regarding MDR1 expression, only t15 population
presented higher expression levels than control. Finally, no changes in ERG11 were

detected.

Conversely, BE-47 did not experience any increase in expression levels of the

studied genes (Figure 4.14 B).
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significance: *P <0.05; **P<0.01; ***P<0.001.
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4.5.4. Zygosity of the MTL locus

The analysis of the mating-type like locus (MTL) revealed that both the a and the a
MTL alleles were present in all populations (Figure 4.15 A). When we looked at 10
random clones (colonies) of every population of the FLC exposure experiment, all of
them appeared heterozygous for MTL with the exception of three clones from
SC5314_t23 population (lanes 11, 14 and 15 of Figure 4.15 B) and two from
SC5314_t26 (lanes 32 and 37), that carried only the MTLa1 allele.
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Figure 4.15. MTL genotype. A) Control and experimental populations of C. albicans SC5314 and BE-
47. The dotted line separates SC5314 and BE47-derived populations. B) Ten clones representing
SC5314_t23 and t26 control(C) and experimental populations, separated by dotted lines. M,
molecular size marker.
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4.5.5. Fitness

The fitness, calculated as the reverse value of the doubling time, of all derived
populations analysed in this study in reference to their respective initial population

(t0) is represented in Figure 4.16

For SC5314, only the t4 population showed a significant decrease in its fitness at
both temperatures when compared to the initial population, but it did not when
compared with its corresponding control. In addition, there is an evident decrease
in the fitness of both t4 populations compared to the subsequent populations. This

observation was more pronounced at 37°C.

For BE-47, there was a striking difference between the results at 37 and 30°C. At
37°C, there was no difference between the experimental and their corresponding
control population or the initial one (Figure 4.16). On the contrary, at 30°C, we
observed a significant increase in fitness of the t7 and t23 experimental populations

compared to their control and initial populations (Figure 4.16).
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Figure 4.16. Fitness for experimental (pink bars) and control (light blue bars) populations of
C. albicans SC5314 and BE47. The grey bar represents the population at time 0. Statistical
significance: *P<0.05; ***P<0.001.
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4.5.6. Tolerance

Although BE-47 populations did not seem to have acquired resistance to fluconazole
and did not show any of the most common azole resistance mechanisms described
in the literature, they were able to grow at the highest azole concentration in our
experiment, 64 pg/ml. A possible explanation could be that BE-47 had a higher
tolerance level to fluconazole than SC5314. In order to assess the tolerance of the
initial, control and experimental populations of both strains we performed a
variation of the CLSI broth microdilution assay in which we measured the OD after
24 and 48h of incubation at either 25 or 37°C. Measurements after 24h were used
for MIC calculations and after 48h for supra-MIC-growth (SMG) as a numerical

representation of the tolerance level.

When grown at 37°C, the SC5314 experimental populations exhibited higher SMG
values than their corresponding controls (Figure 4.17 A), while at 25°C these
differences were less evident and the control populations showed even higher SMG
values than their corresponding experimental populations (Figure 4.18 A). It has to

be noted that in general the SMG was higher at 37°C than at 25°C.

For BE-47, the experimental population of time 23 showed a big increase in its SMG
value compared to the rest of populations at 37°C (Figure 4.17 B), while at 25°C did
not exhibit any noticeable growth above its MIC (Figure 4.18 B). In the rest of the
populations the SMG was also lower at 25°C than at 37°C.
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Figure 4.17. Representation of OD measurements at 450 nm of the tolerance plates incubated at
37°C for 48h for SC5314 (A) and BE-47 (B) experimental and control populations, and their supra-
MIC growth (SMG) associated values. The wells corresponding to FLC concentrations below the MIC
are represented in green and the wells above the MIC are in yellow. The yellow vertical bars indicate
the MIC value calculated at 24h.
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Figure 4.18. Representation of OD measurements at 450 nm of the tolerance plates incubated at
25°C for 72h for SC5314 (A) and BE-47 (B) experimental and control populations and their supra-
MIC growth (SMG) associated values. The wells corresponding to FLC concentrations below the MIC
are represented in green and the wells above the MIC are in yellow. The yellow vertical bars indicate
the MIC value, calculated at 24h.
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4.5.7. Spot Assay

In order to have a more visual representation of the different responses to
fluconazole of the evolved populations we performed a spot assay in which all
populations were spotted on YNB agar supplemented with the FLC concentrations
used for CLSI susceptibility testing and tolerance measurement. Also, growth at 37
and 25°C was assessed to further elucidate if tolerance mechanisms could be playing

arole in the adaptation to azole pressure of both strains.

After 24h of incubation at 37°C (Figure 4.19, left panel) SC5314 experimental
populations showed evident growth at higher FLC concentrations than their
corresponding controls, more significantly from population of time 7 (SC5314_t7)
onwards. Curiously, BE-47 experimental populations had none or little growth at
any concentration, while the initial and control populations exhibited normal
growth at the lower concentrations. On the other hand, at 25°C all populations had

very weak growth.

After 48h the differences in growth are far more evident both at 37°C (Figure 4.20,
up) and 25°C (Figure 4.20, down) in the SC5314 derived populations. We also
observed that at 37°C all populations presented small colonies at concentrations
around and above their MIC, while at 25°C they disappeared. In the case of BE-47,
the initial and control populations appeared to have stronger growth than SC5314
populations at 37°C. Intriguingly, the experimental population of time 7 (BE47-t7)
showed persistent growth at high concentrations but weaker than its corresponding
control. As observed for SC5314, growth above MIC was completely abolished at
25°C.

The results after 72h of incubation (Figure 4.21) are practically identical to the ones
observed at 48h, only revealing that SC5314 experimental and BE47-t23

populations presented small colonies above their MICs even at 25°C.
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Figure 4.19. Spot Assay of SC5314 and BE-47 control and experimental populations after incubation
for 24h in YNB agar with different FLC concentration at 37°C (up) or 25°C (down). The initial
population is marked in black; the control populations are in green and the experimental populations
in red. FCZ concentration (0 to 64 ug/ml) is indicated on top of the pictures.
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Figure 4.20. Spot Assay of SC5314 and BE-47 control and experimental populations after incubation
for 48h in YNB agar with different FLC concentration at 37°C (up) or 25°C (down). The initial
population is marked in black; the control populations are in green and the experimental populations
in red. FCZ concentration (0 to 64 pg/ml) is indicated on top of the pictures
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Figure 4.21. Spot Assay of SC5314 and BE-47 control and experimental populations after incubation
for 72h in YNB agar with different FLC concentration at 37°C (up) or 25°C (down). The initial
population is marked in black; the control populations are in green and the experimental populations
in red. FCZ concentration (0 to 64 ug/ml) is indicated on top of the pictures.
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5. DISCUSSION

Invasive fungal infections caused by Candida species are the fourth cause of
nosocomial bloodstream infections (Lamoth et al., 2018; McCarty & Pappas, 2016)
and have associated high mortality rates (Brown et al., 2012; Cleveland et al., 2012;
Doi et al.,, 2016; Kreusch & Karstaedt, 2013; Puig-Asensio et al., 2014). Among
Candida species, Candida albicans is the most frequently isolated one (McTaggart et
al., 2020; Pfaller et al., 2019) and despite usually showing high susceptibility to
antifungal drugs (Lockhart et al., 2012; McTaggart et al., 2020; Pfaller et al., 2019)
there are reports of increasing azole resistance, limiting the therapeutic choices for
fungal infections (Arendrup, 2014; Cuenca-Estrella et al., 2011; Perlin et al., 2017).
There are a few well established resistance mechanisms, such as drug target
modification or overexpression, enhanced efflux of the drug and alteration of the
target biosynthetic pathway (Berkow & Lockhart, 2017; Bhattacharya et al.,, 2020;
Hokken et al., 2019; Ksiezopolska & Gabaldén, 2018; Morio et al., 2017; Murphy &
Bicanic, 2021; Perlin et al, 2017; Robbins et al., 2017; Whaley et al,, 2017).
Nonetheless, there are many C. albicans azole-resistant strains lacking these
described mechanisms (Berkow & Lockhart, 2017; Ksiezopolska & Gabaldén, 2018;
McTaggart et al., 2020) and new mutations are still being reported (Garnaud et al.,
2015; Sitterlé et al., 2020; Spettel et al., 2019), strengthening the need for further

research in this area.

With this background, we selected 43 clinical isolates of C. albicans from the fungal
collection of the Department of Immunology, Microbiology and Parasitology of the
UPV/EHU, and three reference strains (the azole-susceptible SC5314 and two azole-
resistant strains ATCC 64124 and ATCC 64550) in which possible resistance
mechanisms were analysed, as well as their associated genes, in search of significant
mutations that could be used for diagnostic purposes. First, we determined their
susceptibility to fluconazole (FLC) and clotrimazole (CLT) following CLSI’s (Clinical
and Laboratory Standards Institute) procedure, and those strains showing
resistance to one or both azoles and/or showing inconsistent results in replicated
experiments were re-evaluated with the commercial Sensititre YeastOne® method.
There were some discrepancies in the FLC susceptibility results of both methods.

Eight of the FLC-resistant strains that showed strong resistance to FLC (MIC = 64)
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with the CLSI method, appeared susceptible by Sensititre. This discrepancy can be
due to the subjective evaluation of growth inhibition used in these methods and the
fungistatic nature of azole drugs, which allows the fungus to grow above its MIC and
making it difficult to be determined (Berkow et al., 2020). In fact, Sensititre
YeastOne protocol, in order not to overestimate MICs, recommends establishing the
MIC as the first well with a less intense colour than the control well (Kidd et al.,
2021), whereas for CLSI the 50% of growth inhibition compared to the control well
is determined visually, therefore rendering the first method as easier to interpret
(Berkow et al., 2020). Moreover, many of these isolates exhibited trailing growth
even after 24h of incubation and MICs varied between replicate experiments.
Interestingly, the strains showing inconsistent results between the two methods
account for around half of the strains without any of the major resistance
mechanisms addressed in this work. The clinical isolates 16-132 and 16-135 were
also included in the resistant category due to their intense above the MIC growth

exhibited after 48h of incubation in both methods.

We then focused on elucidating the azole resistance mechanisms harboured by the
azole-resistant strains. The most common azole resistance mechanisms described
in the literature include mutations in the azole target encoding gene ERG11
(Nishimoto et al., 2020; Perlin et al., 2017; Robbins et al., 2017), and overexpression
of Cdr1, Cdr2 and Mdr1 efflux pumps due to gain-of-function (GOF) mutations in
their corresponding transcription factors, Tacl for Cdrl and Cdr2 (Coste et al,
2006), Mrrl for Mdrl (Morschhauser et al.,, 2007) and Mrr2 for Cdrl (Schillig &
Morschhauser, 2013). Consequently, we measured the expression levels of CDRI,
CDR2 and MDRI1 genes and sequenced TACI, ERG11, and the transcriptional
activator of ERG11, UPCZ, that also becomes hyperactivated due to GOF mutations
(Dunkel et al., 2008; Flowers et al., 2012; Silver et al., 2004) for all isolates and MRR1

and MRR?Z for the corresponding overexpressing strains.

A gene was considered significantly overexpressed when it showed a twofold-
change in expression compared to that of a group of susceptible isolates, resulting
in 53% (10/19) of the isolates overexpressing CDR1, five of them also overexpressed
CDR2, and 21% (4/19) overexpressing MDR1, of which three were also

overexpressing the other two pumps. It is worth mentioning that C. albicans clinical
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isolates exhibiting simultaneous enhanced expression of the three efflux pumps are
rarely encountered, probably linked to a high fitness cost (Sasse et al., 2012). These
results are in agreement with many other reports for C. albicans azole-resistant
isolates, which also found that overexpression of CDR genes is a more common
mechanism than MDR1 overexpression (Chau et al, 2004; Fuentes et al., 2014;
Goldman et al,, 2004; Khosravi Rad et al,, 2016; Kumar et al., 2020; Liu et al., 2015;
Mane et al., 2016; Morio et al,, 2013; Park & Perlin, 2005; Rojas et al., 2020; Salari et
al., 2016; Sanglard et al., 2003; Teo et al., 2019; White et al,, 2002; Wu et al., 2018;
Xu etal, 2015).

Interestingly, most of the strains overexpressing either CDR1, CDR2 and/or MDR1
(9/11) did not harbour any of the previously described GOF mutations in their
associated transcription factors Tacl, Mrrl and Mrr2. Of particular interest is the
ATCC 64550 reference strain, which exhibited a highly increased expression of the
three efflux pumps, the BE-113 isolate that harboured a new Tacl mutation in
homozygosis (S758F), and the BE-114 isolate presenting also a new mutation in

homozygosis in Mrr2 (A311V).

The other two overexpressing strains, ATCC 64124 and 15-176, were among the
highly resistant strains of our study and harboured known GOF mutations. The
former showed strong overexpression of CDR1 and CDRZ, probably linked to the
presence of two GOF mutations in Tacl, H839Y and N977D, both in heterozygosis.
While the N977D was the first GOF mutation reported in Tacl (Coste et al., 2006),
the H839Y mutation has been recently associated to high resistance levels to FLC
and itraconazole (ITC) and decreased susceptibility to voriconazole (VRC) (Sitterlé
et al,, 2020). This strain also harboured two resistance-associated mutations in
Ergll, Y132H (Sanglard et al., 1998) and G450E (Flowers et al, 2015), both
frequently reported in the literature in C. albicans azole-resistant isolates (Asai et
al., 1999; Chau et al,, 2004; Coste et al., 2007; Favre et al.,, 1999; Flowers et al., 2015;
Garnaud et al., 2015; Goldman et al.,, 2004; Jensen et al., 2015; Kamai et al., 2004; Li
et al,, 2004; Liu et al., 2015; Loffler et al., 1997; Manavathu et al., 1999; Marichal et
al., 1999; Morio et al,, 2010; Park & Perlin, 2005; Sanglard et al., 1998; Siikala et al.,
2010; Wang et al., 2009; Xiang et al, 2013; Xu et al.,, 2008; Ying et al, 2013).

Moreover, when found together, these mutations have been associated to FLC, ITC
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and VRC resistance (Chau et al., 2004). On the other hand, strain 15-176 showed a
high overexpression of CDR2 and MDRI, in addition to a 5-fold-increase in CDR1
expression. The ABC efflux pumps expression is most certainly correlated to two
GOF mutations found in Tacl, A736V and a deletion between amino acids 962 and
969 (AL962-N969) (Coste et al., 2007), both in heterozygosis, whereas MDR1
enhanced expression is linked to the Mrr1 GOF mutation G947S (Lohberger et al,,
2014). Additionally, it presented the R467K Ergl1 mutation, previously associated
to FLC resistance (Sanglard et al., 1998), and the Upc2 GOF mutation A643V (Hoot
et al,, 2011) in heterozygosis. The high azole resistance exhibited by these two
isolates agrees with the literature reporting that the highest levels of azole
resistance are obtained when several resistance mechanisms are combined in the
same isolate (Sasse et al, 2012). Nevertheless, even though it has been
demonstrated that homozygous GOF mutations implicate higher resistance than in
heterozygosis (Morschhduser, 2016; Sasse et al, 2012), our strains were

heterozygous for Tacl and Upc2.

Other isolates with lower resistance levels were either those exhibiting variable
susceptibility results, some of them probably being tolerant rather than resistant
(higher MICs after 48h of incubation) (Berman & Krysan, 2020; Rosenberg et al,,
2018), or those that only harboured mutations in Ergll and Upc2, which is
consistent with the study of Sasse and collaborators (Sasse etal., 2012) claiming that
the combination of these two mechanisms had the lowest effect on resistance.
Interestingly, strain 16-132, one of the two isolates that exhibited elevated MICs
after 48h of incubation, showed increased expression of the three efflux pumps
despite not presenting any GOF mutations in the corresponding transcription
factors. There are different theories for this behaviour, some subpopulations might
have undergone a duplication of the right arm of chromosome 3, which contains the
CDR1, CDR2 and MRRI1 genes (Selmecki et al., 2009), coupled with trisomy of
chromosome 7, where the Hsp90 tolerance mediator encoding gene is located
(Mount et al,, 2018). Moreover, drug uptake and efflux have also been associated to
azole tolerance. In fact, tolerant isolates were shown to contain lower amounts of
azole drugs than non-tolerant ones, while azole-resistant isolates had very low
intracellular drug concentrations (Rosenberg et al., 2018). This may be associated

to mechanistic differences between azole resistance and azole tolerance. In a
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resistant strain harbouring GOF mutations in efflux pumps transcription factors, all
or most cells would overexpress Cdrl and Cdr2, greatly reducing intracellular azole
levels. On the contrary, in a tolerant strain, the amount of efflux pump expression
would vary among subpopulations, with those having higher expression being able
to moderately decrease the intracellular azole concentration (Berman & Krysan,

2020).

The remaining resistant isolates can be divided into two groups, the ones that did
not present any of the described mechanisms, including the highly resistant isolates
16-092 and 15-154, or those that overexpressed efflux pumps but did not harbour
GOF mutations in their transcription factors, like strains 16-138, ATCC 64550 and
15-159. Because we only sequenced the gene regions where the majority of the GOF
mutations had been described for ERG11, TAC1, UPCZ and MRR1 genes, we may have
missed some mutations that could account for the resistance of these strains.
Alternatively, they may have acquired other resistance mechanisms that we did not
contemplate in our study or are still to be discovered (Berkow & Lockhart, 2017;
Ksiezopolska & Gabaldén, 2018). As indicated in the next paragraph some other
transcription factors implicated in regulation of ABC efflux pumps expression have
been identified and are under study, such as Fcrl, Ndt80, Ncb2 or even mRNA
stability.

Deletion of the zinc cluster transcription factor FCRI in C. albicans resulted in
increased azole resistance, so loss-of-function (LOF) mutations in this transcription
factor could confer azole resistance (Talibi & Raymond, 1999), but this mechanism
has not yet been reported in C. albicans azole-resistant isolates (Morschhauser,
2010). Another transcription factor involved in regulating CDR1 expression is
Ndt80, whose overexpression in S. cerevisiae induced that of CDR1, which in turn
reduced azole susceptibility (Chen et al., 2004). Nonetheless, in a more recent study,
Tacl- and Mrrl-mediated expression of their respective target efflux pumps
Cdr1/Cdr2 and Mdr1 was independent of Ndt80 (Sasse et al., 2011). Finally, Ncb2,
the (B-subunit of the negative RNA polymerase Il regulator NC2, plays an important
role in basal and activated transcription of CDR1 in C. albicans. This cofactor binds
to the NRE (negative regulator element) of the CDR1 promoter and, when repressed,

it enhanced FLC resistance together with increased CDR1 expression. Moreover,
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azole-resistant C. albicans strains showed increased recruitment of Ncb2 at their
promoter and, while in resistant strains it was localized to the core TATA box
promoter region, eliciting transcription, in susceptible strains it was found
upstream inhibiting transcription. Tacl was proposed to be essential for this
positional change, supported by the observation that in a C. albicans azole-resistant
strain Ncb2 recruitment to other Tac1 regulated genes was increased (Shukla et al.,
2011). In addition to alternative CDRI transcription factors, increased mRNA
stability of CDR1 transcripts was linked to increased amounts of Cdr1 transporters

(Manoharlal et al.,, 2008).

On the other hand, regulation of MDRI expression has also been associated to
different transcription factors other than Mrr1, such as Mcm1, Cap1 and Rep1l. The
Mcm1 regulator, involved in cell morphology, was proposed to bind to the BRE
(benomyl responsive element) cis-acting element of the MDR1 promoter, which was
essential for high constitutive expression of the gene in a C. albicans azole-resistant
strain (Rognon et al., 2006). Riggle and Kumamoto (Riggle & Kumamoto, 2006)
showed that Mcm1 also bound to a region of the MDR1 promoter, which is necessary
for MDR1 overexpression in FLC-resistant strains. Additionally, mutations in this
region abolished binding of Mcm1, abrogating MDR1 overexpression too. Mcm1 was
also shown to be required for MDRI Mrrl-mediated overexpression (Mogavero et

al, 2011).

The Cap1l (C. albicans AP-1, homologous to the AP-1 bZip transcription factor of
Saccharomyces cerevisiae) has been linked to MDRI transcriptional regulation.
Either this transcription factor is overexpressed or hyperactivated in S. cerevisiae
there is an increase in azole resistance (Alarco et al., 1997; Alarco & Raymond,
1999). However, studies in C. albicans reported conflicting results. Alarco and
Raymond (Alarco & Raymond, 1999) showed that deletion of Cap1 in a C. albicans
azole-resistant strain did not decrease MDR1 expression, so another transcription
factor was involved in its high constitutive expression. In contrast, Znaidi et al.
(Znaidi et al.,, 2009) demonstrated that increasing Capl expression in C. albicans
resulted in increased FLC resistance and MDRI expression. Furthermore, the study
of Schubert et al. (Schubert, Barker et al, 2011) highlighted a more complex
regulation of MDR1 expression involving both Cap1 and Mrr1. While hyperactivated
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CAP1 and MRRI1 alleles were shown to act synergistically on MDR1 expression and
azole resistance, only the activity of Mrr1 was linked to FLC resistance. Moreover, if
hyperactive forms of either transcription factor were introduced into mutants
lacking MDR1, only a moderate decrease of azole resistance was seen, suggesting
that other Cap1 or Mrr1 target genes contributed to azole resistance together with
MDR1. Besides MDR1, Cap1 was also implicated in the modulation of other genes
involved in azole resistance, which suggests that this transcription factor could play

arole, directly or indirectly, in azole susceptibility (Znaidi et al., 2009).

An alternative transcription factor involved in MDR1 regulation is Rep1 (Regulator
of Efflux Pump 1), which was identified as a negative regulator in C. albicans.
Deletion of the Rep1 encoding gene in C. albicans resulted in increased resistance to
FLC and VRC. In addition, it enhanced the expression of MDR1 in the presence of 4-
NQO (4-nitroquinoline-N-oxide), a known inducer of MDR1, beyond that of wild-
type cells. So, Chen et al. (Chen et al., 2009) proposed an interaction with Mrr1, in
which Rep1 either occupies the promoter blocking access for Mrrl or binds this

transcription factor directly or indirectly, being released in the presence of the drug.

Interestingly, Upc2 has also been shown to regulate expression of both ABC and MFS
pumps, either acting as an inducer or a repressor depending upon the target or
activating signal (Znaidi et al.,, 2008), although its influence in azole resistance is
mainly attributed to its key role as a sterol biosynthesis regulator (Paul & Moye-
Rowley, 2014). In fact, expression of UPCZ GOF-containing alleles in a strain lacking
Mrr1 failed to induce MDR1 expression, and when introduced in a Amdr1 deletion

mutant there was no change in azole susceptibility (Schubert et al., 2011).

Even though these transcriptional activators have not been reported to be directly
involved in azole resistance exhibited by C. albicans clinical isolates, they may have
been overlooked because many studies on azole resistance did not contemplate

them (Morschhauser, 2016).

Another interesting observation came from the analysis of the overall mutation rate
in the 5 genes we studied in our clinical isolates. Besides the non-synonymous
mutations reported in this thesis, many synonymous single nucleotide
polymorphisms (SNPs) were detected. In ERG11, 27 different SNPs leading to amino

acid substitutions were identified, while 23 did not entail amino acidic changes.
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Most of the strains exhibited between 8 and 16 SNPs, of which the majority were
synonymous. Interestingly, the strains harbouring resistance-associated mutations
presented very few or none additional mutations, either synonymous or non-
synonymous, and were always homozygous, except for strain 15-159. This
observation suggests that if ERG11 presents many polymorphisms, it is highly
probable that none of them contributes to azole resistance, whereas the detection
of very few and homozygous is associated with a high probability of azole-

resistance.

Similarly, 27 non-synonymous SNPs were detected in TAC1, but we found up to 41
synonymous nucleotide changes. Almost all strains had around 20 substitutions of
both types and differently to what was observed in Ergl1, all the GOF mutations
identified were heterozygous. The high number of SNPs detected agrees with the
heterozygosity rate reported for chromosome 5, where TAC1 is located (Hirakawa
et al., 2015; Jones et al.,, 2004). However, the presence of heterozygous GOF
mutations disagrees with the prevalence of loss of heterozygosity (LOH) events in
C. albicans resistant isolates (Coste et al., 2006; Coste et al., 2007; Ford et al.,, 2015;
Franz etal., 1998; Goldman et al., 2004; Morio et al., 2013; Siikala et al., 2010; Sitterlé
et al,, 2020). LOH turns the acquired GOF mutations homozygous, thus gaining
higher resistance levels (Coste et al., 2006; Sasse et al., 2012). In our case, the strains
with homozygous resistance-associated mutations in Ergl1 were all heterozygous
for TAC1, revealing that, if that were the case, LOH at the ERG11 locus did not involve
TAC1.

MRR1 and MRRZ genes were also highly polymorphic, exhibiting 28 and 26
synonymous substitutions, respectively. Nonetheless, the number of non-
synonymous polymorphisms was quite lower, only 4 in MRR1 and 11 in MRRZ. Since
only some of the strains were sequenced for these genes, we cannot exclude that the
proportion of non-synonymous SNPs could be higher. Only one GOF mutation was
identified in Mrr1, harboured by one highly resistant strain, but it was accompanied
by several other substitutions. On the other hand, we were not able to find any GOF
mutations in Mrr2 which, combined with the Tac1l results, opens the possibility of

alternative mechanisms being involved, such as those explained above.
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Altogether, the results obtained in the first part of this thesis project further
reinforce the need to continue investigating the mechanisms of azole resistance, as
there are still many resistant isolates with unknown mechanisms (Berkow &

Lockhart, 2017; Ksiezopolska & Gabaldén, 2018; McTaggart et al., 2020).

In a study carried out by Sitterlé and collaborators (Sitterlé et al., 2020) a panel of
non-synonymous SNPs found in TAC1, ERG11, UPC2, MRR1 and FKS1 genes of 151
unrelated azole and echinocandin-susceptible C. albicans strains was established,
which they proved reflected the natural variability between strains. Therefore, they
postulated that new mutations found in resistant isolates, if not present in their
panel of neutral polymorphisms, were more likely to be related to possible azole or
echinocandin resistance. In our study, we found 11 new mutations in Ergll, 8 in
Tacl and 3 in Mrr2. Most Ergl1 and Tacl mutations were present in heterozygosis

and either solely in susceptible isolates or both in susceptible and resistant isolates.

In Ergl1, three mutations were present only in resistant strains, W57L, F217L, both
in heterozygosis, and Y477C in homozygosis. The first two were in the same strain,
together with two other Ergl1 mutations that had been previously linked to azole
resistance. Therefore, they were not considered for further analysis. The remaining
Y477C was in an isolate exhibiting variable azole susceptibility between CLSI and
Sensititre assays. Nonetheless, after 48h of incubation it showed increased
resistance for FLC and ITC by Sensititre, so it was selected for studying its role in

azole resistance.

Regarding Tacl, S758F in homozygosis was the only new mutation found among
resistant isolates, in a highly resistant strain overexpressing CDR1 and CDRZ (target
genes of Tacl) with no other mutations in this transcription factor. Consequently,

the Tacl S758F mutation was also selected for further studies.

Lastly, only one of the three new mutations found in Mrr2, A311V in homozygosis,
was exclusively in resistant isolates. As well as S758F, A311V was found in a strain
overexpressing CDR1 and with no other mutations in any of the genes studied. Thus,

this mutation was included for subsequent study.
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In summary, from the 22 new mutations identified in ERG11, TAC1 and MRRZ genes
we selected three of them, each in a different gene, for further characterization:

Y477Cin Ergl1, S758F in Tacl and A311V in Mrr2.

In order to study the role of these three new putative GOF mutations in azole-
resistance, they were introduced into C. albicans SC5314 azole-susceptible
reference strain by CRISPR-Cas9 methodology. As far as we know, this is the first
study to use this technology for introducing SNPs in azole-resistance associated

genes in C. albicans.

Due to the diploid nature of C. albicans, generating homozygous mutants was a
cumbersome process, which in addition to the lack of meiosis and self-replicating
plasmids, represented a great constraint for gene editing (Evans et al., 2018; Vyas et
al., 2015). Advances in CRISPR technology helped to overcome these limitations
(Vyas et al., 2018). Vyas and colleagues developed in 2015 a method for CRISPR-
Cas9 editing in C. albicans that enabled the construction of homozygous mutants in
a single transformation. Moreover, they obtained a high frequency of CRISPR-
induced mutations, and 60 to 80% of the transformants had been correctly edited
(Vyas et al.,, 2015). Later, in 2018, they optimized this system by improving guide
expression, changing the integration locus from ENO1 to NEUT5L, whose disruption
does not impact growth (Gerami-Nejad et al., 2013), and excision of the whole
CRISPR-Cas9 cassette, which contains the Cas9 encoding gene, the guide-RNA, the
NAT (nourseothricin N-acetyl transferase) resistance marker and the flippase
encoding gene (FLP), by induction of the latter with maltose (Vyas et al., 2018).
Therefore, due to our need to create homozygous mutants resembling the parental
strain, we selected this methodology to introduce the three new mutations into

C. albicans SC5314 reference strain.

Compared to other studies in C. albicans where CRISPR-Cas9 elements, such as CAS9
gene and guide-RNA (gRNA), and the selection marker are integrated into the yeast
genome, we generally achieved increased transformation efficiencies by using
electroporation. Evans et al. (Evans et al, 2018), following a lithium acetate
transformation procedure (Gietz & Woods, 2002), obtained dozens of colonies in
each transformation, whereas we reached hundreds in a single reaction. However,

Nguyen et al. (Nguyen et al., 2017), with an edition strategy very similar to ours, but
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again with a different transformation protocol, obtained around 50 transformants

per reaction, comparable to some of our results.

Several other publications applied another methodology developed by Min et al.
(Min etal,, 2016), who demonstrated that both the CAS9 gene and the gRNA cassette
could be expressed inside the yeast cell without the need of integration, thus
overcoming the problems associated with Vyas’s method. The transformation rates
in these studies were also variable, ranging from 50 transformants to thousands in

a single reaction (Huang & Mitchell, 2017; Huang et al., 2018).

On the other hand, CRISPR-Cas9-mediated editing has also been performed in other
species of Candida and yeasts, with two different approaches. The first one involves
CRISPR RNA-Cas9 protein complexes (RNPs) consisting of the purified Cas9 enzyme
complexed in vitro with the gRNA and the trans-activating RNA (tracrRNA) and then
transformed into the yeast with or without a repair template (RTe) (Grahl et al,
2017; Kapoor et al., 2019; Liu et al,, 2022); and the second approach involves a self-
replicating plasmid containing all the genes necessary for CRISPR (Lombardi et al,,
2017; Morio et al., 2019). The transformation efficiency seems not to be dependent
on the gene editing method, but more on the transformation protocol and the yeast
species, or even the strain. Our results were comparable to those obtained by Morio
and collaborators (Morio et al., 2019), who studied the role in azole resistance of
two newly identified Erg11 mutations in Candida orthopsilosis. Following Lombardi
et al. method (Lombardi et al,, 2017; Lombardi et al,, 2019) they obtained two
transformants from the transformation for one of the mutations, while for the other
they got 63, even though they were working with the same strain and applying the
same procedure. Similarly, we also observed varying transformation outcomes
depending on the gene to be modified, especially for TACI and MRRZ2. Moreover, it
has been reported that Cas9 constitutive expression lowers transformation yields
due to cell toxicity (DiCarlo et al, 2013). Nonetheless, we have to clarify that
efficiency rates improved along with the experience and the latest transformations
were the most efficient. We also noticed that time was an in important factor in the
transformation protocol, thus longer processing times had a negative impact on the

outcome.
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Comparison of integration rates into C. albicans genome was not possible due to the
lack of information, since all the studies focused on mutation frequencies
disregarding if the plasmid was correctly introduced into the intended locus.
However, in the study of Grahl et al. (Grahl et al., 2017) they compare transformation
and mutation efficiencies between introduction of the RTe alone and co-
transformed with the RNP. They observed that both transformation and mutation
rates increased with the addition of RNPs. Edition rates with the RTe alone could be
compared to our integration rates since both depend on Cas9-independent
homologous recombination (HR). In our experiments we achieved between 13 and
70% of integration mutants, while they also had variable rates depending on the
Candida species involved, for Candida lusitaniae 10% of the transformants had
incorporated the RTe, 20% in Candida auris and 50% in Nakaseomyces glabrata
(formerly known as Candida glabrata). It has to be noted that these three species
are haploid, which may account for the higher integration rates reported in some of
the cases. Another study carried out by Huang et al. (Huang et al., 2018) compared
the mutation rates between introduction of the RTe alone and in combination with
CRISPR elements following the transient system developed by Min et al. (Min et al,,
2016); when the RTe was transformed without a gRNA cassette they only obtained
7 transformants from three separate transformations, and 5 of them were correctly
modified. We can therefore agree with Min et al. (Min et al., 2016) and Nguyen et al.
(Nguyen et al,, 2017) that Vyas’s methodology is limited by the integration of the
Cas9- and gRNA-containing plasmid into the genome. Moreover, in the vast majority
of the mutants, integration occurred in heterozygosis, which is in agreement with
reports prior to CRISPR-Cas9-based methods, in which gene knock-outs or knock-

ins relied on HR (Marton et al., 2020).

The analysis of the edition efficiency revealed that, in general, we obtained lower
efficiency rates than those reported in various studies (Gao et al., 2016; Huang &
Mitchell, 2017; Huang et al,, 2018; Lombardi et al.,, 2017; Morio et al., 2019), that
used either the transient method (Min et al., 2016) or the plasmid-based approach
(Lombardi et al.,, 2017; Lombardi et al., 2019), except for the report of Grahl et al.
(Grahl et al, 2017) that obtained efficiency rates of 60-70%. However, when
compared to studies that followed Vyas’s method, we achieved comparable

efficiency rates (Nguyen et al,, 2017) or even higher (Evans et al., 2018). These
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differences can be attributable to different factors, such as the gRNA efficiency
(Grahl etal., 2017; Ng & Dean, 2017), the HR efficiency (Paquet et al., 2016) or even
the expression level of the gRNAs. In fact, Ng and Dean (Ng & Dean, 2017) and
Lombardi et al. (Lombardi et al., 2017) reported that gRNAs expressed under the
SNR52 promoter, as in Vyas’s method, yield lower mutation efficiency rates than

with other promoters, such as tRNAs promoters.

Among the correctly edited transformants, we found that the mutation was
introduced in homozygosis and heterozygosis at different proportions in each case,
81.8% of the mutants were homozygous for Ergl1 and Mrr2 and 40% for Tac1. This
difference correlated with the distance from the site of the mutation and the point
where the DSB was directed. The gRNA for both Ergll and Mrr2 mutants was
predicted to direct Cas9-mediated cleavage at 6 nt from the mutation and for Tacl
mutants at 25nt from the mutation. This positional effect was previously
demonstrated by Paquet et al. (Paquet et al., 2016) and Lombardi et al. (Lombardi
et al,, 2019), and also observed by Morio et al. (Morio et al., 2019). Besides the
correctly modified mutants, those that had introduced the RTe, we also found
transformants that had not repaired the DSB with the RTe or had introduced
additional modifications, like undesired insertions, deletions (indels) or mutations.
Candida albicans can repair the Cas9-induced double-stranded break (DSB) through
different repair mechanisms, like the error prone non-homologous end joining
(NHE]) system or the homology-directed repair (HDR). The latter is preferentially
used by this yeast (Vyas et al, 2018), and that is why the RTe, that includes
homology regions to both ends of the DSB, is incorporated into the yeast genome.
We would expect to obtain transformants that had introduced the RTe, but when
this does not occur, it can be due to deficient Cas9-mediated cleaving of DNA or to
repair of the Cas9-induced DSB by HR with the sister chromatid, thus maintaining
the original sequence. In the other case, the occurrence of undesired indels or
mutations in the transformant’s sequence can be attributed to alternative repair
mechanisms like NHE] (Ng & Dean, 2017). These kinds of modification were less
common than the introduction of the RTe as reported by Evans et al. (Evans et al,,
2018). It has to be noted that regardless of the zygosity of the mutation, the silent
mutations were always found in homozygosis, agreeing with Morio et al. (Morio et

al., 2019). This observation correlates better with the hypothesis that RTe’s were
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introduced in homozygosis through gene conversion or crossing over rather than

through two independent integrations at each allele (Min et al., 2016).

From all the correct mutants we selected two independent transformants of each
type; two homozygous, two heterozygous and two WT mutants, except for Mrr2
transformants, from which only one correctly modified heterozygous mutant could
be obtained. In order to investigate if the proposed mutations were involved in azole
resistance, susceptibility to azole antifungals was assayed by CLSI methodology and
spot assay. The CDR1 and CDRZ2 expression levels were also measured for the Tacl

and Mrr2 mutants.

The Ergll amino acid change from tyrosine (Y) to cysteine (C) in position 477
(Y477C) was found in the C. albicans 16-134 clinical isolate of vaginal origin. This
strain exhibited variable susceptibility results and, to the best of our knowledge, this
mutation has not been previously reported in the literature. The Ergll enzyme is
known to be highly permissive to amino acid changes, which are predominantly
distributed in three hot spots (Morio et al., 2010). Ergl1 Y477C is located within the
Hot Spot III and in close proximity to the 1471T substitution, which is associated to
azole resistance (Kakeya et al.,, 2000). Moreover, the Hot Spot III comprises the
external fungus-specific loop (FSL) that includes residues involved in heme iron
binding, and amino acid changes surrounding this region are believed to have a
significant impact on azole resistance. Specifically, the [1471T was proposed to
mediate azole resistance due to an increase of the polarity near the surface of the
ligand-binding pocket (Keniya et al., 2018). The Y477C substitution could exert a
similar effect on the protein environment due to a similar change in amino acid
polarity, from the hydrophobic tyrosine residue to the polar cysteine. However, the
susceptibility assays did not support this hypothesis; neither the homozygous nor
the heterozygous mutants exhibited reduced susceptibility to FLC. We did observe
a two-fold increase in FLC resistance of one of the homozygous mutants in the CLSI
assay, but since it is usually considered within the expected range of variation
between CLSI MIC values (Berkow et al,, 2020), and it was not reproduced in the
spot assay, we discarded the involvement of Ergll Y477C mutation in azole

resistance.
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The TAC1 new mutation reported in this study, implied a change from serine (S) to
phenylalanine (F) in the residue 758 (S758F) and was identified in the C. albicans
vulvovaginal isolate BE-113. This isolate was classified as resistant to all azole
classes, harboured two mutations in Ergll already linked to azole resistance
(A114S and Y257H) (Chau et al,, 2004; Xiang et al., 2013; Zhao et al.,, 2013), and
overexpressed CDR1 and CDRZ. Since mutations in Tacl have been associated to
increased expression of those efflux pumps (Coste et al, 2006), and no other
mutations in Tacl or Mrr2 were identified, S758F was further investigated for its
possible contribution to azole resistance. Although a slight increase in FLC MIC was
perceived for the S758F homozygous SC5314 transformants after 24h of incubation
at both 37 and 25°C, this difference between mutated transformants and WT and
parental strains diminished at 48h. Regarding the spot assay, both homozygous and
heterozygous mutants were slightly less susceptible to FLC only at 25°C. This
apparent disagreement between assays may be explained by the effect of
temperature on trailing growth (Agrawal et al., 2007) and the different conditions
of each assay. As seen in the spot assay images, all transformants grew to a less
extent at 25°C when compared to 37°C. In fact, due to the trailing growth often seen
in CLSI susceptibility assays with azoles, lowering the incubation temperature at
25°C has been proposed as a way to better estimate MIC values for azole drugs in
C. albicans (Rosenberg et al., 2018). Moreover, the above-the-MIC growth has been
linked to azole tolerance (Berman & Krysan, 2020). Thus, the FCZ 8-fold MIC
increase registered by C. albicans BE-113 growing at 37°C for 48h, compared to MIC
values at 25°C, may indicate that this clinical isolate gathers mechanisms of both

resistance and tolerance to azole drugs.

In addition, none of the Tacl S758F transformants overexpressed CDR1 and CDR2
genes compared to the parental strain SC5314, in contrast to BE-113 that exhibited
an increased expression of both genes. In light of these results, the Tacl S758F
mutation does not seem to contribute to azole resistance, and the question about
the mechanism behind CDR1 and CDRZ genes overexpression in the C. albicans BE-
113 clinical isolate remains open. The Ergll mutations are probably the major
contributors to BE-113 resistance, since CDR1 was not highly overexpressed and
CDRZ2 has been shown to have a lower influence in azole resistance (Holmes et al,,

2008).
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Finally, the mutation identified for the first time in this study in the MRR2 gene
implicated a change from alanine (A) to valine (V) in the amino acid 311 (A311V)
and was present in C. albicans BE-114. This clinical isolate exhibited variable FLC
MICs depending on the susceptibility testing methods, and it showed a slight
increase in CDR1 expression when compared to azole-susceptible isolates;
nevertheless, the only mutation found in the five genes studied was A311V in Mrr2.
Since Mrr2 has been associated to regulation of CDRI expression (Schillig &
Morschhauser, 2013) and there is some controversy on the role of Mrr2 mutations
in azole resistance and CDR1 overexpression (Feng et al., 2019; Nishimoto et al,,
2019; Wang et al,, 2015), we studied the effect of introducing the Mrr2 A311V
mutation in the C. albicans azole-susceptible SC5314 strain. The CLSI assay showed
again a slight increase in FLC MICs for the homozygous mutants only at 37°C after
24h of incubation, while BE-114 showed an 8-fold difference in FLC MIC compared
to SC5314, confirming previous results. Interestingly, after 48h of incubation at 25°C
the homozygous mutants exhibited growth at 64 pg/ml, the highest FLC
concentration of the assay. The BE-114 MIC at 25°C was also significantly higher
than at 37°C. Even though we would expect an increased growth at 37°C compared
to 25°C, due to the temperature effect on azole tolerance already observed for strain
BE-113, Rosenberg et al. (Rosenberg et al, 2018) reported that the effect of
temperature on tolerance was variable for the different strains. Therefore, BE-114
and Mrr2 homozygous mutants seem to be more susceptible to azole drugs at higher
temperatures. Similarly, in the spot assay there were no apparent differences
between mutants at 37°C, whereas at 25°C the homozygous mutants were less

affected by FLC.

Nonetheless, this increased resistance was not accompanied by an increased
expression of either CDR1 or CDRZ. Surprisingly, in this experiment the BE-114
strain did not overexpress CDR1 when compared to SC5314, as opposed to what was
observed when gene expression was compared to a pool of susceptible isolates.
Consequently, we believe that SC5314 may have higher basal expression levels of
CDR1 than the azole-susceptible isolates used in this study, which in turn can also
explain the reports of the significant tolerance exhibited by this strain (Fiori & Van
Dijck, 2012; Rosenberg et al., 2018). Despite the surprising results obtained by CLSI

after 48h of incubation at 25°C, if we take into account that neither the homozygous
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nor the heterozygous mutants increased CDRI expression and their MICs were not
altered, we can conclude that the Mrr2 A311V mutation is not involved in azole
resistance. Nonetheless, further studies on the influence of temperature in azole

susceptibility of C. albicans Mrr2 homozygous mutants and BE-114 are warranted.

In summary, we identified three mutations not previously reported, but none of
them was found to be associated to azole resistance. Nevertheless, our results
highlight the need to continue the research on azole resistance mechanisms since,
as reported in other studies, some of the azole-resistant strains selected from the
UPV/EHU collection did not harbour any of the most commonly described

mechanisms addressed in this study.

Another interesting aspect of azole resistance is the evolutionary trajectories
followed to adapt to azole pressure. In the past, azole resistance mechanisms have
been studied using sequential clinical or laboratory isolates that progressively
acquired azole resistance (Albertson et al., 1996; Calabrese et al., 2000; Coste et al.,
2004; de Micheli et al., 2002; Dunkel et al., 2008; Dunkel, Blaf et al., 2008; Franz et
al., 1998; Franz et al., 1999; Hiller et al., 2006; Karababa et al., 2004; Lopez-Ribot et
al., 1998; Marichal et al,, 1999; Marr et al., 1998; Morschhauser et al.,, 2007; Perea et
al., 2001; Saidane et al., 2006; Sanglard et al.,, 1995; White, 1997; White, 1997a;
Wirsching et al,, 2000). Since we had not sequential clinical isolates available, we
carried out an in vitro evolution experiment in which two different azole-susceptible
strains of C. albicans were exposed to increasing concentrations of FLC, the SC5314

reference strain and the vulvovaginal clinical isolate BE-47.

Both strains were exposed to increasing concentrations of FLC during 23 days (from
0.25 to 64 pg/ml), and then they were subcultured without FLC for 32 additional
days. Remarkably, the reference C. albicans SC5314 strain rapidly adapted to FLC
under the pressure of low concentrations of the antifungal compound (0.25 pg/ml
for 3 days and 0.5 pg/ml during the fourth day). In these conditions, the
transcription factor Tac1 of the experimental population SC5314_t4 (after 4 days of
exposure) acquired the GOF mutation N977D in heterozygosis, which was already
described and associated to Tacl hyperactivity and azole resistance by Coste et al.
(Coste et al, 2006). By the seventh day of exposure, once reached a FLC
concentration of 4 ug/ml, the population SC5314_t7 became homozygous for this
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mutation and its neighbouring sequence of the TAC1 gene, and this GOF mutation
was maintained throughout the experiment even after eliminating the fluconazole
pressure for an additional 32-day period of time. Nonetheless, the sequence of
ERG11 revealed that the LOH event only included the TACI regionof chromosome 5.
The occurrence of this mutation correlated with acquired resistance to FLC, CLT and
posaconazole (POS), and reduced susceptibility to ITC and VRC, and in all cases, the
highest MIC values coincided with the acquisition of the homozygous mutation, as
previously observed by Sasse et al. (Sasse et al., 2012). There are reports of rapid
development of resistance to antifungal drugs in other Candida species such as
N. glabrata (Bordallo-Cardona et al., 2017; Borst et al., 2005), Pichia kudriavzevii
(formerly known as Candida krusei) (Ricardo et al,, 2014) and Candida tropicalis
(Barchiesi et al., 2000; Khan et al., 2018) requiring from one to two passages in drug
containing media or 4 to 10 days of exposure. However, as far as we know, there are
no records of such a fast and stable acquisition of resistance in C. albicans as
observed for the SC5314 strain in our experiment. Contrarily, other studies in
C. albicans strains report that longer periods of azoles exposure were necessary for
acquiring resistance (Cowen et al., 2000; Huang et al., 2011; Riggle & Kumamoto,
2006; White, 1997; Yan et al.,, 2008), and in some instances this resistance was

transiently acquired (Calvet et al.,, 1997; Marr et al., 1998).

In this work, we found an association between the reduced susceptibility to azoles
and the increased expression of drug-efflux pump genes CDR1, CDR2Z and MDR1, in
agreement with the reported association of the N977D mutation in Tacl with the
increased expression of CDR1 and CDRZ genes (Coste et al., 2006). The highest
increase in expression of CDR1 was achieved in population SC5314_t15, when it was
first exposed to the highest concentration of fluconazole. After retiring the FCZ
challenge, the populations still overexpressed CDR1, though at lower levels than t7
and t15. This reduction in CDR1 expression levels can be due to a more adjusted
regulation of ABC pumps expression, which consume ATP in order to eject their
substrates from the cell (Rees et al., 2009). As pointed out by Sasse et al. (Sasse et
al, 2012), Tacl mutations drive a loss of fitness, so it has been proposed that
compensatory mutations may arise (Popp etal., 2017) to adjust CDR1 expression to
non-detrimental levels, but still sufficient to withstand the antifungal pressure.

Similarly, Paul et al. (Paul et al., 2020) showed that after 10 passages in the presence
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of FLC, C. tropicalis strains overexpressed CDRI, but then decreased after 20

passages.

On the other hand, the increased expression of MDR1 only in the t15 population
strengthens the hypothesis that survival in high FCZ concentrations requires an
enhanced efflux of the drug that would return to normal levels after further
adaptation (Lee et al., 2004). FLC has been reported to induce aneuploidies
(Selmecki et al.,, 2009) so, according to these authors, an explanation for the MDR1
overexpression could be that the SC5314_t15 experimental population gained an
extra copy of chromosome 3 where Mrr1, the transcriptional regulator of Mdr1 MFS
transporter, is located, and/or of chromosome 6, where MDR1 resides (Selmecki et
al., 2009). In addition, simultaneous overexpression of ABC and MFS drug-efflux
pumps seems to be extremely detrimental for C. albicans and is rarely observed in
resistant isolates (Sasse et al., 2012), thus it makes sense that the overexpression of
the three efflux pumps was not maintained and only increased expression of CDR1

and CDRZ persisted.

Regarding ERG11 gene expression, we did not find variations at any time point of
the experiment, as opposed to the ERG11 overexpression reported by Lee et al. (Lee
et al,, 2004). Nonetheless, our RNA extraction was conducted in cells grown with no
FCZ, so we measured changes in gene expression associated to permanent genomic

modifications and not transient responses to antifungal pressure.

Even though we might expect that the acquisition of resistance mechanisms by the
experimental populations derived from SC5314 would entail a fitness-cost in the
absence of the drug (Hill et al., 2015), all populations showed no substantial
differences with the initial and respective control populations, both at 30 and 37°C
in RPMI, except for SC5314_t4. So, our populations may have acquired
compensatory mechanisms between days 4 and 7 of the experiment, that would
prevent a loss of fitness (Hill et al., 2015). In any case, our results are in agreement
with those of Cowen et al. (Cowen et al., 2001), who observed that the C. albicans
strains that evolved in the presence of FLC and overexpressed CDR1 and CDR2
exhibited high fitness, both in the presence and in the absence of the azole.

Furthermore, this absence of fitness cost was also observed in an evolution
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experiment with Saccharomyces cerevisiae, where none of the evolved strains had

lower fitness than their progenitor in the absence of FLC (Anderson et al., 2003).

Interestingly, besides increased resistance levels due to LOH, if the mating-type like
(MTL) locus is involved, C. albicans could gain sexual competence and further
contribute to azole resistance development. Popp et al. (Popp et al., 2019) reported
that two C. albicans strains with opposing homozygous mating-types (MTLa and
MTLa), each carrying a different resistance mechanism, were able to mate and
generate a progeny with both mechanisms and therefore, higher azole resistance.
LOH can involve different parts of chromosome 5 in distinct cells of the population,
and some of our experimental populations were heterogeneous, with at least two
genotypes, one homozygous for TAC1 but heterozygous for ERG11, and the other one
was homozygous for both genes and the MTLa allele. Loss of heterozygosis after
antifungal drug exposure (Forche et al., 2011), specially LOH of the left arm of
chromosome 5, has been described in association with acquired drug resistance
(Coste et al,, 2007; Selmecki et al., 2008) and, even though LOH of TACI is usually
accompanied by LOH in MTL, this is not always the case (Coste et al.,, 2007).
Moreover, this phenomenon of heterogeneity has also been reported in similar
experiments of FLC exposure with C. albicans (Selmecki et al., 2009) or N. glabrata

(Bordallo-Cardona et al.,, 2017).

A particularly interesting case was that the BE-47 experimental populations showed
a slight reduction of susceptibility to most of the azoles, but we could not register
any changes neither in TAC1, ERG11, UPC2, MRR1, MRR2 and ERG3 nucleotide
sequences nor in CDR1, CDRZ2, MDR1 and ERG11 expression levels. Moreover, we
were unable to obtain any clone homozygous for the MTL, although we cannot
exclude the possibility that they exist. In contrast, we did observe a significant
increase in the fitness of the experimental populations BE-47_t7 and BE-47_t23
when grown at 30°C, in agreement with other authors (Cowen et al., 2001; Huang et
al., 2011; Selmecki et al., 2009). According to Desai et al. (Desai et al,, 2015) and
Leach et al. (Leach et al,, 2016) temperature can influence gene expression, so the
fitness differences between control and experimental populations may be more
pronounced at 30°C than at 37°C due to a differentially expressed set of genes.

Similarly, the experimental populations may have suffered changes in their genome
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and gene expression (Cavalheiro et al., 2019; Cowen et al., 2002) that, besides
enabling growth in the presence of FLC, would also affect their ability to grow at
different temperatures. On the other hand, temperature can also affect the above-
the-MIC growth phenomenon, known as “trailing”, commonly observed when
performing susceptibility testing of C. albicans isolates against azoles (Agrawal et al.,
2007; Luna-Tapia et al., 2019). In fact, our study illustrates that C. albicans can adapt
to grow in the presence of FCZ concentrations above their MIC values, as is the case

of BE-47, that was able to grow with FLC 64 pg/ml although its MIC was 1 pg/ml.

Trailing growth is probably a manifestation of tolerance to antifungal drugs
(Berman & Krysan, 2020), but this phenomenon may have been widely overlooked
(Rosenberg et al., 2018) due to the lack of correlation between trailing and clinical
outcome in former studies (Arthington-Skaggs et al., 2000; Odabasi et al., 2010;
Revankar et al., 1998; Rex et al.,, 1998; Rueda et al., 2017). Nonetheless, recent
reports show that isolates with FCZ trailing were associated to recurrent infections
or worse therapeutic responses (Astvad et al, 2018) and tolerance is being
considered an important factor in resistance evolution (Berman & Krysan, 2020;

Costa-de-Oliveira & Rodrigues, 2020).

To investigate the azole-tolerance levels of the SC5314- and BE47-derived
populations, we calculated their SMG (supra-MIC-growth) values according to
Rosenberg and collaborators (Rosenberg et al.,, 2018). Most SC5314 experimental
populations exhibited higher SMG values than their respective controls at 37°C,
while BE47 populations registered lower values, except for a substantial increase of
the BE47-t23 population. On the other hand, at 25°C, the SC5314 populations
showed moderate and more homogenous tolerance levels, while more interestingly,
BE47-t23 did not exhibit any noticeable SMG, supporting that the above-the-MIC
growth of the latter population was associated to a higher tolerance to FLC. While
the SC5314 strain was intrinsically more azole-tolerant than BE47, enabling a faster
adaptation to FLC pressure, BE47 exhibited a slower adaptation process that
culminated with acquisition of tolerance to FLC rather than resistance. Similarly,
Gerstein and Berman (Gerstein & Berman, 2020) have reported diverse levels of
tolerance acquisition among different C. albicans strains. The scarce knowledge on

tolerance and the factors involved, poses a challenge to systematically studying the
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effects of natural variation in the genes that may affect tolerance; one informative
approach could be the employment of isogenic strains that differ in tolerance levels
(Berman & Krysan, 2020), as is the case of the initial and t23-evolved BE47
populations. Therefore, the availability of these populations opens up an interesting
line of future research elucidating the genomic and epigenetic mechanisms involved

in tolerance development.

Another interesting theory for the faster adaptation of SC5314 was reported by
Selmecki and collaborators (Selmecki et al.,, 2009), who analysed the formation of
aneuploidies in C. albicans populations exposed to increasing concentrations of
fluconazole. They found that only after 3.3 generations (1 day) of initial exposure to
fluconazole, several populations formed an isochromosome of the left arm of
chromosome 5. Even though by that time they were not resistant to fluconazole, only
these populations were able to become highly resistant to fluconazole at the end of

the experiment.

The results of our work support the hypothesis that adaptation to stresses such as
drug exposure is strain dependent as it has been extensively reported in the
literature for different Candida species (Cowen et al, 2000; Paul et al, 2020;
Selmecki et al.,, 2009) and other antifungal drugs (Bordallo-Cardona et al.,, 2017).
Although they evolved differently and modified their MIC values to different extent,
the experimental populations of both C. albicans strains shared their ability to grow
at FLC concentrations above their MIC. Therefore, besides the early acquisition by
the SC5314 strain of the Tacl N977D resistance-associated mutation and the
reduced susceptibility shown by BE-47, both strains must have activated
complementary tolerance mechanisms (Berman & Krysan, 2020; Rosenberg et al.,
2018) that contribute to the reduction of their sensitivity to azole antifungal
compounds. Moreover, we cannot discard that the BE-47 clinical isolate could have
adapted to the presence of FLC by other mechanisms not studied in this work or
even a yet to be discovered one. We acknowledge that a limitation of our study was
the reduced number of BE-47 derived populations investigated, but due to the low
number of variations registered in the t23 population developed with FLC 64 pg/ml

we only focused on that population and an intermediate time spot (t7).
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Regarding the clinical setting in Europe, the common dose of fluconazole is 400 mg,
reaching a maximum serum concentration (Cmax) of 23 mg/l when administered
intravenously (European Committee on Antimicrobial Susceptibility Testing, 2020)
while oral intake achieves a Cmax of 9.1 mg/]; if the dose is 100 mg, Cmax drops to 1.7
mg/l (Bellmann & Smuszkiewicz, 2017). Our work shows that acquisition of drug
resistance can occur very rapidly and at drug concentrations lower than therapeutic
doses. Additional evidence suggests that C. albicans rapidly reacts to environmental
stresses, like antifungal drugs, so caution must be taken when administering long-

term antifungal prophylaxis (Selmecki et al., 2009).

Deeper studies on gene expression and genomic rearrangements are warranted in
order to elucidate the evolutionary pathways related to the acquisition of resistance
to antifungals in C. albicans, as well as the molecular mechanisms laying behind the
reduced antifungal susceptibility shown by different strains. As an example, to
further study the putative role in azole resistance of newly found mutations, editing
the original isolate harbouring the mutation back to a WT sequence could shed more
light into this matter. Since the genetic background of each strain can influence the
phenotypic effect of mutations (Gerstein & Berman, 2020; Huang et al., 2019;
Morschhauser, 2002; Morschhduser et al., 2007; Popp et al., 2017; Sasse et al., 2012;
Schubertetal,, 2011), we may have underappreciated the impact of these mutations
on the resistant phenotype of its corresponding strain. In addition, the Ergl1 Y477C
mutation may not implicate azole resistance by itself, since many of the Ergll
mutations known to confer resistance enhance their effect when combined with
others, and have even been found in susceptible isolates (Morschhauser, 2002).
Consequently, it would be interesting to investigate if this new mutation could
modify others’ influence in resistance. Regarding the evolution experiment, the BE-
47 derived populations represent an excellent opportunity to implement
transcriptome and whole-genome sequencing to investigate the genomic or
transcriptional modifications that take place in azole tolerance acquisition.
Moreover, ploidy analysis is also warranted due to their occurrence in C. albicans

azole resistance development.
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6. CONCLUSIONS

1. The occurrence of very few mutations in the ERG11 gene can be indicative of

azole resistance.

2. There are azole-resistant strains that show none of the azole resistance
mechanisms previously described, such as Ergl1 alterations or overexpression
of ERG11 and efflux pumps due to hyperactivation of their corresponding
transcription factors Upc2, Tacl, Mrrl and Mrr2.

3. Most C. albicans azole-resistant strains overexpressing the CDR1, CDRZ and/or
MDR1 efflux pumps do not harbour any of the previously described gain-of-

function mutations in their corresponding transcription factors.

4. The substitutions Y477C in Ergl1, S758F in Tacl and A311V in Mrr2, described
for the first time in this work, are not associated to azole resistance on their own,

at least when introduced into the C. albicans SC5314 reference strain.

5. The exposure of C. albicans to fluconazole concentrations as low as 0.25-0.5
ug/ml can induce azole-resistance associated strategies in a short time, as in our

case after only four days of fluconazole pressure.

6. Even though azole sensitivity (MIC) is not modified, exposure of C. albicans to
increasing concentrations of fluconazole can induce tolerance mechanisms to
this drug. In the same regard, the two susceptible but azole-tolerant C. albicans
clinical isolates of our study failed to show any of the mechanisms of azole
resistance analysed, so we still need to continue searching for factors that

promote tolerance.

7. The CRISPR-Cas9 methodology employed in this study proved to be an adequate

system to introduce single nucleotide changes in C. albicans.
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I - Synonymous and non-synonymous
(SNPs)

resistant isolates of the UPV/EHU collection

single nucleotide

polymorphisms identified in azole-susceptible and

Table I. SNPs detected in the selected regions of the ERG11 gene and the associated amino acid

substitutions of the azole-susceptible and resistant isolates of the UPV/EHU collection.

Strains SNPs in ERG11 Amino acid substitutions in Ergl1
BE-47 T315C, T348A, A357G, A383C, C411T, F105F, D116E, K119K, K128T, S137S,
C658T, A1020G, C1110T, A1440G L220L, L340L, L370L, L480L
C125Th, C411T, T549C, C658T, T996C, S42Lh, S137S, H183H, L220L, V332V,
BE-AZ C1110T, T1140C, T1203C, T1257C, L370L,F380F, Y401Y,P419P,V437],L480L
G1309A, A1440G
BE-32 C125Th, A383Ch, C411Th, C558Th, C658T, S42Lh, K128Th, S137Sh, A186Ah, L220L,
A1020Gh, C1110Th, A1440Gh, T1470Ch L340Lh, L370Lh, L480Lh, N49ONh
BE-48 C658Th, G673Ah, T996C, A1083Gh, C1110T, L220Lh, D225Nh, V332V, S361Sh, L370L,
T1203C, T1284C, A1440G, T1470C Y401Y, D428D, L480L, N490ON
T315Ch, T348Ah, A357Gh, A383Ch, C411Th, F105Fh, D116Eh, K119Kh, K128Th, S137Sh,
09-297 C658Th, A1020Gk, C1110Th, A1440G, L220Lh L340Lh L370Lh, L480L, N49ON
T1470C
C216Th, T315C, C411T, T549Ch, C658T, F72Fh, F105F, S137S, H183Hh, L220L,
10-166 A798C, T996C, A1026G, C1110T, T1203C, E266D, V332V, K342K, L370L, Y401Y,
C1296T, T1302C, G1462Ah A432A, A434A,V488Ih
10-294 T549C, C658T, T996C, C1110Th, T1140Ch, H183H, L220L, V332V, L370Lh, F380Fh,
T1203Ch, C1296Th, T1302Ch Y401Yh, A432Ah, A434Ah
C216Th, T315C, C411T, T549Ch, C658T, F72Fh, F105F, S137S, H183Hh, L220L,
15-158 A798C, T996C, A1026G, C1110T, T1203C, E266D, V332V, K342K, L370L, Y401Y,
G1204Th, C1296T, T1302C, C1435Gh, V402Fh A432A,A434A, Q479Eh, V488]h
G1462Ah
A126Th, C216Th, T315C, T348Ah, A357Gh, S42Sh, F72Fh, F105F, D116Eh, K119Kh,
15-178 C411T, T549Ch, C658T, A798C, T996Ch, S137S, H183Hh, L220L, E266D, V332Vh,
A1020Gh, A1026Gh, C1110T, T1203Ch, L340Lh, K342Kh L370L, Y401Yh, A432Ah,
C1296Th, T1302Ch, A1440Gh, T1470Ch A434Ah, L480Lh, N4A9ONh
T315Ch, T348Ah, A357Gh, A383Ch, C411Th, F105Fh, D116Eh, K119Kh, K128Th, S137Sh,
SC5314 C658Th, T996C, A1083G, C1110T, T1203C, L220Lh, V332V, S361S, L370L, Y401Y,
T1284Ch D428Dh
BE-90 C1110T, T1203C, T1284C, A1440G, T1470C L370L, Y401Y, D428D, L480L, N490ON
T315C, C658T, T348Ah, A357Gh, C411Th, F105F, L220L, D116Eh, K119Kh, S137Sh,
06-116 T459Gh, T549Ch, T996Ch, A1020Gh, D153Eh, H183Hh, V332Vh, L340Lh, S361Sh,
A1083Gh, C1110T, T1203Ch C1296Th, L370L,Y401Yh, A432Ah A434Ab, L480L
T1302Ch, A1440Gh
C216Th, T315C, T348Ah, A357Gh, C411T, F72Fh, F105F, D116Eh, K119Kh, S137S,
10-169 C658T, A798C, T996Ch, A1020Gh, A1026Gh, L220L, E266D, V332Vh, L340Lh, K342Kh,
C1110T, T1203Ch, C1296Th, T1302Ch, L370L, Y401Yh, A432Ah, A434Ah, 1480LhY,
A1440Gh, G1462Ah, T1470Ch V488Ih, N49ONh
T315Ch, C411Th, T549C, C658T, A798Ch, F105Fh, S137Sh, H183H, L220L, E266Dh,
10-295 T955Ch,  T996C, A1026Gh, C1110T, F319Lh, V332V, K342Kh, L370L, F380Fh,
T1140Ch, T1203C, C1296T, T1302C, Y401Y, A432A, A434A,V488Ih
G1462Ah
C216Th, T315C, C411T, T549Ch, C658T, F72Fh, F105F, S137S, H183Hh, L220L,
15-153 C707Ah, A798C, T996C, A1026G, C1110T, P236Hh, E266D, V332V, K342K, L370L,

T1203C, C1296T, T1302C, G1462Ah

Y401Y, A432A, A434A, V488Ih

199



Supplementary material

Table I. Continued.

Strains

15-155

15-161

15-179

10-171

10-280

08-187

08-105

15-160

06-100

16-133

16-135

16-132

15-159

16-122

16-123

10-168

06-114

BE-114

10-221

16-134

15-156

200

SNPs in ERG11

G140Abh, T549Ch, C658Th, T996Ch, C1110Th,
T1140Ch, T1203Ch, C1296Th, T1302Ch
C216Th, T315C, T348Ah, A357Gh, T381Ab,
C411T, C446Ahr, C658T, A798C, T996Ch,
A1020Gh, A1026Gh, C1110T, T1203Ch,
C1296Th, T1302Ch, A1440Gh, G1462Ab,
T1470Ch

C216Th, C226Th, T315C, C411T, T549Ch,
C658T, A798Ch, T996C, A1026Gh, C1110T,
T1140Ch, T1203C, C1296Th, T1302Ch,
G1309Ah, A1440Gh

T315Ch, T348Ah, A357Gh, A383Ch, C411Th,
G475Ah, C658T, T996Ch, A1020Gh, A1083G,
C1110Th, T1203Ch, C1296Th, T1302Ch,
A1440Gh, T1470Ch

T549Ch, C658Th, T996Ch, C1110Th, T1140Ch,
T1203Ch, C1296Th, T1302Ch

A126Th, T315Ch, T348Ah, A357Gh, A383Ch,
C411Th, C658T, A1020Gh, C1110Th, A1440Gh,
T1470C

T549Ch, C658Th, T996Ch, C1110Th, T1140Ch,
T1203Ch, C1296Th, T1302Ch

T315C, T348Ah, A357Gh, C411T, T549Ch,
C658T, A798Ch, T996Ch, A1020Gh, C1110T,
T1140Ch, T1203Ch, A1209Gh, A1440G
T315C, T348A,A357G,C411T, C658T, A798C,
A1020G, C1110T, A1440G

T315C, T459G, T549Ch, C658T, T996Ch,
A1020Gh, A1083Gh, C1110T, T1203Ch,
C1296Th, T1302Ch, A1440Gh, T1470Ch
T549Ch, C658Th, T996Ch, C1110Th, T1140Ch,
T1203Ch, C1296Th, T1302Ch

T315Ch, T348Ah, A357Gh, A383Ch, C411Th,
C658Th, A1020Gh, C1110Th, A1440Gh,
T1470Ch

A428Gh, T549Ch, T996Ch, C1110Th, T1140Ch,
T1203Ch, C1296Th, T1302Ch

G170Th, T394C, T651Ah G1349A

T394C, G1349A

T315C, T348Ah, A357Gh, C411Th, T459Gh,
T549Ch, C658T, T996Ch, A1020Gh, A1083Gh,
C1110T, T1203Ch, C1296Th, T1302Ch,
A1440Gh, T1470Ch

T315C, T348Ah, A357Gh, C411Th, T459Gh,
T549Ch, C658T, T996Ch, A1020Gh, A1083Gh,
C1110T, T1203Ch, C1296Th, T1302Ch,
A1440Gh

T549C, C658T, T996C, C1110T, T1140C,
T1203C, C1296T, T1302C

T315C, T459G, T549Ch, C658T, T996Ch,
A1020Gh, A1083Gh, C1110T, T1203Ch,
C1296Th, T1302Ch, A1440Gh, T1470Ch
T315C, T459G, T549Ch, C658T, T996Ch,
A1020Gh, A1083Gh, C1110T, T1203Ch,
C1296Th, T1302Ch, A1430G, A1440Gh
T315Ch, T348Ah, A357Gh, A383Ch, C411Th,
G475Ah, C658Th, A1020Gh, C1110Th,
A1440Gh, T1470Ch

Amino acid substitutions in Erg11
R47Kh, H183Hh, L220Lh, V332Vh, L370Lh,
F380Fh, Y401Yh, A432Ah, A434Ah

F72Fh, F105F, D116Eh, K119Kh, G127Gh,
S137S, A149Dh, L220L, E266D, V332Vh,
L340Lh, K342Kh, L370L, Y401Yh, A432Ah,
A434Ah, 1,480Lh, V488Ih, N49ONh

F72Fh, R76Ch, F105F, S137S, H183Hh,
L220L, E266Dh, V332V, K342Kh, L370L,
F380Fh, Y401Y, A432Ah, A434Ah, V437]h,
L480Lh

F105Fh, D116Eh, K119Kh, K128Th, S137Sh,
V1591h, L220L, V332Vh, L340Lh, S361S,
L370Lh, Y401Yh, A432Ah, A434Ah, L480Lh,
N490Nh

H183Hh, L220Lh, V332Vh, L370Lh, F380Fh,
Y401Yh, A432Ah, A434Ah

S42Sh, F105Fh, D116Eh, K119Kh, K128Th,
S137Sh, L220L, L340Lh, L370Lh, L48OLN,
N490N

H183Hh, L220Lh, V332Vh, L370Lhk, F380Fh,
Y401Yh, A432Ah, A434Ah

F105F, D116Eh, K119Kh, S137S, H183Hh,
L220L, E266Dh, V332Vh, L340Lh, L370L,
F380Fh, Y401Yh, L403Lh, L480L

F105F, D116E, K119K, S137S, L220L,
E266D, L340L, L370L, L480L

F105F, D153E, H183Hh, L220L, V332Vh,
L340Lh, S361Sh, L370L, Y401Yh, A432Ah,
A434Ah, L480Lh, N49ONh

H183Hh, L220Lh, V332Vh, L370Lh, F380Fh,
Y401Yh, A432Ah, A434Ah

F105Fh, D116Eh, K119Kh, K128Th, S137Sh,
L220Lh, L340Lh, L370Lh, L480Lh, N490ONh

K143Rh, H183Hh, V332Vh, L370Lh, F380Fh,
Y401Yh, A432Ah, A434Ah

W57Lh, Y132H, F217Lh, G450E

Y132H, G450E

F105F, D116Eh, K119Kh, S137Sh, D153Eh,
H183Hh, L220L, V332Vh, L340Lh, S361Sh,
L370L, Y401Yh, A432Ah, A434Ah, L480Lh,
N490Nh

F105F, D116Eh, K119Kh, S137Sh, D153Eh,
H183Hh, L220L, V332Vh, L340Lh, S361Sh,
L370L, Y401Yh, A432Ah, A434Ah, L480Lh

H183H, L220L, V332V, L370L, F380F,
Y401Y, A432A, A434A

F105F, D153E, H183Hh, L220L, V332Vh,
L340Lh, S361Sh, L370L, Y401Yh, A432Ah,
A434Ah, L480Lh, N49ONh

F105F, D153E, H183Hh, L220L, V332Vh,
L340Lh, S361Sh, L370L, Y401Yh, A432Ah,
A434Ah, Y477C, L480OLh

F105Fh, D116Eh, K119Kh, K128Th, S137Sh,
V159Ih, L220Lh, L340Lh, L370Lh, L480Lh,
N490Nh
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Table I. Continued.

Strains SNPs in ERG11 Amino acid substitutions in Erg11
C125Th, T315C, T348Ah, A357Gh, C411Th, S42Lh, F105F, D116Eh, K119Kh, S137Sh,
15-157 T459Gh, T549C, C658T, T996C, A1083G, D153Eh, H183H, L220L, V332V, S361S,
C1110T, T1203C, C1296T, T1302C L370L, Y401Y, A432A, A434A
T315C, T348Ah, A357Gh, C411Th, T459Gh, F105F, D116Eh, K119Kh, S137Sh, D153Eh,
10-170 T549Ch, C658T, T996Ch, A1020Gh, A1083Gh, H183Hh, L220L, V332Vh, L340Lh, S361Sh,
C1110T, T1203Ch, C1296Th, T1302Ch, L370L, Y401Yh, A432Ah, A434Ah, L480Lh,
A1440Gh, T1470Ch N490Nh
BE-113 G340T, T769C A114S,Y257H
16-091 T394C, G1349A Y132H, G450E
T315C, T348A, A357G, A383C, C411T, C658T, F105F, D116E, K119K, K128T, S137S,
ATCC 64550 T955Ch, A1020G, C1110T, C1420A, A1440G L220L, F319Lh, L340L, L370L, Q474K
L480L
15-154 T549Ch,  T996Ch, C1110Th, T1140Ch, H183Hh, V332Vh, L370Lh, F380Fh, Y401Yh,
T1203Ch, C1296Th, T1302Ch A432Ah, A434Ah
15-176 G1400A R467K
ATCC 64124 T214C, T394C, G1349A F72L,Y132H, G450E
T315C, C411T, T549C, C658T, A798C, F105F, S137S, H183H, L220L, E266D,
16-092 T955Ch, T996C, A1026G, C1110T, T1203C, F319Lh, V332V, K342K, L370L, Y401Y,
C1296T, T1302C, G1462Ah A432A, A434A,V488Ih
C216Th, T315C, C411T, T549Ch, A798C, F72Fh, F105F, S137S, H183Hh, E266D,
16-138 T996C, A1026G, C1110T, T1203C, C1296T, V332V, K342K, L370L, Y401Y, A432A,

T1302C, G1462Ah

A434A,V488]h

*The SNPs that do not entail changes in the amino acid sequence are denoted with the symbol of the amino acid
present in the reference sequence followed by the position and again the same amino acid symbol; h,
heterozygous mutation. The new mutations found in this work are underlined and the mutations associated to
azole resistance are indicated in bold.
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Table II. SNPs detected in the selected regions of the TACI gene and the associated amino acid
substitutions of the azole-susceptible and resistant isolates of the UPV/EHU collection.

Strains

BE-47

BE-AZ

BE-32

BE-48

09-297

10-166

10-294

15-158

15-178

SC5314

BE-90

06-116

202

SNPs in TAC1

T786Ch, G1026Ah, C1038Th, A1187Gh, G1212Ah,
T1257Ch,  T1305Ch, A2202Gh, T2214Ch,
T2316Ah,  G2326Ah, G2485Ch, C2589Th,
A2631Gh, C1804Th, T2822Ch, G2874Ah

T786C, C810Th, A915Gh, T978Gh, G1026A4,
C1038T, C1122Th, A1187G, G1212Ah, T1257Ch,
T1305C, A2202G, T2214C, T2271A, G2326A4,
T2448C, G2485C, C2589T, A2631G, A2687Gh,
T2822Ch, G2874A

C633Th, T786Ch, G1026Ah, C1038Th, A1187Gh,

G1212Ah, T1257Ch, T1305Ch, A2202Gh,
T2214Ch, T2316Ah, G2326Ah, G2485Ch,
C2589Th, A2631Gh, (C1804Th, T2822Ch,
G2874Ah

T786C, C810Th, A915Gh, G1026A, C1038T,
C1122Th, A1187G, G1212Ah, T1257Ch, T1305C,
A2202G, T2214C, T2271A, G2326A, T2448C,
G2485C, C2589T, A2631G, A2687Gh

G1026Ah,  C1038Th, A1187Gh, T1257Ch,
T1305Ch,  A1401T, A2202Gh, T2214Ch,
G2326Ah,  G2485Ch, C2589Th, A2631Gh,

C1804Th, T2822Ch, G2874Ah

T786C, A915Gh, G1026A, C1038T, C1122Th,
A1187G, G1212Ah,  T1257Ch, T1305Ch,
C1344Th, C1374Th, T2271A, A2202Gh,
T2214Ch, T2271A, G2326A, T2448C, G2485C,
C2589T, A2631G, A2687Gh, T2822Ch, G2874Ah

T777Ah, T786C, C810Th, C831Gh, G1026A4,
C1038T, A1187G, T1305C, C1344T, C2040Th,
A2202Gh, T2214Ch, T2271Ah, T2316Ah,
G2326A, T2448Ch, T2459Gh, G2485C, G2573Ah,
C2589T, A2631G, A2687Gh, G2733Ah, T2822Ch,
G2874Ah

T786C, A915Gh, G1026A, C1038T, C1122Th,
A1187G, G1212Ah,  T1257Ch,  T1260Ch,
A1269Ch, T1305Ch, (C1344Th, A2202Gh,
T2214Ch, T2271A, G2326A, T2448C, G2485C,
C2589T, A2631G, A2687Gh, T2822Ch, G2874Ah

T786Ch, G795Ah, G906APR, C1021G, G1026Ah,
C1038Th, T1179Ch, A1187Gh, T1198Ch,
A1211Ch and G1212Ah, T1257Ch, T1305Ch,
T1345Ch, A2202Gh, T2214Ch, T2271A, G2326A4,
T2448Ch,  G2485Ch, C2589Th, A2631Gh,
T2822Ch, G2874Ah

T786Ch, G1026Ah, C1038Th, A1187Gh, G1212Ah,
T1257Ch,  T1305Ch, A2202Gh, T2214Ch,
T2316Ah,  G2326Ah, G2485Ch,  C2589Th,
A2631Gh, C1804Th, T2822Ch, G2874Ah

T786Ch, G795Ah, G906Ah, T1014Ak, C1038Th,
A1047Gk, A1071Gh, T1107Ch,  C1122Th,
C1130Th, A1187Gh, C1344Th, C1374Th,
G2355A, G2485Ch, C2589Th, A2631Gh, T2822Ch

A1187G, A2202G, T2214C, T2271A, G2326A4,
T2448Ch, G2485Ch, C2589T, A2631G, A2686Gh,
T2822C, G2874Ah

Amino acid substitutions in Tac1*

F262Fh, R342Rh, L346Lh, N396Sh,
Q404Qh, S419Sh, 14351k, L734Lh, 1738Ih,
N772Kk, D776Nh, E829Qh, T863Th,

Q877Qh, S935Lh, S941Ph, S958Sh

F262F, 12701, L305Lh, F326Fh, R342R,
L346L, T374Th, N396S, Q404Qh, S419Sh,
14351, L734L, 17381, T757T, D776N,
A816A, E829Q, T863T, Q877Q, N896Sh,
S941Ph, S958S

N211Nh, F262Fh, R342Rh, L346Lh,
N396Sh, Q404Qh, S419Sh, 14351h, L734Lh,
1738Ih, N772Kh, D776Nh, E829Qh, T863Th,
Q877Qh, S935Lh, S941Ph, S958Sh

F262F, 1270Ih, L305Lh, R342R, L346L,
T374Th, N396S, Q404Qh, S419Sh, 14351,
L734L, 17381, T757T, D776N, A816A,
E829Q, T863T, Q877Q, N896Sh

R342Rh, L346Lh, N396Sh, S419Sh, 14351h,
A467A, L734Lh, 17381h, D776Nh, E829Qh,
T863Th, Q877Qh, S935Lh, S941Ph, S958Sh

F262F, L305Lh, R342R, L346L, T374Th,
N396S, Q404Qh, S419Sh, 1435Ih, N448Nh,
F458Fh, T757T, L734Lh, 17381, T757T,
D776N, A816A, E829Q, T863T, Q877Q,
N896Sh, S941Ph, S958Sh

P259Ph, F262F, 12701h, P277Ph, R342R,
L346L, N396S, 14351, N448N, T680Th,
L734Lh, 1738Ih, T757Th, N772Kh, D776N,
A816Ah, N823Kh, E829Q, C858Yh, T863T,
Q877Q, N896Sh, Q911Qh, S941Ph, S958Sh

F262F, L305Lh, R342R, L346L, T374Th,
N396S, Q404Qh, S419Sh, V420Vh, E423Dh,
1435Ih, N448Nh, L734Lh, 1738Ih, T757T,
D776N, A816A, E829Q, T863T, Q877Q,
N896Sh, S941Ph, S958Sh

F262Fh, E265Eh, L302Lh, R341G, R342Rh,
L346Lh, G393Gh, N396Sh, L400Lh, Q404Ph,
S419Sh, 14351, Y449Hh, L734Lh, 1738Ih,
T757T, D776N, A816Ah, E829Qh, T863Th,
Q877Qh, S941Ph, S958Sh

F262Fh,  R342Rh, L346Lh, N396Sh,
Q404Qh, S419Sh, 14351k, L734Lh, 1738Ih,
N772Kh,  D776Nh, E829Qh, T863Th,

Q877Qh, S935Lh, S941Ph, S958Sh

F262Fh, E265Eh, L302Lh, A338Ah, L346Lh,
L349Lh, L357Lh, S369Sh, T374Th, A377Vh,
N396Sh, N448Nh, F458Fh, V785V, E29Qh,
T863Th, Q877Qh, S941Ph

N396S, L734L, 17381, T757T, D776N,
A816Ah, E829Qh, T863T, Q877Q, N896Sh,
S941P, S958Sh



Table II. Continued.

Strains

10-169

10-295

15-153

15-155

15-161

15-179

10-171

10-280

08-187

08-105

15-160

SNPs in TAC1

T786Ch,  G793Ah, G1026Ah, C1038Th,
A1187Gh, G1212Ah, T1257Ch, T1305Ch,
A2202Gh, T2214Ch, T2271Ah, G2326Ah,
T2448Ch, G2485Ch, C2589Th, A2631Gh,

A2686Gh, T2822Ch, G2874Ah
A738T, T786C, G795A, G906A, G955Gh,

T1014A, C1038T, A1047Gh, A1071Gh,
T1107Ch,  C1122T, C1130Th, A1187G,
G1212Ah,  T1257Ch, T1305C, C1344T,

C1374Th, T2316A, G2326A, T2373A, G2485C,
C2589T, A2631G, T2822C

T786C, A915Gh, G1026A, C1038T, C1116Th,
A1187G, G1212Ah, T1257Ch, T1305Ch,
C1344Th, C1374Th, A2202Gh, T2214Ch,
T2271A, G2326A, T2448C, G2485C, C2589T,
A2631G, A2686Gh, T2822Ch, G2874Ah

G617A and T618C, T620C, A624Gh, C633Th,
G734Ch, T777Ah, T786C, C810Th, C831Gh,

G1026Ah, C1038T, A1187G, G1212Abh,
T1257Ch,  T1305C, C1344Th, C1374Th,
C2040Th, A2202Gh, T2214Ch, T2271Ab,
T2316Ah,  G2326A, T2448Ch, T2459Gh,
G2485C, G2573Ah,  C2589T, A2631G,
A2686Gh, G2733Ah, T2822Ch, G2874Ah

T786Ch, G1026Ah, C1038Th, A1187Gh,

T1260Ch, A1269Ch, A2642Gh

T786Ch, G795Ah, G906AN, G1026Ah, C1038Th,
A1187Gh, A1211Ch and G1212Ah, T1257Ch,
T1305Ch, A2202Gh, T2214Ch, T2271Ab,
G2326A, T2448Ch, (G2485Ch, (C2589Th,
A2631Gh, T2822Ch, G2874Ah

T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, C2589Th, A2631Gh,
C1804Th, T2822Ch, G2874Ah

T777Ah, T786C, C810Th, C831Gh, G1026Abh,

C1038T, A1187G, G1212Ak, T1257Ch,
T1305C, (C1344Th, C1374Th, C2040Th,
A2202Gh, T2214Ch, T2271Ab, T2316Ah,
G2326A, T2448Ch T2459Gh, G2485C,
G2573Ah, C2589T, A2631G, A2686Gh,
G2733Ah, T2822Ch, G2874Ah

G734Ch,  T786Ch  G1026Ah, C1038Th,
A1187Gh, G1212Ak, T1257Ch, T1305Ch,
A2202Gh, T2214Ch, G2326Ah, (G2485Ch,

A2631Gh, C1804Th, T2822Ch, G2874Ah
T777Ah, T786C, C810Th, C831Gh, G1026Ab,

C1038T, A1187G, G1212Ak,  T1257Ch,
T1305C, C1344Th, C1374Th, C2040Th,
A2202Gh, T2214Ch, T2271Ab, T2316Ah,
G2326A, T2448Ch  T2459Gh, G2485C,
G2573Ah, C2589T, A2631G, A2686Gh,

G2733Ah, T2822Ch, G2874Ah

T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, A2202G, T2214C, T2271A,
G2326A, T2448C, G2485C, C2589T, A2631G,
A2686G, T2822C, G2874A

Supplementary material

Amino acid substitutions in Tac1*

F262Fh, E265Kh, R342Rh, L346Lh, N396Sh,
Q404Qh, S419Sh, 1435Ih, L734Lh, [738Ih,
T757Th, D776Nh, AB16Ah, E829Qh, T863Th,
Q877Qh, N896Sh, S941Ph, S958Sh

S246S, F262F, E265E, L302L, E319Kh,
A338A, L346L, L349Lh, L357Lh, S369Sh,
T374T, A377Vh, N396S, Q404Qh, S419Sh,
14351, N448N, F458Fh, N772K, D776N,
17911, E829Q, T863T, Q877Q, S941P

F262F, L305Lh, R342R, L346L, T373Th,
N396S, Q404Qh, S419Sh, 1435Ih, N448Nh,
F458Fh, L734Lh, 1738Ih, T757T, D776N,
A816A, E829Q, T863T, Q877Q, N896Sh,
$941Ph, S958Sh

R206H, V207A, K208Kh, N211Nh, G245Ah,
P259Ph, F262F, 12701+, P277Ph, R342Rb,
L346L, N396S, Q404Qh, S419Sh, 1435],
N448Nh, F458Fh, T680Th, L734Lh, 1738Ih,
T757Th, N772Kh, D776N, A816Ah, N823Kh,
E829(Q, C858Yh, T863T, Q877Q, N896Sh,
Q911Qh, S941Ph, S958Sh

F262Fh, R342Rh, L346Lh, N396Sh, V420Vh,
E423Dh, N881Sh

F262Fh, E265Eh, L302Lh, R342Rh, L346Lh,
N396Sh, Q404Ph, S419Sh, 14351k, L734Lh,
1738Ih, T757Th, D776N, A816Ah, E829Qh,
T863Th, Q877Qh, S941Ph, S958Sh

F262F, R342R, L346L, N396S, Q404Q,
S419S, 14351, T863Th, Q877Qh, S935Lh,
S941Ph, S958Sh

P259Ph, F262F, 12701, P277Ph, R342Rh,
L346L, N396S, Q404Qb, S419Sh, 1435],
N448Nh, F458Fh, T680Th, L734Lh, 1738,
T757Th, N772Kh, D776N, A816Ah, N823Kh,
E829Q, C858Y", T863T, Q877Q, N896SH,
Q911Qn, S941Ph, S958Sh

G245Ah, F262Fh, R342Rh, L346Lh, N396Sh,
Q404Qh, S419Sh, 1435Ih, L734Lh, 1738Ih,
D776Nk, E829Qh, Q877Qh, S935Lh, S941Ph,
S958Sh

P259Ph, F262F, 1270Ih, P277Ph, R342Rb,
L346L, N396S, Q404Qh, S419Sh, 435I,
N448Nk, F458Fh, T680Th, L734Lh, 17381k,
T757Th, N772Kh, D776N, A816Ah, N823Kh,
E829(Q, C858Yh, T863T, Q877Q, N896Sh,
Q911Qh, S941Ph, S958Sh

F262F, R342R, L346L, N396S, Q404Q,
S419S, 14351, L734L, 17381, T757T, D776N,
A816A, E829Q, T863T, Q877Q, NB896S,
S941P, S958S
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Table II. Continued.

Strains

06-100

16-133

16-135

16-132

15-159

16-122

16-123

10-168

06-114

BE-114

10-221

204

SNPs in TAC1

T786C, T972C, T1014A, C1038T, A1047G,
A1071G, T1107C, C1122T, C1130T, A1187G,
G1212A, C1344T, C1374T, T2316A, G2326A,
T2373A, G2485C, C2589T, G2606A, A2631G

G617A and T618C, T620C, A624G, C633T,
T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, A2202G, T2214C, T2271A,
G2326A, T2448Ch  G2485Ch  (C2589T,
A2631G, T2684C, T2822C

T7774A, T786C, C810Th, C831G, G1026Ah,
C1038T, A1187G, T1305C, C1344T, C1374T,

G1998Ah, C2040Th, A2202Gh, T2214Ch,
T2271Ah,  T2316Ah,  G2326A, T2448Ch,
T2459Gh, G2485C, G2573Ah, C2589T,
A2631G, A2686Gh, G2733Ah, T2822Ch,
G2874Ah

A624Gh, C633Th, T786Ch, G1026Ah, C1038Th,

A1187Gh, G1212Ak, T1257Ch, T1305Ch,
A2202Gh, T2214Ch, T2316Ah, G2326Ah,
G2485Ch, C2589Th, A2631Gh, C1804Th,

T2822Ch, G2874Ah
T777Ah, T786C, C810Th, C831Gh, G1026Ah,

C1038T, A1187G, G1212Ah, T1257Ch,
T1260Ch, T1305C, C1344Th, C1374Th,
C2040Th, A2202Gh, T2214Ch, T2271Ab,
T2316Ah, G2326A, T2448Ch, T2459Gh,
G2485C, G2573Ah, C2589T, A2631G,

A2686Gh, G2733Ah, T2822Ch, G2874Ah

A2202G, T2214C, T2316A, G2326A, G2485C,
C2589T, A2631G, C1804T, T2822C, G2874A

T786Ch, G1026Ah, C1038Th, A1187Gh,
G1212Ah, T1257Ch, T1305Ch, A2202Gh,
T2214Ch, T2316Ah, G2326Ah, G2485Ch,
C2589Th, A2631Gh, C1804Th, T2822Ch,
G2874Ah

T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, A2202G, T2214C, T2271A,

G2326A, T2448Ch  G2485Ch,  C2589T,
A2631G, T2684Ch, A2686Gh, T2822C,
G2874Ah

G617A and T618C, T620C, A624G, C633T,
T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, A2202G, T2214C, T2271A,
G2326A, C2589T, A2631G, T2822C

A738Th, T786C, G795A, G906A, T1014A,

C1038T, A1047Gh, A1071Gh, T1107Ch,
C1122T, C1130Th, A1187G, G1212Abh,
T1257Ch,  T1305C, (C1344Th, C1374Th,
C2040Th, C2083Th and T2085AR, T2316A4,
G2326A, T2373A, G2485Ch,  C2589Th,

A2631Gh, T2822Ch

T786C, G1026A, C1038T, A1187G, G1212A,
T1257C, T1305C, A2202G, T2214C, T2271A,

G2326A, T2448Ch,  G2485Ch,  C2589T,
A2631G, T2684Ch, A2686Gh, T2822C,
G2874Ah

Amino acid substitutions in Tac1*

F262F, $324S, A338A, L346L, L349L, L357L,
S369S, T374T, A377V, N396S, Q404Q,
N448N, F458F, N772K, D776N, 1791],
E829Q, T863T, R869Q, Q877Q

R206H, V207A, K208K, N211N, F262F,
R342R, L346L, N396S, Q404Q, S419S, 14351,
L734L, 17381, T757T, D776N, A816Ah,
E829Qh, T863T, Q877Q, I895T, S941P

P259P, F262F, 1270Ih, P277P, R342Rh,
L346L, N396S, 435I, N448N, F458F,
S666Sh, T680Th, L734Lh, 1738Ih, T757Th,
N772Kh, D776N, A816Ah, N823Kh, E829Q,
C858Yh, T863T, Q877Q, N896Sh, Q911Qh,
$941Ph, S958Sh

K208Kh, N211Nh, F262Fh, R342Rh, L346Lh,
N396Sh, Q404Qh, S419Sh, 1435Ih, L734Lh,
1738Ih, N772Kh, D776Nh, EB29Qh, T863Th,
Q877Qh, S935Lh, S941Ph, S958Sh

P259Ph, F262F, 12701, P277Ph, R342Rb,
L346L, N396S, Q404Qh, S419Sh, V420Vh,
14351, N448Nh, F458Fh, T680Th, L734Lh,
1738Ih, T757Th, N772K", D776N, A816Ah,
N823Kh, E829Q, C858Yh, T863T, Q877Q,
N896Sh, Q911Qh, S941Ph, S958Sh

L734L, 17381, N772K, D776N, E829Q,
T863T, Q877Q, S935L, S941P, S958S

F262Fh, R342Rh, L346Lh, N396Sh, Q404Qh,
S419Sh, 1435Ih, L734Lh, 1738Ih, N772Kbh,
D776Nh, E829Qh, T863Th, Q877Qh, S935Lh,
S941Ph, S958Sh

F262F, R342R, L346L, N396S, Q404Q,
S419S, 14351, L734L, 17381, T757T, D776N,
AB16Ah, E829Qh, T863T, Q877Q, 1895Th,
N896Sh, S941P, S958Sh

R206H, V2074, K208K, N211N, F262F,
R342R, L346L, N396S, Q404Q, S419S, 14351,
L734L, 17381, T757T, D776N, T863T,
Q877Q, S941P

S246Sh, F262F, E265E, L302L, A338A,
L346L, L349Lh, L357Lh, S369Sh, T374T,
A377Vh, N396S, Q404Qh, S419Sh, 1435],
N448Nh, F458Fh, T680Th, L695Lh, N772K,
D776N, 17911, E829Qh, T863Th, Q877Qh,
S941Pph

F262F, R342R, L346L, N396S, Q404Q,
S419S, 14351, L734L, 17381, T757T, D776N,
AB816Ah, E829Qh, T863T, Q877Q, 1895Th,
N896Sh, S941P, S958Sh



Table II. Continued.

Strains

16-134

15-156

15-157

10-170

BE-113

16-091

ATCC 64550

15-154

15-176

ATCC 64124

16-092

16-138

SNPs in TAC1
T786C, G1026A, C1038T, A1187G, G1212A,

T1257C, T1305C, A2202G, T2214C,
T2271A, G2326A, T2448Ch, G2485Ch,
C2589T, A2631G, T2684Ch, A2686Gh,
T2822C

C633Th, T786Ch, G1026Ah, C1038Th,
A1187Gh, G1212Ak, T1257Ch, T1305Ch,
A2202Gh, T2214Ch, T2316Ah, G2326Ah,
G2485Ch, C2589Th, A2631Gh, C1804Th,

T2822Ch, G2874Ah
T786C, A915G, G1026A, C1038T, A1187G,

G1212A, T1257C, T1305C, A2202G,
T2214C, T2271A, G2326A, T2448Ch,
G2485Ch, C2589T, A2631G, T2684Ch,

A2686Gh, T2822C, G2874Ah
T786C, G1026A, C1038T, A1187G, G1212A4,

T1257C, T1305C, A2202G, T2214C,
T2271A, G2326A, G2485Ch, C2589T,
A2631G, T2684Ch, A2686Gh, T2822C,
G2874Ah

T786Ch, G1026Ak, C1038Th, A1187Gh,
G1212Ah, T1257Ch, T1305Ch, C2273T
T786C, G1026Ah, C1038Th, A1187Gh,
G1212Ah, T1257Ch, T1305Ch, A2202Gh,
T2214Ch, T2316Ah, G2326Ah, G2485Ch
G1026A, C1038T, A1187G, G1212A,

T1257C, T1305C

T777Ah, T786C, C810Th, C831Gh, G1026Ah,
C1038T, A1187G, G1212Ah, T1257Ch,
T1305C, C1344Th, C1374Th, C2040Th,
A2202Gh, T2214Ch, T2316Ah, G2326A,
T2448Ch, T2459Gh, G2485C, G2573Ah,
C2589T, A2631G, A2686Gh, G2733Ah,
T2822Ch, G2874Ah

T786C, G1026Ah,
G1212Ah, T1257Ch,
C2207Th, T2214Ch,
G2485Ch, C2589Th,
T2907h

T786Ch,
G1212Ah,

C1038Th,
T1305Ch,
T2316Ah,
A2631Gh,

A1187Gh,
A2202Gh,
G2326Ah,
AT2884-

G1026Ah, (C1038Th,
T1257Ch, T1305Ch,
T2214Ch, T2316Ah, G2326Ah,
C2515Th, (C2589T, A2631G,

T2822Ch, G2874Ah, A2929Gh

T786C, A915Gh, G1026A, C1038T, C1122Th,
A1187G, G1212Ah, T1257Ch, T1305Ch,
A2202Gh, T2214Ch, T2271A, G2326A,
T2448C, G2485C, C2589T, A2631G

T786C, A915G, G1026A, C1038T, C1122T,

A1187Gh,
A2202Gh,
G2485Ch,
C1804Th,

A1187G, C1344T, C1374T, A2202Gh,
T2214Ch, T2271A, G2326A, T2448C,
G2485C, C2589T, A2631G, A2686Gh,

T2822Ch, G2874Ah

Supplementary material

Amino acid substitutions in Tac1*

F262F, R342R, L346L, N396S, Q404Q,
S4109S, 14351, L734L, 17381, T757T, D776N,
A816Ah, E829Qh, T863T, Q877Q, 1895Th,
N896Sh, S941P

N211Nh, F262Fh, R342Rh, L346Lh, N396Sh,
Q404Qh, S419Sh, 1435Ih, L734Lh, 1738,
N772Kh, D776Nh, E829Qh, T863Th, Q877Qh,
S935Lh, S941Ph, S958Sh

F262F, L305L, R342R, L346L, N396S,
Q404Q, S419S, 14351, L734L, 1738], T757T,
D776N, A816Ah, EB29Qh, T863T, Q877Q,
1895Th, N896Sh, S941P, S958Sh

F262F, R342R, L346L, N396S, Q404Q,
S419S, 14351, L734L, 17381, T757T, D776N,
E829Qh, T863T, Q877Q, 1895Th, N896Sh,
S941P, S958Sh

F262Fh, R342Rh, L346Lh, N396Sh, Q404Qh,
S419Sh, 14351k, S758F

F262F, R342Rh, L346Lh, N396Sh, Q404Qh,
S419Sh, 1435Ih, L734Lh, 1738Ih, N772Kh,
D776Nh, EB29Qh

R342R, L346L, N396S, Q404Q, S419S, 14351

P259Ph, F262F, 1270Ih, P277Ph, R342Rb,
L346L, N396S, Q404Qh, S419Sh, 1435],
N448Nh, F458Fh, T680Th, L734Lh, 1738Ih,
N772Kh, D776N, A816Ah, N823Kh, E829Q,
C858Yh, T863T, Q877Q, N896Sh, Q911Qh,
S941Ph, S958Sh

F262F, R342Rh, L346Lh, N396Sh, Q404Qh,
S419Sh, 1435Ih, L734Lh, A736Vh, 1738,
N772Kh, D776Nh, E829Qh, T863Th, Q877Qh,
AL962-N969"

F262Fh, R342Rh, L346Lh, N396Sh, Q404QM,
S419Sh, 1435Ih, L734Lh, 1738Ih, N772Kh,
D776Nh, E829Qh, H839Yh, T863T, Q877Q,
S935Lh, S941Ph, N977Dh

F262F, L305Lh, R342R, L346L, T374Th,
N396S, Q404Qh, S419Sh, 14351, L734Lh,
17381, T757T, D776N, A816A, E829Q,
T863T, Q877Q

F262F, L305L, R342R, L346L, T374T,
N396S, N448N, F458F, L734Lh, 1738Ih,
T757T, D776N, A816A, E829Q, T863T,
Q877Q, N896Sh, S941Ph, S958Sh

*The SNPs that do not entail changes in the amino acid sequence are denoted with the symbol of the amino
acid present in the reference sequence followed by the position and again the same amino acid symbol; h,
heterozygous mutation. The new mutations found in this work are underlined and the mutations associated
to azole resistance are indicated in bold.

205



Supplementary material

Table III. SNPs detected in the selected regions of the UPC2 gene and the associated amino acid
substitutions of the azole-susceptible and resistant isolates of the UPV/EHU collection.

Strains SNPs in UPC2 Amino acid substitutions in Upc2*
16-122 G1942Ah G648Sh
16-123 G1942Ar G648sh
16-091 G1942Ah G648Sh
15-176 C1928Th A643Vh

*The SNPs that do not entail changes in the amino acid sequence are denoted with the symbol of the amino
acid present in the reference sequence followed by the position and again the same amino acid symbol; h,
heterozygous mutation. The new mutations found in this work are underlined and the mutations associated
to azole resistance are indicated in bold.
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Table IV. SNPs detected in the selected regions of the MRRI gene and the associated amino acid
substitutions of the azole-susceptible and resistant isolates of the UPV/EHU collection.

Strains
BE-47

16-135

16-132

06-114

BE-114

16-134

BE-113

ATCC 64550

15-176

SNPs in MRR1

C972Th, T999Ch, T1022Ah, T1134Ah, G1437Ah,
A1626Gh, A1773Th, C1774Th and C1776Ab,

T1782Ch,  C1791Th, T1806Ah, A1824Gh,
T1851Ch, C1866Th, A1872Gh, C2358Th,
C2370Th, C2373Th, A2385Th, G2502Ch,
T2529Ch, G2577Ah,  A2589Gh, C1595Th,
G3058C

C972Th, T999Ch, T1022Ah, T1134Ah, G1437Ah,
A1626Gh, A1773Th, C1774Th and C1776Ah,

T1782Ch, C1791Th, T1806Ah, A1824Gh,
T1851Ch, C1866Th, A1872Gh, C2358Th,
C2370Th, (C2373Th, A2385Th, G2502Ch,
T2529Ch, G2577Ah,  A2589Gh, C1595Th,
G3058C

C972Th, T999Ch, T1022Ah, T1134Ah, G1227Th,
G1437Ah, A1626Gh, A1773Th, C1774Th and

C1776Ah, T1782Ch, C1791Th, T1806Ah,
T1812Ah,  A1824Gh, T1851Ch, C1866Th,
A1872Gh, C2358Th, (C2370Th, C2373Th,
A2385Th, G2502Ch, T2529Ch, G2577Ab,

A2589Gh, C1595Th

C972T, T999C, T1022A, T1134A, G1437A,
A1626G, A1773T, C1774T and C1776A,
T1782C, C1791T, T1806A, T1812A, A1824G,
T1851C, C1866T, A1872G, C2358T, C2370T,
C2373T, A2385T, G2502C, T2529C, C2538T,
G2577A, A2589G, C1595T, G3058C

A2967G

C972Th, T999Ch, T1022Ah, T1134Ah, G1437Ah,
A1626Gh, A1773Th, C1774Th and C1776Abh,

T1782Ch, C1791Th, T1806Ah, T1812Ah,
A1824Gh, T1851Ch, C1866Th, A1872Gh,
C2358Th, (C2370Th, C2373Th, A2385Th,
G2502Ch, T2529Ch, C2538Th, G2577Ah,
A2589Gh, C1595Th, G3058Ch

C2931Th

C972T, T999C, T1022A, T1134A, G1437A,
A1626G, A1773T, C1774T and C1776A,
T1782C, C1791T, T1806A, T1812A, A1824G,
T1851C, C1866T, A1872G, C2358T, C2370T,
C2373T, A2385T, G2502C, T2529C, C2538T,
G2577A, A2589G, C1595T, G2839A, G3058C

Amino acid substitutions in Mrri1*

A324Ab, L333Lh, V341Eh, T378Th,
K479Kh, L542Lh, A591AR, L592Lh, S594Sh,
V597Vh,  S602Sh, E608ER, N617Nh,
N622Nh,  L624Lh, L786Lh, A790Ab,
G791Gh, P795Ph, V834Vh, N843Nh,

S$859Sh, E863Eh, C865Ch, E1020Q

A324Ah,  L333Lh, V341Eh, T378Th,
K479Kh, L542Lh, A591Ah, L592Lh, S594Sh,
V597Vh,  S602Sh, E608ER, N617Nh,
N622Nh,  L624Lh, L786Lh, A790Ah,
G791Gh, P795Ph, V834Vh, N843Nh,

S859Sh, E863Eh, C865Ch, E1020Q

A324Ab, L333Lh, V341Eh, T378Th,
G409Gh, K479Kh, L542Lh, A591Ah,
L592Lh, S594Sh, V597Vh, S602Sh, G604Gh,
E608Eh, N617Nh, N622Nh, L624Lh,
L786Lh,  A790Ah, G791Gh, P795Ph,

V834Vh, NB43Nh, S859Sh, E863ER, C865Ch

A324A, L333L, V341E, T378T, K479K,
L542L, A591A, L592L, S594S, V597V,
S602S, G604G, E608E, N617N, N622N,
L624L, L786L, A790A, G791G, P795P,
V834V, N843N, H846H, S859S, E8B63E,
C865C, E1020Q

$989S

A324Ah,  L333Lh, V341Eh, T378Th,
K479Kh, L542Lh, A591Ah, L592Lh, S594Sh,
V597Vh,  S602Sh, G604Gh, E6OSEM,
N617Nh, N622Nh, L624Lh, L786Lh,
A790Ab, G791Gh, P795Ph,  V834Vh,
N843Nh, HB846Hh, S859Sh, E863Eh,
€865Ch, E1020Qn

G997Gh

A324A, L333L, V341E, T378T, K479K,
L542L, A591A, L592L, S594S, V597V,
S602S, G604G, E608E, N617N, N622N,
L624L, L786L, A790A, G791G, P795P,
V834V, N843N, H846H, S859S, EB63E,
C865C, G947S, E1020Q

*The SNPs that do not entail changes in the amino acid sequence are denoted with the symbol of the amino
acid present in the reference sequence followed by the position and again the same amino acid symbol; h,
heterozygous mutation. The new mutations found in this work are underlined and the mutations associated
to azole resistance are indicated in bold.
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Table V. SNPs detected in the selected regions of the MRR2 gene and the associated amino acid
substitutions of the azole-susceptible and resistant isolates of the UPV/EHU collection.

Strains
BE-47
BE-AZ
15-158

06-116

15-153

08-105

16-135

16-132
15-159

BE-114
16-134

15-157

BE-113
16-091
ATCC 64550
15-176
ATCC 64124
16-138

SNPs in MRR2

C462T

T1352C

C1125Th, T1352Ch, G1503Ah, G1524Ah,
T1623Ch, T1662Ch, A1797G, C1880Th
C1266A, G1375A, T1380C, T1383C, T1480C,
C1515T, T1662C, A1797G, C1878G
C1125Th, G1503Ah, G1524Ah,
T1662Ch, A1797G, C1880Th

G1375A, T1380C, T1383C, T1623C, T1662C,
C1734T, A1797G, T2040C

C84T, T423C, A426G, T428C and G429A,
C430G, A433G, G492C, G494A, A723G, C732T,
G1375A, T1380C, T1383C, T1438C, T1480C,
T1494C, T1623C, T1662C, C1734T, A1797G,
T2040C

C462T

T423C, A426G, T428C and G429A, C430G,
A433G, G492C, G494A, A723G, C732T,
G1375A, T1380C, T1383C, T1438C, T1480C,
T1494C, T1623C, T1662C, C1734T, A1797G,
T2040C

C932T, T1352C, G1744T

C84T, A228G, T423C, A426G, T428C and
G429A, C430G, A433G, G492C, G494A,
C1266A, G1375A, T1380C, T1383C, T1438C,
T1480C, C1515T, T1662C, A1797G, C1878G

C84T, A228G, T423C, A426G, T428C and
G429A, C430G, A433G, G492C, G494A,
C1266A, G1375A, T1380C, T1383C, T1438C,
T1480C, C1515T, T1662C, A1797G, C1878G

C462T, A768C
C462T

C462T

C462T
T1352C

T687C, T693C, C696T, A723G, T1352C,
A1797G

T1623Ch,

Amino acid substitutions in Mrr2*
A154A
V451A

R375Rh, V451Ah, L501Lh, K508Kh, [5411h,
H554Hh, R599R, A627Vh

D442E, A459T, F460F, 1464],
Y505Y, H554H, R599R, S626S

R375Rh, L501Lk, K508Kh, 15411k, H554Hh,
R599R, A627Vh

A459T, F460F, 1464],
F578F, R599R, Y680Y

A28A, D141D, L142L, S143P, L144V,
T145A, P164P, S165N, P241P, D244D,
A459T, F460F, 14641, S480P, L494L,
P498P, 15411, H554H, F578F, R599R,
Y680Y

A154A

D141D, L142L, S143P, L144V, T145A,
P164P, S165N, P241P, D244D, A459T,
F460F, 14641, S480P, L494L, P498P, 15411,
H554H, F578F, R599R, Y680Y

L494L,

15411, H554H,

A311V, V451A, V582L

A28A, K76K, D141D, L142L, S143P,
L144V, T145A, P164P, S165N, D442E
A459T, F460F, 14641, S480P, L494L,
Y505Y, H554H, R599R, S626S

A28A, K76K, D141D, L142L, S143P,
L144V, T145A, P164P, S165N, D442E,
A459T, F460F, 14641, S480P, L494L,
Y505Y, H554H, R599R, S626S

A154A, S256S
A154A
A154A
A154A
V451A

T229T, F231F, N232N, P241P, V451A,
R599R

*The SNPs that do not entail changes in the amino acid sequence are denoted with the symbol of the amino
acid present in the reference sequence followed by the position and again the same amino acid symbol; h,
heterozygous mutation. The new mutations found in this work are underlined and the mutations associated
to azole resistance are indicated in bold.
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II - Amino acid substitutions and other modifications identified in

the Ergl1, Tacl and Mrr2 transformants

Table VI. Summary of the sequencing results of TAC1 in the C. albicans SC5314 and derived mutants
and the corresponding amino acid residues.

Transformant

SC5314

D1

D2

D3

D4

D5

D6

D7

D8

D9 (WT RTe)

D12 (WT RTe)

D13 (WT RTe)

D16

D17

Nucleotide positions in TAC12
G2078,R2202,Y2214,C2273, A2298, A2300

and A2301, W2316, R2326 and A2327, T2402,

A2426, T2435, S2485,Y2589, R2631, Y2804,
Y2822, R2874,C2922
G2078,A2202,T2214,T2273,G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426,T2435, G2485, C2589, A2631, C2804,
T2822, G2874, C2922

G2078,R2202,Y2214, C2273, G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426, T2435, G2485, C2589, A2631, C2804,
T2822, G2874, Y2922

G2078, G2202, C2214, T2273, G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426,T2435,G2485, C2589, A2631, C2804,
T2822, G2874, C2922

G2078,R2202,Y2214, Y2273, insertion and
multiple substitutions

G2078,R2202,Y2214, Y2273, G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426, T2435, no more sequence from here
onwards

G2078,R2202,Y2214, Y2273, G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426, T2435, no more sequence from here
onwards

G2078,R2202,Y2214, C2273, G2298, A2300
and G2301, T2316, G2326 and A2327, T2402,
A2426, T2435, no more sequence from here
onwards
G2078,R2202,Y2214,C2273,A2298, A2300

and A2301, W2316, R2326 and A2327, T2402,

A2426,T2435, S2485,Y2589, R2631, C2804,
T2822,R2874, C2922
G2078,R2202,Y2214, C2273, G2298, A2300

and G2301, W2316, R2326 and A2327, T2402,

A2426, T2435, no more sequence from here
onwards
G2078,R2202,Y2214,C2273,A2298, A2300

and A2301, W2316, R2326 and A2327, T2402,

A2426, T2435, no more sequence from here
onwards
G2078,G2202,C2214,C2273, G2298, A2300

and G2301, W2316,R2326 and A2327, T2402,

A2426, T2435, no more sequence from here
onwards

G2078,A2202, T2214,T2273, G2298, C2300
and G2301, T2316, G2326 and A2327, T2402,
A2426, T2435, G2485, C2589, A2631, C2804,
T2822,G2874, C2922

G2078,G2202,C2214, C2273, G2298, A2300
and G2301,T2316, G2326 and A2327, T2402,
A2426, T2435,C2485,T2589, G2631, T2804,
C2822, A2874,C2922

Amino acid residues in Tac1b

R693, L734,1738, S758, K766,
Q767,N/K772,D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, S958, F974
R693,L734,1738, S758F, K766K,
Q767Q,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, 5958, F974

R693, L734L, 1738I, S758, K766K,
Q767Q,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, S958, F974F
R693,L734,1738, S758F, K766K,
Q767Q,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, S958, F974

R693, L734L, 1738I, S/F758

R693, L734L, 1738I, S/F758,
K766K, Q767Q,N772,D776,V801,
H809, V812

R693, L734L, 1738I, S/F758,
K766K, Q767Q,N772,D776,V801,
H809, V812

R693, L734L, 1738I, S758, K766K,
Q767Q,N772,D776,V801, H809,
V812

R693, L734L, 1738l, S758, K766,
Q767,N/K772,D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S935, 941, S958, F974

R693, L734L, 1738I, S758, K766K,
Q767Q,N/K772,D/N776,V801,
H809, V812

R693, L734L, 1738l, S758, K766,
Q767,N/K772,D/N776,V801,
H809, V812

R693, L734, 1738, S758, K766K,
Q767Q,N/K772, D/N776, V801,
H809, V812

R693, L734, 1738, S758F, K766K,
Q767P,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, S958, F974
R693,L734,1738, S758, K766K,
Q767Q,N772,D776,V801, H809,
V812, 829, T863,Q877,L935,
P941, S958, F974
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Table VI. Continued.

Transformant

D18

D19

D21

D22

D23

D24 (WT RTe)

D25 (WT RTe)

D26 (WT RTe)

D27 (WT RTe)

D34

D35

D36

D38

D40

D41

210

Nucleotide positions in TAC12

G2078, G2202, C2214, C2273, A2298, A2300
and A2301, A2316, A2326 and R2327,
T2402, A2426, T2435, 52485, Y2589, G2631,
Y2804, Y2822, R2874, C2922

G2078, G2202, C2214, C2273, A2298, A2300
and A2301, A2316, A2326 and A2327,
T2402, A2426, T2435, C2485,Y2589, R2631,
C2804, T2822, G2874, C2922

G2078,A2202, T2214, C2273, G2298, A2300
and G2301, A2316, R2326 and A2327,
T2402, A2426, T2435, 52485, Y2589, R2631,
Y2804, Y2822,Y2874, C2922

G2078,A2202, T2214, T2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, S2485,Y2589, R2631,
Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298, A2300
and A2301, T2316, G2326 and A2327,
T2402, A2426, T2435, G2485, C2589, A2631,
C2804, T2822, G2874, C2922

G2078, G2202, C2214, C2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, C2485, T2589, G2631,
T2804, C2822, A2874, C2922

G2078, G2202, C2214, C2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, C2485, T2589, G2631,
T2804, C2822, A2874, C2922
G2078,R2202,Y2214, C2273, A2298, A2300
and A2301, W2316, R2326 and A2327,
T2402, A2426, T2435, S2485,Y2589, R2631,
Y2804, Y2822, R2874, C2922

G2078,A2202, T2214, C2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, 52485, Y2589, R2631,
Y2804, Y2822, R2874, C2922
G2078,A2202,T2214,C2273, A2298, A2300
and A2301, T2316, G2326 and A2327,
T2402, A2426, T2435, G2485, C2589, A2631,
C2804, T2822, G2874, C2922

G2078,A2202, T2214, C2273, A2298, A2300
and A2301, T2316, G2326 and A2327,
T2402, A2426, T2435, G2485, C2589, A2631,
C2804, T2822, G2874, C2922
G2078,A2202,T2214,T2273,G2298, A2300
and A2301, T2316, G2326 and A2327,
T2402, A2426, T2435, G2485, C2589, A2631,
T2804, T2822, A2874, C2922
G2078,R2202,Y2214,Y2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, S2485,Y2589, G2631,
Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298, A2300
and A2301, A2316, R2326 and A2327,
T2402, A2426, T2435, S2485,Y2589, R2631,
Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214, Y2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, S2485, Y2589, R2631,
Y2804, Y2822, R2874, C2922

Amino acid residues in Tac1b

R693, L734, 1738, S758, K766,
Q767,K772,N/S776,V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, S958, F974

R693, L734, 1738, S758, K766,
Q767,K772,N776,V801, H809,
V812, Q829, T863, Q877, S935,
$941, 958, F974

R693, L734, 1738, S758, K766K,
Q767Q, K772, D/N776, V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, S958, F974

R693, L734,1738, S758F, K766K,
Q767Q,N772, D776, V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, S958, F974

R693, L734L, 1738I, S758, K766,
Q767,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, 5958, F974

R693, L734, 1738, $758, K766K,
Q767Q,N772, D776, V801, H809,
V812, Q829, T863, Q877, L935,
P941, S958, F974

R693, L734,1738, 758, K766K,
Q767Q,N772, D776, V801, H809,
V812, 0829, T863, Q877, L935,
P941, S958, F974

R693, L734L, 1738l, S758, K766,
Q767,N/K772,D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, $958, F974

R693, L734,1738, S758, K766K,
Q767Q,N772, D776, V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, $958, F974

R693, L734, 1738, $758, K766,
Q767,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, 5958, F974

R693, L734, 1738, $758, K766,
Q767,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, 5958, F974

R693, L734, 1738, S758F, K766K,
Q767,N772,D776,V801, H809,
V812, E829, T863, Q877, L935,
S941, 5958, F974

R693, L734L, 1738, S/F758,
K766K, Q767Q, N772, D776, V801,
H809, V812, E/Q829, T863, Q877,
S/L935,S/P941, S958, F974

R693, L734L, 1738I, S758, K766,
Q767,K772,D/N776,V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, S958, F974

R693, L734L, 1738I, S/F758,
K766K, Q767Q, N772, D776, V801,
H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, S958, F974



Table VI. Continued.

Transformant

D43

D44

D45

D48

D49

D50

D52

D53

D54

D61

D62

D63

D66

D76

D78

Nucleotide positions in TAC12

G2078,A2202,T2214,Y2273, G2298,
A2300 and G2301, W2316, R2326 and
A2327,T2402, A2426, T2435, S2485,
Y2589, R2631, Y2804, Y2822, R2874, C2922
R2078,R2202,Y2214, C2273, A2298,
A2300 and A2301, A2316,A2326 and
A2327,T2402, A2426, T2435, 52485,
Y2589, G2631, Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214,Y2273, G2298,
A2300 and G2301, W2316, R2326 and
A2327,T2402, A2426, T2435, S2485,
Y2589, G2631, Y2804, Y2822, R2874, C2922
G2078, G2202, C2214,Y2273, G2298, A2300
and G2301, T2316, G2326 and A2327,
T2402, A2426, T2435, G2485, C2589,
A2631, C2804, T2822, G2874, C2922
G2078,R2202,Y2214, C2273,A2298,
A2300 and A2301, T2316, G2326 and
A2327,T2402, A2426, T2435, G2485,
C2589, A2631, C2804, T2822, G2874, C2922
G2078,R2202,Y2214, C2273,A2298,
A2300 and A2301, T2316, G2326 and
A2327,A2402,C2426, G2435, no more
sequence from here onwards
G2078,A2202, T2214,Y2273, G2298,
A2300 and G2301, T2316, G2326 and
A2327,T2402, A2426, T2435, G2485,
C2589, A2631, C2804, T2822, G2874, C2922
G2078,A2202,T2214, C2273, A2298,
A2300 and A2301, T2316, G2326 and
A2327,T2402, A2426, T2435, G2485,
C2589, A2631, C2804, T2822, G2874, C2922
G2078,R2202,Y2214, C2273,A2298,
A2300 and A2301, W2316, R2326 and
A2327,T2402, A2426, T2435, G2485,
Y2589, A2631, C2804, Y2822, R2874, C2922
G2078, G2202,C2214,T2273, G2298,
A2300 and G2301, T2316, G2326 and
A2327,T2402, A2426, T2435, G2485,
Y2589, R2631, Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298,
A2300 and A2301, T2316, R2326 and
A2327,T2402, A2426, T2435, S2485,
Y2589, R2631, C2804, T2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298,
A2300 and A2301, A2316, A2326 and
A2327,T2402, A2426, T2435, 52485,
Y2589, R2631, Y2804, Y2822, R2874, C2922
G2078,A2202,T2214,Y2273,G2298,
A2300 and G2301, T2316, R2326 and
A2327,T2402, A2426, T2435, S2485,
Y2589, R2631, Y2804, Y2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298,
A2300 and A2301, T2316, R2326 and
A2327,T2402, A2426, T2435, 52485,
Y2589, R2631, Y2804, T2822, R2874, C2922
G2078,R2202,Y2214, C2273, A2298,
A2300 and A2301, W2316, R2326 and
A2327,T2402, A2426, T2435, S2485,
Y2589, R2631, Y2804, Y2822, R2874, C2922

Supplementary material

Amino acid residues in Tac1b

R693, L734,1738, S/F758F, K766K,
Q767Q,N/K772,D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, S958, F974
R/K693, L734L, 17381, S758, K766,
Q767,K772,N776,V801, H809,
V812, E/Q829, T863, Q877,S/L935,
S/P941, S958, F974

R693, L734L, 17381, S/F758, K766K,
Q767Q,N/K772,D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, S958, F974
R693,L734,1738, S758F, K766K,
Q767Q,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, S958, F974

R693, L734L, 1738I, S758, K766,
Q767,N772,D776,V801, H809,
V812, E829, T863, Q877, S935,
S941, S958, F974

R693, L734L, 1738], $758, K766,
Q767,K766,Q767,N772, D776,
V801E, H809P, V812G

R693, L734, 1738, S/F758, K766K,
Q767Q,N772, D776, V801, H809,
V812, E829, T863, Q877, S935,
$941, 958, F974

R693, L734, 1738, S758, K766, Q767,
N772, D776, V801, H809, V812,
E829, T863, Q877, S935, S941,
$958, F974

R693, L734L, 17381, S758, K766,
Q767,N/K772, D/N776,V801,
H809, V812, E829, T863, Q877,
$935,S/P941, S958, F974

R693, L734, 1738, S758F, K766K,
Q767Q,N772, D776, V801, H809,
V812, E829, T863, Q877, S/L935,
S/P941, 5958, F974

R693, L734L, 17381, S758, K766,
Q767,N772, D/N776, V801, H809,
V812, E/Q829, T863, Q877, S935,
$941, 5958, F974

R693, L734L, 17381, S758, K766,
Q767,K772,N776,V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, 5958, F974

R693, L734, 1738, S/F758, K766K,
Q767Q,N772, D/N776, V801, H809,
V812, E/Q829, T863, Q877, S/L935,
S/P941, S958, F974

R693, L734L, 17381, S758, K766,
Q767,N772,D/N776, V801, H809,
V812, E/Q829, T863, Q877, S/L935,
$941, 958, F974

R693, L734L, 17381, S758, K766,
Q767,N/K772, D/N776,V801,
H809, V812, E/Q829, T863, Q877,
S/L935,S/P941, S958, F974
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Table VI. Continued.

Transformant Nucleotide positions in TAC12 Amino acid residues in Tac1b
G2078,R2202,Y2214, C2273,A2298, R693, L734L, 1738, S758, K766,
D79 A2300 and A2301, T2316, R2326 and Q767,N772,D/N776,V801, H809,
A2327,T2402, A2426, T2435, S2485, V812, E/Q829, T863,Q877,S/L935,
Y2589, R2631, Y2804, Y2822, R2874,C2922 S/P941, S958, F974
G2078,R2202,Y2214, C2273,A2298, R693, L734L, 1738I, S758, K766,
D80 A2300 and A2301, W2316, R2326 and Q767,N/K772,D/N776,V801,
A2327,T2402, A2426, T2435, S2485, H809, V812, E/Q829, T863, Q877,
Y2589, G2631, Y2804, Y2822, R2874, C2922  S/L935, S/P941, S958, F974
G2078,A2202, T2214, C2273, A2298, R693, L734,1738, S758, K766, Q767,
D87 A2300 and A2301, A2316, G2326 and K772,D776,V801, H809, V812,
A2327,T2402, A2426, T2435, G2485, E829,T863,Q877,L935, P941,
T2589, G2631, T2804, C2822, A2874,C2922 S958,F974
G2078,R2202,Y2214, T2273, G2298, R693, L734L, 1738I, S758F, K766K,
D88 A2300and G2301, T2316, G2326 and Q767Q,N772,D776,V801, H809,
A2327,T2402, A2426, T2435, G2485, V812, E829, T863, Q877, S935,
C2589, A2631, C2804, T2822, G2874, C2922  S941, S958, F974
G2078,R2202,Y2214, Y2273, R2298, R693, L734L, 1738], S/F758, K766K,
D89 A2300 and R2301, W2316, R2326 and Q767Q,N/K772,D/N776,V801,

A2327,T2402, A2426, T2435, S2485,
Y2589, R2631, Y2804, Y2822, R2874, C2922

H809, V812, E/Q829, T863, Q877,
S/L935, S/P941, S958, F974

Otherwise specified the transformants were obtained from the transformations carried out with
the mutated RTe.

a3, the C. albicans SC5314 strain is heterozygous in some nucleotide positions, which are
represented with the following codes: R, Aand G; Y, Cand T; W, A and T; S, C and G. Red, the
nucleotide changes included in the mutated RTe to introduce the S758F mutation in Tacl; pink,
the synonymous mutations to avoid the post-editing cleaving of Cas9.

b when heterozygous nucleotide positions resulted in amino acid change it was represented with
the two amino acid symbols separated by a slash followed by the residue number. For homozygous
mutations, if they did not entail amino acid change, they are denoted with the symbol of the amino
acid present in the SC5314 strain followed by the position and again the same amino acid symbol.
Conversely, if they encoded a different amino acid, they are represented with the symbol of the
amino acid present in the SC5314 strain followed by the position and then the other amino acid.
The S758F mutation and the amino acid residues encoded by the synonymous mutations are
highlighted in red and pink, respectively.
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Table VII. Summary of the sequencing results of ERG11 in the C. albicans SC5314 and derived

mutants and the corresponding amino acid residues.

Transformant Nucleotide positions in ERG112 Amino acid residues in Erg11b
SC5314 C837,R1020,Y1110,A1120, A1430, T1434, ‘S/i’;% 1(123;4%7(‘)9, Lii;% l\,;[,i;;' \Y,j_;;'
A1437,R1440, A1444, T1463,Y1470 N490’ ’ ’ ’ ’
E7.1 C837,R1020,Y1110,A1120, G1430, C1434, \51177?3\/1‘33407‘5‘371?42/[03?13}8\{24;1%8
' G1437,A1440,A1444,T1463, T1470 N490 ’ ’ ’ ’ ’
Several small insertions and deletions
E12.1 surrounding the RTe insertion site leading to
frame-shifts in the coding sequence
C837,A1020,C1110,A1120,G1430,C1434,n0  S279, L340, L370, M374, Y477C,
E15.1
more sequence from here onwards V478V
E20.1 C837,R1020,Y1110,A1120, G1430, C1434, \51177?3\}‘?61407’5’37&240322%524;1%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ’ ’ ’
E26.1 C837,R1020,Y1110, A1120, G1430, C1434, \51177%,\/1‘?5}407'5‘37&}2}403?[‘AXSYZA}Z/ZI-%B
’ G1437,A1440,A1444,T1463,Y1470 N490 ’ g ! ’ ’
E27.1 {&986, AT102.2-(.31023, fro.m here onwards there 1.329Stop, L341Stop
is a frame-shift in the coding sequence
E42.1 C837,R1020,Y1110, A1120, G1430, C1434, \51177%,\/1‘?5}407'5‘37&}2}403?[‘AXSYZA}Z/ZI-%B
’ G1437,A1440,A1444,T1463,Y1470 N490 ’ g ! ’ ’
E45.1 C837,A1020,C1110,A1120, G1430, C1434, \51177?3’\/1‘?2;407’537&240312%;2431%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ’ ’ ’
E471 C837,R1020,Y1110,A1120, G1430, C1434, \513,77?3'\}3(;407';4371?424037TAZsY24Z/ZL%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
E50.1 C837,A1020,C1110,A1120, G1430, C1434, 5/%}’;%’\}‘?31-407';(371(‘)‘,1-2/{037TAZBY24Z/1%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
E59.1 C837,A1020,C1110,A1120, G1430, C1434, \5131-77?3’\/[‘3(;1-407'3371(‘)"1-24037TtBY24Z/1%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
Other modifications (M881, K1019, AT1415
e leading to frame-shifts in the coding sequence) DS LR
' ’ ’ ' qu V478V, Q479Q, L480, T482
here onwards
E73.1 C837,A1020,C1110,A1120, G1430, C1434, \5131-77%\/[‘5;;-407';371(‘)43403z‘tg;Z/’Zl%S
’ G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
E82.1 C837,A1020,C1110,A1120,R1430, C1434, \5731'77?3’\7[‘3(;-407'3373"1'24037TA‘11’8Y2/(€/17878,
’ G1437,A1440,A1444,T1463,Y1470 N490 ’ g ! ’ ’
E119.1 C837,R1020,Y1110, A1120, G1430, C1434, \5131-77%\/[‘5;;-407';371(‘)43403z‘tg;Z/’Zl%S
’ G1437,A1440,A1444, T1463, T1470 N490 ’ ’ ’ ’ ’
E125.1 C837,G1020,T1110,A1120, G1430, C1434, ‘51277%’\/1'3(51407'53734240322824;1%8
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ! ’ ’
S279, L340, L370, M374, Y/C477,
E135.1 C837,R1020,Y1110,A1120, R1430, C1434, V478V, Q479Q, 1480, T/A482,

G1437,A1440,R1444, T1463,Y1470

V488, N490
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Table VII. Continued.

Transformant Nucleotide positions in ERG112 Amino acid residues in Erg11b
E137.1 C837,R1020,Y1110,A1120,R1430, Y1434, 5/%1—’;%’\}35}407'5373424032'2232/%17875;
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ! ’ ’
E2.2 C837,R1020,Y1110,A1120, G1430, C1434, 31?(;’\}?31407,;‘(378424032‘2824;1%8
' G1437,A1440,A1444,T1463,Y1470 N490 ’ ’ ’ ’ ’
E3.2 C837,G1020,T1110,A1120, G1430, C1434, 5/%1—’;%’\}35}407'537342403?ZEBYZAI-Z/ZL%B
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ! ’ ’
E9.2 C837,R1020,Y1110,A1120, G1430, C1434, 31?(;’\}?31407,;‘(378424032‘2824;1%8
' G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ’ ’ ’
E10.2 C837,A1020,C1110,A1120,R1430, Y1434, 5/%1—’;%’\}35}407'5373424032'2232/%17875;
’ G1437,A1440,A1444,T1463,T1470 N490 ’ ’ ! ’ ’
E21.2 T837,R1020,Y1110, M1120, G1430, C1434, 51177?3’\}‘35}407’537&2/[0/%1‘347;2' K;L47878C’
’ G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
£40.2 C837,A1020,C1110,A1120, G1430, C1434, \513}77?3’\/[%4407’537&%3?F‘Z%;(ZL}Z/Z}%S
’ G1437,A1440,A1444, T1463, T1470 N490 ’ ’ ’ ’ ’
Several small deletions leading to frame-shifts
E46.2 . .
in the coding sequence
£89.2 Several nucleotide changes and small deletions
) leading to frame-shifts in the coding sequence
EW6.1 C837,A1020,C1110,A1120, A1440, A1444, 51177?3,\/[‘?224407’537&%3?[‘28\(2411188
' A1430,C1434, G1437,T1463,Y1470 N490 ’ g ! ’ ’
EW7.1 C837,A1020,C1110,A1120, A1430, C1434, \51177?3'\/[%4407’537&%3?1“‘:5;(2477'
G1437,A1440, A1444, W1463,T1470 V/D488, N490
EW6.2 C837,G1020,T1110, A1120, A1430, C1434, \51177%\/[%4407’537&%3?1‘28\(243288
' G1437,A1440,A1444,T1463,T1470 N490 ’ g ! ’ ’
S279, L340, L370, M374, Y477,
EWS.2 C837,A1020,C1110,A1120, A1430, C1434, V478V, 04790, LA80, T482, V4SS,

G1437,A1440,A1444, T1463,Y1470

N490

a3, the C. albicans SC5314 strain is heterozygous in some nucleotide positions, which are
represented with the following codes: R, Aand G; Y, Cand T; W, Aand T; M, A and C; K, G and T.
Red, the nucleotide changes included in the mutated RTe to introduce the Y477C mutation in
Ergl1; pink, the synonymous mutations to avoid the post-editing cleaving of Cas9. A, Deletion.

b when heterozygous nucleotide positions resulted in amino acid change it was represented with
the two amino acid symbols separated by a slash followed by the residue number. For homozygous
mutations, if they did not entail amino acid change, they are denoted with the symbol of the amino
acid present in the SC5314 strain followed by the position and again the same amino acid symbol.
Conversely, if they encoded a different amino acid, they are represented with the symbol of the
amino acid present in the SC5314 strain followed by the position and then the other amino acid.
The Y477C mutation and the amino acid residues encoded by the synonymous mutations are
highlighted in red and pink, respectively. If changes in the nucleotide sequence introduced a stop
codon it is represented as the amino acid symbol followed by the residue’s number and Stop.
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Table VIII. Summary of the sequencing results of MRRZ2 in the C. albicans SC5314 and derived
mutants and the corresponding amino acid residues.

Transformant Nucleotide positions in MRR22 Amino acid residues in Mrr2b
SC5314 €924, €927, C932 A308,L309,A311
M18.1 T924,T927,T932 A308A, L309L, A311V
M28.1 T924,T927,Y932 A308A, L309L, A/V311
The RTe was introduced twice, the second in
M42.1 heterozygosis, and additional nucleotide
changes were identified
Small insertion leading to frame-shifts in the
M48.1 .
coding sequence
M55.1 T924,T927,T932 A308A, L309L, A311V
Small deletion leading to frame-shifts in the
M59.1 .
coding sequence
Small deletion leading to frame-shifts in the
Mé67.1 .
coding sequence
Mé68.1 T924,T927,Y932 A308A, L309L, A/V311
M70.1 T924,T927,T932 A308A, L309L, A311V
M12.2 T924,T927,T932 A308A, L309L, A311V
Small deletion leading to frame-shifts in the
M15.2 .
coding sequence
Small deletion leading to frame-shifts in the
M22.2 .
coding sequence
Small deletion leading to frame-shifts in the
M49.2 .
coding sequence
M146.2 T924, T927,T932 A308A, L309L, A311V
M148.2 T924,T927,T932 A308A, L309L, A311V
M159.2 T924, T927,T932 A308A, L309L, A311V
M163.2 T924,T927,T932 A308A, L309L, A311V
M165.2 T924,T927,T932 A308A, L309L, A311V
Small insertions and deletions leading to frame-
Mw42.1 shifts in the coding sequence and several other
nucleotide changes
MWwW43.1 T924,T927, C932 A308A, L309L, A311
MW21.2 Sma}ll insertion leading to frame-shifts in the
coding sequence
MwW22.2 T924,T927, C932 A308A, L309L, A311

a, Y, heterozygous position with either C or T. Red, the nucleotide changes included in the mutated
RTe to introduce the A311V mutation in Mrr2; pink, the synonymous mutations to avoid the post-
editing cleaving of Cas9. A, Deletion.
b, when heterozygous nucleotide positions resulted in amino acid change it was represented with
the two amino acid symbols separated by a slash followed by the residue number. For homozygous
mutations, if they did not entail amino acid change, they are denoted with the symbol of the amino
acid present in the SC5314 strain followed by the position and again the same amino acid symbol.
Conversely, if they encoded a different amino acid, they are represented with the symbol of the
amino acid present in the SC5314 strain followed by the position and then the other amino acid.
The A311V mutation and the amino acid residues encoded by the synonymous mutations are
highlighted in red and pink, respectively.
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