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Abstract
Functional analysis of metabolic circuits and drug response Candida albicans
Gaélle Serena Kouyoumdjian

Candida albicans, an opportunistic pathogenic fungus, is a leading cause of nosocomial infections.
In last two decades, the rise of antifungal resistance calls for better understanding of genetic
networks responsible for mechanisms of resistance. Genetic analyses have been fundamental in
unveiling cell adaptation mechanisms and transcriptional rewiring. High-throughput data from the
Gene Replacement and Conditional Expression 1.0 collection of gene inactivations identified
strains resistant to the common antifungal fluconazole, including RAPI, ERG3 and HCS1. Using
CRISPR-Cas9, we generated targeted single and double deletion mutants of these genes and
studied their response to fluconazole treatment. Our study reveals functional diversity in strains
lacking RAP1. RAPI deficiency also causes colony size heterogeneity and morphological changes
to pseudohyphae. We also utilized an activated transcription factor library to perform a high-
throughput screenings with different stressors including pH, heavy metal tolerance, and
fluconazole. We were able to find interesting phenotypic responses such as four TFs whose
activation conferred resistance to hydroxyurea, eight involved in pH response and six in
temperature response. Moreover, one strain with transcription factor Adrl activated showed
multidrug resistance, and we identified a change in function rewiring from control of ergosterol
biosynthesis in Candida albicans to control of alcohol and fatty acid metabolism
in Saccharmocyes cerevisiae. Our findings thus highlight two genes with involvement in
fluconazole response which can provide new insight to the transcriptional regulation of C.

albicans and potentially direct more effective treatments.
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Chapter 1 — Introduction
1.1. Fungi, fungal pathogens, and Candida albicans as an opportunistic pathogenic

fungus on humans

The fungal kingdom is diverse with species ranging from unicellular to multicellular, saprophytes
to parasites, and sessile to motile. Although having a wide range of features, fungi have common
characteristics that classify them together such as the chitinous cell wall, true nucleus, and
heterotrophic metabolism. These organisms are found everywhere, interact amongst themselves
and with organisms from other kingdoms, and are key players in the biosphere [1]. The fungal
kingdom encompasses nine phyla—Opisthosporidia, Chytridiomycota, Neocallimastigomycota,
Blastocladiomycota, Zoopagomycota, Mucoromycota, Glomeromycota, Basidiomycota, and
Ascomycota—which exhibit a vast spectrum of genomic and functional diversity, ranging from
minimalistic parasites like Opisthosporidia to highly complex, ecologically versatile fungi like
those of the Ascomycota and Basidiomycota, all shaped by extensive evolutionary changes [1]. Of
these phyla, Ascomycota is the largest with about 66% of fungal species, including extensively
studied organisms like Saccharomyces cerevisiae, Neurospora crassa, Emericella nidulans,

Schizosaccharomyces pombe and Candida albicans (2, 3].

Fungi can be symbiotic with mutualistic relationships with other organisms like in
mycorrhiza, a symbiotic association of fungi with plant roots, and in lichens, a relationship of a
fungus with an algae or cyanobacteria. In plants, mutualistic relationships with fungi help in
disease resistance, drought tolerance, and salt tolerance [4]. Fungi like Penicillium,
Saccharomyces, Aspergillus, Rhizopus, as well as Neurospora can be involved in various industrial
and research processes such as fermentation and dairy production. Many of the Italian cheese like
Gorgonzola, Blu di Capra, Blu del Moncenisio etc. are produced by one of the Penicillium species
named Penicillium gravinivasei [5]. Dramatically, the famous French cheese Camembert is in
crisis because of decreases in biodiversity of the fungus Penicillium biforme due to cheesemakers’

continuous use of the single strain Pencicillium camemberti [6].

Other important fungi include the yeast Kluyveromyces marxianus which is used by

biotechnology companies to break down lignocellulosic biomass sources to produce ethanol [7],



and is being engineered here at Concordia to produce fumaric acid from lactose-rich dairy waste.
Saccharomyces cerevisiae, commonly called baker’s or brewer’s yeast is the primary producer of
ethanol for human consumption and for renewable transportation fuels, as well as for CO:
production in leavened bread. In addition, because it is easily cultured and genetically
manipulated, it frequently serves as an important model organism to study the general molecular
genetics of eukaryotes [8, 9]. Multiple times scientists have made use of yeast’s advantages to gain
insights into diseases by examining genes in S. cerevisiae similar to those implicated in human
ailments. For example, mutations in the human R4D51 gene are implicated in breast and ovarian
cancers, while studies in yeast have identified that Rad51p plays a role in DNA repair. Thus
understanding the molecular mechanisms of protein function in yeast can inform potential
therapeutic strategies in humans [10]. While some fungi can cause pathogenesis and dramatically
threaten human health, fungal benefits to humans as well as the ecosystem as a whole clearly
outweigh their negative aspects [8]. These positive contributions demonstrate the critical roles

fungi play in advancing technology and science, as well as maintaining ecological balance.

Still, despite their many beneficial characteristics, there has been considerable focus on
their detrimental effects. Parasitic fungi associated with plants, for instance, can significantly
impair growth and, in severe cases, lead to plant death, thus disrupting agricultural systems and
ecosystems [4]. Up to 150 species of fungi have been documented to cause human infection [11].
Out of the 1.5 million estimated existence of different fungal species in nature [12], apart from C.
albicans, there are Aspergillus spp. like niger, fumigatus, and flavus which produce mycotoxins
that can lead to death when ingested [13]. The severity such of fungal diseases can vary from
superficial to life threatening. Most of these infections are opportunistic because the infecting
agents are commonly found as commensal organisms residing as part of their microbial flora of
the human host. For example Candida albicans, of same Ascomycota family as S. cerevisiae, 1s a
member of the normal microflora of the human oral, gastrointestinal and urinogenital tracts, but

can cause serious infections in immunocompromised individuals [14, 15].

This dual nature underscores the complexity of fungal roles in natural and applied settings.
The phylogeny of fungi suggests that species have undergone evolution over a span of a billion

years [16]. C. albicans belongs to the genus Candida, home to other clinically significant species



such as C. dubliniensis, C. auris, C. tropicalis, and C. krusei which are well-recognized as
opportunistic pathogens in humans. Recent studies estimate that Candida species alone are
responsible for a significant proportion of fungal infections worldwide, underscoring their clinical
importance [17]. The genus Candida is notable for its ecological and metabolic versatility, as
members of this group can inhabit diverse environments, including the human microbiome, where
they exist as commensals or pathogens [18].The pathogenicity of these fungi is attributed to their
ability to adapt to different host niches, evade immune responses, and resist antifungal treatments,

making them a focus of extensive research in medical mycology [19].

Candida infections, designated Candidiasis, now represents the third-to-fourth most
frequent hospital acquired infections in the U.S. and worldwide [20-23]. The incidence of systemic
candidiasis in the US is approximately 20 cases per 100,000 people (or about 60,000 cases per
year) and in high-risk hospitalized patients this incidence increases by a factor of 50. Of note, these
rates represent a 20-fold increase compared to just two decades ago, mostly as a result of an
expanding population of immunocompromised patients [21, 24, 25]. Disseminated candidiasis
carries unacceptably high mortality rates, about 40-60%, even with treatment using antifungal
agents. This high mortality may be due to poor diagnosis, inappropriate disease management,

associated septic shock, or the general critical condition of the patient.

Although C. albicans and S. cerevisiae have similar features that group them in the same
family, they have distinguishing features that separate them such as their sexual cycle and
morphogenesis. C. albicans appear to lack the complete meiotic sexual cycle present in S.
cerevisiae. In addition, C. albicans is invasive and involved in pathogenicity in humans; these
characteristics are absent in S. cerevisiae. Due to these differences, some genes specific to features
of C. albicans such as hyphal genes like ECE1, HWPI1, ALS3 do not have homologs in S. cerevisiae
[26]. C. albicans and S. cerevisiae diverged roughly 300 million years ago [27, 28]. Evolutionary
conservation between the two is 40% based on in-silico studies, and they belong to different
clusters in the evolutionary tree of life [29]. C. albicans is part of the CTG clade, a group of fungi
characterized by their unique use of the CTG codon to encode serine instead of leucine [30]. This
divergence in codon usage reflects a significant evolutionary adaptation, further distinguishing C.

albicans from S. cerevisiae. Although some genes have the same biological function in both



organisms, the duplication of the S. cerevisiae genome means that some genes have redundant or
unrelated functions [26]. Some essential genes in S. cerevisiae do not have the same role in C.
albicans and deletion of the same gene in the two organisms may not have the same effect. For
example, deletion of spt3 in S. cerevisiae causes defects in pseudohyphal formation but in C.
albicans, cells remain hyper filamentous [31]. Similarly, multiple genes like ALS1, ALS3, ECE]I,
SAP10, and transcription factors (TFs) like Efgl, Tecl, Worl, Flo8, Pprl, Gal4, Tbf, Met28 have
shown implications in such functional changes, creating a major difference between C. albicans

and S. cerevisiae, with pathogenicity being the key differentiator [32-39].

S. cerevisiae 1s a budding yeast that can undergo morphogenesis to pseudohyphae while C.
albicans can exist in each of yeast, pseudohyphal and true hyphal cells [26]. To be able to adapt
to the host cell and its changing microenvironment, C. albicans has evolved to transform between
many cellular phenotypic forms [40, 41]. These forms include yeast white [42], yeast opaque [43,
441, pseudohyphae [45, 46], and true hyphae [47]. The filamentous form of C. albicans is vital for
host tissue invasion. This form is induced because of environmental cues that signal the fungus to
start forming pseudohyphae and hyphae [48, 49]. The hyphal form allows the fungus’s entry into
the host’s bloodstream, which can cause systemic infections [49]. The hyphal form of the fungus
is important to invade epithelial cells and damage tissues, causing disease [50]. The yeast form on
the other hand is considered important for dissemination through the bloodstream [26].
Morphological changes contribute to C. albicans’ pathogenicity in host tissues and involve genetic
networks of genes and TFs. For example, the switch from the yeast to pseudohyphal and hyphal
forms essential in biofilm formation involves the Hyphae Wall Protein (HWP) family [51]. Such
biofilm formation, a virulence factor implicated in many nosocomial and immunocompromised
infections, has a genetic network comprising genes involved in biofilm formation at every stage
together with their controlling TFs) including Berl, Efgl, Tecl, Ndt80, Brgl, and Robl, which

regulate adhesion, morphogenesis, biofilm maturation, and dispersion [51-56].
1.2. Treating Candida albicans infections

Recently, the development of drug resistance in C. albicans is contributing to the rising death rate

caused by Candida infections. With the cost of treatments exceeding 2 billion USD per year 10



decades ago [57], studying the evolution of this opportunistic fungus has been a fundamental step

in understanding its behavior and may help identify ways to prevent infection.

More effective treatments are needed to overcome tolerance to normal minimal inhibitory
concentrations of drugs [58]. Most C. albicans infections are nosocomial and can be categorized
into two categories: mucosal and systemic [18]. Mucosal infections affect the extremities and other
regions with normal flora such as the skin, nails, vagina, oropharynx, and esophagus [18]. Of these,
vulvovaginal candidiasis is the most common, occurring even in healthy individuals. On the other
hand, onychomycosis (candidiasis of the nail) is not common, and cutaneous candidiasis is rare,
occurring in patients with certain inborn immunity defects [18]. Systemic infections are
disseminated infections that affect tissues and organs like the blood, central nervous system (CNS),

liver, spleen, heart, and kidneys, causing sepsis with mortality exceeding 70% [59].

A common feature of antifungals is their ability to block or destroy key fungal machinery
without damaging the host. There are three major classes of antifungals: azoles, polyenes, and
echinocandins. Azoles are the most common class of antifungals and the first choice for treatment
of invasive infections. Their mechanism of action is to block ergosterol biosynthesis in the fungal
membrane by inhibiting the enzyme lanosterol 14a-demethylase encoded by ERG/ 1. This causes
accumulation of sterol intermediates in the ergosterol pathway including a toxic sterol 14a-methyl-
3,6-diol produced by A5,6-desaturase (Erg3) [60]. This in turn disrupts the production of ergosterol
and inhibits cell growth. There are three generations of azoles, the first generation such as
clotrimazole, bifonazole, econazole, and ketoconazole contain imidazole in their ring system. The
second-generation class, including itraconazole and the most common antifungal fluconazole, has
a triazole moiety [61]. The third and most recent generation of azoles includes voriconazole,
posaconazole, and isavuconazole, used for the treatment of aspergillosis and mucormycosis [60].
The mechanism of action of polyenes such as Amphotericin B is by intercalating between
ergosterol molecules in the fungal cell membrane. This creates pores that destabilize the fungal
membrane causing ion leakage and disrupting the proton gradient [62, 63]. Unfortunately, they
can also act on cholesterol membranes leading to toxicity in human cells [62]. Apart from these
major classes we also have pyrimidine analogs like 5-flucytosine (5-FC) are antimetabolites that

imitate nucleotide bases during the synthesis of nucleosides, disturbing the synthesis of fungal



RNA, DNA, and protein leading to cell cycle arrest [61]. Cytosine deaminase converts 5-FC into
its active form 5-fluorouracil which is the toxic compound that interrupts DNA and RNA synthesis.
Flucytosine treatment is prone to generate antifungal resistance, so it is often used in combination
with other antifungals [62]. Echinocandins are inhibitors of B-1,3 glucan synthase encoded by
FSKI in C. albicans [64]. B-1,3 glucan synthase is involved in cell wall synthesis and inhibition
of this enzyme disrupts cell wall formation resulting in osmotic instability and cell lysis [65].
Echinocandins include antifungals like Caspofungin, Micafungin, and Anidulafungin, with
Caspofungin being the most common echinocandin. One of the specific uses of this antifungal is

for the treatment of nosocomial candidemia and invasive candidiasis [66].

Antifungal resistance has become a global problem, with about 7% of blood samples from
patients suffering from Candida showing resistance to fluconazole [61, 67]. In response to azoles,
resistance can be created by disruptions in the ERG genes, which are major players in the ergosterol
pathway. For example, mutations in ERG3, which encodes AS5,6-desaturase involved in the
conversion of 14a-demethylase (lanosterol) to a toxic sterol 14a-methyl-3,6-diol, results in the
survival of the isolate under azole stress [68, 69]. Mutations in ERG! 1, the gene encoding 14a-
demethylase, overexpression of its activator Upc2, and overexpression of ABC transporters due to
point mutations in the transcriptional factor Tacl and Mrr1’s activation domain causing transport

of fluconazole out of the cell can also lead to fluconazole resistance [61, 70, 71].

It is an evolutionary adaptation for fungal cells to survive against selective pressure exerted
by antifungals over time [72]. Factors that govern the rate of developing mutations in these include
population size, doubling time, pathways that confer resistance, and the fitness costs associated
with each of them [72]. Resistance can arise within the host during fungal infections or from
exposure to fungicides used on crops, which may also affect human fungal pathogens [72]. Due to
the high mortality rate from fungal pathogens especially C. albicans, current efforts are being

directed to identify new drug targets that bypass resistance.

Pathogenesis in C. albicans is controlled by different environmental signals interacting
with fungal gene networks. These include signaling pathways that are part of regulatory circuits

comprising a cascade of genes and transcription factors (TFs) that activate or repress various



processes. In morphogenesis, for instance, the MAPK pathway with the Cphl and Efgl TFs
regulate the yeast to hyphae switch, while TFs like Ndt80 [73], Berl [74, 75], Brgl, Tecl, Efgl,
and Rob1 regulate genes controlling the formation of biofilms [54, 76, 77].
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Figure 1.1. Diagram illustrating the mechanism of action and targets of C. albicans against the antifungal drugs A)

azoles, B) polyenes, and C) echinocandins [78].

1.3. Importance of drug screening and identifying antifungal targets for drug

development

Identifying essential genes is a powerful strategy for discovering potential drug targets because
essential genes are critical for the survival of the pathogen. Drugs designed to inactivate the

products of these genes can effectively kill the organism, making them attractive candidates for

7



therapeutic intervention [79, 80]. In Candida albicans, essential genes have been systematically
identified using tools like the GRACE (Gene Replacement and Conditional Expression) library,
which allows researchers to construct mutant strains with conditional expression of essential genes
and observe their phenotypes under non-permissive conditions [80]. The antifungal classes consist
of both fungistatic (inhibits the growth of fungi) like azoles, and fungicidal (kill the fungi) like
polyenes, allylamines and echinochandins [81]. Currently, two out of the four major classes of
antifungals target the ergosterol pathway although through different mechanisms [82]. This, in
addition to the alarming rate of antifungal resistance in patients with C. albicans, means that there
is a need to explore alternative drug targets, especially the products of fungal genes absent in
humans to reduce side effects in the human host [82]. Since C. albicans infection is
overrepresented among immunocompromised and hospitalized patients, a shift towards more
fungicidal drugs is needed especially in patients with candidiasis [17]. Even more drug targets can
be explored by synthetic lethality, where the deletion of two genes that results in lethality,
but single mutants are viable because individual genes are non-essential [83]. For example,
targeting the chaperone protein Hsp90 in combination with other stress-response pathways has
shown promise in combating antifungal resistance by destabilizing cellular homeostasis under drug
pressure [84]. Therefore, multiple high-throughput screenings (HTS) have been a common method
to identify the genes that are involved in virulence and drug resistance [85-87]. For example, the
GRACE 1.0 collection in which the tetracycline promoters have been looped out contains 887
strains containing nonessential genes that was used to investigate drug response in the null mutants
[85]. Recently, HT drug screening and advanced genomic tools have further accelerated the
identification of antifungal targets [88, 89]. CRISPR-Cas9-based systems and RNA interference
(RNA1) libraries allow precise manipulation of fungal genomes, enabling the discovery of essential
genes and synthetic lethal pairs [89]. Coupling these methods with phenotypic assays ensures

robust validation of novel drug targets.

Predicting how genetic variations influence phenotypic traits remains challenging despite
advances in sequencing and large-scale experiments. Many traits result from complex interactions
between multiple genes and environmental factors. Epistatic (gene-by-gene) interactions further
complicate this process [90, 91]. To address this, researchers are integrating HTS with epistasis

analysis. For example, one study genotyped ~200,000 diploid S. cerevisiae progenies and
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identified multiple genetic interactions [92]. Another study introduced natural gene variants into

four yeast strains, revealing background-dependent effects on growth, particularly near key

interaction hub genes [93, 94]. By combining HTS with epistasis analysis, researchers can uncover

genetic interactions that drive traits like drug resistance and fungal pathogenicity, leading to better

antifungal treatments.

Epistasis and fungal adaptation

Epistasis can occur when the function of one gene depends on or is modified by another gene, and

this can create a complex network of interactions that influence traits [95]. Epistatic interactions

can broadly be classified in three classes [96]:

Epistatic interactions when one gene modifies the phenotypic effect of a mutation in
another gene (genetic—genetic interaction)

For example, EFGI and CPHI are TFs involved in regulating morphogenesis.
Individually, the deletion of either gene results in mild defects in filamentation, however
when both genes are deleted, the defect becomes severe. This shows how the combined
genetic mutations can amplify the phenotypic outcome [97]. Similarly, in 4. nidulans, the
double mutant of genes encoding LaeA, a global regulator of secondary metabolism, and
VeA, developmental regulator exhibits greater defects in secondary metabolite production
than either single mutant [98].

Epistatic interactions when one gene’s mutation indirectly affects pathways regulated
by another gene through epigenetic modifications (genetic—epigenetic interaction)
For example, deletion of HDAI, a histone deacetylase, affects the expression of genes
involved in biofilm formation in C. albicans. If a transcription factor like BCR/ is deleted
alongside HDAI, the interaction may further suppress biofilm formation due to the
compounded effects of disrupted transcription and epigenetic regulation [56]. Similarly in
S. cerevisiae, the deletion of SET/, a histone methyltransferase, shows genetic-epigenetic
interaction with HSP104, leading to altered stress tolerance phenotypes [99].

Epistatic interactions when two genes simultaneously vary in expression (epigenetic—

epigenetic interaction)



GCNS5 (encoding histone acetyltransferase) and RPD3 (encoding histone deacetylase)
affect morphogenesis and stress responses. If both genes are deleted, the effects on hyphal
formation or oxidative stress tolerance may be non-linear, highlighting an epigenetic—
epigenetic interaction [100]. Similarly, in Neurospora crassa, the variable expression of
DIM-5 (a histone methyltransferase) and HPI (a heterochromatin protein) epistatically
affects heterochromatin formation and genome stability and shows epigenetic—epigenetic
interplay [101].

In C. albicans such interactions play important roles for adaption and regulation of
morphogenesis [ 102], stress responses [103], and drug resistance [104]. Transcription factors play
a key role in these interactions by controlling the activity of multiple genes [35]. For example,
Efgl, which drives the yeast-to-hyphal transition in C. albicans, interacts with other regulators like
Cphl and Nrgl. However if EFGI is deleted, these other TFs can compensate partially,
maintaining the cell’s ability to form hyphae in specific conditions [105, 106]. Similarly, the
MAPK pathway activates Hogl during osmotic stress that epistatically (genetic-epigenetic)
interacts with a chromatin remodeller like the SNF complex. These relationships ensure that the

transcription of genes required for survival is efficiently regulated [107-109].

This dynamic relationship between TFs and epistatic effects enables C. albicans to adapt to
conditions like stress, nutrient limitation, and host environment, helping to make it a successful
pathogen. Understanding these interactions could provide insights into potential antifungal targets,
particularly by disrupting the compensatory mechanisms that underlie the pathogen’s adaptability.
Moreover, transcriptional rewiring can occur, where transcription factor orthologs of closely
related species regulate different circuits to control gene expression patterns. This rewiring not
only enables shifts between commensal and pathogenic states in response to host immune
pressures but also allows C. albicans to fine-tune metabolic pathways, stress responses, and drug
resistance mechanisms. By uncovering how transcriptional circuits are rewired, researchers may

identify key regulatory nodes that can be targeted to disrupt fungal survival and virulence [35].

1.4. Transcription factor gene regulation and rewiring

Transcription factors consist of at least two functional domains: a DNA-binding domain, which

recognizes and binds specific DNA sequences, and a transcriptional regulation domain, which
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activates or represses gene expression. TFs are classified into families based on their DNA-binding
domains, and over 100 such domains have been identified [110]. In the Saccharomycotina, four
major TF families—zinc cluster, leucine zipper (bZIP), C2H2 zinc finger, and homeodomain

proteins—play central regulatory roles [111].

In Candida albicans, approximately 4% of the genome encodes transcription factors,
making them the largest family of proteins [112]. These TFs are essential for processes such as
biofilm formation [56], drug resistance [104], and the transition between commensal and
pathogenic lifestyles [113]. Manipulation of these factors can provide critical information of
cellular regulatory circuits. For example, zinc cluster proteins can be artificially activated by
adding an activation domain with specific mutations, enabling researchers to create a library of

hyperactive TF variants useful for a variety of functional studies [34, 114].

For organisms to adapt to environments and possibly develop new traits, TFs can be
rewired to regulate different genes or even networks. This phenomenon of transcriptional rewiring
is a powerful tool to study evolution across a wide range of organisms. For instance, in C. albicans,
the zinc cluster TF Pprl regulates allantoin metabolism, while its ortholog in S. cerevisiae controls
pyrimidine biosynthesis [34]. Similarly, extensive rewiring of genetic networks has been
documented between sea urchin species, where cis-regulatory changes in genes like ALX/ and

Delta drive differences in skeletogenesis [33].

Transcriptional rewiring can occur through several mechanisms [35]:

e C(Cis-regulatory mutations: Gain or loss of DNA-binding sites alters TF binding and gene
regulation.

e Protein-protein interactions: Mutations enable TFs to interact with new partners, creating
new regulatory combinations.

e Effector domain changes: Mutations convert a TF from an activator to a repressor or vice
versa.

S. cerevisiae and C. albicans have diverged significantly over 300 million years yet show
similarities in their transcriptional networks. One computational study estimate that 16% of

regulatory connections are conserved between these species [115, 116]. However, another analyses
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documented rewiring among fungal species, with less than 10% similarity among regulons over
similar evolutionary timescales [117]. TFs often interact with other proteins to regulate gene
expression. For instance, in S. cerevisiae, the TF Met4 partners with Met28, Met32, and Cbfl to
control methionine biosynthesis. However, in C. albicans, Met4 functions independently alongside
Cbfl to regulate the same pathway [38]. Similarly, Mcml in S. cerevisiae regulates mating type,
the cell cycle, and arginine metabolism by partnering with different proteins, and this regulatory

network has undergone significant turnover across yeast species [118].

In animal species, regulatory network evolution involves gains and losses of TF binding sites,
leading to functional diversification. For example, studies on fly species have shown that even
closely related organisms exhibit quantitative differences in TF binding, driven by changes in
DNA recognition sequences [119]. Understanding how transcriptional networks evolve provides
insights into cellular adaptation and complexity. Rewiring allows organisms to fine-tune gene
expression, adapt to new environments, and evolve novel traits. While species divergence
generally reduces network similarity, exceptions like C. albicans and S. cerevisiae reveal the
potential for evolutionary constraints and selective pressures to maintain functional conservation
in key processes. By examining transcriptional network evolution in diverse species, researchers
can uncover general principles of gene regulation, which may have implications for fields like

synthetic biology and disease management.
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Thesis objectives

High-throughput screening has become an invaluable tool for studying C. albicans. This approach
enables the simultaneous analysis of numerous genetic or phenotypic factors, allowing researchers
to systematically explore the molecular mechanisms underlying its transition from a commensal
organism to a pathogen. High-throughput methods are particularly suited for C. albicans due to its
phenotypic variability, and its ability to adapt to diverse and challenging environments within the
human host. I identified two objectives for my study. These involve two distinct strategies for the

high-throughput investigation of C. albicans function.

Objective 1: Previously our lab derived a set of approximately 900 nonessential,
expression-defective C. albicans strains called GRACE 1.0 derived from the tetracycline-regulated
GRACE collection of strains [80, 85]. Utilizing high throughput methods, they screened the
collection against antifungal drugs including two azoles fluconazole and posaconazole, two
echinocandins caspofungin and anidulafungin, and a polyene, amphotericin B. They identified
119 genes showing resistance to fluconazole. While high-throughput and large-scale screenings
are valuable for identifying genes involved in responses like drug resistance, more focused, gene-
specific studies are essential to uncover the underlying mechanisms, paving the way for future
synergistic therapies and targeted drug development. Therefore, the goal of my study is to
investigate in greater detail three previously identified genes RAPI, ERG3 and HSCI for their
individual roles in fluconazole response, as well as their genetic interactions in this process. This

approach focuses on functional studies involving loss-of-function manipulations.

Objective 2: High-throughput screening is a powerful tool for dissecting the rewiring of
transcriptional networks in C. albicans compared to non-pathogenic relatives like S. cerevisiae. It
provides a comprehensive framework for identifying novel targets for antifungal therapies and for
understanding how C. albicans evolves and adapts to its niches, making it a cornerstone of modern
fungal pathogenesis research. Thirty poorly characterized C. albicans transcription factors were
selected based on in-silico data predicting them to be involved either in infection or drug resistance
or to have been rewired compared to S. cerevisiae. Each transcription factor was activated, using

VP64 DNA-binding activation domain, and used to test strains for phenotypes regarding
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morphogenesis, carbon source utilization, osmotic and cell wall stress, pH and temperature
tolerance, genotoxicity, and drug resistance. Interestingly, our results reveal a rewired transcription
factor Adrl involved in drug resistance in C. albicans. In contrast to the previous objective, these

investigations focus on manipulations that direct gain-of-function phenotypes.
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Chapter 2 — Materials and Methods
2.1. Strains, Cultures, and Growth Conditions

All C. albicans and Escherichia coli strains used in this study were maintained at -80°C in 30-50%
glycerol stocks. For this study, we used two libraries: GRACE 1.0 [85] and Activated Transcription
Factor Using VPR [37], together with new six strains with gene deletions, namely raplA4/4,
erg34/4, hsclA/A, and the double mutants raplA/A erg3A/A4, erg3A/A hsclA/A, and raplA/A
hscl4/4, along with their respective wildtypes, as detailed in Table 1 . Before each experiment,
glycerol stocks were spread on solid media plates and incubated for 1-2 days at the specified
temperature. Yeast peptone dextrose (YPD) with uridine [2% w/v bactopeptone, 1% w/v yeast
extract, 2% w/v glucose, 50 pg/mL uridine, and 2% w/v agar] was used for C. albicans growth at
30°C for 1-2 days [120], or Luria-Bertani (LB) with ampicillin [1% w/v tryptone, 0.5% w/v yeast
extract, 0.5% w/v NaCl, 100 pg/mL ampicillin, and 2% w/v agar] for E. coli growth at 37°C for 1
day (Son and Taylor, 2021). For all media preparation, the pH was adjusted to be neutral (6.5).
Only individual unsectored colonies were inoculated to start overnight cultures in 5 mL liquid

YPD at 30°C with shaking at 220 rpm, unless specified otherwise.

2.2. Construction of Single and Double Gene Deletions

2.2.1 CRISPR-Cas9 Transient System

C. albicans mutant strains with single and double gene deletions were constructed using the
CRISPR-Cas9 transient system [121], adapted from the Vyas et al., CRISPR system [122] without
requiring genomic integration. Two sgRNAs were used for constructing mutants with single and
double gene deletions. The DNA sequences of C. albicans genes of interest (GOI), along with 1
kb of their upstream and downstream sequences, were retrieved from the Candida Genome

Database (CGD) [123] and input into the Benchling (https://www.benchling.com/crispr/) software

for annotation. The sgRNAs were either designed using Benchling’s CRISPR program (20 bp with
NGG, ON-target score >60%, GC >45%) or retrieved from [122]. The transient protocol was
accomplished by Polymerase Chain Reactions (PCR) to amplify the C. albicans codon-optimized
Cas9 nuclease gene (CaCAS9), the single-guide RNA (sgRNA) cassettes, and the mutagenic donor
repair DNA fragments [121]. In this study, OneTaq 2X Master Mix with Standard Buffer was used
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as the DNA polymerase, and the protocol followed as per the manufacturer's instructions (NEB,
MO0482L). CaCAS9 was amplified from PV1093 using primers flanking the ENOI promoter and
CYCI terminator regions. Three rounds of PCR were performed to amplify the sgRNA cassettes
from plasmid pV1098: 1) The promoter SNR52 and the sgRNA scaffold + terminator ENOI
components were separately amplified using primers flanking their regions and an overlapping 20
bp chimeric guide sequence, 2) the two constructed fragments were joined by primers from the
internal chimeric sequence, 3) the fused product was amplified to form the cassette (Fig. S).
Plasmids pFA-ARG4 and pFA-HIS1 were used to construct the repair DNA fragments for the first
and second gene disruptions, respectively [124]. The primers were designed for integration via
homology-directed repair (HDR) and consisted of an ~80 bp flanking region of the disrupted gene
and an overlapping ~20 bp sequence of the donor DNA downstream of the flanking region (S1 and
S2 sites from PFA plasmids). The amplified fragments were verified for their correct length using
gel electrophoresis (R0611, Thermo Scientific). The primers are listed in Appendix, 1) and the

constructs are in Appendix II).
2.2.2. Candida albicans Transformation

The lithium acetate (LiAc) protocol was adapted from Noble and Johnson, 2015 to transform the
C. albicans strains. The SN148 lab strains, auxotrophic for the amino acids arginine, leucine,
histidine, and uracil [125], was used as a background to construct the six mutants. The culture was
harvested at log phase (ODsoo nm 0.7-0.8) from YPD to ensure cell competency, washed with
nuclease-free water, and suspended in 600 pL LiAc-TE solution [100 mM lithium acetate, 10 mM
Tris-HCI (pH 7.5), 1 mM EDTA (pH 8.0)] for membrane permeability disruption and to enhance
DNA uptake. The transformation mixture contained 100 pL competent cells, PCR products (1 pg
CaCas9, 1 ng sgRNA, and 3-6 pg repair DNA), 100 pg single-stranded salmon sperm (Thermo
Fisher Cat. no. 15632011), and 600 puL 0.1M LiAc/40% PEG [50% polyethylene glycol 4000 in
LiAc/TE solution]. The mixture was incubated to allow cell division and then subjected to heat
shock at 44°C to introduce pores and improve transformation efficiency. The cells were then
washed and incubated in rich YPD media for recovery, after which they were washed again and
plated on synthetic dextrose media lacking arginine or histidine (SD -Arg, SD -His) for marker

selection. The plates were left to grow for 3-5 days at 30°C.
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2.2.3. Colony PCR: DNA extraction and restriction enzyme digestion

Candidate transformed colonies grown on the SD media were collected and verified for their
corresponding gene deletion. A colony PCR was performed to confirm the gene deletion construct.
After each transformation attempt, ~50 colonies were transferred to new solid SD plates, and at
least 30 colonies were tested until 3 successfully transformed constructs for the desired gene
deletions were found. DNA was extracted from each colony using the YeaStar Genomic DNA Kit
(D2002, Cederlane Labs) and used as the template DNA with OneTaq 2X Master Mix. Three
different reactions per construct were run on the gel to check for the presence of the gene of interest
(GO, the presence of the replaced marker (ARG4 or HISI from PFA plasmids), and their correct
placement in the genome. Diagnostic primers were designed in Benchling, including a pair of
primers for each of the following: external of the replaced GOI region, internal of the GOI, and
internal of the marker sequences (Table S). The EcoRI restriction enzyme (RE) protocol from New
England Biolabs was used for digestion as a double verification for the HCS/ deletion. Verified

constructs were stored in glycerol stocks in triplicates.
2.3. Phenotypic assay screenings for different phenotypic behaviors

Overnight cultures were stepwise diluted by a factor of 10 to reach cell concentrations between 1
million and 1 thousand cells per milliliter, either by hand or using automated liquid-handling
machines such as Opentrons OT-2 robot and the Biomek FXP Workstation. The equipment was
programmed to spot 3 uL of each dilution on various media plates for different phenotypic assays
or add culture to a 96-well drug plate. All plates were incubated for 48 hours unless otherwise
specified, at 30°C, with exceptions for temperature-specific plates (15°C, 30°C, and 45°C), Spider
and serum media plates (37°C), and phloxine B plates (25°C). To examine white and opaque
morphologies, the library was screened by incubating cells overnight in Yeast Nitrogenous Base-
N-Acetylglucosamine (YNB-GIcNAc) medium supplemented with 5 pg/mL phloxine B [0.67%
w/v yeast nitrogen base, 0.15% w/v amino acid mix, 50 pg/mL uridine, 1.25% w/v GlcNAc, and
2% w/v agar for solid medium]. Following incubation, cells were plated onto YNB-GIcNAc solid

medium and incubated at room temperature for 1-5 days, depending on the strain, to allow colony
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differentiation. White and opaque cells were then selected periodically from single colonies and
examined microscopically using Calcofluor white (CFW) staining to visualize cell wall structures.
Cells then were suspended in water, the cell concentration was adjusted, and the suspensions plated
on agar medium containing 5 pg/mL phloxine B and different carbon sources. Plates were
incubated at room temperature. Data were collected and plates were scanned on the 7th day and

the frequency of sectored colonies calculated by standard statistical methods.

For hyphal morphologies, screening was done in liquid Spider medium and in YPD
supplemented with 10% fetal bovine serum (FBS). Transformants were also screened for their
ability to utilize different carbon sources. Agar media for this experiment were prepared by

replacing glucose with 2% of each of 4 different sugars: xylose, fructose, sucrose, and sorbitol.

2.4. Screening for environmental factors like pH and temperature, heavy metal tolerance,

cell wall, genotoxic and osmotic stress

To test for heavy metal tolerance using solid YPD media plates with 1% of 1M arsenic, and 1% of
1M of cesium chloride was used. Furthermore, for response to genotoxic and osmotic stress using
30 mM of hydroxyurea (HU) and 1M of sodium chloride (NaCl) was infused in YPD agar media.
For cell wall stress we used 150 pg/mL of Congo red and CFW (100, 200 and 600 pg/mL) in YPD.
Cells were also tested for pH (range of 5 to 8) and temperature (15 to 43°C).

2.5. Adhesion assay

Overnight YPD cultures were washed with 1x PBS and diluted from an absorbance of ODgoo=1.
Aliquots of 5 puL of the adjusted sample dilutions were spotted on solid YPD plates and grown at
30°C for 5 days. The spots were equally subjected to a running stream of water until all
nonadherent cells were washed off and adhesive cells remained on the agar. Images of the plates

were captured using the spImager Canon EOS Rebel T7i camera before and after the wash.

2.6. Antifungal response tests

2.6.1. Liquid assay
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To test the antifungal resistance in liquid media, cultures were grown in YPD or SC in the presence
of drugs. From drug stock solutions, working solutions were prepared using DMSO for fluconazole
(FLU) (5-120 pg/mL), posaconazole (10-50 pg/mL) and amphotericin B (1-4 pg/mL), water for
Caspofungin (10 -50 pg/mL) and anidulafungin (5-50 pg/mL). All drugs were obtained from
Sigma, except Caspofungin that was obtained from Merck. Once in solution, drugs were stored at
—20°C. The 30 strains with activated TFs were screened against all 5 drugs. We made-up the
volume of each well to 195 pul of YPD and combined it with 5 pl of overnight Candida cultures.
MIC plates were incubated with a shaking TECAN infinite M200 PRO plate reader at 30°C with

for overall 72 hours and optical densities were read at specific time points throughout 72 hours.
2.6.2. Spot assays

To test the antifungal resistance of the different strains in liquid media, cultures were grown in SC
overnight. The overnight cultures were serially diluted in 10-fold stages to a density of 10° to 10°
cells per mL and 3 pL of each dilution were spotted onto SC agar plates infused with the same 5
drugs fluconazole (5-120 pg/mL), posaconazole (10-50 pg/mL) and amphotericin B (1-4 ug/mL),
water for Caspofungin (10 -50 pg/mL) and anidulafungin (5-50 pg/mL). For objective 1, strains
which were created for this study (appendix III) were tested only for fluconazole with different
concentrations as mentioned above. Plates were captured using the Epson Perfection v500 photo

scanner or the spImager Canon EOS Rebel T7i camera.
2.6.3. Fluconazole disc diffusion

Disc diffusion was used to test the construct strains’ level of susceptibility by measuring/observing
their zone of inhibition (ZOI) formed on solid media compared to the background strain. Otherwise
known as the Kirby-Baur method, this susceptibility test provides a visual representation of the
growth of a starting culture as the drug diffuses into the solid media plate. The ability of cells to
grow around this paper disc will determine the fitness of the strain under the effect of the drug
diffused through the agar. The larger the zone of inhibition around the disc, the more susceptible
the strain is at that dose of drug. The lack of growth caused around the paper filter caused by the
drug diffusion is referred to as the ZOI, and its size is a direct correlation to the tested strain’s

susceptibility to the antifungal. The steps were followed as stated by [126] and Clinical &
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Laboratory Standards Institute (CLSI) document M44-A2, with some modifications. The solid
media used was YPD with a final concentration of ~1.3% agar concentration instead of 2%. The
total depth of the solid media in the standard 100 mm diameter petri dish was considered, and an
adequate volume (25 mL) was filled in the standard petri dish so as to get a depth of 4mm, and not
get false results of susceptibility [126]. Overnight cultures were diluted from which 1 mL was
seeded in approximately 6 mL media YPD (1.3% agar). The suspension of agar media and mutant
cells was evenly poured over ~20 mL of 2% agar YPD. The fluconazole (drug) and control (no
drug) discs were dispensed onto the cell-containing solid media using flamed forceps. The discs
containing a concentration of fluconazole were either bought or prepared anew. Twenty-five pg
fluconazole discs (Cat. No OXCT1806B) and sterile blank discs (Cat. No OXCT0998B) were
obtained from Fisher Scientific. Following Kirkpatrick et al., 1998 [127], discs were prepared
containing 25 ug of fluconazole added on sterile blank paper discs (Sigma-Aldrich Product No.
F8929) with their corresponding negative control of blank discs containing the same amount of
solvent DMSO only. The discs were dried in a desiccator and stored at 4°C to be used within 1
week. Plates were incubated according to standard conditions [120] and captured after growth

using the spImager Canon EOS Rebel T7i camera.

2.7. Microscopy and imaging

2.7.1. Cell morphology

For white and opaque cell morphologies, overnight cultures grown in S mL YNB-GIcNAc medium
at room temperature were subjected to phase differential interference contrast (DIC) microscopy.
Cells were examined by DIC at 63X and fluorescent microscopy at 100X magnification using a
Leica DMi6000 microscope mounted with a TIR camera. As for yeast and filamentous

morphologies, overnight cultures were grown in YPD media at 30°C.
2.7.2. Calcofluor white staining and cell aspect ratio measurement

Single colonies of C. albicans strains were inoculated in 5 mL of liquid YPD and incubated
overnight at 30°C with shaking at 220 rpm. The cells were washed twice with 1x phosphate-
buffered saline (PBS) [0.8% w/v NaCl, 0.02% w/v potassium chloride, 0.144% w/v sodium
phosphate dibasic, 0.0245% w/v potassium phosphate monobasic; pH=7.4] , and diluted to 10’
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colony forming unit (CFU) (or ODgoo=1) from which 10 pL. were mounted on a slide with 1 ug/mL
CFW (M2R; Sigma, Cat.18909). Cells were then imaged using a Leica DMi6000 microscope with
both DIC optics and a DAPI filter cube (377/50ex, 447/60em), using a 40x (N.A. 1.25) objective
lens and a Hamamatsu Orca R2 camera. The cellular elongation was quantified after capture. CFW
stain images were presented to a Region-based Convolutional Neural Net (R-CNN, [128]) trained
to recognize yeast cells, resulting in a binary mask that represents the outline of most cells in the
image; these masks were verified by a trained human observer, who could discard inappropriate
masks that did not correlate well with merged DIC and CFW stain images. The remaining masks
were measured in FIJI [129], using the Shape Descriptors option to extract the aspect ratio (AR)
of each cell, being the ratio of the width of the cell to its height [130]. The AR of filament cells

was calculated for each compartment of the filament.
2.8. Colony counting and measurement

From a growth plate of C. albicans strains (rap14/4, erg34/4, hes1A4/4, erg34/4 hes14/A, rapl1A/4
hes1A/4 and raplA/A and erg34/4), individual and segregated small and large colonies were
picked and their area size (mm?) was measured using FIJI [129], referred to as parental colonies.
The samples were cultured in 5 mL of liquid YPD and incubated overnight at 30°C with shaking
at 220 rpm. The next day they were washed twice and diluted with 1x PBS, spread on YPD plates
and left to grow at 30°C for 2 days before capturing images. From the images of distributed
colonies of the various strains, individual and segregated colonies were counted and assigned a
measurement in FIJI; briefly, the growth area of the plate was outlined, the blue channel of the
original RGB image was processed by performing white and black top-hat operations to enhance
the colony structures and the zones between them (respectively), then marker-controlled watershed
was performed using the morpholibj plugin [131] to separate individual colonies, and the label
image was thresholded and the size of particles between 0.05 mm? and 10 mm? was measured.
Any artifacts were manually removed after the run. The area measurements (mm?) were divided
into two groups, less than and greater than or equal to 1.4 mm?, based on the size of their parental
strain starting culture. These groups were identified as small and large colonies which resulted in
a frequency (%) of small and large colonies distributed on the plates and captured after growth
using the spImager Canon EOS Rebel T7i camera.
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2.9. Colony susceptibility variation under different stressors

To investigate whether RAPI deletion results in variation of response between the smaller and
larger colonies, we replica-plated a distribution of 50-100 CFU of WT, rap14/4 small and rap I A/A
large onto different stressor solid plates and let them grow for 1 day. The solid plates were YPD-
agar infused with the appropriate stressor reagent. The stress response tests were the following:
oxidative stress using hydrogen peroxide (H20O>) (8-100 mM), osmotic stress using NaCl (0.5-1.5
M), DNA damage using ultra-violet (UV) light (45-100 seconds), temperature (40-48°C), cell wall
stress using antifungal Caspofungin (0.25-1.25 pg/mL), and inhibition of the target of rapamycin
(TOR) pathway which regulates cell growth and metabolism using rapamycin (1-3 ng/mL). To
recognize variability between the two distinguish colonies in presence of stressor, we compared
the colonies in presence of stress with the master plates. Images of the plates were taken using the

spImager Canon EOS Rebel T7i camera.
2.10. Bioinformatic analyses

Sequences of genes of all transcription factors were obtained from the Candida Genome Database

(CGD-http://www.candidagenome.org/) and the Saccharomyces Genome Database (SGD-

https://www.yeastgenome.org/). Gene orthogroup assignments for all predicted protein-coding

genes across 23 Ascomycete fungal genomes were obtained from the Fungal Orthogroups

Repository [132] maintained by the Broad Institute (broadinstitute.org/regev/orthogroups). DNA

sequence motifs were identified using the Web-based motif-detection algorithm MEME (Motif-
based sequence analysis tools) Suite-FIMO (Find Individual Motif Occurrences) (https://meme-

suite.org/meme/tools/fimo) [133] and CGD feature Go term finder [123]. For more stringent motif

identification, we used MAST hits with an E-value of were detected from each individual TF

protein sequence using INTERPROSCAN, PFAM and ELM motif definitions.
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Chapter 3 — Investigating the genetic interplay of RAPI, ERG3 and HCS1 C. albicans’

resistance to fluconazole
3.1. Introduction

While High throughput screening (HTS) methods are effective for identifying candidate genes
involved in various pathways due to their ease in scalability and availability of automation
platforms, they should be followed up with further tailored screening of such strains to rule out
false positives or negatives. Screening of the GRACE 1.0 library of 887 nonessential gene
disruptions in C. albicans against a range of commercial drugs including fluconazole highlighted
three mutant strains of gene, RAPI, ERG3, and HCSI, that exhibited growth discrepancies in
presence of fluconazole compared to the WT [85]. ERG3 is documented for its role in ergosterol
biosynthesis and antifungal resistance [69, 134], RAPI and HCSI remain understudied in this
context. These genes are intriguing candidates for further investigation due to their similar
phenotype but potential involvement in diverse cellular processes. ERG3 (ERGosterol
biosynthesis 3) synthesizes the enzyme Erg3, a C-5 sterol desaturase that plays an important role
in the conversion of sterol intermediates to ergosterol during ergosterol biosynthesis. Disruptions
in ergosterol biosynthesis alter cell membrane composition and functions [135]. It is also involved
in other biological responses such as biofilm formation where its expression is upregulated,
contributing to infections and drug resistance [135]. ERG3 gene’s role in drug resistance and cell
membrane formation within the ergosterol genes has been extensively studied so our research

focuses on its relationship with other genes involved in resistance to fluconazole.

RAPI (Repressor Activator Protein 1) is a transcriptional factor (TF) present in a variety
of other species from human to budding yeast S. cerevisiae, whose regulatory network has been
well studied in yeast. Comparative genomics approaches pointed out evolutionary changes in Rap1
domains. For example, C. albicans Rap]1 lacks a C-terminal domain and is non-essential [32, 39],
while the S. cerevisiae ortholog is essential. In C. albicans It is known that Rap1 plays a role in
telomere maintenance and biogenesis [136], and recent research shows that it is multifunctional
and also regulates other cellular functions such as cell wall composition and response to cell wall-

disrupting agents, biofilm formation and virulence [137].
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HCS]1 has orthologs in many fungal species but has not been directly studied in C. albicans,
where it is an uncharacterized gene encoding a putative ATP dependent 5°-3° DNA helicase with
a role in post-replication repair [85, 123]. The role of helicases, particularly HCS/, in drug

resistance has not been well explored.

This study aims to investigate potential roles of RAPI, ERG3, and HCS!I in mediating
fluconazole response by integrating phenotypic assays, genetic constructs, and morphological
analyses. The findings will not only provide insight on transcriptional regulation and cellular
adaptation but also lay a foundation for potentially developing synergistic therapeutic strategies

against drug-resistant C. albicans.

3.2. Results

The slower response of rap 1, erg3 and hcsI GRACE 1.0 strains to fluconazole suggests that these
mutants may alter known resistance mechanisms such as ergosterol biosynthesis pathway or fitness
characteristics (Fig. 6B, [85]). With this preliminary information, we designed new constructs
using CRISPR to have complete knockouts of these genes and characterized each knockout strain

(rap14/4, erg34/4 and hsc14/4) separately and in combination (Fig. 3.2.1).
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Figure 3.2.1. Transient CRISPR schematic design. A. PCR-amplified Cas9 and sgRNA expression cassettes from
plasmid pV1093 and repair marker from plasmid pFA were transformed into competent C. albicans yeast cells. B.
Cas9-sgRNA complex guides the double-stranded break (DSB) at GOI RAP1 and ARG4 selectable marker replaces
GOI by HDR.

3.2.1. Variability of raplA4/4 strains in response to fluconazole

To observe variation in response behaviour of the respective gene deletion strains and identify
possible limitations of spot assays such as uneven distribution of antifungals across the agar,
temperature control and antifungal evaporation, we sought out to test the new CRISPR-generated
mutant strains using a disc diffusion assay (Fig 3.2.2). The hcs14/4 strain behaves as wild type in
its response to fluconazole having a similar clear ZOI around the 25 pg fluconazole disc in contrast
to previous studies using GRACE 1.0 strains. The erg34/4 strain was resistant, showing no ZOI
(Fig. 3.2.2). The raplA/4 strain showed variation in fluconazole response; 17% of culture
replicates (n=12) showing clear zones identical to the WT, 33.3% showing mild ZOI and 50%
showing no ZOI at all (Fig. 3.2.2).
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Figure 3.2.2. Response of rapl, erg3 and hesl strains respectively to the fluconazole disc diffusion. A. Disc diffusion
assay results showed that rapl A/A strain exhibits inconsistent behavior in presence of fluconazole, hcsl A/A strain
showed no variation in fluconazole response compared to WT and erg3A/A strain showed resistance in response to
Sfluconazole. B. Analysis of all disc diffusion tests performed revealed that 17% of the time it showed a clear zone of
inhibition (ZOl), 33.3% of the time it exhibited a mild ZOI, and 50% of the time it showed no ZOI compared to WT.

3.2.2. Colony size variation for the raplA4/4 strain

Another phenotype affected by the rap/4/4 mutation is colony size distribution, where colonies
grown on a YPD solid plate exhibit a predominant phenotype of small colony sizes with the
occasional emergence of larger colonies in the growth of offspring colonies (Fig. 3.2.3 A). To test
whether colony sizes (area in mm?) are heritable from parent to offspring, we spread colony
forming units (CFU) coming from small rapl4/4 colonies (area <1.4 mm?) as well as from large
raplA/4 strain colonies (area >1.4 mm?). The distribution of offspring colonies shows that small

rap14/4 strain parental colonies gave rise to 84% small and 16 % larger offspring colonies whereas
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larger rap14/4 colonies gave rise to 76% small and 24% larger offspring colonies (Fig. 3.2.3 B).
While both small and large rapi4/4 colonies predominantly give rise to small colonies, large
colonies generate a lower frequency of small colonies compared to small colonies themselves. This
suggests that colony size is not strictly inherited in a simple manner but rather follows a biased

distribution, where larger colonies have a slightly increased likelihood of producing larger

progeny.

27



SN148 (WT)

100

Percent ( %) offsrping size

rapTA/A small colony rap1A/A large colony
offspring distribution offspring distribution

© Small offspring
® Large offspring

Figure 3.2.3. Impact of RAPI deletion on colony size distribution on YPD. A. rap14/A strain colonies predominantly
exhibit a small colony size phenotype, with occasional emergence of larger colonies. Small parental colonies gave
rise to 84% small and 16% larger offspring colonies, whereas large parental colonies produced 76% small and 24%
larger offspring colonies. B. Offspring colony size distribution based on WT minimum size, classified as small (<1.4
mm?) and large (>1.4 mm?) parental colony size of rap14/4 strains. Example of experimental plate with approximately
50 CFU plated from a small and a large parental colony from part A; small and large offspring colonies are circled
in turquoise and pink respectively. The small rap 14/ parental strain gives rise to 79% small and 21% large offspring

colonies, and the large parental strain gives rise to 76% small and 24% large ones.

28



3.2.3. Search for genetic interactions among RAPI, ERG3 and HSCI for fluconazole

resistance

To investigate potential interactions among these genes, we systematically created double
knockout strains. The double mutants were then tested for fluconazole response to assess possible

functional relationships.

Our spot assay results revealed intriguing patterns of resistance and susceptibility in the
presence of fluconazole (Fig. 3.2.4). The erg34/4 strain exhibited strong resistance, as evidenced
by prominent growth compared to the wild type (WT) whereas strain rap14/4 displayed only mild
resistance. Interestingly, the double mutant strain of rap14/4 erg34/4 showed decreased resistance
compared to erg34/4 strain, reversing the phenotype observed in erg34/4 alone. This suppression
phenotype reveals a positive interaction between RAP1 and ERG3. If ERG3 was solely dominant
in the pathway, we would expect the double mutant to behave like erg34/4 strain, but instead,

resistance is reduced, indicating an epistatic interaction.

The phenotype of the erg34/4 hcs14/4 strain was almost as robust as that of single deleted
erg34/4 strain, while the hcs14/4 strain showed growth like WT. This suggests that HCS/ does
not significantly influence the resistance mechanism driven by ERG3. Furthermore, deletion of
HCSI in combination with RAP1, raplA/A hesiA/A, resulted in a response similar to that of
raplA/4, further supporting the idea that HCS/ might have no detectable role in fluconazole

resistance. 0 pg/mL 20 pg/mL 40 pg/mlL
SN148 (WT) ;

rap1A/A

erg3AIA

hcs1A/A

rap1A/A hcsT1A/A

erg3A/A hcs1A/A

rapTA/A erg3A/IA

Figure 3.2.4. Fluconazole spot assay response of double mutants. The erg34/4 strain showed strong resistance,
while rap14/4 was mildly resistant. rap14/4 erg34/4 double mutant had reduced resistance, suggesting RAP1-
ERG3 interaction. erg34/4 hes1A4/4 double KO remained resistant, and rap14/4 hes14/4 double KO behaved like
rapl4/4 strain, indicating HCS1 plays a minor role.
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3.2.4. Colony area size in raplA/A erg34/4 and raplA/A hsclA/A

Consistent with having different colony size phenotype within a genetically identical rapl4/4
strain, we observed the same epigenetic behavior of rap14/4 erg34/4 and rap14/4 hes1A/4 (Fig.
3.2.5). We similarly checked the progeny distribution of these two-size category colonies and
found a positive correlation between small parental colonies and small offspring even for the rapl
double mutants. The distribution of small double mutant rap14/4 erg34/4 parental colonies gave
rise to 90% small offspring and 10% larger ones, and larger parental colonies gave rise to 71%
small offspring and 29% larger ones (Fig. 3.2.5). For the double mutant rap14/4 hcs1A4/4, small
parental colonies produced a dramatic 98% small CFU and 2% large colonies, while the large
parental colonies produced 77% small CFU and 23% large colonies (Fig. 3.2.5). Interestingly, this

also suggests that larger progeny have a greater likelihood of emerging from a larger colony.
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Figure 3.2.5. Colony size distribution in raplA4/4 erg34/4, and rap14/4 hes1A/A strains. Bar graph representing the
relative percentages offspring size in different strains. The double mutants show different size variation as rap14/4
single mutant. Small parental colonies of raplA/A erg34/4 and raplA4/4 heslA/A produced 90% and 98% small
offspring, respectively, while large parental colonies produced 71% and 77% small offspring. Example of
experimental plate with approximately 50 CFU plated from a small and a large parental colony from part A; small

and large offspring colonies are circled in turquoise and pink respectively.
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3.2.5. Colony morphology between sizes of rap1 strains

Cell morphology is also different in raplid/4 strains. Colonies contain predominantly
pseudohyphal cells as opposed to the yeast type cells seen with the wild type, erg34/4 and hes14/4
strains (Fig. 3.6). To assess morphological differences, we measured the AR (width-to-height) of
cells from WT and both small and large rap14/4 colonies. Among the 2 phenotypic colony sizes
of rapl4/4 single mutants, the variation in AR is minor with p-value significance < 0.05 (Fig.

3.2.6).

As for the rapl double mutants, the AR of the cells were assessed, and they maintained
their pseudohyphal form compared to the yeast cell morphologies of erg34/4 and hcs14/4 single
mutants (Fig 3.2.7). This indicates that rap14/4 is epistatic to both erg34/4 and hesi4/4 for cell
shape.
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Figure 3.2.6. Cell morphology and aspect ratio analysis of rap1A/A strains. A. Samples were stained with CFW and
imaged with Leica DMi600 microscope. DIC and fluorescence images represent the cellular morphology of strains
grown in liquid YPD. Strains of rap14/A colonies predominantly exhibit pseudohyphal cell morphology, unlike the
yeast cells observed in wild type (WT), erg34/4, and hes1A4/4 strains. Cells are shown under 100x magnification with
scale bar at 15 um. B. Cell AR show significant differences between WT and strains of rapl4/4 small and large
colonies. We used ordinary one-way ANOVA test comparison with Turkey multiple comparison test with single pooled
variance where mean difference was calculated and significance is calculated based on the F-statistic and its
corresponding p-value (P< 0.05), which determine whether the group means are significantly different while

accounting for unequal variances.
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Figure 3.2.7. Cell morphology and size in the CRISPR mutants. A. DIC and CFW-fluorescence images represent the
cellular morphology of strains grown in liquid YPD. Strains of rap14/4 colonies predominantly exhibit pseudohyphal
cell morphology, unlike the yeast cells observed in wild type (WT), erg34/4, and hcs1A/A strains. Cells are shown
under 100x magnification with scale bar at 15 um. rap14/4 erg34/4 keeps a pseudohyphal shape, unlike erg34/4. B.
The cell AR show significant differences between erg3 A/A strain and rap14/4 small and large colonies. The AR
variation between small and large raplA/4 colonies is not significant We used ordinary one-way ANOVA test
comparison with Turkey multiple comparison test with single pooled variance where mean difference was calculated,
and significance is calculated based on the F-statistic and its corresponding p-value (P< 0.05), which determine

whether the group means are significantly different while accounting for unequal variances.
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3.2.6. Correlation of fluconazole response in fast and slow growing rapl colonies

To test if the variation in fluconazole resistance is due to the different colony sizes observed in the
rap14/4 strain, we performed the disc diffusion assay with 25 pg fluconazole with both sizes of
the RAPI deletion construct (Fig. 3.2.8). From this experiment, 33% of both cultures from small
and large colony sizes of rap14/4 had no ZO], indication full resistance, whereas 67% had a mild
701, indication slight susceptibility (Fig. 3.2.8). This suggests that there is no correlation between
the rapi4/4 colony sizes and fluconazole response. Because of the different colony sizes and
variability of rapl4/4 mutants in response to fluconazole, we further investigated using the disc
diffusion assays with double mutants and assessed colony size-specific phenotypes. Intriguingly,
the variability in fluconazole response observed in raplA/4 persisted in these combinations,
although the extent differed. For instance, half of rapl4/4 erg34/4 mutants of small colonies
revealed similar proportions of mild and no ZOI. In the case of rap14/4 erg34/4 large colonies,
33% exhibited a mild ZOI and 67% had none (Fig. 3.2.8). As for the rapiA4/4 hesiA/A small
mutants, their culture displayed 33% no ZOI and 67% a mild zone (Fig. 3.2.8). However, rapl4/4
hcs 14/4 mutants of the larger colonies were more distributed, showing 17% clear ZOI, 33% mild
and 50% no ZOI. In contrast, the double deletion of hcs14/4 and erg34/4 consistently resulted in

a mild ZOI across all replicates respective of sizes (Fig. 3.2.8).
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Figure 3.2.8: Fluconazole resistance in the CRISPR mutants and small and large colonies of rapl single and double
mutants using the disc diffusion assay. Bar graph represents fluconazole responses across replicates of the constructs.
1t shows consistent response of no ZOI for the erg34/4 single mutant, clear for hcs14/4 single mutant and mild for

erg34/4 hes1A4/4 while rapl mutants from both colony sizes have differing resistance levels in ZOI.
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3.2.7. Adhesion of RAPI, ERG3 and HCS1 deleted strains

Often filamentation is linked to invasiveness in C. albicans. Because of the pseudohyphal nature
of the rap14/4 strain, and because one of the key elements for it is a cell’s ability to adhere to a
surface, we used an assay testing adhesion to a solid surface after washing. Colonies were grown
for 4 days prior to washing. We found that for the rap14/4 strains both smaller and larger colonies
showed an increased adhesiveness with little difference between them (Fig. 3.2.9A-B). However,
the erg34/4 strain showed no evidence for adhesion, with cells completely washed off from the
surface, suggesting that FRG3 plays an important role in adhesion (Fig. 3.2.9A). Strain hcsi4/4,

like WT, has a partial adhesive nature as some cells remained adhered to the surface (Fig. 3.9B).

We were curious to expand the assay to the double mutants to investigate the persistence
of the erg3 non-adhesive behavior. We saw the adhesiveness in the rap I A/A erg3A/A double KOs
similar to the rap14/4 strains after wash, and the colonies showed a wrinkly morphology before
wash (Fig. 3.2.9A-B). Both smaller and larger colonies of the rap/A/A hesIA/A double mutant
have a fuzzier and less wrinkly morphology (Fig. 3.2.9B). As mentioned earlier, when AsclA4/4
mutant behaves similarly to WT when it comes to adhesiveness while erg34/4 strain is completely
non-adhesive. However, strains of erg34/4 hcsiA4/4 becomes slightly more adherent than that of

erg34/4 yet still maintains the wrinkly morphology before wash (Fig. 3.2.9C).

37



Figure 3.2.9. Adhesion in the constructed mutants. A. Both small and large rap14/4 colonies show high adhesion
after wash (AW), while strain rap14/4 erg34/4 small and large colonies are winkled before wash (BW), and small
colonies adhere similarly to that of raplA/A, large colonies are less adhesive. B. Strain raplA/A hcs1A/A colonies
show fuzziness BW, with small colonies being more adhesive than raplA/4 AW. C. Strains erg34/4 hcslA/A shows
increased adherence compared to non-adhesive erg34/4 strain, indicating an interaction between these genes in

adhesion regulation.

3.2.8. Switchable response of raplA/A, raplA/A erg34/A and rapIA/A hcs1A/A large resistant

strains

With large rapl14/4 strain colonies having a greater chance in having a resistance response, we
tested if this phenotype remains consistent. We streaked the larger resistant rap14/4 strain colonies
on a fresh YPD plate and selected larger offspring colonies to perform disc assays. The offspring
also had variability and did not all result in complete resistance; half had a clear and mild ZOI, and

the other half had no ZOI (Fig. 3.2.10).

We picked the larger rapl double mutants to test whether we observe a switchable
response. We found that resistant candidates of larger rap14/4 erg34/4 strain colonies can indeed

switch to a more susceptible response; 75% of replicates showed no ZOI and 25% had a mild ZOI
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(Fig. 3.2.10). As for larger rap14/4 heslA/A strains, they resulted in a similar proportion of mild
to no ZOI (Fig. 3.2.10).
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Figure 3.2.10. Fluconazole resistance stability in single and double mutants of rap 14/A. Disc diffusion assay of large
rapl resistant mutants in presence of 25 ug fluconazole shows their switch to susceptibility. Bar graph presenting
variability in resistance: Single mutant rap14/4 and double mutant rap14/4 hesiA/A with 50% mild ZOI whereas
double mutant rap14/4 erg34/4 showed 25% mild ZOI.
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3.2.9. Response of raplA/A4 in different stressors

After testing with the fluconazole response of rap14/4 strains and observing the colony sizes, we
tested if this phenotype remains consistent with other stressors, specifically DNA damaging UV,
high temperature, osmotic stressor (NaCl), target of rapamycin (TOR) inhibitor (rapamycin) and

echinocandin antifungal (Caspofungin). To do this we used the replica method as described in 2.9.

We did not find any variability in both small and large parental type rapl4/4 strains compared to
the different stressor except oxidative and genotoxic stress. In presence of H,O> and UV, both
small and large parental type rapl4/4 strains showed sensitivity (Figure 3.2.12, Fig. S1). Under
most stress conditions, both small and large parental rap14/4 strains behaved similarly to the wild
type (WT). The variability between small and large replica colonies did not show a consistent
correlation with the distribution of affected rapl4/4 parental strains. However, under oxidative
stress, both rap14/4 strains exhibited sensitivity to H-O- at 12.5 mM. At lower concentrations, a

shift in the distribution of colony sizes was observed and larger colonies had a higher survival rate.

Master plate Control Stressor Control Stressor
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sterile velvet cloth velvet with replicated colonies growth pattern of colonies

Figure 3.2.11. Diagram representing the replica-plating system used for stress-testing. Firstly, a previously grown
plate with colonies is pressed on a velveteen to transfer to colonies. Secondly, new plates with stress-inducing agent
(H>0,,Caspofungin, UV, high temperature, Rapamycin, NaCl) are pressed onto the velveteen for colony transfer.
Lastly, the new plates were incubated, and the growth pattern of the stressor-plates was compared to the WT and

analyzed against the control plate.
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Figure 3.2.12. Sensitivity of rap14/4 small and large strains in presence of oxidative stress. Colonies were exposed
to 12.5 and 25 mM H>O: using the replica-plating method. Smaller slower-growing and larger faster-growing isolated

replica colonies are circled in turquoise and pink respectively.
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3.2.10. Possible function and motif search of Rap1l

The transcription factor Rapl is well characterized in S. cerevisiae and binds to a 5'-
CACCCATACA-3’ motif. In C. albicans it binds to the same sequence however, it is already
known to be rewired [39]. Therefore, to understand the global role of Rap1, we searched its motif
5'-CACCCATACA-3'" in the promoter regions of the Candida genome and identified more than
1400 possible candidate binding sites. These includes genes responsible for stress response, hyphal
growth as well as many transcription factors including Capl, Adrl and Upc2 all well known for
influencing fluconazole resistance (Fig 3.2.13). We also find CDRI and CDR4 transporter genes
and a few Ergosterol biosynthesis genes like ERGS5, ERGY, ERG25 etc., but not Erg3, indicating
that Rap1 may not bind to the ERG3 promoter.

3.3. Discussion

The dynamics of drug resistance in C. albicans have been a prime focus of research for many
years, yet much remains to be uncovered. Drug resistance in C. albicans is a complex process and
involves multiple mechanisms [138]. Multiple genes from different pathways including the
ergosterol pathway (such as ERG11[139], UPC2 [140], ERG3, ERG6 [141],) transporter proteins
(like CDR1, CDR2 [142] and MDRI [143, 144]), TFs (like TACI, MRR1, ADRI, MRR2, CAPI)
[145, 146], cell wall synthesis protein encoding F'SK/ as well as heat shock proteins HSP90 [147]
are all known to be involved in drug resistance. In a previous large-scale screening, our lab found
that RAPI, encoding a transcription factor, ERG3, encoding a C-5 sterol desaturase of the
ergosterol biosynthesis pathway, and HCSI, encoding a helicase, played a role in fluconazole
response. More specifically, the study identified candidate GRACE 1.0 mutants rap!, erg3 and
hes 1, showing a resistance response to fluconazole [85]. In this study, we constructed independent
disruption mutants of these genes and retested the fluconazole resistance with various
concentrations of the drug. While our spot assays showed that the rap14/4 and erg34/4 mutants
conferred resistance to the drug, the scs/4/4 mutant strain remained unaffected. It is common to
see the variation between partial loss of function mutants and complete knockout [148]. Rap1 in
S. cerevisiae binds the sequence 5'-CACCCATACA-3', and regulates telomere function, silencing,

and the activation of glycolytic and ribosomal protein genes [149]. However in C. albicans, Rapl
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is rewired and together with the TF Cbfl is involved in ribosomal gene regulation [39]. Also, C.
albicans Rap1 lacks a C-terminal domain found in ScRapl, making it interesting to investigate
further. ScRap1 has been found to target ~5% of yeast genes and contribute to activation of ~37%
of RNA polymerase II-mediated transcription [137, 150]. CaRap] is observed to be implicated in
oxidative stress response, cell wall integrity, biofilm formation and virulence [137, 151]. In this
study, we confirmed the large-scale screening of Chen et al., 2018 that the deletion of RAPI can
confer resistance to fluconazole, deletion of ERG3 confers resistance but that of HCS! does not
[85]. Previously, TFs such as Upc2, Mrrl, and Tacl have been associated with fluconazole
resistance, but their deletion typically results in increased susceptibility [140, 145, 152]. In
contrast, our findings show that R4P/ deletion enhances fluconazole resistance, but this resistance
level is variable. The deletion of RAPI results in a delay in lag phase resulting in slower growth
rate in C. albicans. Often in slow growing cells metabolism is supressed and altered pathways are
in use resulting in resistance [106, 153-156]. This might be simply because in such altered
pathways the drug target is not needed. Similar observations were made in other studies exploring
the role of Rap1 in C. albicans [137]. Strikingly, we observed a variation in colony size distribution
within the raplA4/4 strain, with a predominance of small colonies and occasional emergence of
larger colonies. Previously a similar epigenetic pattern in the case of the S/R2 deletion resulting
in two morphologically distinct colonies, wrinkled and smooth has been observed [157]. This
suggests a genetic component influencing colony morphology in rap/ mutants, potentially linked
to RAPI's regulatory role in gene expression. Therefore, we checked the morphology of rapi4/4
strains under the microscope of both large and small colonies. We observed a pseudohyphal
morphology in rap 14/ irrespective of colony sizes, in contrast to the wild-type yeast morphology.
Other TFs are known to be involved in formation of pseudohyphae are Efgl, Berl, Hwpl [158,
159]. Further, we tested rapl4/4 for chemical and environmental stressors including H>O»,
Rapamycin, NaCl, Caspofungin, temperature and UV. We did not observe any change in the
response to these stressors except under oxidative and genotoxic stress where rapl4/4 strain is
sensitive compared to WT. Moreover, in lower concertation, only the large colonies were resistant
and able to survive, aligning with the expected correlation between fitness and colony size, where

smaller colonies exhibit reduced growth under stress while larger colonies persist.
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Overall, our findings suggest that Rapl plays a role in regulating morphogenesis, and
disrupting this gene can lead to changes in cell shape, possibly affecting fungal invasion. To test
this, we performed an adhesion assay and confirmed that Rapl is indeed involved. Our results
indicate a strong link between the Rapl transcription factor and adhesion leading potentially to
virulence though further transcriptomic analysis and in vivo virulence studies are needed to

understand the underlying genetic mechanisms.

In S. cerevisiae, small colonies can appear because of a block in the aerobic respiratory
chain pathway involved in ATP generation. These small colonies are thus unable to grow on
nonfermentable carbon sources (such as glycerol or ethanol), and form small anaerobic-sized
colonies when grown in the presence of fermentable carbon sources (such as glucose)[160].
Therefore, we grew the small colonies of strains rap14/4, rap1A4/4 erg34/4 and rap14/A hes1A/A
on a glycerol source instead of glucose and they all had the ability to grow, indicating healthy

mitochondria.

HCSI is a DNA helicase in C. albicans, and its ortholog in S. cerevisiae is well
characterized with a known 5'-3', double-stranded DNA helicase and ATP hydrolysis function
[161]. In yeast, Hes1 potentially interacts with Rad5 and that it likely acts upstream of Rad5 [162].
It is also known absence of HSC/ shows resistance to cycloheximide in S. cerevisiae [163].
However, in C. albicans very little is known about HCSI. Unlike the previous large-scale
screening we found that Acs/ deletion does not have any impact on growth in presence of
fluconazole, morphology, or invasiveness. Further investigation will be needed to understand its
role in C. albicans. Intriguingly, we did find that introducing the scsA4/4 disruption in the erg34/4
background reverses the drug resistance of erg34/4. Moreover, during adhesion test, the hcs14/4
erg34/4 double mutant was able to rescue the loss of adhesion created by the erg34/4 mutation,
indicating they might have epistatic interactions for some phenotypes - however this needs to be

studied further to determine the exact mechanisms.

Mutation of Erg3 is known for altering the metabolic pathway resulting in resistance to
azoles. If Erg3 remains active, it converts 14a-methylated sterols into a toxic 3,6-diol derivative

resulting in azole hyposensitivity to azole [164], and studies have reported erg3 mutation results
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in azole resistance by altering the pathway and decrease the role of Ergl1 the target of azole [165-
168]. We found a similar result when we deleted ERG3 using our CRISPR construction. However,
it was suggested that loss of ergosterol biosynthesis will have a negative impact on the switch
between the yeast and hyphal morphology and thus could potentially contribute to decreased
fitness in vivo [169]. Therefore, we tested if erg3 mutant impacts Candida albicans morphology
and adhesiveness. Intriguingly, we found that ERG3 is critical for adhesiveness of C. albicans.
Previously, erg3 mutants in vivo studies have also shown lower adhesion [156, 170]. Often cell
membrane plays a critical role in adhesion [171] and since erg3 disturbs cell membrane integrity,
this might be the reason for such low adhesiveness. Due to similar behavior between rapl and
erg3 for showing resistance to fluconazole, we decided to further investigate it and decipher

whether they have genetic interactions.

We have observed genetic interactions of the deletions of RAPI and ERG3 in C. albicans.
The rap14/4 erg34/4 strain showed a similar pattern of drug resistance response like the rap14/4
strain with variability in resistance, even though the erg3 mutant strain showed clear drug
resistance. Moreover, the cellular morphology of raplA/A erg34/4 strain demonstrated
pseudohyphae like the rap14/4 small strain, while erg34/4 was in yeast form. These all indicate
a connection between Rapl and Erg3. Previously, it has been reported that Rapl can impact the
cell membrane composition [137], and Erg3, being part ergosterol biosynthesis, also does the
same. Therefore, we checked the DNA binding motif of Rapl in the upstream promoter region of
the ERG3 gene but were not able to find the motif. This indicates that Rapl does not directly
regulate ERG3 however we did find other genes associated with the ERG-pathway like ERG6,
ERG25 that are potential targets of Rapl binding. We found approximately 1400 genes with
potential to be Rapl targets indicating possibility of multiple roles of Rapl in C. albicans.
Strikingly, among them were transcription factors Capl and Adrl. We found roughly 60 TFs
which might be downstream of Rap1 including Berl which is known for its role in the adhesion.
Previously, our lab has created a library of 30 activated TFs using VPR which includes Adr1 [37].
Therefore, we performed high throughput screening for these TFs for different phenotypes and
were able to find the role of Adrl in drug resistance as described in next objective of my studies

(chapter 4).

45



Previously many genetic interactions of different genes have been reported in other
Candida species, highlighting the broader relevance of our findings. For example, the ERG11
gene, encoding the fluconazole target enzyme lanosterol demethylase, interacts with UPC2, a
transcription factor that regulates sterol biosynthesis. Deletion of UPC2 leads to impaired
fluconazole resistance, even in strains overexpressing ERGI 1, illustrating how mutations in one

gene can affect another’s function in antifungal resistance [156, 172]. Additionally, interactions

between the stress-response kinase HOGI and FKSI, a glucan synthase gene, also reveal complex
genetic networks. The hogl4/4 fks14/4 double mutant shows altered cell wall integrity and stress
responses, which mirrors the effects observed when RAPI is deleted in C. albicans, reinforcing
the idea that signal transduction pathways and cellular stress responses are tightly connected [173-

175].

Our findings also point to possible feedback loops in sterol biosynthesis as a critical aspect
of RAPI-ERG3 interaction. The ERG3 gene is part of a complex biosynthetic pathway, and its
expression might be regulated in response to changes in sterol composition, which is influenced
by RAPI. The loss of RAPI might interfere with ergosterol production, leading to changes in
membrane composition, and, in turn, stress tolerance, and antifungal susceptibility. Based on our
observation in Candida albicans, the relationship between RAP/ and ERG3 in our study adds to
this body of knowledge, suggesting that the functional loss of R4API could potentially alter sterol
biosynthesis or resistance to environmental stressors. Moreover, the presence of two distinct
inheritable phenotypes emphasizes the complexity of genotype-phenotype interactions and
epistasis, highlighting the intricate relationship between genetic variations and phenotypic

outcomes
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Chapter 4 — Identifying transcription factors that influence the response of C. albicans

strains upon activation

4.1 Introduction

Transcription factors (TFs) represent the largest functional protein family in C. albicans,
comprising approximately 4% of its genome (about 240 TFs) [114]. These master regulators
coordinate multiple virulence mechanisms that enable fungal pathogenicity and drug resistance.
Notably, TFs control biofilm formation - a key virulence trait that can increase antifungal
resistance up to 1000-fold by creating physical and physiological barriers to drug penetration [54].
Additionally, they regulate the critical yeast-to-hypha morphological switch [113], stress response
pathways [176], metabolic flexibility, and cell wall remodeling - all processes that contribute to

antifungal resistance.

The central position of TFs in regulatory hierarchies means even minor alterations can
dramatically impact drug susceptibility. For instance, gain-of-function mutations in Tacl lead to
constitutive overexpression of CDR-drug efflux pumps, resulting in azole resistance [177].
Similarly, mutations in MRR1 upregulate MDR1 gene expression, conferring resistance to
multiple drug classes [178]. These examples underscore why TFs represent high-value targets for

antifungal development.

Comparative genomic analyses reveal extensive evolutionary divergence between C.
albicans and S. cerevisiae TF networks. While approximately 60% of TF genes are conserved
between these species, only about 16% of regulatory connections (TF-target gene relationships)
remain unchanged [115]. This transcriptional rewiring over 300 million years of evolution has

resulted in several key differences:

o 42% of C. albicans TFs lack direct S. cerevisiae orthologs
o 25% of orthologous TFs regulate divergent sets of target genes

e (. albicans-specific expansions in TF families involved in stress response and virulence
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To systematically investigate these differences, our lab generated a library of 30 chimeric TFs
by fusing DNA-binding domains to the potent VPR activation domain, focusing on factors
either lacking S. cerevisiae orthologs or bioinformatically predicted to have divergent
functions. We further employed high-throughput functional screening using the VPR-strains
in order to examine the roles of the TFs across the strains’ phenotypes such as morphology,
pH and temperature tolerance, carbon source metabolism, antifungal resistance, and metal ion
response. Interestingly, among these TFs, activation of pC4 02500C A conferred resistance
to cell membrane-targeting drugs. Further analysis revealed that pC4 02500C A is the
ortholog of S. cerevisiae Adrl but has evolved distinct functions. This finding highlights the
extent of transcriptional rewiring between these two species and underscores the importance
of understanding species-specific transcription factors networks to identify new therapeutic
targets. We were able to extensively study this strain C4_02500C A alias ADRI in C. albicans
which recently was published [37] as attached in Appendix 1. 4.2.

4.2 Results

4.3.1. Screening the VPR activated transcription factor library for differential growth,

metabolism, and morphology of strains

We first investigated carbon source utilization. We checked growth on various sugars as a sole
source of carbon; these sugars included glucose, xylose, fructose, sucrose, and sorbitol. We did
not find any variation in the growth of any strain containing an activated transcription factor. Next,
we inspected morphological variation at standard conditions using microscopic analysis for all the
TFs strains. We found that the strains containing activated C2_05640W A, C4_07150W A, NRG?2,
and GLN3 showed a mixture of both yeast and filamentous cells (Fig. 4.1A). Subsequently, we
screened all the strains for their morphology in spider media and during serum stimulation in both
liquid and solid media. During the solid media assay all the strains transitioned to a filamentous
form just like the wild type. However, in the liquid media we could see differences in the timing
of the filamentous transition. We found that the strains containing activated C2_05640W A,
C4 07150W A, NRG2, and GLN3 showed a faster transition compared to the wild type. We also
observed other strains containing activated TFs like ADRI, MET32, UGA33, C1_11690W A and
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PHO4 switched to the hyphal morphology faster than the wild type (Fig. 4.1B). Another
morphological change in C. albicans is the transition from white cells to opaque cells. This can be
identified by growing the C. albicans strains in the liquid media containing GIcNAc at room
temperature and shaking at 110 rpm, followed by microscopy to check the cells where the opaque
cells are more elongated [87]. One strain with activated OFI1 showed a pronounced switch from

white to opaque cells during the screening (data not shown).
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Fig. 4.1. Screening of activated TF library for morphological variation. A. DIC and CFW-fluorescence images
represent the cellular morphology of strains grown in liquid YPD. Strains with activated C2_05640W A, NRG2,
C4 _07150W A and GLN2 enhanced filamentous morphology. Cells are shown under 100x magnification with scale
bar at 15 um. B. A heat map of morphological switch from yeast to hyphae was monitored in two different media every
half an hour, Spider and serum until 2 hours. We found that 9 strains showing faster switch than the wild type, although
only 5 strains showed a faster switch in both media. Adapted from [116].
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4.2.2. Screening of the constructed library for response to cell wall stress and heavy metals

The cell wall is the first line of defense for most of the unicellular organisms including bacteria
and fungi, and, in C. albicans, it contains 10% chitin for rigidity [179]. We investigated the impact
of transcription factor activation on the cell wall by using Congo red and Caspofungin as they
cause cell wall stress by targeting glucan and chitin synthase [155, 180]. We checked the growth
of each strain with an activated transcription factor in the presence of Congo red and Caspofungin.
We did not find any changes in the any of the strains. This suggests that none of the transcription

factors are involved in cell wall integrity.

Heavy metals coupled with sulfate ions, for example CdSOj4 create signalling via the Rad53
pathway leading to cell cycle arrest and therefore have an important role in metal toxicity. We
screened the library for tolerance to arsenic and cesium. We found the strain with activated METY,
which acts as a methionine biosynthesis regulator in S. cerevisiae, showed impressive tolerance to
both heavy metals. Often an increased level of methionine (sulfur containing amino acid)
biosynthesis has been observed to give tolerance to heavy metals as yeast uptakes the sulfate ion
from the environment [181, 182]. This tolerance to the heavy metal might be due to the
upregulation of methionine biosynthesis (sulfur utilization). Met28 and Met32 are also known
transcription factors which are involved in methionine biosynthesis in S. cerevisiae [116, 183].
Unlike transcription factor Met4, activation of Met28 and Met32 did not create much resistance to
heavy metals (Fig 4.2A), although Met32 activation permits slight growth in the presence of

arsenic-
4.2.3. Screening activated transcription factor library for temperature and pH response

We know that pH 7 is ideal for Candida albicans growth under in vitro conditions; however, in
certain host niches, such as the vagina, the pH can drop below 6.5, while in others, it can be
higher[184]. Therefore, it is important to assess the adaptability of Candida to different pH
environments. In addition to pH, temperature is another critical factor influencing C. albicans
physiology and pathogenicity. Candida can encounter a wide range of temperatures in different
host environments. For example, surface tissues may be slightly cooler, while febrile conditions

can raise the temperature above 37°C. Therefore, it is essential to evaluate how Candida adapts to
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and survives across various temperature ranges to better understand its fitness and virulence in
diverse host conditions. Therefore, we screened the activated transcription factor for response to
pH (5 to 8) and temperature (15 to 43°C). We found 1 transcription factor, pC5 04410C_A which,
when activated, improved growth at low temperature, although it did not generate any modulation
in behaviour at the higher temperatures. Most of the strains behaved similarly to WT at the high
temperature, although strains with activated ADR I, MET32, UGA33, pCl1 11690W A and HAP42
grew slightly better in higher temperature compared to wildtype but that might be due to fact that
they generically grow faster than the wild type and the rest of the strains. We found the strains
with activated ASH1, HAP41, MET2S8, MET3?2 significantly, and C3 01220W A to a minor extent,
gave a tolerance to low pH 5, while C1_04510W A, PHO4 and TRY4 activation allowed better
growth at a pH above 7.

51



1001 i
1 B MET4
] B MET28
] . MET32

Relative growth in percentage

YPD+Cesium YPD+Arsenic

B C

s 100 R 100
C5_04410C_A C5_04410C_A
C3_01220W_A. C3 01220W_A
C1_p4510W_A. C1_04510W_A
C2_05640W_A. C2_05640W_A
HAP41
HAP42, 80
TRY6 5
C2_02530W_A C2_02530W_A
€2_01420C_A 90 C2_01420C_A
C4_07150W_A C4_07150W_A
UGA33
NRG2:
ACE2 60
C1_13440C_A C1_13440C_A
RFX1 -
ADR1
PHO4 4
CR_05880W_A 80 CR_05880W._A
C2_08950W_A C2_08950W A
GLN3 b GLN. 40
ASHT ASH
C1_11680W._A C1_11690W_A
SFUT SFU
GAT1 GA
C3_05050W_A (Try4) C3_05050W_A (Tryd)
Ct_11650W_A C1_11600W._ 20
€3_01220W_A 70 ©32_01220W_A
C4_07150W_A C4_07T150W_A
MET4 4
MET28 8
MET32
SN148 48

low temperature Normal high temperature Low pH Normal pH High pH

Relative growth in percetage (%)
Relative growth in percetage (%)

Fig. 4.2. Screening of activated TF library for environmental stress. A. A relative growth assay in liquid media results
showing tolerance to heavy metals like cesium and arsenic through activation of Met4. B. Heat map of relative growth
assay performed in solid media of temperature tolerance in different strains. Strains HAP42, UGA33, MET32 and
ADRI generated tolerance to the high temperature whereas C5_04410C A strain results in low temperature
tolerance. C. Heat map of relative growth assay in solid media of pH (from 5-8 pH) tolerance in various strains
containing activated transcription factors. ASHI, HAP41, MET28, MET32 and C3 _01220W A strains created
tolerance to acidic pH whereas strains C1_04519W A, PHO4 and TRY4 allowed alkaline tolerance [116].
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4.2.4. Screening the activated transcription factor library for genotoxicity

Genotoxic (Genome-Toxic) stress compromises the genome integrity of an organism. There are
several mutagens that can induce genotoxic stress, such as the DNA replication stalling chemical
HU and the thymine-dimer-causing UV light. We screened the library of activated transcription
factor strains for DNA damage using HU. Interestingly, the 4 strains with activation of TF
pC2 08950W , Rfx1, Hap42 and Hap41 showed resistance (Fig 4.3.A).

YPD 30 MM HU
WT

C2_08960W_A © )

HAP42
O

@

HAP41 K

RFEXT I

Fig.4.3. Spot assay of activated TF strains under genotoxic stress. Strains of activated C2_08950W A, HAP42,
HAP41 and RFXI showing growth in the presence of 30 mM DNA damaging agent HU.

4.3. Discussion

As discussed in chapter 1, TFs are crucial regulators across all organisms, coordinating various
cellular processes. In Candida albicans, TFs play pivotal roles in infection, morphogenesis,
biofilm formation, and mating [185-187]. Using comprehensive processes such as phenotypic
screening approaches, we examined the impact of respective activated transcription factors on pH
tolerance, temperature response, morphology, carbon source utilization, cell wall stress, adhesion,
hydroxyurea resistance, drug resistance and salt tolerance, in order to elucidate their possible roles
in C. albicans. Additionally, cellular morphology was analyzed in media such as serum, Phloxine

B, and Spider, which are crucial for studying hyphal formation and white-opaque switching.

Our results identified at least 9 C. albicans TFs that generated different phenotypes,
specifically Met4, Ofil, Met28, Met32, Adrl, Try3, Try4, Hap41, and Hap42. For instance, Met4
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activation promoted heavy metal tolerance and strong adhesion, while Met28 provided resistance
to acidic conditions and low temperatures. These findings contrast with the known roles of Met4,
Met28, and Met32 in S. cerevisiae, where they primarily regulate methionine biosynthesis [38,
188-190] This divergence highlights potential "rewiring" of regulatory networks in C. albicans,
likely driven by the need to adapt to its pathogenic lifestyle [38].

The transcription factor Ofil (C1 13440C A) was particularly intriguing, as its activation
induced opaque colony formation during white-opaque switching, a process typically governed by
Worl [191]. Despite previous findings that OFI] gene deletion has minimal effects on switching
[191], our results point to a potential important role in white-opaque switching. Very recently it
was uncovered that activated Ofil bypasses the rule of only having switching in aa and aa cells,
and permits switching even in aa cells [192]. It will be interesting to see the coordination between

Ofil and other white-opaque related transcription factors.

Hap41 and Hap42, members of the CCAAT-binding family, presented another example of
Candida-specific divergence. While Hap4 in S. cerevisiae is well-known for its role in iron
homeostasis and respiration [193, 194], Hap41 and Hap42 in C. albicans generated enhanced
adhesion, high pH and temperature tolerance, and resistance to HU, suggesting possible roles in
DNA repair or adhesion mechanisms. This divergence from canonical Hap4 function emphasizes

the specialized adaptations of C. albicans to its pathogenic niche.

Microbial adherence, a critical factor in pathogenesis, also revealed differences among
TFs. While canonical regulators of hyphal formation and biofilm growth, such as Gal4, Rfx2, Flo§,
and others, showed expected adhesion enhancements [195, 196], Candida-specific TFs like Try3
and Try4 presented unique contributions. These TFs, already implicated in adhesion by large-scale

studies, merit further characterization to clarify their roles in establishing pathogenic biofilms.

Compared to other fungi, C. albicans displays significant regulatory innovation, likely
driven by its dual lifestyle as a commensal and pathogen. For example, while transcription factors
in Aspergillus species often regulate secondary metabolism in response to environmental stress
[197], C. albicans TFs like Hap41 and Hap42 appear to specialize in stress resistance and adhesion,

reflecting its adaptation to host environments. Similarly, regulators of white-opaque switching in
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C. albicans (e.g., Worl, Ofil) have no direct counterparts in S. cerevisiae, illustrating the unique

transcriptional network in C. albicans to support pathogenicity.

Adrl presented another case of functional divergence. While its activation resulted in only
slight growth enhancement under standard conditions, transcriptional profiling suggested a role in
lipid biosynthesis [37]. This was confirmed by the observed azole resistance conferred by Adrl
activation, as azoles target the ergosterol biosynthesis pathway. Such a connection underscores
Adrl's potential involvement in drug resistance mechanisms, which are less prominent in its S.

cerevisiae ortholog [37].

This work indeed highlights the multifaceted roles of C. albicans transcription factor and
their divergence from model fungi, emphasizing the importance of phenotypic screening and

comparative analysis in understanding fungal adaptation and pathogenesis.
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Chapter 5 — Conclusion and future perspectives

The insights gained from this research not only enhance our understanding of C. albicans biology
but also underscore the importance of studying genetic interactions in pathogenic fungi. Our prime
focus was to investigate the roles of RAPI, ERG3, HCS1 and ADRI in C. albicans fluconazole

resistance, colony morphology, and cellular adaptation which were identified in the HTS.

Large drug screens using resources such as the GRACE 1.0 library are useful to find
candidate genes that are linked to drug response, but more studies are needed to confirm this
involvement and to understand how these genes function. In objective 1, we studied the genes
ERG3, RAPI, and HCS! from the GRACE 1.0 library in order to learn if they are functionally
associated with fluconazole resistance. We carried out targeted deletions and phenotypic analysis
of these genes. Erg3, a key component of the ergosterol biosynthesis pathway, exhibited a crucial
role in drug resistance. ERG3 deletion conferred strong fluconazole resistance by altering sterol
accumulation, consistent with its known function. Notably, interactions between Erg3 and Rap!
revealed an epistatic relationship, where their combined deletion resulted in phenotypes distinct
from individual knockouts like lower fluconazole resistance, suggesting a complex genetic
network behind drug resistance. Rap1, primarily recognized for its role in telomere maintenance,
generated a variable response to fluconazole. The absence of a Rapl DNA-binding motif upstream
of ERG3 suggests that Rap! does not directly regulate ERG3. Instead, their epistatic interaction
indicates a more intricate regulatory mechanism requiring further investigation. Our
bioinformatics analysis pointed out that Rapl may have a bigger role as it has the potential to
regulate more than 60 TFs including Berl, Tacl, Capl, Cbfl, Ume6, Adrl. To understand the

exact role of Rapl, in future we need a deep transcriptomics study.

In the second part of our study, we conducted a large-scale screening of activated
transcription factors in C. albicans, leading to the identification of Adrl as a key regulator of
antifungal resistance. While its orthologs in S. cerevisiae regulate metabolic pathways, in C.
albicans, Adr1 plays a distinct role in mediating resistance to antifungal agents, particularly those
targeting the fungal cell membrane. Adrl was shown to modulate ergosterol biosynthesis

pathways, a critical component of the fungal cell membrane, resulting in resistance to cell
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membrane targeting drugs like fluconazole. This finding highlight how species-specific
adaptations in transcription factors can drive unique drug resistance mechanisms, emphasizing the
need for targeted therapeutic strategies that consider the evolutionary divergence between fungal
species. We were able to successfully publish this [37]. Apart from Adrl, we were also able to
identify TFs like Met4, Met28, Ofil, Try3 etc. potentially to have distinct role in C. albicans
compared to S. cerevisiae. These TFs indeed are interesting and need further detailed

investigation.

Future studies could focus on dissecting the regulatory networks involving Adr1, Erg3, and
Rapl, as well as exploring their interactions with other components of the ergosterol biosynthesis
pathway. The use of advanced genomic and proteomic tools could further elucidate the molecular
mechanisms driving these interactions. Additionally, investigating the environmental and host-
specific factors influencing gene regulation in C. albicans could reveal new targets for

intervention.
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Fig. S1. Cell morphology and aspect ratio of erg34/4 and hcs1A4/A single and double mutant strains.
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Fig. S2. UV exposure on rap14/4 single mutant strains. Genotoxicity induced by UV stress has an inhibitory effect
on raplA/A.
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Table S1: Oligonucleotides used in this study.

Oligo Sequence (5°-3’) Description
P1_SNR52 aagaaagaaagaaaaccaggagtgaa 5’ sgRNA
promoter
P2 caaattaaaaatagtttacgcaagtc 3’ sgRNA
P3 gttttagagctagaaatagcaagttaaa 5’ sgRNA
P4 ENOI1 acaaatatttaaactcgggacctgg 3’ sgRNA
terminator
P5 SNRS52 gcggccgeaagtgattagact 5’ sgRNA
P6 sgRNA gcagctcagtgattaagagtaaagatgg 3’ sgRNA
P7 CaCas9 F atctcattagatttggaacttgtgggtt 5’ CAS9
P8 CaCas9 R ttcgagcgtcccaaaaccttct 3’ CAS9
ARG4_internal- tatgtatgatgctgatttaactggtac 5 ARG4
F internal
checking
ARG4_internal- ggaatagatttgatcgacattaaaaatcc 3" ARG4
R internal
checking
HISI1 internal-F ttgctgttcctaaaaaggge 5" HIS1
internal
checking
HISI internal-R cggttgcaccagctttcttcaattcgtcc 3> HIS1
internal
diagnostic
ERG3 guide-F1 GTGGTTATAAAGCTATCTTGgttttagagctagaaatagcaagttaaa 5" ERG3
guide
ERG3_guide-R1 CAAGATAGCTTTATAACCAC caaattaaaaatagtttacgcaagtc 3’ ERG3
guide
ERG3 _guide-F2 CTTGTCACACTGTCCATCAC Cgttttagagctagaaatagcaagttaaa 5" ERG3
guide
ERG3_guide-R2 GTGATGGACAGTGTGACAAGcaaattaaaaatagtttacgcaagtc 3’ ERG3
guide
ERG3_repair-F CCATTTCTTTCCCTATTGTGCATATAAGTTCAATCTTTTTTTCTTTC 5" ERG3
TTTCGGATTCGGTTTAGCTAATTTTACTACCgaagcttcgtacgctgcaggte repair
ERG3 repair-R | AAAATAAAATAAAATAAAATATCTATATCATCAAAATTGGAAAAAT | 3’ ERG3
AGTCAATGGTCCAAAACAAAGATGTACCA Atctgatatcatcgatgaattcgag repair
ERG3_internal- GCCAGATCAAACATTTTCAG 5" ERG3
F internal
checking
ERG3_internal- ATCATGAATCATGACAGTCC 3’ ERG3
R internal
checking
ERG3_external- CCTTCCCATCACATTACTGC 5" ERG3
F external
checking
ERG3_external- TCATCATCACGACCGGGACC 3’ ERG3
R external
checking
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HCS1 _guide-F1 AAGAATTACGACAACGGGAAgttttagagctagaaatagcaagttaaa 5’ HCS1
guide

HCSI guide-R1 TTCCCGTTGTCGTAATTCTTcaaattaaaaatagtttacgcaagtc 3 HCS1
guide

HCSI guide-F2 CCCAAAAAACTAGCGCAACTgttttagagctagaaatagcaagttaaa 5’ HCS1
guide

HCSI guide-R2 AGTTGCGCTAGTTTTTTGGGcaaattaaaaatagtttacgcaagtc 3’ HCSI
guide

HCS1 repair-F | TACTTCTTCTTCTGAAACACAGAGTAGACATACTAACTGTAAACGT 5" HCS1
ACATAGTCTCATTACCATTCTACAAACCAACCgaagcttcgtacgctgcaggtce repair

HCS1 repair-R AAGATAGTTAATCTTAATAGTTACTACTGCCATTATCAAGCTATG 3’ HCS1
CTGCTTCTCTTTATGTATTACCACTGGATTTtctgatatcatcgatgaattcgag repair

HCS1 _externalF TCAAATATCAAATTTAATGTTAAGTATTC 5" HCS1

external

checking

HCS1 _externalR GTATCATCACGGAATTTAGTTAAAT 3’ HCS1

external

checking

RAPI guide-F1 TTGAGAGGTCATACGGGGAAgttttagagctagaaatagcaagttaaa 5’ RAPI
guide

RAPI guide-R1 TTCCCCGTATGACCTCTCA Acaaattaaaaatagtttacgcaagtc 3’ RAPI
guide

RAPI guide-F2 ATGCTGATGAAGAAGCTGCAgttttagagctagaaatagcaagttaaa 5" RAP1
guide

RAPI guide-R2 TGCAGCTTCTTCATCAGCATcaaattaaaaatagtttacgcaagtc 3’ RAPI
guide

RAPI repair-F | ATTAACACATCCAAACATCAATAACTTATTCTTTTTTTTGTCTTTTT 5’ RAPI

TGTCGTCTGTATTTTTTTTGCAACCAATAAAGTgaagcttcgtacgetgcagg repair + S2
PFA site
RAPI repair-R CATAATTTCATTCTCCCTGATTAACCCTTTAATAATAAAGTTACTT 3’ RAPI
CTTTCTCTGTAAGGTCCTTTCTTTTTTTTTtctgatatcatcgatgaattcgag repair + S2

PFA site

RAPI internal-F GTTGAAAAAGGGTTCCCTAC 5" RAPI

internal

checking

RAPI internal- CCTGCTTCATCACGAATTAA 3’ RAPI

R internal

checking

RAPI external- GGGTACAATTCTTTTTCTTTTATTTC 5" RAPI

F external

checking

RAPI external- GAAAAAACACTTTAGATACCTTTTGA 3’ RAPI

R external

checking
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Table S2: Candida albicans strains used in this study.

Strain Parent Description Source
TRY3 SN148 SN148::CIP10-VPR-TRY3 Shrivastava et al.,
2023
C5 04410C A SN148 SN148::CIP10-VPR Shrivastava et al.,
C5 04410C A 2023
C3 01220W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C3 01220W A 2023
Cl 04510W A SN148 SN148::CIP10-VPR Shrivastava et al.,
Cl 04510W A 2023
C2 _05640W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C2 05640W A 2023
HAP41 SN148 SN148::CIP10-VPR HAP41 Shrivastava et al.,
2023
HAP42 SN148 SN148::CIP10-VPR HAP42 Shrivastava et al.,
2023
TRY6 SN148 SN148::CIP10-VPR TRY6 Shrivastava et al.,
2023
C2 02530W A SN148 SN148 ::CIP10-VPR Shrivastava et al.,
C2 02530W A 2023
C2 01420C A4 SN148 SN148::CIP10-VPR Shrivastava et al.,
C2 01420C A 2023
C4_07150W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C4 07150W A 2023
UGA33 SN148 SN148::CIP10-VPR UGA33 Shrivastava et al.,
2023
NRG2 SN148 SN148::CIP10-VPR NRG2 Shrivastava et al.,
2023
ACE2 SN148 SN148::CIP10-VPR ACE2 Shrivastava et al.,
2023
Cl _13440C A4 SN148 SN148::CIP10-VPR Shrivastava et al.,
C1 13440C A 2023
RFXI SN148 SN148::CIP10-VPR RFX1 Shrivastava et al.,
2023
ADRI SN148 SN148::CIP10-VPR ADRI1 Shrivastava et al.,
2023
PHO4 SN148 SN148::CIP10-VPR PHO4 Shrivastava et al.,
2023
CR _05880W A SN148 SN148::CIP10-VPR Shrivastava et al.,
CR 05880W A 2023
C2 08950W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C2 08950W A 2023
GLN3 SN148 SN148::CIP10-VPR GLN3 Shrivastava et al.,
2023
ASHI SN148 SN148::CIP10-VPR ASH1 Shrivastava et al.,
2023
Cl _11690W A SN148 SN148::CIP10-VPR Shrivastava et al.,
Cl 11690W A 2023
SFUI SN148 SN148::CIP10-VPR SFU1 Shrivastava et al.,

2023
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GATI SN148 SN148::CIP10-VPR GAT1 Shrivastava et al.,
2023
C3 05050W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C3 05050W_A 2023
Cl 11690W A SN148 SN148::CIP10-VPR Shrivastava et al.,
Cl 11690W_A 2023
C3 01220W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C3 01220W_A 2023
C4 07150W A SN148 SN148::CIP10-VPR Shrivastava et al.,
C4 07150W_A 2023
MET4 SN148 SN148::CIP10-VPR MET4 Shrivastava et al.,
2023
MET28 SN148 SN148::CIP10-VPR MET28 Shrivastava et al.,
2023
MET32 SN148 SN148::CIP10-VPR MET32 Shrivastava et al.,
2023
erg34/4 SN148 erg3::ARG4/erg3::ARG4 This study
hes1A4/4 SN148 hesl::ARG4/hes1::ARG4 This study
raplA/4 small colony | SN148 rapl::ARG4/rapl.::ARG4 This study
rapl14/4 big colony SN148 rapl::ARG4/rapl.::ARG4 This study
erg34/4 hes1A/4 hesi4/4 hesl::ARG4/hesl::ARG4 This study
erg3::HIS1/erg3::HISI
raplA/4 erg34/4 erg34/4 erg3::ARG4/erg31::ARG4 This study
small colony rapl::HISl/rapl::HISI
raplA/A erg34/4 big | erg34/4 erg3::ARG4/erg31::ARG4 This study
colony rapl::HISl/rapl::HISI
raplA/4 heslA/A hesl14/4 hesl::ARG4/hcsi::ARG4 This study
small colony rapl::HISl/rapl::HISI
raplA/A hesiA/Abig | hesid/A hesl::ARG4/hes1::ARG4 This study

colony

rapl::

HISIl/rapl::HISI

73



Appendices

Appendix 1. The Adrl transcription factor directs regulation of the ergosterol pathway and azole
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The Adrl transcription factor directs regulation of the ergosterol

pathway and azole resistance in Candida albicans
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ABSTRACT Transcription factors (TFs) play key roles in cellular
regulation and are critical in the control of drug resistance in the
fungal pathogen Candida albicans. We found that activation of the
transcription factor C4 02500C A (Adrl) conferred significant
resistance against fluconazole. In Saccharomyces cerevisiae, Adrl is
a carbon-source-responsive zinc-finger transcription factor required
for transcription of the glucose-repressed gene ADHI and of genes
required for ethanol, glycerol, and fatty acid utilization. Motif
scanning of promoter elements suggests that Adr1 may be rewired in
fungi and govern the ergosterol synthesis pathway in C. albicans.
Because previous studies have identified the zinc-cluster
transcription factor Upc2 as a regulator of the ergosterol pathway in
both fungi, we examined the relationship between Adrl and Upc2 in
sterol biosynthesis in C. albicans. Phenotypic profiles of either ADR1
or UPC2 modulation in C. albicans showed differential growth in the
presence of fluconazole; either adrl or upc2 homozygous deletion
results in sensitivity to the drug, while their activation generates a
fluconazole resistant strain. The rewiring from ergosterol synthesis
to fatty acid metabolism involved all members of the Adrl regulon
except the alcohol dehydrogenase Adhl, which remains under Adrl
control in both circuits and may have been driven by the lifestyle of
S. cerevisiae, which requires the ability to both tolerate and process
high concentrations of ethanol.

IMPORTANCE Research often relies on well-studied orthologs within
related species, with researchers using a well-studied gene or protein
to allow prediction of the function of the ortholog. In the
opportunistic pathogen Candida albicans, orthologs are usually
compared with Saccharomyces cerevisiae, and this approach has
been very fruitful. Many transcription factors (TFs) do similar jobs
in the two species, but many do not, and typically changes in
function are driven not by modifications in the structures of the TFs
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themselves but in the connections between the transcription factors
and their regulated genes. This strategy of changing TF function has
been termed transcription factor rewiring. In this study, we
specifically looked for rewired transcription factors, or Candida-
specific TFs, that might play a role in drug resistance. We
investigated 30 transcription factors that were potentially rewired or
were specific to the Candida clade. We found that the Adrl
transcription factor conferred resistance to drugs like fluconazole,
amphotericin B, and terbinafine when activated. Adr1 is known for
fatty acid and glycerol utilization in Saccharomyces, but our study
reveals that it has been rewired and is connected to ergosterol
biosynthesis in Candida albicans.

KEYWORDS rewiring, Adrl, ergosterol, Candida albicans,
alcohol and fatty acid metabolism

Candida albicans is an opportunistic fungal pathogen that is

responsible for a variety of fungal infections in humans. In
healthy people, this yeast resides as a commensal in niches such as
the gastrointestinal tract, but it can cause mucosal, cutaneous, and
systemic infections in immunocompromised individuals (1). The
prevalence of resistance to antifungal agents has significantly
increased in the past few decades, and this resistance has important
implications for mortality, morbidity, and health care in the
community (2). The development of new antifungal drugs is
challenging, as fungi are eukaryotic organisms that share many basic
cellular processes with humans, and this evolutionary relatedness
makes the identification of specific targets difficult and increases the
likelihood of undesired secondary effects. Consequently, existing
antifungals tend to target processes that are divergent between fungi
and the human host.

The azole class of antifungals, including fluconazole, targets the
ergosterol pathway, inhibiting a step not found in the pathway for the
host-specific sterol cholesterol. Azoles are generally effective for the
management of C. albicans infections, but due in part to the
fungistatic nature of the drugs, long-term treatment often results in
the emergence of azole resistance, ultimately resulting in therapeutic
failure (3—5). These azole antifungals bind and inhibit the activity of
the enzyme lanosterol 14-alpha-demethylase encoded by ERG11 (6).
Apart from azoles, allylamines (which target Ergl), polyenes (which
target ergosterol itself), morpholines (which target Erg2), and statins
(which target HMG1/2) also target elements of the sterol pathway
(7). As many drugs target the C. albicans sterol pathway, genetic
changes that perturb the pathway can lead to multi-drug resistance
(8,9).

A promising approach for drug development is to identify
synergistic targets that can enhance the antifungal effect of currently
available drugs (10). Transcription factors (TFs) play a key role in
determining how cells function and respond to different
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environments, and approximately 4% of C. albicans genes encode
transcription factors (11), making them the single largest family of
proteins in the pathogen. TFs in C. albicans coordinate critical
cellular functions, including biofilm formation (12), drug resistance
(13), and the transition from a commensal to a pathogenic lifestyle
(14).

Most transcription factors are conserved in that they fall into a
limited number of groups of structurally similar proteins, such as the
zinc finger, the basic helix loop helix, and the leucine zipper classes.
However, evolutionary changes in transcription networks are an
important source of diversity across species, driven primarily not by
major changes in the structures of the factors themselves but in the
connections between the transcription factors and their regulated
genes. There are many incidences where researchers have identified
structurally equivalent transcription factors regulating different
genetic circuits in different organisms (15—18); this phenomenon has
been called “rewiring.” Studies suggest that this rewiring happens at
a relatively constant rate, and for two species that have diverged for
100 million years, only a fraction of transcription factor/target gene
combinations will likely have remained conserved (19, 20). C.
albicans belongs to the same family as Saccharomyces cerevisiae,
but the two fungi are suggested to have diverged as long ago as 300
million years, allowing for considerable rewiring. While studies of
TFs have tended to focus on similarities between these two species,
it has been estimated that only 16% of the regulator-target gene
connections are preserved between the C. albicans and S. cerevisiae
(21).

In our study, we have activated a group of transcription factors for
C. albicans for which there was limited information and which had
the potential to be rewired. Among our tested set of TFs, we found
that C4 02500C_A activation gives resistance to several cell-
membrane-targeting drugs. This resistance arises because
C4 02500C_A is a central regulator of the ergosterol pathway in C.
albicans. Further analysis shows that this TF is the ortholog of S.
cerevisiae Adrl and that the two proteins play distinct cellular roles
in the two species.

Results

Fusion of different transcription factors to the strong

activation domain VP64

In S. cerevisiae, the fusion of VP16 to the N terminus of Gal4
resulted in the hyper-activation of Gal4 (22, 23), and the VP64 fusion
has been used to successfully activate transcription factors in both
plants (24) and animals (25). We have used a similar strategy in C.
albicans. Fusing a tetrameric version of the VP16 trans-activating
domain (VP64) to the DNA-binding domains of different C. albicans
transcription factors was found to be potent in transcriptional
activation (26), so we constructed plasmid CIPACT-VPR containing
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the VP64 module and a multiple cloning site downstream of the
ACT1 promoter of the CIPACT plasmid (Fig. S1A).

To test the activation strategy, we chose three well-studied
transcriptional factors— the bZIP TF Gen4 (null mutant gives three
amino-triazole sensitivity), the TEA/ATTS (homeo-domain) TF
Tecl (null mutant blocks hyphal development), and the leucine bZIP
TF Capl (involved in fluconazole resistance). The Gen4 construct
generated resistance to three amino-triazole, consistent with
upregulation of the Gen4 target HIS3 (Fig. 1A). The Tecl construct
triggered filamentation under yeast morphology growth conditions
(Fig. 1B), and the Cap] activation construct enhanced resistance to
fluconazole (Fig. 1C).

We next selected 30 different TFs based on their phylogenetic
uniqueness, their possible involvement in drug resistance, and their
potential for functioning in rewired circuits. After generating these
30 TF-VP64 fusions, we first investigated their involvement in
antifungal drug resistance (Fig. 1D). We selected three drugs for our
preliminary screening—fluconazole, posaconazole, and
amphotericin B. All three drugs target the cell membrane;
fluconazole and posaconazole target lanosterol 14-alpha-
demethylase (Ergl1), an enzyme of the ergosterol pathway, whereas
amphotericin B targets the end-product ergosterol. We identified two
transcription factor fusions, encoded by C4 02500C A and
C6 _00010W_A, that gave resistance to all three drugs. As the
C4 02500C_A fusion created a higher level of resistance than the
C6_00010W_A fusion, we prioritized C4 02500C A for further
study (Table 1).

Activation of C4_02500C_A confers multi-drug
resistance

We subsequently tested whether the VP64 fusion to Orf19.2752
(C4_02500C _A) could trigger resistance to a variety of drugs—
fluconazole, posaconazole, terbinafine, nystatin, caspofungin,
anidulafungin, and amphotericin B (Fig. S1A and B). The fusion of
C4 02500C_A to VP64 increases the minimum inhibitory
concentration (MIC) as well as the minimal fungicidal concentration
of fluconazole, amphotericin B, and terbinafine (Fig. S2). It also
increased the MIC for these drugs, as well as for posaconazole and
nystatin (Fig. S2B), by more than threefold. However, for the drugs
caspofungin and anidulafungin that target the cell wall, there was no
change in the MIC or growth rate for the activated strain relative to
the control. Thus, activation of C4_02500C_A did not cause general
drug resistance but did seem effective in generating resistance to
cell-membrane-targeting drugs.
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Orf19.2752 (C4_02500C_A) is an ortholog of

S. cerevisiae Adrl

Because TFs are frequently conserved across species, we searched
for orthologs of the C. albicans C4_02500C A gene. We found it to
be highly similar to the S. cerevisiae ADRI gene; the two proteins
have about 50% sequence identity, and the N-terminal DNA-binding
domain is highly conserved between them (Fig. S2C).

In S. cerevisiae, Adrl, acting through a conserved binding motif
5'RCCCCM3’, is required for transcriptional regulation of ethanol,
glycerol, and fatty acid utilization (27, 28). Due to the highly
conserved DNA-binding domains of the two orthologs, we searched
for this ScAdrl-binding motif upstream of C. albicans ORFs. We
found 221 genes with this motif in their predicted promoter regions
using Meme-suite software, as described in the Materials and
Methods. Of the genes with this promoter motif, a significant
number (one-tenth, or 20 genes) were implicated in ergosterol
biosynthesis (Data File S1), while a further one quarter (52 genes)
were categorized as having an unknown function. However, in
contrast to the situation in S. cerevisiae, this motif is not enriched in
ethanol, glycerol, and fatty acid metabolism genes in C. albicans.
Because of the large number of motif-containing genes in the
pathway of sterol biosynthesis, it appeared that CaAdrl might
instead be linked to sterol production.
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FIG 1 (A) VP64-Gcen4 chimeric transcription factor generates resistance to 3-amino-triazole (3AT). To construct the Gen4-Vp64 fusion, we PCR amplified
the Gen4 DNA-binding domain and ligated it in the CIP-ACT-CYC plasmid in-frame with VP64 at the N terminus. After transforming this plasmid into C.
albicans, we observed resistance to 3AT consistent with the VP64 module activating the transcription factor. (B) VP64-Tecl TF triggers hyphal elongation
in YPD media. Tecl is a transcription factor implicated in the morphological switch from the C. albicans yeast form to the hyphal form. A construct
containing the fusion of the N terminus of Tecl to the VP64 module triggers elongated cellular growth. (C) VP64-Capl allows growth in SC media
containing fluconazole. Capl is a poorly characterized transcription factor in C. albicans that gives resistance to azoles through Mdrl; activation of Capl

upregulates MDRI1 expression. Fusion of the VP64 module with Cap1 increased cellular tolerance to the azole fluconazole. (D) Schematic representation of
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the workflow involved in activating the transcription factors. Based on the success of the control constructs, we selected a set of transcription factors for

fusion constructs and characterized the consequences of these fusions through phenotypic analysis.

TABLE 1 Screening of activated transcription factors in the presence of different drugs®

Transcription factor

Fluconazole

Posaconazole

Amphotericin B

Caspofungin

Try3
Orf19.1971
C5_04410C A
Orf19.3928
C3_01220W_A
Orf19.1729
C1_04510W_A
Orf19.6845
C2_05640W_A
Orf19.6874
Hap41
Orf19.740
Hap42
Orf19.1481
Try6
Orf19.6824
C2_02530W_A
Orf19.1577
C2_01420C_A
Orf19.1447
C4_07150W_A
Orf19.3088
Uga33
Orf19.7317
Nrg2
Orf19.6339
Ace2
Orf19.6124
C1_13440C_A
Orf19.4972
Rfx1
Orf19.3865
Grfl0
0Orf19.4000
C4_05680W_A
Orf19.1253
CR_05880W_A
Orf19.6626
C2_08950W_A
Orf19.211
C5_04280C_A
Orf19.3912

C4_02500C_A

0rf19.2752 (Adrl)

C2_10660W_A
Orf19.5343
C1_11690W_A
Orf19.1150
C1_10020W_A
Orf19.4869

++

++

++

++

+++

++

++

++

++

++

+++

+

++

++

+++

+++

++

++
+++

++
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C4_05880W_A - - - -
Orf19.1275

(Continued on next page)
TABLE 1 Screening of activated transcription factors in the presence of different drugs? (Continued)

Transcription factor Fluconazole Posaconazole Amphotericin B Caspofungin

Try4 - - - +++
Orf19.5975

C4_05880W_A - - - -
Orf19.1275

Met4 - - - +
Orf19.5312

Gen4 + + + -
Capl 4+ -+ ++ +
(control)

Tecl ++ ++ + +
(control)

“The optical densities are represented by plus signs (+), where + indicates growth equivalent to that of the positive
control, ++ indicates a higher OD growth than + and +++ higher than ++ (—<+<++<+++ OD at 600 nm after 24 h)
whereas - indicates no growth. Results focused on in this paper are in bold.

Adr1 DNA-binding motif

We investigated potential direct 5NRCCCCM3’ binding using
ChEC-seq analysis. We fused the MNase cassette to Adrl and used
the calcium-activated nuclease to identify potential binding targets
for Adrl. These results identified direct binding to several genes with
the 5’NRCCCCM3' motif in their promoters, including Mrr2, Adhl,
Ecm?22, Erg5, Erg28, Cdrl, and Adrl itself. These genes were also
upregulated in the Adrl-activation RNA-seq data set, suggesting that
Adrl may control 5NRCCCCM3’ motif-bearing genes and thus be
directly involved in transcriptional regulation of the ergosterol
biosynthesis pathway (Fig. 2B and C). As well, the transcription
factor Mrr2 was dramatically upregulated; this could help explain
the observed multi-drug resistance phenotype, as Mrr2 acts to
upregulate the CDR transporter-encoding genes, and our RNA-seq
analysis shows that both CDR1 and CDR2 are more highly expressed
in the Adr1-VP64 fusion strain than in the control (Fig. 2B). To
establish if the fluconazole resistance is a direct result of this
upregulation of Mrr2, we deleted MRR2 in the Adr1-activated strain.
Deletion of MRR2 had essentially no effect on fluconazole resistance
driven by activation of Adrl, suggesting that the upregulation of the
Mrr2 TF was in fact not critical in creating the azole-resistance
phenotype (Fig. S1B). Similarly, amphotericin B resistance was not
affected by MRR2 deletion. However, the deletion did impact the
terbinafine resistance, suggesting that the observed allylamine
resistance could be mediated through Mrr2 upregulation (Fig. S1D).

To further validate that Adrl binds to the promoter sequence
5'NRCCCCM3’, we put a GFP reporter construct under control of
the ERG 11 promoter, the MRR2 promoter, and, to serve as a control,
the ACT1 promoter. We introduced these constructs into both
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wildtype and adr1 deletion strains. We found that the adr1 deletion
strain generated a much weaker GFP signal from the ERG11 and
MRR2 promoters than the signals from the wildtype strain, while the
expression of the ACT1 construct did not differ between the two
strains (Fig. 2D). These results supported the requirement of Adrl
for the promoter function of ERG11 and MRR2. We then disrupted
the NRCCCCM sequence in the ERG11 and MRR2 GFP reporter
constructs and saw background GFP signals from both the wildtype
and adrl deletion strains. This confirms that NRCCCCM is the
sequence through which the Adr1 transcription factor functions (Fig.

A B
e |.,. v Gune s | v PR PP RNA-seq of Adrl activation
- |ole| = @ [ ® i
= e ¥ - ol _] ol 5 .
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£ @ . ol e Ergostarct (| .L;:; ;:; g
o @ | s ® B |eove m |5
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FIG 2 (A) The presence of the Adrl motif upstream of ergosterol genes. The presence of the candidate Adrl motif is represented by a blue circle. We found
that most of the ergosterol genes have the candidate Adrl motif 5"’NRCCCCM3' in their promoter regions. (B) The transcriptomic profile of selected genes
in the Orf19.2752-VP64 fusion strain shows upregulation of ergosterol genes. After activation of the Adrl transcription factor, we did an RNAseq
comparison of the activated strain and the wild type. We identified various ergosterol pathway genes that were upregulated and observed high expression of
the genes for the transcription factor Mrr2 and the alcohol dehydrogenase Adhl. The full gene set is found in Fig. S2 along with the FPMK values. We also
confirmed the binding of Adrl by performing ChEC-Seq analysis; significantly bound genes are noted. (C) GFP reporter signaling. We measured, in both
adrl4/4 and wild-type strains, GFP driven by the ACT1 promoter, the ERG11 promoter with the potential Adrl-binding site SNRCCCCM3’, the MRR2
promoter with the potential Adr1-binding site NRCCCCM3’, and disrupted the MRR2 promoter lacking the 5’NRCCCCM3'-binding site. We constructed
GFP in the CIPACT-CYC plasmid by PCR and homology, replaced the ACT1 promoter with the ERG11 or MRR2 promoters, and disrupted Mrr2 in the
wild-type strain CAI4 and the adrl deletion strain as described previously. We quantified the GFP signaling using a BioTek Cytation 5. (D) Deletion of
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ADRI (ORF19.2752). We deleted the ADR1 gene and checked the resulting strain for fatty acid, glycerol, and alcohol utilization. We found that it does not

have any effect on growth on a fatty acid substrate, while a CTF1 deletion strain shows impaired growth on either linoleic acid or olive oil as a substrate.

(E) Sterol estimation of wild-type and the Orf19.2752-activated strain. We isolated the sterols from overnight-grown C. albicans by the pargolol-hexane

extraction method. The extracted sterols showed a four-peak spectral absorption pattern characteristic of ergosterol and 24(28)-DHE. The activated strain

showed an approximately twofold increase in measured sterols.

CaAdr1 influences sterol metabolism

Azole drugs target Ergl1 of the ergosterol pathway in C. albicans
(29), and upregulation of Ergl11 is one of the known mechanisms for
drug resistance against fluconazole (30, 31). To test if the ADR1 gene
of C. albicans was involved in sterol metabolism, we deleted the gene
and checked the consequences of loss of function; consistent with a
role in sterol biosynthesis, ADR1 deletion causes slight sensitivity to
cell membrane targeting drugs like fluconazole (Fig. S1C and D; Fig.
S2A). The complementation of adrl with the native protein or the
Vpb64-activated version restored the drug sensitivity (Fig. S1C).
However, unlike the situation with SCADR1, the deletion of CaADR1
did not block growth on fatty acid substrates (Fig. 2). By contrast,
deletion of the gene for the transcription factor Ctf1, identified as a
regulator of fatty acid metabolism genes in the pathogen (32),
completely blocked C. albicans growth on linoleic acid and severely
compromised growth on olive oil (Fig. 2D). This suggests that in C.
albicans, Ctf1 is controlling fatty acid utilization, while Adrl is not
involved. In §. cerevisiae, ScAdrl was found to be haplo-insufficient
for ethanol, glycerol, and fatty acid metabolism. Similarly, in C.
albicans, CaAdrl is haplo-insufficient for fluconazole resistance, as
the heterozygote showed sensitivity to fluconazole relative to the
WT but was clearly more resistant than the homozygous null (Fig.
S1C).

We directly checked the sterol content of the Adrl-activated and
wild-type strains by extracting sterols with the organic solvents
pargolol and hexane, followed by spectrophotometric assessment.
Activated CaAdrl enhances the production of ergosterol (Fig. 2E).
We also directly assessed the transcriptional consequences of Adrl
activation through RNAseq analysis. ADH1, which encodes the
alcohol dehydrogenase that oxidizes ethanol to acetaldehyde, was
the most highly upregulated gene in our profile, and intriguingly, the
orthologous gene in S. cerevisiae is a direct target of ScAdrl (33).

Adr1 and Upc2 roles in azole response

Consistent with the presence of the candidate Adrl-binding motif in
their promoters, we found that the expression level of most of the
ergosterol pathway genes, including Ergl 1, was upregulated by the
activated Adrl construct. This increase in ergosterol pathway gene
expression was, however, not associated with upregulation of the
classic ergosterol biosynthesis pathway transcription factor Upc2,
which functions as a key regulator of the pathway in both S.
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cerevisiae and C. albicans (34-36). Therefore, it appears that Adrl
activation of the C. albicans ergosterol pathway genes is likely direct
(Table S1), and thus the fluconazole resistance generated by the
Adr1VP64 fusion protein may be due to the generalized increase in
the expression of these ergosterol biosynthetic pathway genes. We
then asked whether the fluconazole resistance generated by Adrl
activation was fully independent of Upc2. First, we compared
fluconazole resistance levels in strains with Adrl activated and with
Upc2 activated, as well as in strains with deleted UPC2 or ADR1. As
shown in Fig. 3A and B, both Upc2 activation and Adrl activation
gave similarly high levels of resistance to fluconazole, while both
Adrl deletion and Upc2 deletion conferred sensitivity to
fluconazole, with the Upc2 deletion strain being somewhat more
sensitive. Second, we assessed the resistance to fluconazole of the
doubly activated strain; in this case, the strain grew poorly in the
absence of the drug but was resistant to fluconazole at similar levels
to that of the single-activated mutants (Fig. 3A and B). Finally, we
investigated the behavior of cells with activated Adrl that lacked
functional Upc2 and cells with activated Upc2 that lacked Adrl. We
observed that loss of Upc2 had essentially no effect on fluconazole
resistance caused by activation of Adrl, suggesting that the effect of
Adr1 on drug resistance is independent of Upc2, while loss of Adrl
significantly compromised fluconazole resistance caused by
activation of Upc2 (Fig. 3A and B). This is consistent with part of
the effect of Upc2 activation on azole resistance working through
Adrl. We checked the upstream sequences of the UPC2 and ADR1
genes for regulatory motifs and found that the promoter sequence of
the ADR1 gene contains a potential UPC2 motif (Fig. 3C), consistent
with Adrl being part of the Upc2 regulon, while the UPC2 promoter
lacks any potential Adr1-binding motif.

Phylogenetic analysis

We examined a phylogenetic profile of the Ascomycota and
characterized the upstream sequences of all ergosterol biosynthesis
genes for the regulatory motifs associated with both the Adrl and the
Upc?2 transcription factors. In C. albicans, our data suggest that Adrl
works together with Upc2 to control the ergosterol biosynthesis
pathway, with Adr1 also controlling the expression of genes such as
ADH1, which encodes the alcohol dehydrogenase that oxidizes
ethanol to acetaldehyde, and MRR2, which encodes a stress-
responsive transcription factor. The more basal filamentous fungi
also have candidate binding motifs for both Adrl and Upc2, the
promoters of the ergosterol biosynthesis genes. However, the
presence of the Adrl motif in the promoter of MRR2 is very specific
to the CTG clade species (Data file S1).
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FIG 3 (A) Adrl and Upc2 influence the response to fluconazole. Fluconazole MIC assay of ADR1 deletion, ADR1 activation, ADR1 activation in UPC2
deletion, ADR1 deletion in UPC2 activation and double activation, followed by the time kill assay. (B) Fold change in MIC from Adrl and Upc2 activation
and deletion.

Graphical representation of the change in minimum inhibitory concentrations of various drugs in the Orf19.2752-activated strain. (C) Upc2 DNA-binding
motif upstream of various regulons, including ADR1. Upstream regions of genes, including the transcription factors Adrl, Upc2, Mrr2, and Mrrl, as well
as the structural genes for the ergosterol biosynthesis pathway, were examined for candidate TF-binding motifs. We identified a potential Upc2-binding
motif upstream of the ADR1 gene.

In the evolutionary trajectory leading to S. cerevisiae, it appears
that the Adrl TF was repurposed to control alcohol, fatty acid, and
glycerol utilization, taking over from Ctfl orthologs that do the job
in the filamentous fungi and the CTG clade species. Based on the
search of promoter motifs, we identified that the Upc2 binding motif
is found in the promoters of ergosterol pathway genes throughout the
fungi, along with the Adrl motif. But after Candida guilliermondii in
the phylogeny, the Adrl motif signal weakens, leaving only Upc2
with a strong signal associated with the ergosterol pathway. The
Adr1-binding motif signal connecting the ergosterol pathway genes
in the CTG clade appears to be gradually transferred to genes
involved in the control of alcohol and fatty acid utilization in S.
cerevisiae and its relatives (Data file S1).
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DISCUSSION

One of the common approaches to investigating the regulatory
networks controlling drug resistance in fungal pathogens is through
comparison with the S. cerevisiae circuits; this approach has led to
the discovery of many TFs responsible for drug resistance in both S.
cerevisiae and C. albicans, including Ferl, Ndt80, Mrr1, and Upc2
(34, 37-40). However, these two fungi diverged as long ago as 300
million years, and for species that diverged by such an evolutionary
distance, most of the DNA-binding patterns of a given regulator in
one species are unlikely to be preserved in the other species (20).
Overall, genome-wide correlations converge on about 10% overlap
for species with this level of divergence (20), and therefore, there is
a significant probability that many of the TFs responsible for drug
resistance will be different between C. albicans and budding yeast.
To identify candidate TFs with Candida-specific roles in drug
resistance, we selected a set of TF-encoding genes that were either
not found in S. cerevisiae or predicted to have potentially changed
function between the two species. We identified 30 such TFs and
activated them to identify potential roles in drug resistance (as well
as other cellular processes) (Table 1). Among these transcription
factors, Orf19.2752 activation resulted in clear resistance to a set of
drugs generally targeting the cell membrane; activation of this
transcription factor generated resistance to azoles, allylamines, and
polyenes. Sequence comparisons established that C4 02500C A
(ORF19.2752) was the C. albicans ortholog of the S. cerevisiae gene
ADRI, a gene not linked to drug resistance in budding yeast. These
two transcription factors share a highly conserved DNA-binding
domain.

In S. cerevisiae, Adr1 is involved in the transcriptional regulation
of genes involved in the catabolism of ethanol, glycerol, and fatty
acids (27, 28) and is proposed to act through a candidate DNA-
binding motif, SNRCCCCM3’, in the promoter regions of these
genes (41). Interestingly, in C. albicans, this same DNA-binding
motif is enriched in the upstream regions of the ergosterol pathway
genes, whereas it is generally absent from the promoters of the
ethanol, glycerol, and fatty acid utilization genes of this pathogen.
This suggests that Adrl may have been rewired from the ergosterol
biosynthesis pathway in other fungi to the metabolic utilization of
ethanol, glycerol, and fatty acids in S. cerevisiae. Further
investigation established that activation of CaAdrl generated
transcriptional upregulation of most of the ergosterol pathway genes
in the pathogen. However, Upc2, the well-established regulator of
the Erg-pathway genes in both C. albicans and S. cerevisiae, was not
transcriptionally upregulated, suggesting that in C. albicans, Adrl
activation of the ergosterol pathway genes was not going through
Upc2.

To further investigate the proposed Adrl DNA-binding motif, we
performed a ChEC-seq analysis (42, 43) and found that several drug-
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resistance-related genes, including Mrr2, Adhl, Ecm22, ErgS,
Ddr48, Erg28, Cdrl, and Adrl, were both upregulated in the
RNAseq analysis and were ChEC-seq hits. Previous in-silico analysis
of a number of TFs had shown a weak but statistically significant
overlap in the genes in S. cerevisiae and C. albicans containing the
Adrl motif in their promoters (44). This is consistent with our ChEC-
seq analysis; while many genes have been rewired between the two
species, some genes, like ADH1, are under Adrl control in both
species, suggesting that Adrl might have multiple roles in both
fungi. However, the bulk of the circuit of ethanol, fatty acid, and
glycerol metabolism controlled by Adrl in S. cerevisiae is under the
control of Ctfl in C. albicans (32), as Adrl deletion did not affect
growth on substrates like olive oil and linoleic acid, whereas Ctfl
deletion gives a clear auxotrophy. Apart from Adhl, in our RNA-seq
as well as CheC-seq results, we found transporter, metabolism, and
stress-responsive genes, including oxidative stress. Previously, it
was reported that amphotericin B resistance might be due to
upregulation of oxidative stress genes (45).

These data underline the multiple circuit restructurings involved
in the control of these pathways in different fungi. In S. cerevisiae,
Cat8 and Adrl both appear to have been rewired to connect to the
module controlling alcohol, acetic acid, and fatty acid utilization,
Adrl from the ergosterol circuit, and Cat8 from gluconeogenesis
(ScSip4). Another event is the disappearance of the Ctfl TF from the
S. cerevisiae genome, as there is no apparent ortholog of Ctfl in S.
cerevisiae. This loss could be facilitated by the transfer of the Ctfl
regulon to Adrl control in S. cerevisiae. In S. cerevisiae, Upc2 gains
a paralog (Emc22) and apparently unique control over the ergosterol
pathway (46, 47).

In C. albicans, Adrl activation causes upregulation of many
ergosterol pathway members, including Ergll (target of azoles),
Ergl (target of allylamines), Erg2 (target of morpholines), HMG1/2
(target of statins), and causes increases in ergosterol itself (target of
polyenes), which has the potential to generate multi-drug resistance.
The activation of Adrl dramatically enhances the MIC of
fluconazole, amphotericin B, terbinafine, and statins. We created a
series of strains to determine how Upc2 and Adrl are influencing
the ergosterol pathway. Activation of either Upc2 or Adrl enhanced
azole resistance, while deletion of either gene created azole
sensitivity. Activation of both TFs at the same time caused poor
growth, perhaps due to the disturbed circuits or due to the activation
of an Erg3-driven side branch of the pathway generating the toxic
14-methylergosta-8,24(28)-dienol. However, the relative resistance
to azoles remained similar to the individually activated strains,
suggesting that the actions of the two TFs are not additive or
synergistic. Another known stress associated with ergosterol is
hypoxia, and therefore, we tested both Adrl activation and adril
deletion under hypoxia conditions (48, 49). We did not find any
changes in the adrl deletion strain under hypoxia, while the
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upregulated allele somewhat improved growth (Fig. S2F).
Previously, the upc2 deletion strain has been reported to show a
significant growth defect under hypoxia (50), so this distinction will
need further investigation.

The fluconazole resistance caused by activation of Upc2 is
significantly dependent on the presence of Adrl, but loss of Upc2
had very little effect on the resistance profile of strains with activated
Adrl. In addition, there is a potential Upc2 DNA-binding site in the
promoter region of ADR1, while UPC2 has no candidate site for Adr1.
These results are consistent with Upc2 serving as a master regulator
of ergosterol biosynthesis, controlling ERG gene expression both
directly and through regulation of the Adrl TF, which also serves as
an activator of ERG gene expression. In the absence of Upc2, Adrl
is sufficient to ensure ERG expression, although response to azole
drugs is compromised by loss of either TF. A strain containing
deletions of both adr1 and upc2 was very slow growing and also very
sensitive to fluconazole.

Among the highly upregulated genes resulting from Adrl
activation is the gene encoding Mrr2, itself a TF involved in the
expression of the multi-drug-resistance-regulating membrane
transporter Cdrl. However, even though CDR1 expression was
somewhat upregulated in the Adrl-activated strain, the Mrr2
upregulation did not seem critical for the observed fluconazole
resistance because deletion of MRR2 in the Adrl-activated strain did
not compromise this resistance.

While it appears that in filamentous fungi and the CTG clade
species Adrl is linked to ergosterol biosynthesis, in the
Saccharomycotina, it has been shifted to control the pathway for
ethanol, glycerol, and fatty acid utilization (51, 52), replacing Ctfl
that controls the process in the non-Saccharomycotina species. This
transfer appears so complete that the Ctf1 factor has been lost in the
Saccharomycotina. Intriguingly, throughout this transition, Adr1 has
maintained a role in the control of the expression of the alcohol
dehydrogenase catalyzing the oxidation of ethanol to acetaldehyde
(ADH1 in C. albicans, ADH?2 in S. cerevisiae). To deal with ethanol
toxicity, in S. cerevisiae, ethanol is modified into unsaturated lipids
and ergosterol (51). The rewiring of Adrl from the ergosterol
pathway to the ethanol utilization process (41, 52) may have been
driven by the shift to the Crabtree-positive lifestyle of S. cerevisiae,
requiring the ability to both tolerate and process high concentrations
of ethanol.

Conclusion

Sterol biosynthesis is critical for fungal biogenesis and a target for
many antifungal drugs. We have identified the TF Adrl as a key
regulator of sterol biosynthesis in the fungal pathogen C. albicans,
where it works in concert with the zinc cluster TF Upc2. We suggest
that Upc2, when bound to ergosterol, remains inactive in the
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cytoplasm but is activated when there is depletion of ergosterol,
whether by environmental factors or due to the presence of drugs
targeting the ergosterol pathway. Activated Upc2 goes to the nucleus
and turns on key players of the ergosterol biosynthetic pathway as
well as the TFs Mrrl and Adr1. Adrl aids in regulating the ergosterol
pathway genes and turns on the TF Mrr2. Thus, activation of Upc2
and Adrl leads to the coordinated expression of the ergosterol
biosynthesis pathway, as well as the activation of the phospholipid
transporters Cdrl and Cdr2, which can also function to export
antifungal drugs (Fig. 4).

Saccharomyces cerevisiae

Inactive Upc2
@ Low e, 0sterg
\ ® Ctf1
Active Upc2 Adh1 o O Adr1

’ A N l Rewired

Ergosterol biosynthesis

Ethanol, fatty acid, glycerol utilization
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— Regulates the pathway / genes
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FIG 4 Proposed model of the multiple rewiring of transcription factors between S. cerevisiae and C. albicans, along with coordination of Upc2, Adrl, and
Mrr2 during the presence of azoles or depletion of ergosterol, leading to drug resistance in C. albicans. In both S. cerevisiae and C. albicans, the Upc2
transcription factor binds to ergosterol and remains inactive in the cytosol. Depletion of ergosterol changes Upc2 to an active form, which enters the
nucleus and initiates the transcription of the genes for ergosterol biosynthesis. In C. albicans, activated Upc2 also triggers expression of the Adrl
transcription factor, which further serves to direct expression of ergosterol biosynthesis genes as well as the alcohol metabolism gene Adhl and the Mrr2
transcription factor. In S. cerevisiae, Adrl has been rewired to control other parts of the alcohol utilization circuit in addition to alcohol dehydrogenase, as
well as both fatty acid and glycerol utilization circuits.

MATERIALS AND METHODS

Bioinformatics analysis

Sequences of genes CaADR1 and ScADR1 were obtained from the
Candida Genome

Database (CGD; http://www.candidagenome.org/) and the
Saccharomyces Genome Database
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(https://www.yeastgenome.org/). Gene orthogroup assignments for
all predicted protein-coding genes across 23 ascomycete fungal
genomes were obtained from the Fungal Orthogroups Repository
(53) and maintained by the Broad Institute.

DNA sequence motifs were identified using the web-based
motif-detection algorithm MEME
(http://meme.sdsc.edu/meme/intro.html) (54). For more stringent
motif identification, we used MAST hits with an E-value of <50.
An E-value of 500 corresponds roughly to a P-value of 0.08 in our
analysis, and an E-value of 50 roughly corresponds to a P-value of
0.008. We also used AME (http://meme-suite.org/tools/meme),
which identifies known motifs throughout the Candida upstream
sequences.

Protein domains and linear motifs were detected from each
individual TF protein sequence using INTERPROSCAN, PFAM,
and ELM motif definitions. For ChEC-seq analysis, we used
Integrative Genomics Viewer (IGV) (https://igv.org) and MEME-
ChIP software.

Strains and culture conditions

For general growth and maintenance of the strains, the cells were
cultured in fresh YPD medium [1% (wt/vol) yeast extract, 2%
(wt/vol) Bacto peptone, 2% (wt/vol) dextrose, and 80 mg/L uridine
with the addition of 2% (wt/vol) agar for solid medium] at 30°C.
For drug assays, we used synthetic dextrose (SD) medium [0.67%
(wt/vol) yeast nitrogen base, 0.15% (wt/vol) amino acid mix, 0.1%
(wt/vol) uridine, 2% (wt/vol) dextrose, and 2% (wt/vol) agar for
solid media] along with the various concentrations of drugs in
liquid and solid media.

Gene knockouts using CRISPR

All C. albicans mutants were constructed in the wild-type strain
CAI4. The protocol used for the CRISPR-mediated knockout of
ADR1, CTF1, and UPC2 was adapted from (55); we used URA3
replacements in our study. CRISPR-mediated knockouts used the
lithium acetate method of transformation with the modification of
growing transformants overnight in liquid YPD at room
temperature after removing the lithium acetate-PEG. C. albicans
transformants were selected on SD-URA plates.

Activation of transcription factors

For the activation module, the ACT1 promoter and VP64 were
amplified by PCR, and homology was created by primer extension
such that there is an Mlu I site between ACT1 and VP64. This
ligated CIPACT-VP64 plasmid was transformed into Escherichia
coli using the calcium chloride method. High-throughput equipment
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at the Concordia Genome Foundry, the Biomek FXP Automated
Workstation, otherwise known as the Biomek FXP liquid handler,
was used to insert different DNA-binding domains to create and
later screen this library.

Plasmids extracted from colonies that were determined to have
the guide sequence successfully cloned were then used to transform
C. albicans using a lithium acetate transformation protocol.
pCIPACT]1 was linearized by Stul-HF digestion, and 1-2 pg of the
linearized plasmid was used in the transformation. C. albicans
transformants were selected on SD-URA plates.

RNA seq analysis

The CaAdrl and SC5143 strains were grown in SC media
overnight at 30°C, diluted to an OD600 of 0.1 in YPD at 30°C, and
then grown to an OD600 of approximately 1.0 on a 220-rpm
shaker. Total RNA was extracted from two biological replicates
using the Qiagen RNeasy Minikit protocol, and RNA quality and
quantity were determined using an Agilent bioanalyzer. Paired-end
sequencing (150 bp) of extracted RNA samples was carried out at
the Quebec Genome Innovation Center located at McGill
University using an [llumina miSEQ sequencing platform. Raw
reads were pre-processed with the sequence-grooming tool
cutadapt version 0.4.1 (56) with the following quality trimming and
filtering parameters: "--phred33 --length 36 -q 5 --stringency 1 -e
0.1". Each set of paired-end reads was mapped against the C.
albicans SC5314 haplotype A, version A22, downloaded from the
CGD (http://www.candidagenome.org/) using HISAT?2 version
2.0.4. SAM tools were then used to sort and convert SAM files.
The read alignments and C. albicans SC5314 genome annotations
were provided as input into StringTie v1.3.3 (57), which returned
gene abundances for each sample. Raw and processed data have
been deposited in NCBI’s Gene Expression Omnibus (58).

Sterol quantification

The cells were grown overnight (16 h) at 30°C and harvested by
centrifugation. Nontreated cells were maintained separately and
considered controls. The cell pellets were washed twice with sterile
distilled water. We followed the same method that has been
described in reference (59) with slight modifications. Cell pellets
were resuspended in 2.5 mL methanol, 1.5 mL potassium
hydroxide [60% (wt/vol)], and 1 mL methanol-dissolved pyrogallol
[0.5% (wt/vol)] and heated at 90°C for 2 h. The cell extracts were
cooled, and then sterols were extracted with two rounds of
treatment with 5 mL of hexane. The extracted sterols indicated a
four-peak spectral absorption pattern produced by ergosterol and
24(28)-dehydroergosterol [24(28)-DHE] spectrophotometrically
(DUS530 life science UV spectrophotometer). Both ergosterol and
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24(28)-DHE absorb at 281.5 nm, whereas only 24(28)-DHE
absorbs at 230 nm. The ergosterol content is determined by
subtracting the amount of 24(28)-DHE (calculated from the A230)
from the total ergosterol plus the 24(28)-DHE content (calculated
from the A281.5). Ergosterol content was calculated as a
percentage of the wet weight of the cells with the following
equations: % ergosterol + % 24(28)-DHE [(A281.5/290) x F] /
pellet weight, % 24(28)-DHE — [(A230/518) — F] / pellet weight,
and % ergosterol = [% ergosterol + % 24(28)-DHE] — [% 24(28)-
DHE)], where F is the factor for dilution in petroleum ether and 290
and 518 are the E-values (in percent per centimeter) determined for
crystalline ergosterol and 24(28)-DHE, respectively.

ChEC-seq analysis

To perform the ChEC-seq analysis, we followed reference (43). We
constructed the Adrl1-MNase strain and grew overnight cultures of
C. albicans Adr1-MNase-tagged and free MNase strains that were
then diluted to a starting OD600 of 0.1 in 50 mL YPD medium and
grown at 30°C to an OD600 of 0.7 to 0.8. Cells were washed three
times with 1 mL buffer A [15 mM Tris (pH 7.5), 80 mM KCI, 0.1
mM EGTA, 0.2 mM spermine, 0.5 mM spermidine, one tablet of
Roche complete EDTA-free mini protease inhibitors,

1 mM phenylmethylsulfonyl fluoride], resuspended in 800 pL
buffer A containing 0.1% digitonin (Sigma), and permeabilized for
10 min at 30°C with shaking. MNase digestions were performed by
adding CaCl: to a final concentration of 5 mM and incubating for
different time points at 30°C. At each time point, a total of 200 L.
aliquots of the ChEC digestions were transferred to a tube
containing 50 pL of 250 mM EGTA to quench MNase digestion.
DNA was extracted using a MasterPure yeast DNA purification kit
(Epicentre, MPY80200). ChEC DNA was subjected to size
selection using the Pippin Prep (SageScience) size selection system
with a 2% agarose gel cassette, allowing the removal of multi-
kilobase genomic DNA fragments and the enrichment of 100 to
400 bp DNA fragments.

For the GFP signaling quantification, we introduced GFP in the
CIPACT-CYC plasmid by PCR, and homology was created by
primer extension for enzymes Xmal and Mlul. Furthermore, we
replaced the ACT1 promoter with the ERG11 or MRR2 promoters
and disrupted Mrr2 using Kpnl and an enzyme. The ligation was
done using T4 DNA ligase and was transformed into E. coli using
the calcium chloride method. These plasmids were further
transformed into the wild-type strain CAl4 and the adr1 deletion
strain as described previously. The GFP signals were quantified
using a BioTek Cytation 5.
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