Dissecting mechanisms of host colonization by C. albicans

Untersuchungen zur Wirtskolonisierung durch C. albicans

Doctoral thesis for a doctoral degree
at the Graduate School of Life Sciences,
Julius-Maximilians-Universitat Wiirzburg,

Section: Infection and Immunity

submitted by

Lena Bohm

from

Werneck

Wiirzburg, 2019



Submitted on:

Members of the Supervisory Committee:

Chairperson: Prof. Dr. Thomas Rudel

Primary Supervisor: Dr. J. Christian Pérez

Supervisor (Second): Prof. Dr. Joachim Morschhauser

Supervisor (Third): Dr. Kai Sohn

Date of PUDLIiC DEfenCe: ..ccovvevievieeiieiee ettt

Date of Receipt of Certificates: ......cccoevvvervin i e e



Acknowledgments

Acknowledgments

First and foremost, | want to thank my primary supervisor Dr ] Christian Pérez for giving
me the opportunity to work on this interesting project. His continuous support and
guidance, his unlimited enthusiasm and the many helpful discussions are the
cornerstones of this thesis work. Finally, offering me the opportunity to continue my PhD
after maternity leave and having a 1-year old baby at home is something I fail to express
how grateful I am for. Christian, it has been a real pleasure to work with you.

[ would also like to extend my gratitude to Prof Dr Joachim Morschhauser and Dr Kai Sohn.
Thank you for your advice and support as my thesis committee members. I enjoyed the
very fruitful committee meetings a lot.

Many thanks also go to the GSLS for their support and their well-organized study program.
With the help of your GSLS travel fellowships I was able to attend international
conferences expanding my scientific knowledge and experience.

[ would like to express my special thanks to all former and current members of the Pérez
lab: Su, Pedrina, Valentina, Sanda, Marie, Juliane, Sergio and Philipp. Thank you for your
unconditional support that has been essential all these years. Thanks go to Irene and
Mona for teaching me essential techniques at the beginning of my PhD. And to all former
and current members of the Morschhauser lab for their scientific support in all Candida
questions and for being a great company in the office.

Finally, I dedicate this thesis to my whole family who generously provided their moral
support troughout all the periods of my PhD. I have an amazing family, perfect in many
ways, but unique in many others as well. They shared every great moment with me and
supported me whenever I needed them. Special thanks to my mom and dad for educating
me in the believe that with hard work I can achieve whatever I want. Mom and dad,
without you I wouldn’t be the person I am today. Special thanks also to my siblings,
Philipp, Thomas, Sophia and Lukas that were constantly receptive to listening to all my
problems. Further, thanks to all of you for your invaluable help in raising my child.

Las but not least, my warmest thanks go to my husband Fabian and my lovely little son
Freddi. Thank you, Fabian for encouraging me and supporting me to fulfill my dream of a
PhD. Thank you for your endless patience and love. Without you and your help in raising
our lovely son this work would have been impossible. And to the center of my life, my
darling Freddi for being such a good little baby in the past two years, making it possible

for me to complete what I started and being the strongest and sweetest motivation.
I



Summary

Summary

The human body is laden with trillions of microorganisms that belong to all three domains
of life. Some species of this microbiota subsist as harmless commensals in healthy adults,
but under certain circumstances, they can cause mucosal disease or even systemic, life-
threatening infections. While the bacterial members of our microbiota are heavily studied
today, much less attention is afforded to eukaryotic species that colonize different
mucocutaneous surfaces of the human body. This dissertation focuses on identifying
regulatory circuits that enable a prominent member of these eukaryotes, C. albicans, to,
on the one hand, live on a specific mammalian mucosal surface as a harmless commensal
and, on the other hand, proliferate as a pathogen. Since the ultimate source of many fatal
Candida infections is the gastrointestinal (GI) tract of the infected individual, this
organism is particularly suited to distinguishing traits essential for the gut colonization of
commensal fungi and their ability to cause disease. Sequence-specific DNA-binding
proteins that regulate transcription are important to most biological processes; I thus
used these proteins as starting points to gain insights into 1) how a specific transcription
regulator promotes virulence in C. albicans; 2) which traits C. albicans requires to inhabit
the GI tract of a specific, well-defined mouse model as a harmless commensal; and 3) how
three previously undescribed transcriptional regulators contribute to the commensal
colonization of the digestive tract of this mouse model. Altogether, this work advances the
knowledge concerning the biology of commensal fungi in the mammalian gut and genetic

determinants of fungal commensalism, as well as pathogenicity.



Zusammenfassung

Zusammenfassung

Der menschliche Kérper wird von unzéahligen Mikroorganismen aus allen drei Doméanen
des Lebens besiedelt. Einige Spezies dieser so genannten Mikrobiota leben mit gesunden
Menschen als harmlose Kommensale, konnen jedoch unter bestimmten Umstédnden auch
Erkrankungen der Schleimhéute oder sogar systemische, lebensbedrohliche Krankheiten
verursachen. Der bakterielle Anteil unserer Mikrobiota wurde bereits ausgiebig
untersucht. Sehr viel weniger Aufmerksamkeit haben bisher eukaryotische Organismen
erlangt, die unterschiedliche Schleimhdute des menschlichen Koérpers besiedeln. Ziel
dieser Dissertation ist es regulatorische Kreislaufe zu identifizieren, die es einem
prominenten eukaryotischen Mitglied unserer Mikrobiota, Candida albicans, ermoglichen
auf der einen Seite eine spezielle mukokutane Oberflache von Sdugern zu besiedeln, und
sich auf der anderen Seite als Pathogen zu verbreiten. Da man annimmt, dass viele
bedrohliche Candida Infektionen ihren Ursprung im Gastrointestinaltrakt desselben
Individuums haben, eignet sich dieser Organismus im speziellen um Eigenschaften zu
identifizieren, die es kommensalen Pilzen ermdéglicht den Darm zu besiedeln aber auch
Krankheiten zu verursachen. Sequenz-spezifische DNA Bindeproteine, die die
Transkription regulieren sind zentrale Akteure in den meisten biologischen Prozessen;
aus diesem Grund verwende ich diese Proteine als Startpunkte um Einblicke in Folgendes
zu erlangen: Zuerst, wie ein spezieller Transkriptionsregulator C. albicans’ Virulenz
beeinflusst. Dann welche Eigenschaften von C. albicans Voraussetzung fiir die
Kolonisierung des Gastrointestinaltrakts eines klar definierten Mausmodells sind. Und
zuletzt wie drei bisher nicht beschriebene Transkriptionsregulatoren zu der kommensale
Kolonisierung des Verdauungstrakts dieses Mausmodells beitragen. Zusammenfassend
tragt diese Arbeit dazu bei, das Wissen lber die Biologie kommensaler Pilze im
Saugertrakt und tiber genetische Determinanten zu erweitern, die zum Kommensalismus

aber auch zur Pathogenitit von Pilzen beitragen.
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Introduction

1) Introduction

With an estimated 2.8 to 3.3 million species, fungi represent one of the largest eukaryotic
kingdoms, accounting for approximately 10% of all eukaryotic organisms found on Earth
(Hawksworth et al., 2017). With its great diversity—including rusts, smuts, mildews,
molds, mushrooms, and yeast—this group is ubiquitous in our environment and impacts
various ecosystems. In fact, fungi play an indispensable role in decomposing dead organic
material, forming the basis for not only nutrient recycling and exchange but therefore also
the growth of new organisms. Numerous plants could not grow without their symbiotic
fungi in the form of mycorrhizae that inhabit their roots and provide them essential
nutrients. In the gut of grazing mammals, fungi enable the uptake of plant-derived
molecules through the decomposition of plant material. Countless of our household and
industrial processes rely on fungi or fungi-derived biomolecules: the process of
fermentation to produce wine, beer, or soy sauce and using fungi as leavening in baking,
for instance. In 1928, Alexander Fleming discovered the medical relevance of fungi after
identifying a fungal substance that inhibits bacterial growth—now known as penicillin
(Fleming, 2001). This discovery was the starting point of the production of the first series
of antibiotics, most of them derived from fungi. Finally, studying fungi contributed to the
present understanding of fundamental biological processes. With their simple in vitro
growth conditions and the relatively easy ways of genetic manipulation, they are useful in
studying many aspects of cell and molecular biology, genetic engineering, and other
biological disciplines. Fungi can have serious negative effects on several processes as well.
Food production and local economies can be impacted through the complete loss of crops
due to fungal diseases, such as the rice blast disease, for example. Moreover, fungi grow
on damaged or rotten fruits and vegetables, humid bread, and humid walls and ceilings,
causing a number of problems for humans.

The fungal kingdom accommodates seven phyla: Chytridiomycota, Blastocladiomycota,
Neocallimastigomycota, Microsporidia, Glomeromycota, Ascomycota, and Basidiomycota
(Hibbett et al., 2007). Chytridiomycota belong to the early diverging fungal groups and
reproduce with zoospores, which is rather unusual among fungi. They are essential to the
decomposition of organic material but can also act as parasites in amphibians, algae, and
other eukaryotic and prokaryotic microbes (Barr, 2001; Sparrow, 1960).

Blastocladiomycota, another early diverging phylum, was the first to exhibit alternation of

16



Introduction

generations (Sparrow, 1960). Similar to Chytridiomycota, some groups of
Blastocladiomycota contribute to the decomposition of organic material, while others live
as parasites of midges, nematodes, crustaceans, and other members of the
Blastocladiomycota (Alexopoulos et al., 1996). The phylum Neocallimastigomycota
contains mainly anaerobic fungi that live symbiotically in the gut of ruminants, helping
them to digest plant material (Wang et al., 2017). Microsporidia consists of spore-forming
unicellular parasites that infect insects, crustaceans, and fish; some species can even infect
humans (Selman et al, 2011). Glomeromycota comprises symbiotic fungi that form
mycorrhizas with the roots of terrestrial plants that supply mostly carbon and energy to
the fungi (Oehl et al., 2011). Finally, Ascomycota and Basidiomycota form the subkingdom
Dikarya, which is home to about 98% of all identified fungi (Wallen et al., 2018). The
hallmark of this subkingdom is the formation of the dikaryon during cell division, which
begets the term Dikarya. The newly formed daughter cell holds two nuclei with a common
cytoplasm, one of each compatible mating type, and later forms the diploid cell with the
2n condition (Wallen et al., 2018). Basidiomycota includes mushrooms, smuts, rusts,
mycorrhizae, and yeast-like human pathogens, among other substances (Coelho et al,,
2017), whereas Ascomycota, the largest phylum of the kingdom Fungi (Schoch et al,,
2009), features species of commercial and medical importance and prominent model
organisms used in laboratory research.

In our daily routines, we are continuously in contact with a large assortment of fungal
species, most of them present in the environment and harmless or commensally
associated with our bodies. However, a small fraction—about 150 species—are
considered opportunistic pathogens, able to infect warm-blooded animals and humans,
resulting in a wide range of diseases (Underhill et al., 2015). Contact with some of these
fungal species induces harmless but unpleasant infections in healthy individuals, as is the
case for many dermatophytes and Malassezia species. Conversely, fungal species such as
Aspergillus fumigatus, Cryptococcus neoformans, and Candida albicans can induce life-
threatening infections with high mortality rates in humans. A prerequisite for almost all
of these harmful infections is the immunosuppression of the affected individual; after
organ transplantations or chemotherapy, and in HIV-infected persons, these fungi can
enter the bloodstream, disseminate, and grow in virtually every organ in the human body.
This thesis focuses on one of the most prominent species belonging to the Ascomycota,

Candida albicans. Around 200 different Candida species have been identified. The main
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characteristic of all these species was long considered to be the complete absence of any
sexual form (0dds, 1988). Today, we know that C. albicans has the ability to mate in vitro,
as well as in vivo (Hull et al., 2000). Since more than half of all Candida species cannot
grow at 37°C, they are not associated with warm-blooded animals but subsist as
environmental saprophytes (Calderone, 2002). Only 20 have been linked to diseases in
humans (Akpan et al., 2002; Williams et al., 2013), and Candida albicans accounts for
approximately 60% of infections caused by Candida species. The apparent absence of
C. albicans in environmental reservoirs suggests that this species evolved extensively with
its warm-blooded hosts (0dds, 1988). Its genome is completely sequenced and consists
of more than 6,000 genes located on eight chromosomes (Braun et al., 2005). To date, over
70% of the listed open reading frames remain uncharacterized, based on data obtained
from the Candida Genome Database (CGD). In healthy humans, C. albicans is a harmless
colonizer of mucosal surfaces such as the mouth, the GI tract, and the female urogenital
tract. This fungus can adapt to various external conditions, which may explain its ability
to colonize diverse human body sites. It can grow, for instance, at a wide range of different
temperatures (from 5°C to 45°C) and pH levels (from 2.5 to 10) (Hubbard et al., 1986;
0dds, 1988), in the absence of oxygen (Eklund et al., 1983), and under high levels of CO2
(Webster et al., 1987). Under certain circumstances, C. albicans can cause mucosal or even
life-threatening infections in humans. Poor hygiene, burned skin, and surgeries
predispose mucosal surfaces for an overgrowth of C. albicans. These infections are
generally not life-threatening and can be treated with existing medications. In some cases,
however, when the immune system is compromised through organ transplantation or
chemotherapy, or after HIV infection, C. albicans can invade underlying epithelial cells and
disseminate via the bloodstream. It thus reaches nearly every organ in the human body,
and solid overgrowth in these organs often causes life-threatening infections with high
mortality rates ranging from 30% to 50%, even with aggressive antifungal therapy
(Edmond et al.,, 1999). Attributes critical to this process include the ability of the fungus
to shift between differing morphological forms (yeast, hyphal, and pseudohyphal cells)
and the dynamic structure of its cell surface. Distinct C. albicans morphologies seem to be
associated with different processes during infection: the hyphal form may be essential to
invading epithelial cells, whereas the yeast form may be required for efficient

dissemination through the bloodstream (Calderone, 1993). Shaping the composition of its
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cell surface affects the recognition of C. albicans by immune cells, since this is its first point
of contact with these cells.

Even though infections caused by C. albicans were first described centuries ago, a
significant increase in infections has been occurring over the last few decades,
presumably owing to medical advances in cancer therapy and organ transplantation
(Perfect et al., 2006). C. albicans is therefore considered one of the most prevalent human

fungal pathogens, and the development of new antifungal treatments is urgently needed.

In this dissertation, I report the identification and characterization of several C. albicans
transcription regulatory genes that enable the fungus to, on the one hand, live in the
mammalian gut as a harmless commensal and, on the other hand, proliferate as a
pathogen. First, I demonstrate how a previously identified transcriptional regulator
contributes to the pathogenicity of C. albicans. Using commonly used chemicals to identify
cell wall mutants, fluorescence stainings, and transmission electron microscopy (TEM), I
establish that the deletion or overexpression of this regulator impacts the composition
and overall structure of the cell wall of the fungus, potentially contributing to an altered
recognition by immune cells. I then focus on C. albicans’ commensal colonization of the
mammalian digestive tract. While a great deal of effort has been dedicated to cataloging
the vast microbial community in this niche, little is known about the traits and underlying
mechanisms employed by the microbes, and particularly non-bacterial species, to
colonize and proliferate in this locale. Utilizing gnotobiotic mice monocolonized with the
fungus, I prove that the morphology of C. albicans plays a critical role in gut colonization.
A genetic screen conducted in the same animal model of intestinal colonization identified
novel regulators that allow the fungus to live in this niche. In the last part of this thesis, I
dissect some of the cellular functions governed by the newly identified transcriptional
regulators. Full transcriptome analysis indicated that the three regulators may
significantly control overlapping biological processes, including the She-dependent
subcellular localization of transcripts. These findings uncovered new regulatory circuits
that are instrumental in pathogenicity and the commensal colonization of the fungus

Candida albicans.
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2) ZCF21 - aregulator of disseminated infection

2.1) Summary

The Candida albicans cell surface has a dynamic architecture and represents the fungi’s
first point of contact with host immune cells. While it is clear that the host environment
can impact the composition and/or structure of the cell surface, the molecular
mechanisms that effect these changes remain unclear. Here I report that a previously
undescribed C. albicans transcription regulator has a major role in determining the
composition of the surface of the fungus and thus influences the outcome of the
interactions between Candida and host immune cells. The deletion or overexpression of
this regulator altered the susceptibility or resistance to chemicals that intercalate into the
fungal cell wall. Staining with fluorescently labeled sugar-specific dyes revealed that this
regulator affects the total amount of mannan and the exposure of chitin. Similarly, a TEM
analysis of the overall ultrastructure of the cell wall established that the regulator controls
the structure of the outermost layer. Consistent with a role in cell surface remodeling that
is relevant in the host, the deletion or overexpression of the regulator influenced the
recognition of Candida by macrophages. My results confirm that this regulator functions
mostly by repressing gene transcription; a balanced expression of cell wall components
therefore seems to be the key to producing a surface suited for proliferation within the

host.
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2.2) Introduction

2.2.1) How C. albicans causes disseminated infections.

Candida albicans is the most prominent fungal species that resides in humans. It colonizes
mucocutaneous surfaces of the GI tract (Hoffmann et al., 2013), the mouth (Ghannoum et
al,, 2010), the skin (Findley et al., 2013; Oyeka et al., 2002), and the female reproductive
tract (Drell et al., 2013; Merenstein et al.,, 2013) of most healthy adults as a harmless
commensal (Odds, 1988). However, under certain circumstances, this member of the
normal microbiota can become a harmful pathogen, where the fungus can cause life-
threatening infections with high mortality rates (Edwards, 2014; Perlroth et al., 2007;
Pfaller et al., 2007). Many of these harmful infections are believed to originate in the GI
tract of the infected individual. What induces C. albicans’ transition from being a benign
member of the microbiota to causing localized or even systemic infections remains
unclear; nevertheless, a balance between fungal proliferation and host immune
recognition seems to be necessary for it to maintain its commensal state (Hall et al,,
2013b), since almost all systemic infections caused by C. albicans are found in

immunocompromised individuals.

e

commensal pathogen

Antimicrobial peptides
Immune cells

I

Figure 1: Candida albicans transition from commensal to pathogen.

In a healthy individual with an intact immune status the fungal load is kept low via antimicrobial
peptides and immune cells. In an immunocompromised individual, C. albicans is able to evade the
immune system, the fungal load increases, and it turns into a pathogen.

When the immune system is compromised due to organ transplantation, chemotherapy,

or HIV infection, for example, C. albicans can proliferate and disseminate into the
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bloodstream and then to virtually every organ (Clancy et al., 2012) (Figure 1). The first
point of contact for fungal and host immune cells is the fungal cell wall, a dynamic
structure composed of numerous proteins and carbohydrates. The regulation of its
composition may thus represent an effective strategy of the fungus to dampen host

immune recognition and cause disease.

2.2.2) The composition of the Candida albicans cell wall.

In fungal cells, the cell wall must provide characteristics for various aspects: it needs to
enable the maintenance of the cell shape, resist environmental stresses, and regulate
immunogenicity (Hall et al., 2013b). In some cases, this requires the precise coordination
of slightly opposing traits. The permeability of the cell wall, for instance, needs to facilitate
the import of nutrients and secretion of proteins while preventing the entrance of
environmental hydrolases. Furthermore, the stability of the cell wall must ensure not only
the cell’s shape but also cell expansion, cell division, and morphogenesis (Hall et al,,
2013b). The fungal cell wall is unique in its structure and differs significantly from plant
cell walls (Bowman et al., 2006). It is composed primarily of three polysaccharides: chitin,
glucan, and mannan. In C. albicans, the cell wall is organized in two layers, an inner layer
of chitins and 1,3-glucans and an outer layer of 31,6-glucans and highly glycosylated
mannoproteins (Figure 2). These proteins are attached to the skeletal chitin layer via a
truncated glycosylphosphatidylinositol (GPI) anchor (Heilmann et al., 2012) and heavily
decorated with O- and N-linked mannosides (Hall et al., 2013b). Among the GPI-anchored
proteins, cell wall remodeling enzymes are involved in cell wall biogenesis (Douglas et al.,
1997; Dunkler et al., 2005), the modification of polysaccharides and proteins that are
needed for adhesion (Buurman et al., 1998; Hoyer, 2001), and biofilm formation (Nobile
et al, 2006b; Zhao et al, 2006), processes known to contribute to C. albicans

pathogenicity.
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g

Figure 2: Composition of the C. albicans cell wall.

Scheme depicting the major components of C. albicans cell wall and their special distribution.
Chitin (blue) is located close to the cell membrane providing stability to the cells. A layer mainly
composed of $-(1,3)-glucan (orange) is located on top of the chitin layer further stabilizing the
cells shape. A variety of cell wall proteins (green), most of them heavily decorated with mannans
(red) are anchored mainly via GPI (glycosylphosphatidylinositol)-anchors in this (-(1,3)-glucan
layer (Gow et al.,2011, modified).

Mammalian immune cell receptors detect different sugars contained in the fungal cell
wall. For instance, O-mannan is recognized through TLR4 (Netea et al., 2006); N-mannan
via the Mannose receptor, Dectin-2, DC-SIGN, Mincle, and Galectin-3 (Fradin et al., 2000;
McGreal et al., 2006; Rouabhia et al., 2005; Tada et al., 2002; Taylor et al., 2004); and (-
glucans by the phagocytic receptor Dectin-1 and complement receptor 3 (Brown et al,,
2001; Thornton et al.,, 1996). Pathogenicity and immune recognition therefore largely

depend on the composition of the cell wall in C. albicans.

2.2.3) Transcription regulators of disseminated infections.

Dissemination into the bloodstream and colonization of deep tissues such as lungs,
kidney, and liver may demand other traits in C. albicans than living as a commensal in the
GI tract. The fungus needs to be able to adhere to and invade into tissue to get into the
bloodstream and internal organs. Moreover, it needs to escape from host immune cells to
avoid clearance and adapt to different environments (pH, nutrients) to colonize these
diverse sites. Several transcriptional regulators were proved to control the expression of

genes required for these pathogenicity-related processes; Efglp, for example, is necessary
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for full virulence in C. albicans (Lo et al., 1997; Lorenz et al., 2004). It is a major regulator
of genes involved in hyphal development (Doedt et al., 2004; Stoldt et al.,, 1997). The
ability to shift between morphological forms is crucial for the fungus to invade tissue and
cause infections, since mutants—unable to form hyphae—were verified to be avirulent
(Leberer etal, 1997; Lo et al,, 1997; Romani et al., 1991). Another regulator connected to
C. albicans pathogenicity is Teclp, which affects C. albicans virulence on the following
levels: it controls the expression of three types of secreted aspartyl proteinases (SAPs)
(Schweizer et al., 2000), secreted hydrolytic enzymes, involved in tissue adherence and
invasion (Ollert et al., 1993; Ruchel et al.,, 1991; Sanglard et al., 1997) and regulates the
expression of genes necessary for the hyphal outgrowth of host immune cells (Schweizer
et al,, 2000). The latter is an effective way to evade the immune system and clearance of
the host.

Here, 1 explore the role of Zcf21p, another transcriptional regulator, attested to be
essential for full virulence in C. albicans (Perez et al., 2013b). I demonstrate that this
regulator controls the expression of cell wall-related genes and enzymes predicted to be
involved in cell wall-related processes by direct binding to a specific motif located
upstream of its target genes. Two observations confirmed a connection between Zcf21p
and the cell wall: strains lacking ZCF21 and ectopically expressing ZCF21 first illustrate an
altered susceptibility to chemicals intercalating into the cell wall and second present
rearrangements of the sugars contained therein. Finally, Zcf21p influences the
recognition of C. albicans by host immune cells (Muralidhara, 2015), which could clarify
its previous virulence defect in a mouse model of disseminated candidiasis (Perez et al.,

2013b).
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2.3) Material & Methods:

2.3.1) Candida albicans strains used in this chapter

Table 1: Candida albicans strains used in chapter 1.

Strain Genotype Source
SN152 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1: hisG  leu2:: hisG Noble and
ura3A:: Aimm434 arg4: hisG hisl:hisG  leu2:: hisG Johnson, 2005
SN250 ura3A4:A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG  leu2:: hisG :: CdHIS1 Homann et
ura3A:: \imm434 arg4:: hisG his1: hisG  leu2:: hisG :: CmLEU2 al,2009
TF24 ura34::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG ~ zcf21A :: CdHIS1 Homann et
ura3A:: Aimm434 argd: hisG  hisl:hisG  leu2: hisG  zcf214: CmLEUZ2 al,2009
ura3A:X imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG leu2: hisG ~ ZCF21:AgTEF1p-NAT1-AgTEF1UTR-TDH3p-GFP-ZCF21 .
JCP178 This work
ura3A:: Aimm434 arg4:: hisG  his1:: hisG leu2:: hisG z¢f21A:CdHIS1
ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG  leu2:: hisG ~ zcf214 :: CdHIS1 ~ rps10A:ZCF21--SAT1 )
JCP193 This work
ura34:: Aimm434 arg4:: hisG  his1:: hisG  leu2:: hisG ~ zcf21A:: CmLEU2 RPS10
JCP642 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG cek1A :: CdHIS1 AG
ura3A: Aimm434 arg4: hisG  hisl: hisG  leu2:: hisG cek1A: CmLEU2 Morschhéauser
JCP646 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leuZ2:: hisG mkclA :: CdHIS1 AG
ura3A: Aimm434 arg4:: hisG  his1: hisG leu2: hisG mkc1A:: CmLEU2 Morschhduser

2.3.2) Oligos used in this chapter

Table 2: Oligos used in chapter 1.

Name Description Sequence (5'to3’)

JCP586 add-back ZCF21F GAACACTCGAGTTTCCCCCAATTAACTTTCAAAT
JCP587 add-back ZCF21 R CCGCTCGAGTCAAGTGATCAATTTGGAAATGG
JCP1354 ZCF21 DNA-bind dom F AGCAGCCCCGGGACCAATACCAATGCGCATACCTCAG
JCP1356 ZCF21 DNA-bind dom R GTGGTGCTCGAGTTATGAACTATTGGCATCCAATTTTTC
JCP1357 Test insertion F GCACCATCATCATCACCATC

JCP1358 Test insertion R CTTTCGGGCTTTGTTAGCAG

JCP1369 WT motif F CAAGAAGTACATGTACGAAACTAACAAA

JCP1370 WT motif R TTTGTTAGTTTCGTACATGTACTTCTTG

JCP1371 mut motif F CAAGAAGTACATGAATTAAACTAACAAA

JCP1372 mut motif R TTTGTTAGTTTAATTCATGTACTTCTTG

JCP1669 mutl motif F CAAGATTGTTATGTACGAAACTAACAAA

JCP1670 mutl motif R TTTGTTAGTTTCGTACATAACAATCTTG

JCP1671 mut2 motif F CAAGAAGTACATGTACGAAATCTTGAAA

JCP1672 mut2 motif R TTTCAAGATTTCGTACATGTACTTCTTG

JCP1373 2xmotif R GGAAACAATTTCCAACTCAATC

JCP1374 2xmotif F CAAAAGTATAGTGTCTGAAGAGG
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2.3.3) Plasmids used in this chapter

Table 3: Plasmids used in chapter 1.

Name Description Source
pLIC-H3 6His-tag for protein-tagging Cainetal, 2012

2.3.4) Transcriptome analysis

Whole transcriptome analysis was performed on Candida albicans wild-type reference
strain (SC5314) cells and zcf21 deletion mutant cells grown under four different
conditions: cells grown to late exponential phase in YPD broth at 30°C and cells grown on
Todd-Hewitt agar at 37°C for 24 h, each in the presence or absence of 15 or 5 mM caffeine
(Carl Roth, Karlsruhe, Germany). Cells from liquid culture were collected via
centrifugation and cells grown on solid medium were scraped off the plates. Both type of
cells were washed twice in dH20 and counted in a hemocytometer (Neubauer). 1 x 108
cells were used to extract total RNA using the RiboPure™ RNA purification kit for yeast
(Ambion, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. RNA samples were sent to GATC Biotech (Konstanz, Germany), where library
preparation (poly(A)+ RNA selection, mRNA fragmentation, random primer cDNA
synthesis, adapter ligation) and [llumina (HiSeq 2500) sequencing (single read mode, 1 x
50 base pair read length) were performed following standard operating procedures. BWA
version 0.5.9-r16 (Li et al, 2009) with default parameters was used to map the generated
reads to the reference genome (Candida albicans SC5314 Assembly 21) and BAM files
were created. I converted these files into WIG files to visualize and analyze them in
MochiView (Homann et al, 2010). For each sample, I observed 30 - 55 million high-
quality, unique mapped reads; between 75-85% of the generated reads could be mapped
to annotated regions (open reading frames; ORFs) of the C. albicans genome (Build 21).
Mapping to ORFs assigns reads to transcripts and FPKM (fragment per kilobase per
million mapped reads) values were determined for each transcript. To further define
transcript starts and endpoints I used previously published RNA-seq based annotations
(Grumaz et al., 2013; Tuch et al.,, 2010). The FPKM cutoff for transcripts to be involved in
my analysis was set to 1 in all samples. Differential gene expression was analyzed using
two approaches: Cuffdiff 2 and ‘raw counts’ (Trapnell et al.,, 2013). Cuffdiff 2 integrates
additionally a statistical significance scoring system in its algorithm. Both ways of analysis
generated lists of transcripts that showed a significant overlap. Since I observed a more
consistent set of differentially expressed genes using the ‘raw counts’ approach, I based
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my analysis included in Figure 6 and Figure S 1 on gene expression changes obtained by
this method. Bruno et al. used a similar ‘raw counts’ approach to analyze gene expression

in C. albicans RNA-seq datasets (Bruno et al., 2010).

2.3.5) Motif and promoter search

To find a putative Zcf21p DNA binding domain, first its direct targets were identified
combining the results of whole transcriptome analysis (Figure 6B, Figure S 1, Table S 1)
and the results of an in vivo binding study (Perez et al.,, 2013b). From these direct targets,
sequences were extracted 500 nt upstream and downstream of the highest point of the
observed ChIP peak. These sequences were loaded to and analyzed by MochiView
(Homann et al, 2010) to derive the putative Zcf21p DNA-binding motif. In Figure 9
transcription start sites were approximated based on our own and published RNA-seq

data (Grumaz et al., 2013; Nobile et al,, 2012; Tuch et al., 2010).

2.3.6) Protein purification

Buffers:

Lysisbuffer: Washbuffer: Elutionbuffer: Storagebuffer:
50 mM NaH2PO 50 mM NaH2P04 50 mM NaH2PO4 40 mM Tris
600 mM NaCl 600 mM NaCl 400 mM NaCl 400 mM NacCl
10 mM Imidiazole 30 mM Imidiazole 250 mM Imidiazole 5 mM DTT
pHS8 pH8 pHS8 pH7

An N-terminal 6His-tag was fused to the putative DNA-binding domain of the C. albicans
Zcf21 protein (amino acids 96-187) and expressed in Escherichia coli as described
(Fitzgerald et al., 2006). Briefly, the putative DNA binding domain of the C. albicans Zcf21
protein was amplified using Primer JCP_1354 and JCP_1356 (Table 2). The purified PCR
product was inserted downstream of the 6His-tag in the plasmid pLIC-H3 (Table 3). To
identify correct insertions, the produced plasmid was transformed in E. coli DH5a. Correct
amino acid sequence of the DNA binding domain was verified by sequencing using
primers JCP_1357 and JCP_1358 (Table 2). To produce the protein, correct plasmids were
transformed in E. coli BL21. Protein expression was induced in an E. coli BL21 exponential
phase culture (ODes00 0.5-0.9) by adding 0.5 M Isopropyl-$-D-thiogalactopyranosid (IPTG)
(Sigma-Aldrich, St. Louis, MO, USA) and 100 puM Cl2Zn (Sigma-Aldrich, St. Louis, MO, USA)
for 3hat 25-30°C shaking. Cells were collected and washed once in water. Cells were lysed
in 15ml Lysisbuffer containing protease inhibitor without EDTA, Lysozym, (-
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Mercaptoethanol and Phenylmethylsulfonylfluorid (PMSF) (40 ml Lysis buffer + 2 tablets
protease inhibitor without EDTA (Roche, Basel, Switzerland), 0.5 mg/ml Lysozym (Sigma-
Aldrich, St. Louis, MO, USA), 5 mM (-Mercaptoethanol (gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and 1 mM Phenylmethylsulfonylfluorid (PMSF) (Sigma-Aldrich, St.
Louis, MO, USA) for 20 min on ice and sonicated subsequently (M572/0) 60 cycles, 4 min
each. Cell debris was removed by centrifugation (5000 rpm, 4°C, 15 min). The
recombinant protein was affinity purified using Ni-NTA agarose beads (Qiagen, Hilden,
Germany). Therefore, Ni-NTA agarose beads were washed three times in ice cold lysis
buffer and the supernatant of the sonicated cells was added to the beads. After 45 min
slightly shaking at 4°C, beads covered with protein were collected by centrifugation (3
min, 1000 rpm, 4°C) and washed four times in 10 ml Washbuffer containing 1 mM PMSF
(5 min incubation 4°C + centrifugation 1 min, 1000 rpm, 4°C). Subsequently, beads were
resuspended in ice cold Elutionbuffer containing 1 mM PMSF and 1 tablet protease
inhibitor without EDTA/10 ml Elutionbuffer. Beads were incubated 20-30 min at 4°C
shaking, centrifuged 1 min, 1000 rpm at room temperature and the supernatant was
collected. Elution procedure was repeated 3-4x with reduced incubation (10 min) and
supernatant was collected. Eluted proteins were concentrated using Ambicon Ultra-15
centrifugal filters (30K and 10K, Merc Millipore, Burlington, MA, USA) as far as possible
without precipitation at 3200g in 5 min intervals. The purified protein was stored at -20°C
in Storagebuffer and 50% glycerol. Its purity was estimated to be > 99%. Concentrations
were estimated in Rothi®-blue (Carl Roth, Karlsruhe, Germany) quick-stained gels (6%
DNA Retardation Gels, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) using

known concentrations of bovine serum albumin as standards.

2.3.7) Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were carried out as described previously (Cain et al,, 2012).
Annealing/Labeling Oligos

JCP_1369 and 70 (wild-type) and JCP_1371 and 72 (inserted point mutation) were
combined to a final concentration of 50 uM and annealed as follows: 95°C - 5 min, 90°C -
5min, 85°C - 5 min, (...), 35°C - 5 min, 25°C - 30 min. For labeling oligos radioactively
needed for one reaction following reagents were combined in this order: 2,5 pl 10xPNK
buffer, 2 pl DNA (1uM), 17,5 pl H20, 2 pl y-32-ATP, 1 ul T4PNK Kinase. The reaction was
incubated 20 min at 37°C, 15 min at 65°C and 5 min at 95°C and spun down. After 10 min
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incubation at room temperature the radiolabeled mix was put slowly in a G25 column
(BioRad, Hercules, CA, USA) and centrifuged 4 min at 1000g.

Gel shift assay

The purified protein was diluted in 1x minimal buffer (5xminimal buffer: 100 mM Tris pH
8.0, 250 mM NaCl, 25% glycerol) starting at 100 nM in 1:4 dilutions. A mastermix was

prepared for one reaction as follows:

DTT 0.1M 0,12pl
5x minimal buffer 1,8ul
MgCl2 0,6ul
NP40 0,12pl
BSA (1mg/ml) 3ul
ZnS04 0,12ul
H20 2,24l

3 ul purified, diluted protein and 1 pl labeled DNA (500 fmol) were added to 10 ul
Mastermix, loaded on a 6% polyacrylamid gel and run 90 min 120V, 1000 W and 100 mA
in EMSA buffer (0.5X Tris-Glycine-EDTA and 2.5% glycerol). The gel was dried,
transferred to a phospho-screen (GE Healthcare, Chicago, IL, USA) and exposed for 3
hours. The screen was scanned using a TYPHOON imager (FLA 7000).

2.3.8) Phylogeny

[ used only the DNA binding domain for phylogenetic analysis since the full-length Zcf21
protein produced no extensive alignment beyond the DNA binding domain. MUSCLE
(Edgar, 2004) was used to align the DNA-binding domain sequences. To determine the
best-fitting phylogenetic model according to the Akaike Information Criteria (Akaike,
1973), I checked multiple phylogenetic models via RAxML (Stamatakis, 2006). Thereby, I
identified PROTGAMMAJTT as the best fitting model. MEGA 6.06 (Tamura et al.,, 2013)
was used to develop the maximum likelihood phylogeny. Synteny was assessed using the

Candida Gene Order Browser (Maguire et al., 2013).
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2.3.9) Western Blot

Buffers:
10x TBS: SDS Samplebuffer: Transferbuffer:
0.2 M Tris 0.06 M Tris-Cl 14 g Glycin
1.5 M NaCl 5% Glycerol 3 g Tris
2% SDS 100 ml Methanol
4% B-Mercaptoethanol 400 ml H20

0.0025% Bromophenol Blue

Wild-type reference, zcf21 deletion mutant, ZCF21 ectopic expression mutant, cekl
deletion mutant and mkcl deletion mutant cells were grown in liquid YPD to late
exponential phase and exposed to Congo red (CR) (Carl Roth, Karlsruhe, Germany)
(0.04 mg/ml) 1 h before harvesting. 3x107 cells were spun down and washed once in
dH20, 5000 rpm, 1 min. Cells were resuspended in 100pl H20. 100ul NaOH (0.2M) were
added and the cells were incubated 10 min at room temperature. Subsequently, cells were
collected via centrifugation and resuspended in 50 pl SDS sample buffer. Cells were
incubated 5 min at 100°C. Cell debris was spun down and the supernatant containing
whole cell extracts was combined with NuPAGE™ LDS Sample Buffer (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) and resolved by PAGE (NuPAGE™ 4-12% Bis-Tris
Gels, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) (150 V, 100 mA, 1.5 h) in
MES SDS Running Buffer (novex, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
The proteins were transferred to a PVDF membrane (pore size 0,45 pum, Carl Roth,
Karlsruhe, Germany) in Transferbuffer (30 V, 500 mA, 2 h). The membrane was washed
in 1x TBS and blocked in 1x TBS containing 5% milk, 1 hour at room temperature. After
sequential washes in 1xTBS the proteins were probed with a mouse monoclonal anti-
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling, Danvers,
MA, USA, 9106) or a rabbit polyclonal anti-Actin antibody (Sigma-Aldrich, St. Louis, MO,
USA, A5060) (Loading control) 1:4800 diluted in 1x TBS containing 5% milk for 2 hours
at room temperature. Unbound antibody was removed with 1x TBST (1xTBS + 0.05%
Tween20) and the proteins were incubated with 1:12000 diluted secondary antibodies
conjugated to horseradish peroxidase for 1 h at room temperature in 1x TBS containing
5% milk. Unbound secondary antibody was removed with 1x TBST and the proteins were
imaged using SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher

Scientific, Waltham, MA, USA, 34095).

30



ZCF21 - aregulator of disseminated infection

2.3.10) Cell wall stainings

Wheat germ agglutinin and Concanavalin A staining

Cell wall stainings were performed as described earlier (Hall et al., 2013a). Briefly, wild-
type reference, zcf21 deletion mutant and ZCF21 ectopic expression mutant cells were
grown to mid-exponential phase in YPD broth. Cells were washed in dH20 and fixed for
30 min in paraformaldehyde at room temperature. Remaining paraformaldehyde was
removed with three washes in dH20 and stained in 50 pg/mL Wheat Germ Agglutinin
(WGA) - Alexa Fluor® 488 (Life technologies, Thermo Fisher Scientific, Waltham, MA,
USA, W11261) or Concanavalin A (ConA) - Texas Red (Life technologies, Thermo Fisher
Scientific, Waltham, MA, USA, C825) for 30 min. Unbound dye was removed with
sequential washes. Cell wall staining was evaluated either in a FACS machine (Accuri, BD,
Franklin Lakes, NJ, USA) or in a fluorescence microscope (Leica, Wetzlar, Germany).
Alcian Blue assay

The phosphomannan content was determined as described earlier (Hall et al., 2013a)
with minor modifications. Briefly, reference strain and zcf21 deletion mutant (5 x 106
cells/mL) cells were grown in YPD broth at 37°C for 4 hours. 1 x 107 cells were collected,
washed and stained with 30 ug/mL Alcian blue (Sigma-Aldrich, St. Louis, MO, USA) for 10
min at room temperature. Cells were spun down and the amount of Alcian blue in the
supernatant was determined using a TECAN 96-well plate reader (Tecan, Mannedorf,
Switzerland). Using these values, the amount of Alcian blue bound per cell could be

estimated.

2.3.12) Spotassays

Wild type reference, zcf21 deletion mutant, ZCF21 ectopic expression mutant and add-
back strain cells were grown over night to stationary phase in YPD broth at 30°C shaking.
Spot assays were performed as described earlier (Ram et al, 2006). Briefly, cells were
harvested, washed in dH20 and counted in a haematocytometer. Starting with 5x104 cells,
tenfold dilutions were spotted on YPD/SC agar plates containing Calcofluor white (Sigma-
Aldrich, St. Louis, MO, USA), Congo red (Carl Roth, Karlsruhe, Germany) and Caffeine (Carl
Roth, Karlsruhe, Germany) in indicated concentrations. Plates were incubated at 37°C for

24-48 hours prior to evaluation.
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2.3.13) Electron microscopy

Buffers:

Fixationbuffer:

2% paraformaldehyde

2.5% glutaraldehyde

0.1 M sodium cacodylate

C. albicans wild-type, zcf21 deletion mutant and ZCF21 overexpression mutant cells were
grown over night to stationary phase in liquid YPD medium. About 7.5 x 107 cells were
harvested and fixed with 1 mL Fixationbuffer for 1-2 hours at 4°C. 900 ul of the
Fixationbuffer was removed and samples were washed five times for 3 min in 50 mM
cacodylate buffer. For contrasting, uranyl acetate was added and incubated overnight. For
dehydration samples were incubated in increasing concentrations of ethanol. After
infiltration, the samples were embedded in epon. For polymerization, the samples were
incubated for 48 hours at 60°C. Ultra-thin sections of about 80nm were prepared using a
microtome and stained with 2.5% uranyl acetate and Reynolds leas citrate for 1 hour at
room temperature. The samples were examined using a JEOL JEM-2100 (200 kV)
transmission electron microscope. Digital images were prepared using a TVIPS F416

digital camera.
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2.4) Results:

2.4.1) The ZCF21 gene is exclusively found in the CTG clade and encodes a zinc
cluster transcription factor.

The starting point for this project was the identification of the putative transcriptional
regulator Zcf21p in a previous study (Perez et al., 2013b). The authors showed thata zcf2 1
deletion mutant strain displayed decreased virulence in a standard mouse model of
disseminated candidiasis (Perez et al.,, 2013b). Besides this effect on virulence, there was
nothing known about this regulator. A first look at its nucleotide sequence revealed that
it contains a distinctive zinc cluster DNA binding domain. Therefore, it belongs to a well-
known class of fungal proteins (MacPherson et al., 2006). Phylogenetic reconstructions
revealed no orthologs of Zcf21p beyond species belonging to the Candida lineage (CTG-
clade) in the Hemiascomycota (Figure 4). Previous large-scale reconstructions of fungal
gene families (Wapinski et al,, 2007) and synteny analyses (Candida Gene Order Browser
(Maguire et al, 2013)) also suggest that ZCF21 is present exclusively in the Candida
lineage. The ZCF21’s two closest homologs are ORF19.2623 and UPCZ.
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Figure 3: The putative DNA binding domains of ZCF21 and ORF19.2623 show higher amino
acid identity than ZCF21 and UPC2 (Bohm et al., 2016).

(A) The putative DNA binding domains of ZCF21 (green), ORF19.2623 (dark grey) and UPCZ (light
grey) were aligned. Dots represent identical amino acids. Gaps are indicated with dashes. In red
are the six conserved cysteines, the hallmark of zinc-cluster DNA binding proteins. The putative
DNA binding domains of ZCF21 and orf19.2623 are 62% identical in their amino acid sequence,
whereas ZCF21 and UPC2 show only 52-60% identity.

(B) Maximum likelihood phylogenetic tree constructed based on the alignment shown in (A).
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An alignment of the amino acid sequences corresponding to their DNA binding domain
revealed that ZCF21 and ORF19.2623 exhibit the highest amino acid identity (62%) and
ZCF21 and UPC2 (ORF19.391 in C. albicans; YDR213W in S. cerevisiae) the second highest
(52-60%) (Figure 3A). A phylogenetic tree built based on the alignment (Figure 3B)
suggests that ZCF21 and ORF19.2623 originated by duplication at the base of the CTG clade
(Figure 4).

uPC2 ORF19.2623  ZCF21

C. albicans — - ) ——)—

C. tropicalis — —  ——— —m—)—

C. parapsilosis ~ — - ——— —m—)—

Candida D. hansenii — - ) )

‘ C. lusitaniae — - ) ——)—
K. waltii — -
*EK lactis — -
Saccharomyces A. gossypii — -
S. castellii — -
_E S. cerevisiae — -
Y. lipolytica — -

Figure 4: The putative transcriptional regulator ZCF21 originated at the base of the CTG
clade (Bohm et al., 2016).

(A) Cladogram depicting the phylogenetic relationships among extant species of the Candida and
Saccharomyces clades (Hemiascomycetes). The arrows on the right of the tree represent the
distribution of the ZCF21 gene (green) and its closest homologs ORF19.2623 (dark grey) and UPC2
(light grey). The relationships among the three genes, inferred from the reconstructed phylogeny,
are shown on top of the arrows.

2.4.2) Zcf21p exerts its functions as transcriptional repressor.

To discover functions and processes that are controlled by the transcriptional regulator
Zcf21p I identified transcripts whose expression depends on Zcf21p by transcriptome
analysis (RNA Sequencing). RNA sequencing was carried out under four conditions: cells
grown logarithmically under standard laboratory growth conditions (liquid YPD, at 30°C),
but also cells grown on a semisolid surface at 37°C using Todd Hewitt medium. Perez et
al. showed that the latter conditions induce expression of several regulators with roles in
the host (Perez et al., 2013b), possibly due to the fact that the temperature (37°C) and

attachment to a surface are closer to the conditions present in the host. In one of the first
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experiments I found that the zcf21 deletion mutant was more resistant to Caffeine (Figure
5), a drug that targets the yeast kinase TOR (Kuranda et al., 2006; Reinke et al., 2006;
Wanke et al., 2008).

YPD Caffeine 15 mM Caffeine 20 mM

2 1

5x10 5x10°5x10°5x 10 5x1o° 5X1045x1035x1025x1015x10° 5x10°5x10°5x10°5x10'5x 10°

Reference strain

Figure 5: ZCF21 influences the sensitivity to a Tor1 inhibitor (Bohm et al., 2016).

The susceptibility of a zcf21 deletion mutant and a strain ectopically expressing ZCF21 to caffeine,
a TOR inhibitor was compared to the reference strain. Starting with 5x10# cells, tenfold dilutions
were spotted on YPD agar plates with and without 15 mM or 20 mM caffeine. Plates were
incubated at 37° for 48 h. The zcf21 deletion mutant showed an increased resistance against
caffeine compared to the reference strain.

This observation and the fact that TOR inhibition in C. albicans promotes the expression
of cell surface proteins through the activation of multiple transcriptional activators
(Bastidas et al., 2009), raised the idea to include additionally transcriptome analysis of
cells grown in the presence or absence of Caffeine. Thus, in total, RNA sequencing of the
reference strain and the zcf21 deletion mutant was performed under four conditions:
liquid YPD, 30°C and semisolid Todd-Hewitt medium, 37°C in the presence and absence
of caffeine each. Expression levels of protein-coding transcripts in the deletion mutant

were compared to the ones in the reference strain.
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Figure 6: Zcf21p governs expression of cell wall related proteins and enzymes (Bohm et al.,
2016).

(A)Two representative RNA-seq tracks of the reference strain (grey) and the zcf21 deletion
mutant (green) are displayed. On top, a 10 kb segment of chromosome 1 and at the bottom a 12
kb segment of chromosome 2 is shown. In both examples, the surrounding ORFs show similar
expression levels in the mutant and the reference, whereas PGA26 in the middle of the first
example and SOD5 in the second showed an increased expression in the mutant compared to the
reference.

(B) Heatmap including the 54 C. albicans transcripts where I found differences in expression levels
based on the RNA-seq data. I performed whole genome RNA sequencing under four different
conditions: in liquid YPD, 30°C or in Todd-Hewitt agar, 37°C either in the presence or absence of
caffeine. Here in this heatmap the transcripts are shown that displayed a >2-fold difference in
expression in the zcf21 deletion mutant compared to the reference strain in at least three of the
four conditions I tested. Using the FPKM values, representing the expression level, I calculated the
log2(wt/mut) for each transcript. Blue color indicates that the transcript was upregulated in the
deletion mutant compared to the reference (negative log2), whereas yellow indicates decreased
expression in the mutant compared to the reference strain (positive log2).In the first column on
the right of the heatmap I included the results of an in vivo binding study of the regulator Zcf21p
(Perez et al.,, 2013b). A dot in this column indicates that upstream of the respective gene binding
of Zcf21p was detected. In the second column I marked the genes, that based on literature connect
to cell wall related functions. A gene ontology analysis uncovered ‘cell surface’ and ‘cell wall’ as
highly overrepresented terms in this dataset (P =2.06 x 10-5).

As ilustrated in Figure 6A, the RNA-Seq experiment revealed PGA26 and SOD5 as two of
the top transcripts under control of ZCF21. Taken together, 54 transcripts showed a > 2-
fold expression change in the zcf21 deletion mutant compared to the reference strain in
at least three of four conditions tested (Figure 6B). For 20 transcripts there was a
consistent > 2-fold expression change in all four conditions. Thirty-seven additional
transcripts showed a >2-fold expression change in only two of the four conditions
evaluated (Figure S 1).

To distinguish now between direct and indirect effects of Zcf21p on the expression levels
of the identified targets I compared our dataset to in vivo binding data obtained by
chromatin-immunoprecipitation (Perez et al., 2013b). This analysis uncovered binding of
Zcf21p upstream of>55% of the genes where we observed expression changes,
identifying them as direct targets of Zcf21p. We extracted the sequences upstream of
these direct targets and found a short DNA sequence motif (Figure 7) being significantly

overrepresented ( Figure S 2A).
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Figure 7: DNA sequence motif significantly overrepresented in the intergenic regions
upstream of the direct targets of Zcf21p (Bohm et al,, 2016).

Putative Zcf21p DNA motif derived from its identified direct targets. A comparison of the
transcripts identified via RNA sequencing and in vivo binding data (Perez et al., 2013b) revealed
the direct targets of Zcf21p. The sequences upstream of these direct targets were extracted and
this putative binding motif was overrepresented.

To test if the identified sequence is able to mediate binding of Zcf21p, I purified its DNA
binding domain and performed gel-shift assays using a sequence containing the putative
wild-type binding motif and sequences containing point mutations either directly in the
motif or in the surrounding nucleotides. The purified DNA binding domain of Zcf21p was
able to gel-shift a sequence containing the putative wild-type motif, whereas a sequence
containing point mutations in the putative binding motif was not shifted (Figure 8A).
These results indicate that the short motif that we found upstream of Zcf21p’s direct
targets of regulation is able to mediate binding of Zcf21p. Introducing point mutations in
the sequence surrounding the binding motif did not affect the shifting in contrast to the
mutations inside the motif, further confirming that binding of Zcf21p is mediated by the

small identified motif (Figure 8B).
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Figure 8: The purified DNA-binding domain of Zcf21p gel-shifts a DNA fragment harboring
a wild-type instance of the putative motif (Bohm et al., 2016).

(A) Gel shift assays illustrating binding of the purified DNA binding domain of Zcf21p to the
identified motif. Two DNA fragments, one containing a wild-type copy of the predicted motif
(upstream of ORF19.2060) and one with introduced point mutations inside the predicted motif
(indicated in red) were radioactively labeled and incubated with increasing concentrations (0,
0.18,0.72,2.8,11.2, 44.7 and 179 nM) of the purified DNA binding domain (amino acids 96-187)
of the Zcf21 protein for 30 min at room temperature in EMSA buffer (chapter 2.3.7). The reactions
were run in 6% polyacrylamide gels in 0.5x TGE. The purified DNA binding domain of Zcf21p was
not able to shift the fragment containing point mutations in the predicted binding motif.

(B) Point mutations introduced in the surrounding area of the predicted Zcf21p DNA binding motif
do not affect binding of the regulator. The DNA fragment containing a wild-type copy of the
predicted binding motif (used in Figure 8A) and two additional fragments containing point
mutations in the surrounding area of the motif (indicated in red) were radioactively labeled. The
three fragments (~0.4 nM) were incubated with increasing concentrations (0, 2.8, 11.2, 44.7 and
179 nM) of the purified DNA binding domain (amino acids 96 to 187) of the Zcf21 protein for 30
min at room temperature in EMSA buffer (chapter 2.3.7). The reactions were run in 6%
polyacrylamide gels run in 0.5x TGE. Mutations in the area outside of the predicted binding motif
do not affect binding of Zcf21p to its target sequence., in contrast to the mutations within the
predicted binding site (Figure 8A).
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A similar DNA binding sequence (TCGTATAA) has been reported for Upc2p (MacPherson
etal, 2005). The authors of this study tested the DNA binding motif of Upc2p in a gel shift
assay and found that it preferentially bound the sequence mentioned above. This
observation supports the idea that ZCF21 and UPC2 share a recent common ancestor
(Figure 4). Taken together, this data shows that Zcf21p exerts its functions by direct
binding to a specific DNA regulatory sequence located upstream of its direct targets.

A detailed analysis of the regions upstream of Zcf21p’s direct targets of regulation (Figure
6B) revealed that the identified binding sequence occurs in pairs in close proximity to
each other but with variable spacers (Figure 9). Furthermore, the binding sites typically
occurred >300 nucleotides upstream of the predicted transcription start sites
(approximated from our own and published RNA-seq data (Grumaz et al., 2013; Nobile et
al, 2012; Tuch et al.,, 2010).

ORF19.4450.1 -614

ORF19.5079 -439 AGATC
ORF19.7094 -1345 CTCAA!
ORF19.701 -1950
ORF19.7296 -813
ORF19.3803 -784
ORF19.2060 -308
ORF19.3746 -1525 \
ORF19.5674 -325 GCGGC
ORF19.4041 -360 GATA
ORF19.3107 -396 AGATC

ORF19.3897 -1779

ORF19.4612 -439 CAACTACGTATAATTCATACATTAA TCTTCGTATACTA

ORF19.3902 -1474 VT TGCTCGTATAGATATTC I GGACTGAT

ORF19.5305 -487 STCTGACGTATTATTTTTTCTCTT I I'T" I'C"

ORF19.5728 -1298 TTCTATCGAATATATAATAGCAT TCAGTTTG I

ORF19.2475 -385 TCCAATCGTATGAGAGTTAATGTAATGGGCAAATTATAC SATTTATGTAAATTACACAAAACTCGATTGGGICGTATTTTT
ORF19.3923 -200 GATTTACGAACTTTTCGCTTTTTTTGT TGTCTT 5CCC TCGCACTAAACCAAATCAGTAAAACGAATAGTT

Figure 9: Two instances of the Zcf21p binding motif occur in the intergenic regions
upstream of its direct targets (Bohm et al.,, 2016).

Appearance of the Zcf21p binding motif in the putative promoter regions extracted from its direct
targets of regulation. The DNA binding motif of Zcf21p occurs in pairs and >300 bp upstream of
the predicted transcription start site.

The fact that the DNA binding sites of Zcf21p appear in pairs in the upstream regions of
its direct targets (Figure 9) suggests that this regulator exerts its function by binding as
dimer, a hallmark of zinc-cluster DNA-binding proteins (MacPherson et al., 2006). Binding
as adimer to short DNA sequences separated by variable spacers has also been shown for

other members of the zinc cluster family of transcription regulators (Perez et al.,, 2014).

To evaluate if two copies of the motif mediate binding of two copies of the regulator, I
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performed another gel-shift assay using a DNA fragment containing two instances of the
binding motif (Figure 10). I observed two shifts of the radioactive labeled DNA fragment
(Figure 10), indicating that the protein occupies both binding sites in the fragment. This
observation supports the idea that Zcf21p, as other zinc cluster transcription regulators,

carries out its functions by binding to its targets as dimer.

His6-Zef21p  _ ik

(DBD)

-_— o b b e
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]
wild-type DNA 2x putative
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wild-type DNA 2x putative binding motif:

TACGA TACGA

Figure 10: Two instances of the putative binding domain mediate binding of two Zcf21p
copies (Bohm et al., 2016).

The DNA binding domain of Zcf21p binds to a DNA fragment containing two wild-type copies of
the protein’s predicted binding motif. A DNA fragment (located in the intergenic region between
ORF19.1330 and ORF19.1331) that contains two wild-type copies of the binding motif was
radioactively labeled. The fragment (~0.4 nM) was incubated with increasing concentrations (0,
0.175,0.7,2.8,5.6,11.2, 22.35 and 44.7 nM) of the purified DNA binding domain (amino acids 96
to 187) of Zcf21p for 30 min at room temperature in EMSA buffer (chapter 2.3.7). The reactions
were run in 6% polyacrylamide gels in 0.5x TGE. The DNA binding domain of Zcf21p gel-shifts a
DNA fragment containing two instances of the binding motif two times, indicating binding of two
copies of the regulator.

The occurrence of the binding sites >300 nucleotides upstream of the predicted
transcription start sites suggests that Zcf21p acts as transcriptional repressor, since
regulatory yeast proteins that act as transcriptional repressors typically bind at similar
positions far away from transcription start sites (Covitz et al., 1993). A detailed analysis
of our transcriptome data revealed that more than 75% of Zcf21p’s targets are
upregulated in the mutant compared to the reference suggesting that Zcf21p represses
their expression. Combining the available ChIP data (Perez et al, 2013b) and the

transcriptome analysis of this study indicates that Zcf21p binding events take place
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almost exclusively in front of Zcf21p-repressed genes (Figure 6B). There was only one
exception (WOR1). Altogether, these findings strongly support the idea that Zcf21p exerts

its functions primarily as transcriptional repressor.

2.4.3) Zcf21p governs expression of cell wall related proteins and enzymes.

The next question to be addressed was which biological functions are controlled by
Zcf21p. RNA sequencing revealed a variety of different functions and processes. To find
out if there are processes or functions overrepresented among the targets of regulation, I
performed a Gene Ontology analysis. This analysis revealed the terms ‘cell surface’ and
‘cell wall’ as significantly overrepresented (p-value=2.06 x 10-5 including the 54
transcripts that displayed expression changes in at least three of four conditions tested;
p-value =9.18 x 10-? including 91 transcripts with expression changes in at least two of
four conditions). One large group of genes included in the targets of Zcf21p encode for cell
surface proteins that play roles in the interaction of C. albicans and its mammalian host
(Figure 6B): The GPI-anchored protein Rhd3p, for instance, was shown to induce less
damage to in vitro cell lines and to be less virulent in a mouse model of haematogenously
disseminated candidiasis (HDC) (de Boer et al., 2010). Pga26p, another GPI-anchored
protein, has been shown to influence filamentation, biofilm formation and virulence in a
mouse model of disseminated candidiasis (de Boer et al, 2010; Laforet et al., 2011);
Sod5p, a cell surface superoxide dismutase, allows C. albicans to survive in the presence
of reactive oxygen species (ROS) produced in the oxidative burst reaction by mammalian
innate immune cells. Therefore, Sod5p enables evasion from the host immune
surveillance in vivo (Frohner et al, 2009); two other GPI-anchored proteins, Pgal0p and
Pga37p, were shown to be involved in processes needed for biofilm formation (Cabral et
al, 2014; Perez et al.,, 2006). Another group of proteins regulated by Zcf21p are cell wall
related enzymes: Mnn22p, Mnn4-4p and Bmt7p. These three proteins encode for known
or putative mannosyltransferases. Mannosyltransferases are enzymes required for
mannan biosynthesis. Mannan is a polysaccharide found in the outer cell wall and can
make up to 40% of the cell wall dry weight (Bates et al.,, 2006; Hall et al., 2013a; Mora-
Montes et al., 2010). Taking together, the transcriptome analysis suggested that a major
function of Zcf21p in C. albicans is to regulate the expression of multiple cell wall
determinants including virulence determinants. In addition to cell wall related proteins
and enzymes I also found transporters predicted to uptake sugars (Hgt12p and Hgt16p),

oligopeptides (Opt2p and Opt4p) and short chain carboxylic acids (Jen2p) among the
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targets of Zcf21p. Expression of HGT12 was shown to be induced by phagocytosis (Lorenz
et al., 2004) and in its absence germ tube development inside macrophages is affected
(Luongo et al., 2005), indicating a role in C. albicans survival inside the host (Luo et al,
2007). Piekarska et al. showed that phagocytosis by neutrophils and macrophages
induces the expression of JENZ (Piekarska et al., 2006), a dicarboxylate plasma membrane
transporter. Jen2p is known to transport malic and succinic acids, two non-fermentable
carbon sources that may be crucial for C. albicans growth inside its host (Vieira et al.,
2010). Finally, there were also other transcriptional regulators under control of Zcf21p:
Rme1lp, a regulator of meiosis in S. cerevisiae; Worlp, a master regulator of white-opaque

switching in C. albicans; and ORF19.6888 with unknown functions.

2.4.4) Zcf21p influences the structure of the cell wall.

The transcriptome analysis revealed that multiple cell wall proteins and enzymes
predicted to be involved in cell wall related functions are controlled by Zcf21p.
This finding suggested that the zcf21 deletion strain may have an altered cell wall
structure. To test this hypothesis, | used compounds that target the cell wall. First, I
measured the susceptibility of wild-type, zcf21 deletion mutant and ectopic ZCF21
expression strain to Calcofluor white, an anionic dye that interferes with the construction
of the cell wall and is commonly used to identify yeast cell wall mutants (Ram et al., 2006).
The zcf21 deletion mutant showed an increased susceptibility to Calcofluor white,
whereas the ectopic expression of ZCF21 resulted in increased resistance compared to the
wild-type reference strain (Figure 11A). By using a second anionic dye, Congo red, a
chemical that targets 3-glucan contained in the cell wall (Figure 11B) I observed similar
results: the zcf21 deletion mutant showed an increased susceptibility to Congo red
whereas an ectopic expression mutant was more resistant to Congo red. These results
further support the connection between Zcf21p and the cell wall. Adding-back a wild-type
copy of the gene to the deletion mutant, restored the wild-type phenotype, confirming
that the observed changes in susceptibility are due to the absence of Zcf21p (Figure
11C+D).
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Figure 11: Expression of ZCF21 influences susceptibility to cell wall intercalating agents
(Bohm et al, 2016).

Growth of wild-type reference, zcf21 mutant and a strain ectopically expressing ZCFZ1 on
Calcofluor white, a chemical that targets chitin in the fungal cell wall. Cells were grown over night
to stationary phase in YPD broth at 30°C. Cells were diluted to 5x104 cells/pl and 10 pl of 10fold
dilutions (indicated on top of each picture) were spotted on YPD plates containing either 60 or
100 pg/mL Calcofluor white (A+C) and SC plates containing 25 or 50 ug/ml Congo red (B+D).
Growth differences were recorded following incubation of the plates for 24-48 h at 37°C. zcf21
deletion mutant cells showed increased susceptibility to Calcofluor white (A) and Congo red (B),
whereas cells ectopically expressing ZCF21 showed an increased resistance to both agents
compared to wild-type reference cells (A+B). Adding back a wild type copy of the gene restored
wild type reference susceptibility to both agents (C+D).
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The altered susceptibility of cells either lacking or overproducing ZCF21 to cell wall
intercalating agents are indicative of a role of Zcf21p in cell wall structuring. To further
evaluate the link between the regulator and the cell wall, I tested the activity of the
C. albicans cell wall integrity pathway. To do so, I measured the phosphorylation level of
the two major kinases of the cell wall integrity pathway Cekl and Mkcl. The
phosphorylation level of these two kinases and therefore the activity of the cell wall
integrity pathway was altered when ZCF21 was deleted or ectopically expressed (Figure
12), further supporting the idea that this regulator influences the structure of C. albicans’

cell wall.
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Figure 12: Zcf21p influences the activity of a cell wall integrity pathway (Bohm et al., 2016).
Phosphorylation level of Mkc1p and Cek1p was tested in the wild-type reference strain, the zcf21
deletion mutant, the ectopically expressing ZCF21 strain and as control an mkc1 deletion mutant
and cekl deletion mutant by Western blot analysis. Cells were grown in YPD at 30°C to late
exponential phase and exposed to 0.04 mg/ml Congo red 1 h before collecting. Whole cell extracts
were prepared and resolved by PAGE. Proteins were transferred to a PVDF membrane and
phosphorylated Mkclp (Mkc1-P) (A) and Ceklp (Cekl1l-P) (B) were stained using a mouse
monoclonal anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody. As loading control
actin was stained using a rabbit polyclonal anti-Actin antibody (C). In (B) two unknown proteins
were stained non-specifically. In the strain ectopically expressing ZCF21 Mkclp and Ceklp are
lower phosphorylated compared to the wild-type reference strain. In the zcf21 deletion mutant
levels of phosphorylated Cek1p are higher compared to the wild-type reference strain.

46



ZCF21 - aregulator of disseminated infection

The next question was if the effects that Zcf21p has on the cell wall of C. albicans could be
visualized. To this end, I performed transmission electron microscopy (TEM) of wild type
reference cells, zcf21 deletion mutant cells and cells ectopically expressing ZCF21 to
illustrate the overall ultrastructure of the cell wall. I measured the thickness of the inner
cell wall of all three strains and found no significant difference (deletion mutant:
146.2+42.3 nm, ectopic expression mutant: 141.2+28.1 nm, reference strain:
160.3 £19.1 nm). However, I detected prolonged fibrils in the outermost layer of the cell
wall in the zcf21 deletion mutant (Figure 13) compared to the wild-type and ectopic
expression mutant. These results indicate that Zcf21p may have an effect on the

constitution and/or distribution of various carbohydrates in the outer cell wall.
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Figure 13: Fibril-like structures on the cell surface are altered in the absence of ZCF21
(Bohm et al, 2016).

(A) TEM images of the cell wall of wild-type reference, zcf21 deletion mutant and cells ectopically
expressing ZCF21. Fibrils in the outermost layer of the cell wall are prolonged in the deletion
mutant compared to the other two strains.

(B) Bar graph depicting mean and SD of the estimated mannan fibril length of each strain.
Measured were 50 randomly selected cells. Each cell was measured in 4 different locations. The
mannan fibril length was significantly increased in the mutant compared to wild-type reference
and ectopic expression mutant.

To test the hypothesis that Zcf21p affects carbohydrates in the outer cell wall of
C. albicans, | analyzed the carbohydrates in the cell wall using fluorescently labeled sugar-
specific dyes. One dye [ used was concanavalin A (ConA)-Texas Red, a dye that specifically
stains mannans in the cell wall. Using fluorescence microscopy I detected a stronger signal
in the cell wall of the zcf21 mutant strain compared to either wild-type reference or ZCF21
ectopic expression strains (Figure 14A), suggesting that the overall amount of mannan in
the cell wall is increased when ZCFZ21 is absent. FACS analysis confirmed an increase in

fluorescence in the zcf21 deletion mutant cells stained with Concanavalin A - Texas Red
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compared to wild-type reference and ectopic expression mutant cells (Figure 14B). These
findings are consistent with the prolonged fibril-like structures in the outer cell wall of
this mutant strain (Figure 13) since these fibrils are mainly composed of proteins heavily

decorated with mannan (Hall et al., 2013a; Hall et al., 2013b).

Fluorescence

Reference strain zcf21 ectopic ZCF21

Figure 14: Zcf21p influences the composition of the cell wall (Bohm et al, 2016).

(A) Light- and Fluorescence microscopy pictures of wild-type reference, zcf21 deletion mutant
and ZCF21 ectopic expression mutant cells stained with Concanavalin A, a chemical that
specifically stains mannan in the cell wall. Cells of all strains were grown to mid exponential phase,
fixed and stained with Concanavalin A - Texas Red. Scale bars in the left lower corner of the
pictures represent 7.5 um. In all fluorescence pictures the exposure is standardized. zcf21 deletion
mutant cells display a higher intensity of the mannan staining compared to wild-type reference
and ectopic expression mutant, suggesting a higher amount of cell surface mannan when ZCF21 is
absent.

(B) Bar graph depicting the mean and SD of the fluorescence associated with each strain.
Fluorescence was determined by FACS analysis of mid exponential phase cells, fixed and stained
with Concanavalin A-Texas Red. The zcf21 deletion mutant cells showed an increased fluorescent
signal when stained with Concanavalin A - Texas Red compared to wild-type reference and
ectopic expression mutant.

To determine if the content of phosphomannan, a specific subtype of the cell surface
mannan, is affected when ZCFZ21 is absent, cells were stained with Alcian blue. Alcian blue
is a cationic dye that binds to the negatively charged phosphomannan at the cell surface
and is commonly used to quantify its content (Hall et al., 2013a; Mora-Montes et al., 2010).
The zcf21 mutant displayed similar amounts of phosphomannan at the cell surface as the
wild-type reference strain (Figure 15). Therefore, the increase in cell surface mannan in

the zcf21 deletion mutant is not due to changes in the phosphomannan content.
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Figure 15: Deletion of ZCF21 does not affect the phosphomannan content in the cell wall
(Bohm et al., 2016).

Bar graph representing the amount of Alcian Blue bound per C. albicans cell. Alcian Blue
specifically binds to phosphomannan in the cell wall. Cells were grown in YPD medium, 1 x 107
wild-type or zcf21 mutant cells were incubated with 30 pg/ml Alcian Blue and the ability to bind
Alcian Blue was measured. Data represent the mean amount of dye bound per cell + SD from three
independent experiments performed in triplicates.

The other dye I used to analyze Zcf21p’s effects on carbohydrates of the cell wall, was
wheat germ agglutinin (WGA)-Alexa Fluor® 488. This dye stains specifically chitin, a
sugar typically located adjacent to the cell membrane and only accessible for WGA-Alexa
Fluor® 488 in budding areas where it gets exposed (Hall et al., 2013a). I performed FACS
analysis of wild-type reference, zcf21 deletion mutant and ZCF21 ectopic expression
mutant cells grown to mid exponential phase in YPD at 30°C and stained with WGA-Alexa
Fluor® 488. With this analysis [ found an increase in fluorescence in the zcf21 deletion
mutant strain (50%) and in the strain ectopically expressing ZCF21 (2-fold) compared to
the wild-type reference strain (Figure 16B). To further analyze the chitin in the cell wall
depending in Zcf21p, I performed fluorescence microscopy of cells treated in the same
way as for FACS analysis. Thereby, I found that in wild-type reference and zcf21 mutant
cells only the chitin exposed in budding areas was stained, albeit in the mutant with higher
intensity. In contrast, cells ectopically expressing ZCF21 fluorescence microscopy
revealed that WGA-Alexa Fluor® 488 stained the cell wall of about 35% of the cells
(Figure 16A). This finding suggests that ectopic expression of ZCF21 induces cell wall

rearrangements leaving chitin no longer restricted to the inner cell wall layer. Altogether
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these findings suggest that the transcriptional regulator Zcf21p affects on the one hand

the overall amount of mannan exposed to the cell surface and on the other hand the

accessibility of chitin in the cell wall.
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Figure 16: Zcf21p influences the structure of the cell wall (Bohm et al., 2016).

(A) Light- and Fluorescence microscopy pictures of wild-type reference, zcf21 deletion mutant
and ZCF21 ectopic expression mutant cells stained with Wheat germ agglutinin, a chemical that
specifically binds chitin in the cell wall. Cells of all strains were grown to mid exponential phase,
fixed and stained with WGA - Alexa Fluor® 488. Scale bars in the left lower corner of the pictures
represent 7.5 pm. In all fluorescence pictures the exposure is standardized. Wild-type reference
and zcf21 deletion mutant cells display staining of budding areas. zcf21 deletion mutant cells with
higher intensity. In the ectopic expression mutant WGA stained whole cell walls of about 35% of
the cells.

(B) Bar graph depicting the mean and SD of the fluorescence associated with each strain.
Fluorescence was determined by FACS analysis of mid exponential phase cells, fixed and stained
with WGA-Alexa Fluor® 488. The zcf21 deletion mutant and the ectopic expression mutant cells
showed an increased fluorescent signal (50% and 2-fold, respectively) when stained with WGA-
Alexa Fluor® 488 compared to wild-type reference cells.
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2.5) Discussion

In this part of the thesis, I have indicated that the transcriptional regulator Zcf21p,
previously identified as a virulence factor in C. albicans, plays a vital role in defining the
composition and structure of the cell wall. Transcriptome analysis revealed that genes
encoding for cell wall proteins and enzymes that are predicted to be involved in cell wall-
related processes are overrepresented in the targets of Zcf21p (Figure 6B, Figure S 1).
Supporting the idea that Zcf21p is important to the structuring of the cell wall, I found
increased susceptibility in a strain ectopically expressing ZCF21 and increased resistance
in a zcf21 deletion mutant strain to chemicals that are commonly used to identify cell wall
mutants in C. albicans (Figure 11). TEM further confirmed alterations in the outer layer of
the cell wall in the zcf21 deletion mutant compared to the reference strain (Figure 13).
Sugar-specific stainings uncovered qualitative and quantitative differences in the total
amount of mannan and the chitin exposed to the surface in the zcf21 deletion and the
ZCF21 ectopic expression mutants (Figure 14, Figure 16). Mammalian macrophages
phagocytose and Kkill the zcf21 deletion mutant strain more efficiently than the wild type
(Muralidhara, 2015), whereas the ectopic expression of ZCF21 results in decreased
phagocytosis and increased survival (Muralidhara, 2015). This phenomenon implies that
ZCF21 impacts the recognition and killing of C. albicans cells by murine macrophages.
Together, these findings prove that ZCF21 controls the composition and structure of the
C. albicans cell surface, possibly leading to an altered interaction between fungal and host
immune cells.

The complex structure of the cell wall in C. albicans seems to require an interplay of
various global transcriptional regulators known to control the expression of cell wall-
related genes: EFG1 (Sohn et al,, 2003), BCR1 (Nobile et al., 2005), RIM101 (Nobile et al,,
2008), TUP1, and NRG1 (Bastidas et al., 2009; Braun et al.,, 2001; Murad et al., 2001a;
Murad et al,, 2001b), for instance. All these regulators were demonstrated to be highly
pleiotropic in a large-scale phenotypic screening (Homann et al., 2009). Conversely, the
deletion of ZCF21 results in neither significant growth defect nor gross colony
morphology phenotypes under any of a large set of in vitro conditions (Homann et al,,
2009), suggesting that this regulator controls more-defined processes.

The combination of in vitro (Figure 8) and in vivo (Figure 6B) experiments described in
this section indicates that Zcf21p directly binds to the putative promoter regions of a

number of its target genes, implying that it controls its functions via direct transcriptional
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control (Figure 17A). Based on the transcriptome data, this regulator seems to function
mainly by repressing the transcription of its targets (Figure 6B, Figure 9). The regulation
of the expression of cell surface determinants differs in other transcriptional regulators:
BCR1 and RIM101 promote (Nobile et al., 2005; Nobile et al., 2008) while TUP1 and NRG1
repress the expression of cell surface genes (Bastidas et al.,, 2009; Braun et al., 2001;
Murad et al., 2001a; Murad et al., 2001b). EFG1 can have positive and negative effects
(Sohn et al, 2003). Since many regulators in C. albicans control the expression of
overlapping (but not identical) sets of cell wall components, they may exert their effects
at disparate times or in response to different stimuli (Perez et al, 2013b). Another
explanation for overlapping target genes is that these regulators are all needed
simultaneously to generate the complex pattern of gene expression required for an
appropriate cell surface. Fusion to a GFP reporter disclosed that ZCF21 is transcribed at
relatively high levels irrespective of media and growth conditions (data not shown),
indicating that ZCF21 is constitutively expressed in the cell. ZCF21’s role in the complex
composition and structure of the cell wall in C. albicans might thus be to keep the
expression of cell wall components down and thereby set a default state for their
expression. Whenever these components are necessitated, transcriptional activators such
as the ones described above can then induce their expression (Figure 17A).

In addition to regulating cell wall components, ZCF21 seems to control the expression of
genes involved in other cellular functions, some of which may influence growth in the
host. Two such functions controlled by ZCF21 are nutrient acquisition and copper-
dependent processes. ZCF21 controls the expression of several transporters required for
nutrient acquisition in the host: the oligopeptides transporters OPT4 and OPTZ, as well as
transporters predicted to uptake sugars (HGT12 and HGT16) and short-chain carboxylic
acids (JENZ2). The ability of C. albicans to assimilate a large assortment of nutrients in the
mammalian host, non-fermentable carbon sources included, seems to be essential for
virulence (Vieira et al., 2010). JENZ, for example, a malate and succinate transporter, is
highly expressed when C. albicans is phagocytosed by macrophages (Piekarska et al,,
2006); malate and succinate are two non-fermentable carbon sources that may be crucial
for C. albicans’ growth in the host (Vieira et al., 2010). However, I found various surface
and cytoplasmic enzymes in the targets of ZCF21 that bind to extracellular or intracellular
copper (SOD5 and FET99 [Figure 6B]; CUP1, FRE7, FRE30, and FET33 [Figure S 1B]), which

signifies that regulating the copper level is another function ZCF21 is involved in. Copper
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is an essential metal in most cells, but when it accumulates to levels beyond cellular needs,
it can be toxic to invading microorganisms (Festa et al., 2012). As a result, pathogenic
bacteria and fungi developed mechanisms to survive in the presence of high copper levels
(Festaetal.,, 2012). ZCF21’s role in regulating the expression of copper-related genes may
therefore be conducive to the overall fitness of C. albicans during systemic infection.

The last group of genes whose expression depends on ZCF21, based on our dataset, are
other transcriptional regulators. We found WORI1, a master regulator of white-opaque
switching, in C. albicans (Lohse et al., 2008; Soll, 2004). It was revealed to be a factor in
mouse gut colonization (Pande et al., 2013), but contrary to the reduced fitness of the
zcf21 mutant (Perez et al,, 2013b), the worl mutant exhibits wild-type fitness in the
standard murine model of disseminated candidiasis (J.C. Pérez and A.D. Johnson, unpubl.
results). It thus remains unclear whether an upregulation of WOR1 affects Candida’s
infections and whether the activity of ZCF21 plays a role. The other transcriptional
regulators in the targets of ZCF21 include RME1, which controls meiosis in S. cerevisiae
but has no known function in C. albicans, and ORF19.6888, which has no known functions.
Candida albicans requires the coordination of multiple cellular functions, such as cell
surface remodeling (Gow et al., 2011; Hall, 2015), yeast-to-filament transition (Lo et al,,
1997; Xu et al,, 2015), and metabolic flexibility (Brown et al., 2014; Lorenz, 2013), to
mount a systemic, disseminated infection. In a simplistic model, each of these processes
is controlled by a specific non-overlapping set of transcriptional regulators; nevertheless,
a more interconnected scenario seems more likely (Perez et al., 2013a). It has been
proven, for example, that regulators known to control these functions govern more than
a singular cellular function. In the case of the transcriptional regulators RTG1, RTG3, and
HMS1, acknowledged to be crucial for systemic infections (Perez et al., 2013b), they
control the expression of genes involved in metabolism and yeast-to-filament transition.
Similarly, ZCF21 is involved in the regulation of cell surface remodeling (Figure 6) but also
controls the expression of nutrient acquisition genes (Figure 6), which implies that it may
contribute to metabolic flexibility.

Among the targets of regulation of ZCF21, at least three genes have reported virulence
defects in the standard mouse model of disseminated candidiasis: PGA26 (Laforet et al.,
2011), RHD3 (de Boer et al., 2010), and ALS1 (Fu et al., 2002). The expression of all three
genes was higher in the zcf21 deletion mutant compared to the wild-type reference strain

when grown in vitro (Figure 6B), indicating that not only the absence of these genes but
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also their overexpression may impact Candida’s fitness in the host. The zcf21 mutant
strain presents extensive cellular aggregation in response to TOR inhibition (Muralidhara,
2015). The formation of these aggregates could be connected to the adhesin ALS1, since
the double deletion mutant zcf21 als1 no longer exhibited this phenotype (Muralidhara,
2015). The single als1 deletion mutant demonstrated no effect on virulence in a mouse
model of disseminated candidiasis (data not shown); we therefore postulate that the zcf21
virulence phenotype results from the combined effect of several of its targets of
regulation, including GPI-anchored proteins, changes in the mannan content (Figure 16A4,
Figure 17B), and rearrangements in the cell wall that expose chitin to the surface (Figure
16B, Figure 17B). Consistent with this notion, alterations in mannoprotein content and
structure (Hall et al., 2013a; Mora-Montes et al., 2010), as well as chitin (Wagener et al,,
2014), are recognized as key determinants of the immune response to C. albicans.

The fact that the regulators known to control the abovementioned processes are
connected with one another through transcriptional feedback and feed-forward loops
supports the idea of a more interconnected regulation of C. albicans traits (Perez et al,,
2013b). Having a complex network controlling the functions that Candida needs to
proliferate may allow the fungus to adequately coordinate the expression of gene
products required for the adaptation to different environments in the host. Alternatively,
the high levels of interconnectedness observed in these transcriptional circuits may
simply be the consequence of natural drift and not reflect a particular adaptive value
(Sorrells et al., 2015).

Perez et al. identified a large gene network in C. albicans that regulates the proliferation
of the fungus in two host niches. In this network, two nodes, ZCF21 and LYS14, exposed a
phenotype in a mouse model of disseminated candidiasis but not in a murine model of
commensalism. Both regulators control cell wall-related genes, suggesting that regulating
the composition of the cell surface is particularly relevant in the pathogenic phase of
C. albicans. A comparison to genes known to be upregulated in C. albicans cells that reside
in the murine intestine (Rosenbach et al,, 2010) revealed no overlap with the targets of
ZCF21 or LYS14 but with the targets of the regulators RTG1/3, which displayed a
phenotype in the murine model of commensalism. These observations establish that even
though Candida’s growth in the host is controlled by a complex and interconnected
network, it is possible to identify biological functions and sets of genes tailored to

particular needs of one or another niche.
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Figure 17: Model depicting how cell surface components, virulence determinants included,
are controlled through ZCF21 in C. albicans (Bohm et al., 2016).

A. The zinc cluster transcription factor Zcf21p regulates the expression of various cell surface
components including GPI-anchored proteins such as PGA26 and PGA37, cell wall remodeling
enzymes like MNN22 and adhesins like ALS1. Moreover, it has an effect on the expression of other
cell wall determinants, the mannosyltransferase MNN4-4, for example, presumably indirectly. The
circuitry that promotes transcription of cell surface genes was shown to include other regulators
like Efglp and Berlp. Additionally to cell surface components, Beside the regulation of cell surface
determinants Zcf21p regulates the expression of two other group of genes: other transcriptional
regulators like WOR1 (governing white-opaque switching) and RME1 (with unknown functions in
C. albicans) and genes involved in nutrient acquisition and copper related enzymes.

B. The cell surface of C. albicans changes remarkably depending on ZCF21. When the regulator is
absent, the fibril like structures of the outermost layer of the cell wall are prolonged and the
mannan content is increased. These findings correlate with higher rates of phagocytosis and
elimination by macrophages. Ectopic ZCF21 expression induces rearrangements of the cell wall
leaving chitin no longer restricted to the plasma membrane, presumably correlating with less
phagocytosis and reduced killing by macrophages.
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3) C. albicans morphology is a key determinant of gut colonization in
gnotobiotic mice.

3.1) Summary

Our lab established gnotobiotic mice monocolonized with C. albicans as a well-defined
experimental system that can be used to explore the biology of the fungus in the
mammalian intestine. Mice monocolonized with C. albicans present no overt signs of
illness, indicating that the fungus maintains its commensal state in this experimental
setup. [ used classical histology and immunohistochemistry to visualize C. albicans at the
interface between the fungus and the intestinal mucosa. These analyses illustrated that
C. albicans largely adopts the oval yeast form in this niche. This contrasted the mixed
morphologies observed in antibiotic-treated conventionally raised rodents. [ moreover
conducted a genetic screen to identify C. albicans regulators of gut colonization. This
screening found four previously undescribed factors that are fundamental in gut
colonization. Phenotypic analysis of the factors unraveled a connection between three of
them and the morphology of the fungus, supporting the notion that morphology plays an
important role in gut colonization of this animal model. Furthermore, I discovered a defect
in the adherence of these three regulators to mucus containing-surfaces. Overall, my
results indicate that morphology and adherence are critical to the fitness of C. albicans in

the intestine of germ-free animals.
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3.2) Introduction

3.2.1) Gut colonization by Candida albicans.

C. albicans is the most prominent fungal species that resides in humans. It colonizes
several different sites of the human body, such as the skin, tongue, and GI tract, without
causing any obvious harm (Figure 18). It is thus believed to live there mostly as a

commensal.
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Figure 18: Candida albicans colonizes different locals of the human body (Underhill et al.,
2014).

Besides the well-studied microbiota, describing bacterial species associated with the human body,
there is also a so called mycobiota associated with healthy humans that describes fungal species.
It has been shown, that the skin and all mucosal surfaces of the human body are colonized by
different fungal species. In the scheme depicted here different niches if the human body colonized
by fungal species are shown. For each local a pie chart represents the composition of the fungi that
were found to colonize this niche. C. albicans depicted in red is known to be associated with the
oral cavity, the plantar heel the toe web space the vagina and the colon, without causing disease
(Underhill et al., 2014).
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However, the very same organism can cause severe infections, either localized infections
where the fungus overgrows in one specific organ—for example, the female genitourinary
tract—or systemic, life-threatening infections where the fungus colonizes nearly every
organ in the human body. Many of these harmful infections are thought to originate in the
GI tract of the infected individual (Odds, 1987). To understand how the very same
organism that lives in the GI tract of most healthy adults without causing any harm can
become a life-threatening pathogen, we first must understand the biology of this fungus

colonizing this niche.

3.2.2) Mouse models to study Candida albicans gut colonization.

Fungal gastrointestinal colonization and dissemination are typically studied in laboratory
mice. It should be noted that mice are no natural hosts of Candida albicans (Huppert et al.,
1955; Naglik et al., 2008). When C. albicans is orally gavaged to adult mice carrying their
normal indigenous microbiota, the fungus is rapidly outcompeted by the indigenous flora.
Antibiotic-treated mouse model. One way to use conventional animals to study gut
colonization by C. albicans is to reduce the indigenous flora before colonization. This is
generally achieved using an antibiotic cocktail in the drinking water. When C. albicans is
orally gavaged to these pretreated animals, it can persist in the GI tract, and these animals
can then be used as in vivo models to study gut colonization by the fungus. One caveat of
this mouse model is the undefined remaining flora. It is well known that the indigenous
flora of conventional mice varies widely depending on age, nutrition, and the vendor. This
observation and the additional unselective reduction using an antibiotic cocktail leads to
an undefined remaining flora that may confound studies on the colonization by C. albicans.
Dietary mouse model. Another way to use conventional mice to study gut colonization
by C. albicans is to administer a specific purified diet (Yamaguchi et al., 2005) to the mice
before colonization or the oral application of regular dosages of C. albicans mixed with
food powder (Samonis et al, 1990). It has been reported that both models yield
considerable amounts of the fungus in stool samples but are not widely used mostly due
to the complicated experimental setup.

Germ-free mouse model. Pioneering studies in the 1960s and '70s demonstrated that
the GI tract of germ-free raised mice can be colonized stably by C. albicans (Clark, 1971;
Phillips et al.,, 1966). These animals are raised in a completely microbe-free environment
in sterile containers (Figure 19) and therefore do not harbor any microbes in their GI

tracts.
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Figure 19: Sterile containers used to raise and maintain germ-free mice.

A germ-free colony of mice requires breeding in sterile containers. Nowadays, flexible film
isolators are used to maintain a germ-free environment, not that heavy, expensive, and way more
flexible than stainless steel containers used in the past. Before food, water, and other supplies are
transferred to the mice, everything needs to be sterilized. Pictures were taken in the germ-free
mouse facility in Stockholm, Sweden where the animal experiments described in this thesis were
conducted.

Oral gavage of C. albicans to these animals produces a persistent gut colonization by the
fungus without the need of antibiotics (Clark, 1971; Phillips et al., 1966). Monocolonized
(gnotobiotic) animals are healthy and exhibit no overt signs of disease. Because of its low
complexity, this animal model could be used as a starting point to dissect the mechanisms
of host colonization by C. albicans.

Neonatal mouse model. The composition of the gut microbiota in the neonatal
mammalian host differs remarkably from that in human adults (Wang et al., 2009). Since
the expression of gut immune effectors such as antimicrobial peptides and cytokines are
stimulated by the indigenous flora (Cash et al., 2006), the composition of these molecules
differs as well. The gut of neonatal mammalian hosts is thus more predisposed to Candida
colonization and dissemination. Infant mice (five-to-seven days old) can be colonized by
C. albicans (Domer, 1988; Pope et al, 1979), and no antibiotics are needed. Gut
colonization persists up to 20 days post oral gavage. Afterward, when the mice grow up

and start to establish a more adult indigenous flora, Candida is outcompeted.
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3.2.3) Candida albicans morphologies.

Candida albicans is a polymorphic yeast that can adopt multiple distinct morphologies
depending on environmental conditions (Figure 20): amongst others a unicellular yeast
form, one of two filamentous forms (pseudohyphae or hyphae), and a chlamydospore
form (Sudbery et al., 2004). In addition to differences in its morphology, its multiple
cell types have been revealed to be associated with differences in the mode of division,

occurrence, and virulence potential (Noble et al., 2017).

Figure 20: Candida albicans is a polymorphic yeast.

The opportunistic pathogen Candida albicans adopts several different morphologies. The ability
to switch between these different morphologies enables the fungus to colonize different niches of
its host. (A) Oval-shaped yeast form. Traditionally considered to be associated with C. albicans
commensal state but possesses also features of invading important for virulence. (B)
Pseudohyphal form and (C) hyphal form. Filamentous forms of C. albicans are traditionally
associated with pathogenicity exhibiting mechanisms to invade tissue and evade the immune
system. (D) Chlamydospore. Thick-walled cell, formed at hyphal tips. This form is induced
under harsh in vitro conditions. (E) GUT cell. Cell form believed to be specialized for living
commensally in the gastrointestinal tract. (F) Opaque cell. Mating associated morphological
form with superior fitness in skin colonization.

The round-shaped yeast cells replicate by budding. Nuclear division occurs at the
junction between mother and daughter cell (Sudbery et al.,, 2004; Whiteway et al.,
2007). The yeast morphology is traditionally considered to be associated with
C. albicans’ commensal state (Noble et al., 2017); however, diverse processes known to
be important for virulence, including colonization and rapid dissemination to host
tissues, adhesion to host cell surfaces, and biofilm formation, are features of this
morphological form as well (Gow et al., 2002; Odds, 1988). C. albicans forms two
filamentous forms, hyphae and pseudohyphae. Hyphae are prolonged filamentous cells

that remain attached after cytokinesis. After nuclear division, which occurs inside
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daughter cells, one nucleus returns to the mother cell. After cytokinesis, cells remain
firmly attached. Following cell divisions thus generate multicellular, filamentous
structures called mycelia (Whiteway et al, 2007). Pseudohyphal cells exhibit
characteristics of both cell types, yeast and filamentous cells. Nuclear division occurs
at mother-daughter junctions as it does in yeast cells. After cytokinesis, cells remain
attached and form mycelia, the same as in hyphal cells, but the junctions remain visible
through indentations (Noble et al., 2017). Hyphal cells are traditionally associated with
pathogenicity in C. albicans; they can invade epithelial cell layers (Kumamoto et al,,
2005), damage endothelial cells (Kumamoto et al., 2005; Zink et al., 1996), and when
phagocytosed, they can induce the lysis of macrophages and neutrophils (Korting et al.,
2003; Lo etal., 1997). Finally, chlamydospores are large round cells with thick cell walls
(Fabry et al., 2003). This cell form develops at the ends of hyphal filaments under
certain harsh in vitro conditions, such as starvation and hypoxia (Martin et al., 2005). After
nuclear division in a suspensor cell, one nucleus migrates to the chlamydospore, while the
newly formed chlamydospore remains attached to its mother cell (Martin et al., 2005).
Its ability to switch between different morphological forms enables C. albicans to adapt
to diverse conditions present in the different niches of its host. In the GI tract, for
instance, cells must be able to adhere to the mucosal surface to prevent being flushed
out (Kennedy, 1988; Kennedy et al., 1985). Moreover, to cause disease, cells must be
able to invade host tissues. The yeast-hyphal transition is particularly important for
the virulence of the fungus, since mutants that are trapped in one morphological form
were proved to have altered virulence capacities: cells genetically manipulated to form
only yeast cells display a severe virulence defect in mouse models of systemic
candidiasis (Lo et al.,, 1997). When this strain is induced to perform a yeast-hyphal
transition, virulence can be restored (Saville et al.,, 2003). Conversely, cells that can
form only hyphae were verified to be more virulent in a mouse model of systemic
candidiasis (Carlisle et al., 2009).

Apart from adopting the three major morphologies, C. albicans can assume other less
prominent and/or less defined morphologies, including opaque and gray cells, two forms
that the fungus adopts depending on mating. Opaque cells have been reported to have
superior fitness during skin colonization (Kvaal et al., 1999; Xie et al., 2013), and grey
cells may be the fastest proliferating cell type in an ex vivo tongue infection model (Tao

etal., 2014). Another morphology is the gastrointestinally induced transition (GUT) cell
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type, which has been proposed to exhibit higher fitness in the mammalian GI tract

(Pande et al., 2013).

3.2.4) Gnotobiotic mouse models

The term “gnotobiotic mouse” refers to the fact that the exact composition of the flora of
the animal is known (Carter et al., 2006). In practice, this typically means that a germ-free
animal is inoculated with one or more microbial species. Contact with microorganisms
present in the mother’s vagina and skin must be precluded to generate germ-free
organisms. This can be achieved by Caesarean section or hysterectomy (Martin et al,,
2016). Another possibility is to transfer cleansed embryos to germ-free recipient mothers
under well-controlled conditions. The advantage of this technique is that the mother
delivers normally and can care for her offspring, thus enhancing the survival rate of her
offspring. Germ-free animals are maintained in a sterile environment in sterile isolators
(Figure 19) throughout their lives. When a stable colony of germ-free animals has been
established, they can be used to enlarge the colony by crossing germ-free individuals
(Martin et al,, 2016).

The rationale for using gnotobiotic organisms in research is that they combine some
features of conventional animals with the controlled nature of in vitro experiments. In
vitro experiments cannot represent the in vivo complexity of an animal colonized by its
indigenous microflora. Conventional animals, however, represent the complex in vivo
conditions but have features that cannot be controlled or remain unknown. Instead,
gnotobiology enables the controlled in vivo examination of the effect of one specific
member of the microbiota on its host. Furthermore, microbe-microbe interactions can be
assessed directly in a more complex environment (Martin et al., 2016).

The first experiments using gnotobiotic organisms were performed at the end of the 19th
century to test Pasteur’s assertion that animals are in such a close relationship with their
indigenous microbiota that they cannot survive when raised in a sterile environment
(Bibiloni, 2012; Gordon et al., 1971; Luckey, 1963; Luckey, 1965). In the 1940s and ’50s,
it was established that animals can actually live without contact with microbes
(Gustafsson, 1948). In the 20th century, several laboratories with germ-free facilities
were builtin Europe, the United States, and Japan, and scientists started to use gnotobiotic
animals to study different aspects of host-microbe interactions (Kubelkova et al., 2016).
These studies have mainly addressed the immune system (Cebra, 1999; Hooper et al,,

2012), structural functions and metabolism (Backhed et al., 2010; Karlsson et al., 2013;
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Tilg et al., 2011), the development of vertebrate functional systems (Butler et al., 2009;
Grover et al., 2014; Thompson et al., 1971; Umesaki, 2014), carcinogenesis (Brawner et
al.,, 2014; Bultman, 2014; Francescone et al.,, 2014; Schwabe et al.,, 2013; Tlaskalova-
Hogenova et al,, 2014), and host-pathogen interactions and reveal that organisms must
contact microbes for their well-being and optimal health (Kubelkova et al., 2016). These
studies have confirmed links between altered microbiota and differences in epithelial cell
renewal, architecture, and differentiation (Cherbuy et al., 2010); intestinal motility (Falk
et al., 1998); and host glycosylation patterns and gene expression (Hooper et al., 2001).
Moreover, microbes with key roles in the development of the intestinal immune system
have been identified (Umesaki, 2014; Umesaki et al., 2000). Studies on host-pathogen
interactions using gnotobiotic animals have the advantage that their nearly naive immune
systems provide a base for studying interactions during very early colonization and
infection. Basic microbiological and immunological questions, vaccine development, and
general questions on commensal-pathogen transition were therefore perfectly suited to
being studied using this animal model.

Here, I employ gnotobiotic mice mono-colonized with Candida albicans to study basic
aspects of the biology of this fungus in the mammalian intestine. Using classical
histological stainings and immunohistochemistry, I found that the fungus colonizes this
niche in close proximity to the mucus layer, and it does so mostly in its round-shaped
yeast form. A genetic screening of a transcription factor mutant library identified four
previously undescribed factors that contribute to the colonization of the GI tract.
Mutations in the identified genes resulted in increased filamentation under in vitro
conditions. Together with the results of the histology and immunohistochemistry, this
outcome implies that the morphology of C. albicans plays a critical role in gut colonization.
Finally, using an in vitro adherence assay, [ demonstrated that the three identified factors

also contribute to the adherence of the fungus to mucus-containing surfaces.
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3.3) Material & Methods:

3.3.1) Candida albicans strains used in this chapter

Table 4: Candida albicans strains used in chapter 2.

Strain Genotype Source
SN152 ura3A::A imm434:: URA3-IRO1 arg4:: hisG ~ hisl: hisG leuZ:: hisG Noble and
ura3A:: \imm434 arg4:: hisG  his1: hisG  leu2:: hisG Johnson, 2005
SN250 ura3A::A imm434:: URA3-IRO1 arg4:: hisG ~ his1:: hisG leu2:: hisG :: CdHIS1 Homann et
ura3A:; \imm434 arg4:: hisG  his1: hisG  leu2:: hisG :: CmLEU2 al,2009
TF55 ura3A::A imm434:: URA3-IRO1 arg4:: hisG ~ his1: hisG leuZ2:: hisG try4A :: CdHIS1 Homann et
ura34:: \imm434 arg4: hisG  his1: hisG  leu2: hisG  try44:: CmLEU2 al,2009
TF116 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG orfl19.5910A4 :: CdHIS1 Homann et
ura3A:: \imm434 arg4:: hisG  his1:: hisG  leu2:: hisG orf19.59104:: CmLEU2 | al,2009
TF120 ura3A:A imm434:: URA3-IRO1 arg4: hisG ~ his1: hisG leu2: hisG zfu2A :: CdHIS1 Homann et
ura3A:: \imm434 arg4: hisG  hisl: hisG leu2:: hisG zfu2A:: CmLEUZ2 al,2009
TF141 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG  zcf84 :: CdHIS1 Homann et
ura3A: Aimm434 arg4:: hisG  his1: hisG  leu2:: hisG  zcf8A:: CmLEU2 al,2009
ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG ~ leu2:: hisG ~ try44 :: CdHIST ~ rps10A:TRY4--SAT1
JCP686 This work
ura34:: Aimm434 arg4:: hisG  his1:: hisG  leu2:: hisG  try44:: CmLEU2 RPS10
ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG  leu2:: hisG ~ zfu2A :: CdHIS1 ~ rps10A:ZFU2--SAT1
JCP721 This work
ura3A:: \imm434 arg4:: hisG  his1:: hisG ~ leu2: hisG ~ zfu2A:: CmLEU2 RPS10
ura3A::A imm434:: URA3-IRO1 arg4: hisG  his1: hisG  leu2:: hisG ~ zcf8A :: CdHIS1 ~ rps10A:ZCF8--SAT1
JCP758 - This work
ura3A:: Aimm434 arg4:: hisG  his1:: hisG  leu2:: hisG  zcf8A:: CmLEU2 RPS10
ura3A::) imm434:: URA3-IRO1 arg4: hisG  hisl:: hisG  leu2:: hisG  orf19.5910A :: CAHIST  rps10A:0RF19.5910--SAT1
JCP759 This work
ura3A:: \imm434 arg4:: hisG  his1: hisG ~ leu2:: hisG ~ orf19.5910A:: CmLEU2 RPS10
3.3.2) Plasmids used in this chapter
Table 5: Plasmids used in chapter 2.
Plasmid Description Source
CJN542 TDH3 for overexpression Nobile et al.,, 2008
p p p
pSFS2a derivative Add-back construction Reuss etal., 2014
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3.3.3) Oligos used in this chapter

Table 6: Oligos used in chapter 2.

Name Description Sequence (3’-5")

JCP1910 | orf19.6781_addback_for CATGCTCGAGATGTCTAAAAGAAGAACGGTGAAACGATCAA
GAAATGGTTGTTTAAGTTGTAAAAAATTACGAATAAAATGT
GATGAATCTAAACCAACA

JCP1589 | orf19.6781_addback_rev CATGCTCGAGTTAATTAACATCTAGTTCAGGAAATTC

JCP1584 | orf19.1718_addback_for CATGCTCGAGATGGAAAGTAATCTATCTAATACTG

JCP1585 | orf19.1718_addback_rev CATGCTCGAGTTATTCAAAGATATTTGGTTCAACAC

JCP1592 | orf19.5975_addback_for CATGCTCGAGATGTCTTTACCAATGTCACCTG

JCP1593 | orf19.5975_addback_rev CATGCTCGAGTTAACTGACCAACATATTAACTG

JCP1578 | orf19.5910_addback_forl CATGCATATGCTCGAGATGAATCTGGTACTGGCAAACCTG

JCP1579 | orf19.5910_addback_rev1l TGTGAATTCTTTCCCGAAATAGAATTTAAAGAAATAACAGC

JCP1580 | orf19.5910_addback_for2 GAAAGAATTCACAATATGGGTACCAATCGATAGATCAGCTC
GAACAGGATGTCGAAAATTTGCG

JCP1581 | 0orf19.5910_addback_rev2 CATGAAGCTTCTCGAGCTAGTCTTGCAAAAATTTCTCTAACT
C

JCP1679 | test_addback_orf19.6781_for TCATCAACAACGAGCACTGG

JCP1680 | test_addback_orf19.6781_rev | CAAGGGCAAATATACTGTTTCGA

JCP1675 | test_addback_orf19.5975_for TACCTCAAGCACCACCACAA

JCP1676 | test_addback orf19.5975 rev | TCGGAACCACTTTTACTGTCA

JCP1673 | test_addback_orf19.1718_for GCCTCAACCTCCTTCACAAC

JCP1674 | test_addback orf19.1718_rev | TGGGGTGACATTGAGTTGGA

JCP1677 | test_addback_orf19.5910_for | AGACGAGTCCCACAGTTGAG

JCP1678 | test_addback orf19.5910_rev | CCCCACATTCGTCGTAATGG

3.3.4) Addback strains

Addback strains were constructed following the strategy described in (Perez et al,
2013b): Briefly, the full-length wild type ORF19.1718, ORF19.6781, ORF19.5975, and
ORF19.5910 were amplified by PCR (oligos are listed in Table 6) and cloned into the Xhol
restriction site of a derivative of plasmid pSFS2a (Reuss et al., 2004). Since inside the gene
body of ORF19.5910 there is a natural Xho1 restriction side, I first mutated this side while
keeping the amino acid sequence intact using the plasmid pUC19. The full-length
sequence of ORF19.5910 containing the mutated Xho1 restriction side was excised from
pUC19 and inserted in the Xho1 restriction side of the pSFS2a derivative as it was done
for the other addbacks; the linearized plasmids were used to introduce a full-length copy
of ORF19.1718, ORF19.6781, ORF19.5975, and ORF19.5910 into the RPS10 locus of the
respective deletion strain. Positive clones were identified by colony PCR amplifying a part
of each gene body (oligos are listed in Table 6). Positive clones were tested for proper

nucleotide sequence by sequencing.
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3.3.5) Gastrointestinal tract colonization

For gastrointestinal tract colonization C. albicans WT and mutant cells were grown to
stationary phase in liquid YPD at 30°C overnight. Cells were washed twice in sterile
1x PBS and counted in a hemocytometer (Neubauer). 1x107 C. albicans cells in 100 or
200 pl were gavaged to female germ free NMRI mice. To keep the monocolonized status
of the rodents, they were kept in sterile isolators throughout the whole experiment.
Successful colonization of the mice was controlled via collection of fresh fecal pellets at
distinct timepoints after gavage. Fecal pellets were plated on YM agar, incubated at 30°C
for 24 h and colony forming units were counted. After the experiment was finished, cecum
content was collected and plated as well. The genetic screening was performed as
described earlier (Noble et al, 2010; Perez et al., 2013b). Briefly, a signature-tagged
C. albicans deletion mutant library of 77 known or predicted transcriptional regulators
(Perez et al., 2013b) were orally gavaged to germ free mice in pools of 15-20 mutants per
mice (to reduce the number of required animals). Freshly produced fecal pellets were
collected at distinct timepoints to evaluate the ability of the mutants to colonize the gut of
germ-free mice. The inoculum and the fecal pellets were plated on YM agar and incubated
at 30°C for at least 24 h. To determine the relative abundance of each mutant, CFUs were
collected, washed twice in water and DNA was extracted. This DNA was used to perform
real time PCR using primers detecting the signature tag unique for each mutant, as
described earlier (Noble et al, 2010). Conversion of the threshold cycle values (Cr),
derived from the real time PCR, to linear scale was conducted using the equation: linear
value=2-CT. Since mutants were gavaged in pools, for each experiment 15-20 values for
the inoculum (I) and 15-20 for the recovered pool (Rraw) were derived. These Rraw values
were therefore normalized by multiplication with median (I)/ median (Rraw). Finally, the
amount of recovered CFUs over inoculated CFUs were calculated for each mutant strain
and converted to logz values (shown in Figure 23B). To keep a reasonable balance
between statistical power and high costs of germ-free animals (Fan et al, 2015), we set
the number of animals per group (n) to four to five. All experiments with germ free
animals were conducted in the Core Facility for Germ-Free Research of the Karolinska

Institute (Stockholm, Sweden).

3.3.6) Tissue collection
21 days after oral gavage (at the end of the experiment) complete colons were excised

from the animals and cut in ~1 cm pieces, each containing one feces pellet. All tissue
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samples were immediately fixed in a specific way as described earlier (Johansson et al.,
2012) with minor modifications to protect the sensitive mucus layer. Briefly, immediately
after excision, colon pieces were covered with Methacarn solution (60% methanol, 30%
chloroform, 10% acetic acid) for 5 days. Methacarn solution was changed every day. After
5 days tissue samples were washed successively in methanol for 35 min and ethanol for
30 min until no sign of acid was detectable in the samples. Subsequently, colon pieces
were embedded in paraffin using a paraffin embedding machine (Leica EG 1160, Wetzlar,
Germany) and a standard program consisting of washing steps in increasing ethanol
concentrations, several xylol baths and 3 hours in melted paraffin at 62°C. For sectioning,

each sample was enclosed in a paraffin block and stored at room temperature.

3.3.7) Histology

For histological analysis, paraffin blocks were cut in 2-4 pm sections and attached to
microscope slides. The slides containing the sections were incubated overnight at 30°C to
soften the paraffin. Next day, the slides were incubated twice for 10 min in xylol to remove
the paraffin. Samples were rehydrated via three times dipping in decreasing ethanol
concentrations (96%, 96%, 70%, 50%) and chilled 5 min in water. After rehydration,
samples were stained using a standard PAS (Periodic Acid Schiff) staining. Briefly,
sections were incubated 10 min in freshly prepared 0.5% Periodic acid (Sigma-Aldrich,
St. Louis, MO, USA) and washed subsequently with running tab water to flush out residual
periodic acid. 15 min incubation in Schiff’s reagent (Sigma-Aldrich, St. Louis, MO, USA)
and 3x 2 min in sulfite water (18,25 ml 1 M HCI, 50 g Potassium pyrosulfite, filled up to
500 ml with dH20) followed. Residual Schiff’s reagent and sulfite water were removed
with running tab water. Nuclei in the samples were stained using Hematoxylin (Sigma-
Aldrich, St. Louis, MO, USA) for 8 min and residual color was removed with running tab
water. To differentiate the hematoxylin dye, sections were dipped three times in HCl
EtOH. Residual HCl EtOH was removed with dH20. Warm tab water was used
subsequently for blueing. Sections were finally dehydrated via 3x dipping in increasing
Ethanol concentrations (70% and 96%), Isopropanol and Xylol. Samples were embedded

in Entellan.

3.3.8) Immunohistochemistry
For immunohistochemistry, 2-4 um sections were processed as described (Earle et al,

2015). Briefly, sections were attached to microscope slides and incubated at 56°C for
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30 min to soften the paraffin. Paraffin was removed using two subsequent incubations in
xylol for 10 min. After rehydration via three times dipping in decreasing ethanol
concentrations (96%, 96%, 70%, 50%) sections were washed 5 min in dH20 and chilled
in PBST (1xPBS + 0.5% Tween-20). Sections were boiled subsequently in citrate buffer,
pH6 for 20 min for antigen retrieval followed by washing in 0.5% Triton X 100 for 30 min
at room temperature. 1% BSA was added for 30 min at room temperature for blocking.
C. albicans cells were stained using a rabbit anti-C. albicans antibody (Abcam, Cambridge,
UK, ab53891) diluted 1:500 in blocking buffer at 4°C for 12-16 h in a humid chamber.
Afterwards, sections were washed 3x in PBST for 10 min. The secondary antibody (Alexa
Fluor 488 goat anti-rabbit IgG, Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) was applied at a 1:500 dilution in blocking buffer with 10 pg/ml DAPI (Sigma-
Aldrich, St. Louis, MO, USA) and incubated for 2 hours at RT in a humid chamber. Slides
were washed again with PBST (3x, 10min each) and mounted in Mowiol (Sigma-Aldrich,

St. Louis, MO, USA).

3.3.9) Colony morphology assay

To evaluate the colony morphology of C. albicans, wild type and mutant cells were grown
to stationary phase in liquid YPD at 30°C shaking overnight. Cells were washed two times
in dH20 and counted in a hemocytometer (Neubauer). 5x10% cells were spotted on YPD

agar and plates were incubated at 30°C for 48 h.

3.3.10) Adherence assay

The wells of conventional cell culture six-well plates were covered with a thin layer of 1%
agar containing 50% mucin (Mucin from porcine stomach Type IlI, Sigma-Aldrich, St.
Louis, MO, USA) or 1x PBS as control. The plates were incubated at 4°C overnight to let
the agar solidify. C. albicans wild-type and mutant cells were grown to stationary phase
overnight at 30°C in YPD shaking. Cells were washed 2 times in 1x PBS and counted in a
hemocytometer (Neubauer). ~1x103 C. albicans cells were added to each well and plates
were incubated 8 hours at 37°C under anaerobic conditions to enable attachment of the
fungal cells. Subsequently, each well was washed two times using 1x PBS to remove non-
adherent cells. After non-adherent cells were removed, all wells were overlaid with YPD
soft agar and the plates were incubated at 30°C until colonies could be visualized and

quantified.
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3.3.11) Statistical analyses
The t-test (two-tailed) for unpaired samples assuming unequal variance was used to

compare the adherence of multiple strains to the mucin-covered agar (Figure 26B).

3.3.12) Ethics statement

The animal studies and protocols (permission numbers 55.2-2531.01-50/14 and
N181/14) were approved by the local government of Lower Franconia (Regierung von
Unterfranken), Germany, and by the Stockholm’s Animal Ethics Committee (Stockholms
Norra djurforsoksetiska ndamnd), Sweden, respectively. All animal studies were
performed in strict accordance with the guidelines for animal care and experimentation

of the German Animal Protection Law and EU directive 2010/63/EU.
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3.4) Results:

3.4.1) Candida colonizes the gut of gnotobiotic mice.

Gut colonization by the fungus Candida albicans is typically studied in mice.
Conventionally raised mice harbor trillions of microorganisms in their gut. Since Candida
albicans is no natural member of this mouse indigenous microbiota, the fungus gets
rapidly outcompeted when gavaged in these animals. The indigenous mouse flora needs
to be reduced using an antibiotic cocktail before Candida is able to colonize this niche.
These conventionally raised, antibiotic treated animals (hereafter termed ‘conventional’)
have been employed to investigate multiple aspects of intestinal colonization by the
fungus (Koh et al., 2008; Pande et al., 2013; Perez et al, 2013b; White et al, 2007).
However, the remaining undefined microbiota may confound some results. Therefore, we
established an alternative experimental system to study fungal traits required for

colonization of the digestive tract: gnotobiotic animals mono-colonized with C. albicans.
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Figure 21: Candida albicans is able to colonize gnotobiotic animals (Bohm et al., 2017).

(A) Diagram illustrating two models to study gut colonization by C. albicans: conventional
antibiotic treated and germ-free mice. After oral gavage, the fungus can persist in the
gastrointestinal tract of both models.

(B) Graph depicting the fungal load in colony-forming units (CFU) per gram of stool in gnotobiotic
and conventional animals 21 days after oral gavage. For both models, we evaluated six animals.
Shown is the median (horizontal line in the middle of the grey box) with interquartile range (grey
box) and the distance to the minimum and maximum values (whisker). We could not detect a
statistically significant difference between both models.
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Germ free mice are raised in a microbe-free environment. Therefore, the gastrointestinal
tract of these animals is devoid of any microbes, providing a clearly defined study system.
Candida albicans cells are orally gavaged to these animals (Figure 21A). Oral gavage of 107
C. albicans cells results in similar fungal loads (in colony forming units per gram of stool)
in gnotobiotic animals compared to antibiotic-treated conventional animals (Figure 21B).

This observation is in agreement with other reports (Fan et al., 2015; White et al., 2007).
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Figure 22: Candida albicans colonizes the intestinal tract of gnotobiotic animals in its
round-shaped yeast form (Bohm et al., 2017).
(A) Cartoon depicting the area of the intestine of germ-free mice monocolonized with C. albicans
that were taken for histological and immunohistochemistry analyses.
(B) Representative tissue section from the area of the intestine indicated in (A) after Periodic acid-
Schiff (PAS) staining. PAS stains polysaccharides, including those on the surface of C. albicans, in
purple-magenta color. The mucosa is located at the bottom with the mucus layer attached and the
intestinal lumen on top where indicated with the arrows abundant oval shapes were found that
correspond to C. albicans cells. Evaluated were sections of the intestine of at least three mice.
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(C) Representative tissue section from the area of the intestine indicated in (A) after staining with
DAPI (blue) and an anti-Candida antibody (red). The mucosa is located at the bottom with the
mucus layer attached (indicated with the dotted lines) and the intestinal lumen on top where in
red abundant oval shapes were found that correspond to C. albicans cells. Evaluated were sections
of the intestine of at least three mice.

(D) Quantification of C. albicans cell morphologies found in gnotobiotic mice. 100-500 cells were
scored in 3-5 animals. The predominant morphology in mice monocolonized with C. albicans were
yeast cells.

To visualize the fungus in the gut of mono-colonized animals, we removed the colon of
these animals. Colon samples (Figure 22A) were fixed and processed using a method that
preserves the mucus layer structure and is compatible with histology and
immunofluorescence (Earle et al.,, 2015; Johansson et al., 2012). For histological analysis,
Periodic acid-Schiff (PAS) staining was used, since this procedure stains polysaccharides
on the surface of C. albicans. Additionally, PAS distinguishes the intestinal mucus layer
and mucus containing cells. [ found a large number of round-shaped cells—reminiscent
of the typical yeast morphology of C. albicans—located in close proximity to the mucus
layer of the intestine of gnotobiotic mice (Figure 22B+C). I quantified the different cell
morphologies and found that round shaped yeast cells are the predominant form in
gnotobiotic mice (Figure 22D).

This observation was in contrast to what is expected for niches of the mammalian host
since the body temperature of mammals is around 37°C. This temperature is known as a
strong inducer of filamentation in Candida albicans. In other places of the murine body
Candida consistently shows its filamentous form (also termed hyphae). In the murine oral
or vaginal mucosae or the kidneys, for instance, hyphae are the predominant morphology.
To confirm that the yeast-like structures observed in gnotobiotic mice (Figure 22B)
indeed correspond to C. albicans, I used immunofluorescence. Colon sections similar to
those used for histological analysis were stained with an anti-Candida specific antibody
and DAPI (to stain nuclei in the epithelium). A strong fluorescent signal originating from
the anti-Candida antibody was detected in the intestinal lumen in close proximity to the
mucus layer (Figure 22C). These results indicate that in mice monocolonized with
C. albicans, the fungus is located in the colon in the vicinity of the mucus layer and that the
yeast form of the fungus is the most prevalent morphology in this niche. Therefore, using
germ-free mice monocolonized with Candida albicans provides a tractable system to

study the interplay between the yeast form of C. albicans and the mammalian host in vivo.
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3.4.2) Transcriptional regulators that contribute to the fitness of C. albicans in the
gut of gnotobiotic animals.

In the next step, I wanted to identify C. albicans traits that are needed by the fungus to
colonize the gastrointestinal tract of gnotobiotic mice. Therefore, I screened a
transcription factor deletion mutant library for their ability to persist in the gut of
monocolonized mice (Figure 23A). The same set of ~60 deletion mutants that have
previously been probed in other mouse models (Perez et al., 2013b) were used for the
screening. The mutant strains included in this set displayed no growth defect or any other
major phenotype under >50 laboratory conditions tested (Homann et al, 2009).
Transcription factors are key players in the regulation of many biological processes;
hence, they are good candidates for playing crucial roles in gastrointestinal colonization.
Since no mutant displayed significant in vitro phenotypes I expected members of this
library to be part of regulatory circuits that might be relevant in vivo. To minimize the
number of mice needed for the screen, the mutants were tested in pools of 15-18 strains
each. Feces were collected at distinct time points and the abundance of each signature

tagged strain quantified by qPCR as described (Perez et al., 2013b)(Figure 23A).

73



C. albicans morphology is a key determinant of gut colonization in gnotobiotic mice

74

- quantification
germ-free mouse by qPCR
barcoded C. albicans
deletion mutants feces
samples
B
day 1 day 21
orf19.4941 1,2 1,8 23 04
orf19.2315 | -03 1,1 06 0,6
orf19.5910 0,8 0,8 1,2 12
try4 orf19.5975 =11 -1,6 -1,2 -1,2
orf19.921 0,2 -0,7 0,6 -0,2 -4,0
zfu2 orf19.6781 | -03 0,3 03 03
orf19.4722 | 14 1,5 34 Sl 3,4
ZCf8 orf19.1718 | -04 -0,3 0.2 -0,9 -3,6
orf19.3876 0,2 0,4 0,1 09 -1,6 3,9
orf19.5097 0,1 -1,5 -1,1 -1,4 -2,1 -3,7
orf19.2612 0,7 0,3 0,1 -0,2 -3,4 -4,1
orf19.4778 0,5 0,6 1,7 0,0 0,7 3,3 -0,9 2,2
o0rf19.1035 03 0,6 22 -0,1 2,0 22 0,7 2,4
orf15.5249 0,3 0,2 23 0,1 17 3 0,6 2,6
orf19.3308 -0,1 05 0,7 0,2 06 2,6 -0,5 39
orf19.4972 1,1 1,2 L4 13 14 4,2 3,5 4,7
orf15.4145 -09 -0,6 -0,5 -0,4 -0,1 3,1 4,0 2,9
orf19.217 13 el 1,3 1.3 47 04 1,2 1,8
orf19.5940 1,0 0,7 1,4 1.2 32 1,0 08 1,4
orf19.6817 | -01 03 05 03 42 0,0 18 0,8
orf19.4225 | -01 0,1 0,2 -0,1 31 04 01 1,1
orf19.431 0,8 03 16 0,0 1,6 -3,3 03 -0,9
orf19.7371 -0,5 0,1 0,0 -0,4 35 -1,6 -0,5
orf19.5380 03 03 1,7 03 03 33 21 03
orf19.5498 0,5 0,4 0,3 -0,2 0,2 2,7 0,4 -0,8
orf19.5026 0,6 0,5 19 0,3 11 2,1 -0,1 0,8
orf19.5855 13 0,8 13 12 -0,1 2,4 0,2 0,9
orf19.4647 0,1 05 0,1 2,2 25 2,8 1,0 0,3
orf19.2743 0,3 0,5 17 0,0 -1,8 13 1,4 12
orf19.6514 03 0,7 1,1 0,1 35 0,8 16
orf19.2647 03 1,0 0,6 1,0 2,4 3,2 08 1,8
orf15.4524 0,1 0,0 -0,5 -0,8 0,4 0,1 -0,7 0,3
orf19.7518 -02 -0,4 13 03 0,8 0,7 02 03
orf19.3865 -12 -0,7 08 0,5 0,1 1,5 1,2
orf19.3928 -19 -1,3 -1,5 -1,2 -1,3 11 -0,8 0,7
orf19.4288 | -05 -0,8 06 -0,8 0,9 0,6 -0,4 2,7
0rf19.6680 -03 -0,5 0,1 -0,2 3,4 0,5 -0,2 0,2
orf19.4438 | -05 -0,7 0,6 0,7 -19 1,1 1,0 0,0
orf19.6888 1,4 -0,4 0,2 -0,6 -2,4 -1,1 -0,6 1,3
orf19.5729 0,7 0,4 0,6 0,8 -0,4 -0,3 -1,8 2,3
orf19.5651 0,6 0,3 -1,0 -0,1 -2,1 -1,7 1,2 1,9
orf15.4573 0,0 0,2 0,0 -0,1 2,1 -2,3 2,1 0,6
orf19.837.1 0,0 05 0,2 03 -0,3 0,5 26 1,1
orf19.6038 | -02 0,2 01 0,2 0,0 0,1 22 0,2
orf19.1757 0,4 -0,5 -0,8 -0,8 -1,2 -0,6 3,1
orf19.4166 2,0 il 1,7 03 02 e 1,7 0,8
orf19.3190 15 20 19 11 -3,8 04 13 -0,5
orf19.5548 -0,6 -0,7 -3,3 -2,4 03 -0,5 -3,3 -0,9
orf19.4767 | -03 -0,3 -0,1 00 2,0 -2,9 32
orf19.7319 -09 -0,5 -3,7 -1,3 -1,8 -1,6 0,1 -1,8
orf19.7372 0,7 0,6 -2,4 -3,0 -0,1 -0,5 14 -2,2
orf19.4450 0,6 -2,6 2,3 -1,4 -1,6 2,2 1,0 -0,1
orf19.3625 -0,5 -0,7 0,6 -1,5 -2,2 1,4 -1,8 -3,3
orf193305 | 05 | 06 | o1 | 05 o7 | 31 | a5 | 22
orf19.1274 -4,0 -0,6 -1,0 -0,2 15 2,0 -16 -0,1
orf19.3434 1,3 1,0 L5 13 22 -3,9 32
orf19.4251 -0,9 -1,3 -1,2 -13 =13 18 2,8
orf15.1150 09 03 08 08 0,0 27 15
orf19.4649 0,0 0,2 01 0,4 3,1
orf19.2730 0,5 1,3 13 -0,7 24 3,4



C. albicans morphology is a key determinant of gut colonization in gnotobiotic mice

Figure 23: Identification of C. albicans transcription regulators that govern gut colonization
in gnotobiotic mice (Bohm et al., 2017).

(A) Scheme depicting the screening approach that was used to identify transcriptional regulators
contributing to the in vivo fitness of C. albicans. The transcription factor mutant library (~60
mutants) was divided in four pools each one consisting of 15-18 signature-tagged strains. Each
one of these pools was orally gavaged to four germ-free mice. Fresh feces pellets were collected
at distinct timepoints and via unique signature-tags the abundance of each mutant strain was
determined by qPCR.

(B) Table containing the results of the genetic screen. Shown are the log2 (recovered/inoculum)
values for each of the ~60 transcription factor deletion mutants 1, and 21 days post gavage (each
column represents one mouse). Blue indicates reduction of the mutant compared to the inoculum
whereas red indicates accumulation. Intensity of the colors corresponds to the level of
reduction/accumulation. The mutants were ordered according to hierarchical clustering. The
eight mutants that cluster at the top displayed a reduction compared to the inoculum in all mice
at day 21. Four of them (orf19.4941, orf19.2315, orf19.921, and orf19.4722) had previously been
identified in a screening conducted in the antibiotic-treated conventional mouse model. The
deletion mutants try4 [orf19.5975], zfu2 [orf19.6781], zcf8 [orf19.1718], and orf19.5910 cluster
together with the previous group but had not been identified before in any other mouse setting.

With this genetic screening, I identified eight C. albicans deletion mutants with reduced
fitness in gnotobiotic mice (Figure 23B). Four of the identified hits (tye7 [orf19.4941], rtg3
[orf19.2315], hms1 [orf19.921], and rtgl [orf19.4722]) had previously been shown to
display phenotypes in murine models of disseminated infection and/or antibiotic-
promoted gut colonization (Perez et al., 2013b). The fact that they also appear in our study
serves as validation of our experimental model and the screening approach. Zcf8
[orf19.1718], zfuZ [orf19.6781], try4 [orf19.5975], and orf19.5910, the other four hits, did
not have any effect on virulence or colonization in any other mouse model. I decided to
focus on studying the functions of ZCF8, ZFUZ, and TRY4 and excluded ORF19.5910 from
further analysis. ORF19.5910 is predicted to be part of a histone remodeling complex and
therefore its effects on gene expression are most likely pleiotropic. To validate the results
of the screen, where pools of mutants were evaluated, we tested the gut colonization
phenotype of the zcf8, zfu2, and try4 deletion mutant strains independently at different
time points after oral gavage (Figure 24A). To confirm that the gut colonization phenotype
corresponds to the identified loci a wild type copy of each gene was added back to the
corresponding deletion mutant and their ability to colonize the gut of germ-free animals
was monitored. Adding back a wild type of each gene to the deletion mutants restored, to

a large extent, in vivo fitness (Figure 24B).
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Figure 24: The observed gut fitness defect phenotype of three newly identified genes could
be restored by adding back a wild-type copy to the deletion mutant. (Bohm et al, 2017).
(A) Wild-type reference strain and zcf8, zfuZ2, or try4 were mixed 1:1 and orally gavaged to germ-
free animals. Inoculum (I) and fecal pellets (R) from day 7, 15 and 21 were plated on YM plates.
Colonies were collected after 24 h, DNA was extracted, and the abundance of each strain was
determined via qPCR (strains were barcoded). Each circle in these graphs represents the
measurement from one mouse. The results for the wild-type reference strain are depicted with
the filled circles and for the mutant with the opened circles. Throughout the whole experiment
the wild-type reference strain colonizes the GI-tract of germ-free animals consistently. The
deletion mutant strains were progressively depleted from the fecal pellets (P values are indicated
on top of each comparison). Statistical analysis by the Mann-Whitney test. NS, not significant.

(B) 1:1 mixtures of each deletion mutant and the corresponding gene add-back strain were orally
gavaged to three or four germ free mice. Inoculum (I) and fecal pellets (R) from day 1, 9 and 21
were plated on YM plates. Colonies were collected after 24 h, DNA was extracted, and the
abundance of each strain was determined via qPCR (amplification of a region of the respective
genebody, primers listed in Table 6). Each circle in these graphs represents the measurement
from one mouse. The results for the add-back strains are depicted with the filled circles and for
the deletion mutant strains with the opened circles. The deletion mutant strains were depleted
over time from the fecal pellets, whereas the add-back strains colonized the animals consistently
similar to the wild-type strain (shown in (A)) (P values are indicated on top of each comparison).
Statistical analysis was determined by two-tailed unpaired t-test assuming unequal variance. NS,
not significant.

3.4.3) The round-shaped yeast form of Candida albicans promotes persistence in
the gut of gnotobiotic mice.

ZCF8, ZFU2, and TRY4 lack clear orthologs in the model yeast Saccharomyces cerevisiae
(Maguire et al., 2013). To start dissecting the roles of ZCF8, ZFUZ, and TRY4 in gut
colonization, the fitness of the deletion mutants was tested in spot assays under a variety
of in vitro conditions that had not been analyzed before. As mentioned above, Homann et
al. (Homann et al., 2009) analyzed the fitness of these mutants under standard laboratory
conditions but found no overt phenotype. With ethanol as carbon source in minimal
synthetic medium the mutants showed slight growth impairment (YNB without amino
acids) (data not shown). On rich medium (YPD) we observed wrinkling colonies (Figure
25) for all three mutants under conditions in which the wild-type forms smooth colonies.
Colony wrinkling in C. albicans is a well-established proxy for filamentation. Microscopy
confirmed that the wrinkling colonies were composed of a mixture of yeast and
filamentous cells. The smooth colonies formed by the wild-type strain, on the other hand,
consisted almost completely of yeast cells. To confirm that the colony wrinkling was due
to mutations in the specified loci we added back a wild-type copy of each gene to the
deletion mutant and evaluated their colony morphology. For all three genes adding back
a wild type copy of the gene to the deletion mutant restored, to a large extent, the smooth

colony phenotype (Figure 25). Together with the observation from the histology, where
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we saw C. albicans cells residing in the colon of gnotobiotic rodents mainly in its round
shaped yeast form (Figure 22B+C), these findings suggest that an increased filamentation
may account, at least in part, for the gut colonization defect of the zcf8, zfu2, and try4
mutants. This implies that filamentation itself might be a detrimental factor for intestinal

colonization.

Reference strain

zcf8 + ZCF8 zfu2 + ZFU2 try4 + TRY4

Figure 25: The deletion mutants zfuZ, zcf8, and try4 display wrinkling - a proxy for
filamentation - under non-inducing conditions (Bohm et al., 2017).

The wild-type reference strain and the three deletion mutants were spotted on YPD agar and
incubated at 30°C for 48 h. The wild-type strain formed smooth colonies whereas the deletion
mutants displayed wrinkling colonies, indicating filamentation under non-inducing conditions.
Adding-back a wild-type copy of ZCF8, ZFUZ2, and TRY4 to the deletion mutant strains restored, at
least in part, smooth colony phenotype.

3.4.4) ZCF8,ZFU2, and TRY4 promote C. albicans adherence.

An alternative or possibly additional explanation for the observed gut colonization defect
in the mono-colonized animals might be the reduced ability of the zcf8, zfu2, and try4
mutants to adhere to surfaces. In a previous study all three strains had been shown to
have a defect in an in vitro adherence assay using silicone poly-dimethyl siloxane as
substrate (Finkel et al., 2012). This raised the possibility that, ZCF8, ZFUZ2, and TRY4 not
only contribute to the adherence to silicone but also play a role in the attachment to
surfaces relevant in the context of the gastrointestinal tract. I tested this idea with an in

vitro adherence assay using mucin as substrate, the main component of the intestinal
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mucus. In this assay, that I developed based on the protocol described by Van den Abbeele
(Van den Abbeele et al.,, 2009), the C. albicans reference strain and the deletion mutants
were added on top of an agar layer containing mucin or PBS as control (Figure 26A). The
addition of mucin enhanced the capacity of the reference strain to adhere to the agar layer
compared to the PBS control (Figure 26B). In contrast, the three deletion mutant strains
showed no difference in adherence irrespective of the presence or absence of mucin
(Figure 26B). Thus, ZCF8, ZFUZ2, and TRY4 function as positive regulators of adherence to
surfaces coated with silicone (Finkel et al, 2012) or mucin. The absence of these
regulators might therefore affect the capacity of the fungus to adhere to surfaces in the

GI-tract which may lead to a colonization defect.
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Figure 26: The regulators ZCF8, ZFU2, and TRY4 promote adherence to mucin coated
surfaces (Bohm et al., 2017).

(A) Overview of the developed in vitro assay to test the ability of C. albicans cells to adhere to a
semisolid surface containing intestinal mucin.

(B) Bar chart depicting the number of C. albicans cells (wild-type reference strain or deletion
mutants) that adhered to agar (semisolid surface) containing either mucin (filled bars) or PBS as
control (opened bars). The bars represent the mean + SD of at least three independent
experiments; statistical analysis by t-test as described in Materials and methods. The wild-type
reference strain showed an increased adherence to mucin-containing agar compared to the PBS
containing control. The three deletion mutants did not show a difference in adherence to agar
containing mucin compared to the PBS control.
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3.5) Discussion

In this part of the thesis, I have employed gnotobiotic mice mono-colonized with
C. albicans as an experimental system to study gut colonization by the fungus. In this
niche, the fungus almost exclusively adopts its oval-shaped yeast form and can be found
in close proximity to the mucus layer. Furthermore, using this model, I identified three
previously undescribed transcriptional regulators (ZCF8, ZFUZ2, and TRY4) that are
conducive to the fitness of the fungus in this niche. These three regulators negatively
control filamentation and promote the adherence of the fungus to a mucin-containing
surface. These results indicate that in addition to adherence, the morphology of C. albicans
plays an instrumental role in the murine intestine. It is becoming increasingly clear that
fungi are significant components of the human microbiota (Findley et al., 2013; Underhill
et al,, 2014); however, little is known about the interplay between commensal fungi and
the mammalian host. The use of gnotobiotic animals provides a well-defined experimental
system that may serve as a starting point to study and dissect the mechanisms of intestinal

colonization by fungi and other eukaryotic microbes.

The fungus Candida albicans can colonize numerous niches in the human body and other
warm-blooded animals. While it is a common dweller of the GI tract and other mucosal
surfaces, it can also cross protective barriers and colonize virtually every organ in the
human body. Some cues in the mammalian host can induce specific morphologies of
C. albicans: The mammalian body temperature (37°C) and the presence of serum, for
example, are well-known inducers of the filamentous form of the fungus. C. albicans is
therefore found almost always in its filamentous form in the histology sections of infected
mammalian tissues (oral and vaginal mucosae or internal organs such as kidneys).
Nevertheless, the main reservoir of C. albicans and the probable source of many induced
infections is the mammalian gut. In this niche, the fungus lives mostly as a harmless
commensal without causing disease. C. albicans adopted almost solely its oval-shaped
yeast form in the colon of gnotobiotic mice (Figure 22). The conditions present in the gut
environment or some unknown host-derived factors must thus be able to overcome the
strong filamentation inducers (37°C and serum), although a particular C. albicans
morphology has been postulated to be specialized for living in the GI tract (Noble et al,,
2017; Pande et al., 2013). My observations of the colon of gnotobiotic rodents reveal that
the fungus colonizes this niche in its yeast form (Figure 22); I therefore see no need to

invoke additional morphologies to explain the commensal state of the fungus in the GI
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tract. One potential explanation for the preference of its yeast form in the gut of
gnotobiotic mice is that the filamentous form induces the release of gut-immune effectors
(e.g., antimicrobial peptides) or that this morphology has a higher susceptibility to these
factors. Consistent with this notion, a strain ectopically expressing a well-established
positive regulator of filamentation elicits the production of the neutrophil-stimulating
chemokine G-CSF (granulocyte colony-stimulating factor) (Bohm et al., 2017), supporting
the idea that the filamentous form induces an immune response and might thus be cleared
of the host. By adopting its yeast form, C. albicans probably avoids the expression of
filament-associated virulence factors that would damage host cells and induce an immune
response. An alternative or additional explanation could be based on the different
abundancies of metabolites in the GI tract of germ-free and conventional animals. The
presence of other microbes could be associated with differences in the availability of
various metabolites in the gut environment. The predominance of yeast cells in this niche
could thus be due to this morphological form having better fitness under these conditions.
Finally, in conventional animals, the fungus must face other competing and/or
antagonistic microbes. To be able to persist in such a complex ecosystem, the fungus may
have to employ heterogeneous morphologies.

In addition to the morphology, the distribution of C. albicans cells in the colon of
gnotobiotic animals differed from antibiotic-treated conventional animals. Fungal cells
were in close proximity to the mucus layer (Figure 22, Figure 27), whereas in
conventional animals, only very few C. albicans cells located to the equivalent region
(Bohm et al,, 2017). One potential explanation is the fact that the intestinal mucus layer
of gnotobiotic rodents can be penetrated more easily than that of conventional animals
(Johansson et al., 2015). Moreover, the underdeveloped immune system of germ-free
animals could affect the distribution of C. albicans cells in the intestine. In conventional
animals, secreted antimicrobial peptides may generate a spatial segregation between
their intestinal mucus layer and microbes (Vaishnava et al,, 2011). The nearly naive
immune system of germ-free animals could lead to a reduction of this segregation and
therefore be the source of the fungal cells’ close proximity to the mucus layer.

The genetic screening performed in gnotobiotic mice mono-colonized with C. albicans
revealed three transcriptional regulators (ZCF8, ZFU2, and TRY4) that are needed by the
fungus to colonize the gut but did not reveal any phenotype in similar screenings

conducted in the standard mouse model of disseminated candidiasis (Noble et al., 2010;
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Perez et al,, 2013b). These three regulators may contribute to fitness in the GI tract
through two potential mechanisms: on the one hand, they are negative regulators of
filamentation under certain conditions (Figure 25), and on the other hand, they promote
adherence to mucin-containing surfaces (Figure 26).

Several intestinal bacteria (Lactobacillus rhamnosus, Streptococcus gallolyticus) harbor
genes encoding proteins that enable binding to mucus (Kankainen et al., 2009; Martins et
al., 2015) and play crucial roles in the colonization of the mouse colon (Martins et al,,
2015). For fungi, no equivalent has been described so far. The results described in this
study suggest that the three transcriptional regulators in C. albicans may control a similar
function. Mutations in these genes not only caused reduced ability to bind to a surface
containing mucin (Figure 26) and to mucus-producing cells (Bohm et al., 2017) but also
resulted in a gut colonization defect. Furthermore, in histology sections, the fungal cells
located in clusters and in close proximity to the intestinal mucus layer (Figure 22), further
supporting the idea that C. albicans exhibits mechanisms to adhere to intestinal mucus.

It has been proven that the regulators ZCF8, ZFUZ2, and TRY4 have roles in mediating the
adherence of C. albicans cells to medical devices such as catheters and prostheses (Finkel
et al., 2012). The attachment to these devices and the following biofilm formation is a
major cause and risk factor of recurrent and drug-resistant C. albicans infections (Desai et
al., 2014; Douglas, 2003). The yeast form of C. albicans is fundamental in biofilm formation
because the layer directly in contact with the device consists mainly of cells in the yeast
form (Nobile et al., 2012). This observation highlights a connection between the three
identified regulators and the adherence of the yeast cell morphology, contrary to the
adherence of the filamentous form controlled by other factors (Phan et al., 2007). C.
albicans might therefore use the regulation of adherence by ZCF8, ZFUZ, and TRY4 in
different contexts (intestine and medical devices). It is thus plausible that at least to some
extent the same genes that enable C. albicans to colonize the mammalian gut as a
commensal also direct adherence to other surfaces, potentially resulting in serious
bloodstream infections.

In the genetic screening conducted on gnotobiotic mice monocolonized with C. albicans,
eight transcriptional regulators were identified (TYE7, RTG1, RTG3, HMS1, ZFUZ2, ZCFS8,
TRY4, and ORF19.5910), indicating a gut colonization defect. Four of them (TYE7, RTG1,
RTG3, and HMS1) displayed a similar phenotype in a gut colonization model in antibiotic-

treated conventionally raised animals (Perez et al., 2013b), implying that they are
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primarily involved in controlling functions that the fungus requires to cope with host-
derived demands (compared to functions that it requires to cope with demands
originating from competing microbes). TYE7, RTG1, and RTG3 were shown to be
associated with the regulation of nutrient acquisition and metabolism (Askew et al., 2009;
Dalal et al., 2016; Kastora et al., 2017), which probably explains their contribution to gut
colonization independently of the presence of other microbes. Conversely, ZCF8, ZFUZ,
TRY4,and ORF19.5910 presented a fitness defect only in gnotobiotic mice monocolonized
with C. albicans. The fact that mutants of these regulators display a gut colonization defect
only in the absence of other microbes and not in conventional antibiotic-treated mice
exhibiting a residual microbiota suggests an effect of the residual microbes themselves or,
alternatively, of differences in the murine response to the presence of other microbes.
Further studies are required to understand these effects, although it should be stressed
that mice are not natural hosts of C. albicans, and their indigenous flora might therefore

not be relevant for gut colonization of the fungus.

Figure 27: Model depicting gut colonization of germ-free animals.

Based on the results I showed in this chapter, I conclude that after oral gavage Candida albicans
colonizes the gastrointestinal tract of germ-free animals predominantly in its oval-shaped yeast
form negotiating the presence of two strong filamentation inducers 37°C (body temperature) and
serum. Furthermore, it colonizes this niche in close proximity to the intestinal mucosa.

In conclusion, the use of germ-free animals provides a complementary system that can be
used to uncover new aspects of gut colonization by C. albicans. This experimental system
is particularly suited to studying the biology of C. albicans as a commensal in the

mammalian gut. Since other microbes appear to significantly impact the morphology and
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distribution of the fungus in the GI tract, the use of gnotobiotic rodents should become a
valuable tool to explore the interplay between the fungus and other members of the
microbiota. Finally, gnotobiotic animals may allow further identification of fungal traits
that the fungus needs to colonize the GI tract, as well as factors that promote invasive

proliferation and cause disease.
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4) Dissecting the molecular function of three C. albicans regulators of

gut colonization.

4.1) Summary

In the previous chapter, the genes ZCF8, ZFUZ2, and TRY4 were identified in the genetic
screen conducted in mice monocolonized with C. albicans. RNA-Seq experiments
indicated that these three regulators share a substantial set of targets of regulation,
implying that they significantly control overlapping cellular functions. Indeed, while each
one of the three deletion strains exhibits a slight increase in filamentation under certain
conditions, the triple deletion strain (try4 zcf8 zfu?) presented a more robust
overfilamentation phenotype. Dissecting the basis of this phenotype revealed three
mechanisms whereby the regulators may contribute to morphological control: first,
through the transcriptional control of FGR17, a known regulator of hyphal formation;
second, through modulations of the phosphorylation state of two major kinases (Mkc1
and Cek1) in signaling pathways that affect filamentation; and third, through the control
of the She-dependent mRNA transport system. One of the major transcripts that is
mislocalized in the triple deletion strain is CHTZ, a gene that affects the exposure of chitin
in the cell surface. The three identified alterations are likely to be factors in the triple

deletion strain’s increased susceptibility to killing by freshly isolated human neutrophils.
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4.2) Introduction

4.2.1) ZCF8, ZFU2, TRY4 - three transcriptional regulators in C. albicans.

The three putative transcriptional regulators ZCF8, ZFUZ2, and TRY4 were identified in a
genetic screening conducted in the GI tract of germ-free animals (Figure 23). Mutants of
the three regulators were unable to persist in the GI tract of monocolonized animals
(Figure 24). The three regulators lack clear orthologs in S. cerevisiae. Each of them
contains a canonical DNA-binding domain. Based on the structure of these binding
domains, they are assigned to the largest transcription factor families in yeasts: TRY4
contains two zinc finger motifs (C2Hz2) and therefore belongs to the zinc finger
transcription factor family, most common among all eukaryotes. ZCF8 and ZFUZ instead
contain a binuclear zinc cluster (Zn2Cyss) and thus belong to the zinc cluster transcription
factor family, largely specific to fungi. While large-scale phenotypic characterizations
have highlighted the importance of transcription factors (Homann et al, 2009;

Vandeputte et al., 2011), the specific functions of most of them remain unknown.
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Figure 28: ZCF8, ZFU2, and TRY4 belong to well known classes of trancription factors.

TRY4 belongs to the class of zinc finger transcription factors. It contains two C,H; repeats. ZFUZ
and ZCF8 contain a binuclear zinc cluster (Zn2Cyss). Therefore, they belong to the zinc cluster
transcription factor family. Key amino acids of the DNA binding domains are displayed in red.

A phenotypic screening revealed that the deletion of any of the three genes results in
colony wrinkling (Figure 25), a proxy for filamentation in C. albicans. They therefore
negatively regulate filamentation in the fungus. Because C. albicans is colonizing the GI

tract of monocolonized animals almost exclusively in its round-shaped yeast form (Figure
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22B+(), the induction of filamentation due to the absence of the three regulators may
cause a fitness defect in this particular host environment. Another study found a
connection between ZCF8, ZFU2, and TRY4 and adherence to a silicone
(polydimethylsiloxane) substrate (Finkel et al., 2012). Strains harboring deletions in any
of the three regulators exhibited a defect in adherence to a mucin-containing surface
(Figure 26B) and mucus-producing cell-line (Bohm et al., 2017). This reduced adherence
phenotype may hence provide another or an additional explanation for the previously
identified gut colonization defect, since C. albicans cells were proved to colonize the GI

tract of gnotobiotic animals in close proximity to the mucus layer (Figure 22B+C).

4.2.2) Subcellular mRNA localization

Cell polarity is required for differentiation, development, and cell motility in various
organisms, including yeasts, insects, and mammals (Bashirullah et al., 1998; Kloc et al,,
2002). One way to establish cell polarity is to place varying gradients of proteins in
distinct sites of the cells. Such an asymmetry of proteins inside cells is most often achieved
by placing their mRNAs in distinct sites, since this indirect localization has several
advantages; for example, their expression is thus prevented in sites where they are not
needed or are even disadvantageous for the cells. In some cases, translated proteins
cannot be transported throughout the cells, as they are coupled to other factors
immediately after translation. Finally, the transport of mRNAs transfers the control of
protein expression to individual compartments of the cells, enabling independent and
rapid response to local requirements. The distinct distribution of mRNAs can be
accomplished through local synthesis, diffusion (Meignin et al., 2010), prevention from
degradation (Holt et al., 2009; Meignin et al., 2010), or active transport (Martin et al,,
2009) (Figure 29).
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Figure 29: Different ways of mRNA localization.

Asymmetric localization of mRNAs is essential for differentiation and development in various cell
types of different organisms. These specific patterns are achieved through different mechanisms.
(A) Local synthesis. In multinucleated cells (e.g. muscle cells) mRNAs are only expressed in nuclei
close to the desired location. In the case of muscles, only nuclei close to neuromuscular junctions
express RNAs encoding the acetylcholine receptor, ensuring that translation is localised there as
well. This phenomenon ensures the availability of important factors in pre- and postsynaptic areas
and allows neurons to rapidly respond to extrinsic cues (Redondo et al., 2011).

(B) Diffusion and entrapment. mRNAs diffuse freely troughout the cytoplasm and are captured in
a distinct area trough a previously deposited anchor protein. In Drosophila in this way the nanos
mRNA is captured at the posterior pole of the oocyte (Forrest et al., 2003).

(C) Degradation. Localization of mRNAs at distinct sites of a cell can be achieved through
degradation of the mRNAs anywhere else in the cell. A well studied example is the hsp83 mRNA
again in Drosophila embryos (Ding et al., 1993). It is restricted to the posterior pole through
degradation everywhere else in the embryo. Binding of the Smaug protein, present everywhere
except of the posterior pole, to cis-acting elements contained in the hsp83 mRNA destabilizes and
degrades this mRNA outside of the posterior pole (Bashirullah et al., 1999; Semotok et al., 2008).
(D) Active transport. For active transport along microtubules or actin filaments to distinct areas
of cells, mRNAs need to contain cis-acting sequences, called Zip codes or localization signals. These
sequences are recognized by trans-acting RNA-binding proteins generating in combination with
motor proteins so called motor-protein containing particles (mRNPs). mRNPs are transported by
Dynein or Kinesin along microtubules or by Myosin along actin filaments to their designated area
in the cell (Bullock, 2007). Prominent examples for this mechanism are the stardust mRNA in
Drosophila follicle cells, that is apically transported by Dynein (Horne-Badovinac et al., 2008), the
Vg1 mRNA in Xenopus oocytes, that is actively transported to the vegetal pole during mid-
oogenesis (King et al, 2005) and the ash1 mRNA in Saccharomyces cerevisiae, that is transported
during budding to daughter cells via actin (McBride, 2017).

The active transport of mRNAs to different areas of the cell most often requires the
binding to RNA-binding proteins. Together with these proteins, mRNAs are incorporated
into motor-protein containing particles (Martin et al, 2009), also called messenger

ribonucleoprotein particles (mRNPs). In this composition, mRNAs are transported via
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microtubules or actin filaments to their designated sites, where after reorganization, local
protein synthesis can be activated (Besse et al., 2008; Meignin et al., 2010) and cell
polarity is established. The combination of mRNA localization and localized translation
occurs in almost all eukaryotic cells (St Johnston, 2005); for instance, the early
embryogenesis of Drosophila melanogaster is essentially based on the translation of
asymmetrically distributed mRNAs. However, polarity established via the predisposition
of mRNAs plays important roles in unicellular organisms as well. One of the most
prominent and best studied examples in single-celled eukaryotes so far is the asymmetric
distribution and translation of the ASHI mRNA in the ascomycete yeast

Saccharomyces cerevisiae.

Figure 30: SHE3-dependent mRNA transport in S. cerevisiae.

Scheme depicting the transport of the ASHI mRNA via She2p/She3p/Myo4p to hyphal tips. ASH1
mRNA is synthesized inside the nucleus of the mother cell. Already inside the nucleus it is bound
by the mRNA binding protein She2. The ASH1 mRNA, bound by She2p is transported outside of
the nucleus and connected to She3p in the cytoplasm. She3p is typically bound by the motor
protein Myo4p. The complex composed of the ASHI mRNA, She2p, She3p and Myo4p is
subsequently transported along actin cables to the hyphal tips, where the mRNA is translated
(McBride, 2017, modified).

The ASHI mRNA encodes a transcription factor that restrains cells from mating-type

switching. Its mRNA is synthesized inside the nucleus and immediately bound by the
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transport protein She2 (Figure 30). When transported outside the nucleus, the ASH1
mRNA, together with She2p, is bound by another RNA-binding protein, She3, that is
typically connected to the motor protein Myo4. This complex is subsequently transported
along actin cables to the bud tip (Gonsalvez et al, 2005) (Figure 30). The distinct
localization of the ASHI mRNA enables expression of the ASH1 transcription factor solely
in daughter cells, preventing them from mating-type switching (Jansen et al.,, 1996; Sil et
al,, 1996). In the hemiascomycete Candida albicans, an ortholog to the S. cerevisiae Ash1p,
also called Ash1p, was identified (Inglis et al., 2002). During budding, it localizes similar
to its ortholog, asymmetrically to daughter cells. Moreover, in hyphae, it localizes to apical
nuclei (Elson et al., 2009; Inglis et al., 2002). The deletion of CaAsh1 causes defects in
hyphal formation and lower virulence (Inglis et al., 2002), which indicates that ASHI has
a role in C. albicans’ hyphal formation. Identically to its ortholog, CaAshl1 is transported
via She3p, since in the absence of the mRNA-binding protein, ASH1 mRNA localization to
bud and hyphal tips is disturbed (Elson et al., 2009). In C. albicans cells, 40 mRNAs whose
localization depends on She3p were identified (Elson et al., 2009). In the presence of
serum, she3 deletion mutant cells display abnormal hyphal morphology, and embedded
growth uncovered defects in extended hyphal growth (Elson et al., 2009). While she3 cells
caused less damage to epithelial cells in vitro, they do not affect virulence in a murine
model of disseminated infection (Elson et al, 2009), further confirming that the
asymmetric localization of specific proteins dependent on She3p impact hyphal

differentiation in Candida albicans.

4.2.3) Kinases in C. albicans filamentation

C. albicans faces various environmental cues during host colonization, some of them
inducing the transition from its yeast form to its filamentous form, including 37°C, serum,
COg, increased pH, oxidative stress, and nutrient limitation (Brown, 2002; Brown et al,,
1999; Mitchell, 1998). The sensors for most of these environmental signals remain
unclear; however, the elements of different signaling cascades involved in transmitting
the environmental cues and finally inducing the yeast-to-hyphal transition are heavily

studied.
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Figure 31: Kinases involved in Candida albicans morphogenesis.
Kinases play central roles in the yeast to hyphal transition in C. albicans. Displayed are the known

components of three MAPK pathways: the Pkc1l MAPK pathway (green), the Hogl MAPK pathway
(blue) and the Cekl MAPK pathway (orange). Further involved in filament induction through
different environmental conditions are the cAMP PKA pathway (yellow) and the activation of Efgl
through the transcription factor Rim101 (turquoise) and the heatshock protein 90 (red).
Components that play roles in different pathways are displayed in purple. MAPKKKs, MAPKKSs and
MAPKs are highlighted in bright grey. Different hyphal inducing conditions (temperature, CO,
serum, pH, hypoxia or nutrient limitation) induce activation of different sensors located in the
plasma membrane of the fungus, most of them unkown so far. These sensors activate downstream
effectors that induce/repress the expression of hyphal specific genes (HSGs). For detailed
description see text below.

The yeast-to-hyphal transition in C. albicans is generally governed by a complex network
of signaling cascades whose activity is influenced by the presence or absence of filament-
inducing cues. Two major kinase pathways are central to the morphological transition of
the fungus: the cAMP-dependent protein kinase A (cAMP-PKA) and mitogen-activated
protein kinase (MAPK) pathways (Biswas et al., 2007). In both types of pathways, the

small GTPase Ras1 has vital roles. They result in the activation of hyphal-specific genes
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(HSGs), inducing hyphal transition in C. albicans (Xie et al., 2016) (Figure 31). Serum
induces hyphal transition through the activation of Cyrl, the only adenylyl cyclase
expressed in C. albicans in two separate ways (Shapiro et al., 2009). On the one hand, one
component of serum (bacterial peptidoglycan-like molecules) was revealed to activate
Cyrlp directly via binding to a leucine-rich repeat region (Xu et al., 2008); on the other
hand, serum is known to activate Ras1p, which in turn binds and activates Cyrlp (Fang et
al,, 2006). COz is another filament-inducing cue that upon conversion into HCO3 activates
Cyrlp directly through interaction with its catalytic domain (Klengel et al., 2005). Cyrlp
generates cAMP, which then activates the protein kinase complex A (PKA). Via Tpk1p and
Tpk2p, this complex activates the terminal transcription factor Efgl, inducing the
transcription of HSGs (Sudbery, 2011). Alkaline pH induces hyphal transition through the
transcription factor Rim101, which after C-terminal cleavage activates Efglp as well
(Davis, 2009) (Figure 31). Elevated temperature sensed by heat shock protein 90 (Hsp90)
(Kadosh, 2017; Shapiro et al., 2009) seems to be a prerequisite of all hyphal-inducing
conditions (Sudbery, 2011). The fact that hyphal induction through raising the
temperature requires an intact cAMP-PKA pathway suggests that this cue induces hyphal
transition via the cAMP-PKA pathway and Efglp (Figure 31). The activated PKA can also
induce hyphal transition via repressing negative regulators of filamentation: it represses
the transcription factor Nrgl, a negative regulator of HSGs, further inducing hyphal
transition (Lu et al., 2014) (Figure 31). Ras1p is an important signal transductor in the
Cek1 MAPK pathway; in response to nitrogen limitation and/or on certain carbon sources
(Leberer et al., 1996; Liu et al., 1994), Ras1p activates the p21-activated kinase (PAK)
Cst20 through Cdc42p and its guanosine exchange factor (GEF) Cdc24 (Gonzalez-Rubio et
al., 2019). Cst20p phosphorylates and activates the serine/threonine (Ser/Thr) kinase
MAPKKK (MAP kinase kinase kinase) Stel1, which in turn phosphorylates and activates
its downstream effector, the MAPKK Hst7. Hst7p then phosphorylates the tyrosine and
threonine residues at the activation loop (Thr-X-Tyr) of the MAPK Cekl. These
phosphorylations stimulate conformational changes in Ceklp that fully activate the
protein (Gonzalez-Rubio et al, 2019). Ceklp in its active form phosphorylates and
activates the transcription factor Cph1l, inducing the expression of HSGs, resulting in
hyphal transition (Figure 31). Another MAPK pathway that controls hyphal formation in
C. albicans is the high-osmolarity glycerol (Hog) pathway, which plays a repressive role in

the filamentation of the fungus. Under filament-inducing conditions, the two-component
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histidine kinase SIn1 located in the plasma membrane (Roman et al., 2019) induces the
phosphorylation and activation of Ssk2p (MAPKKK). Active SskZ2p transfers the
phosphoryl group to Pbs2p (MAPKK), which in turn phosphorylates and activates the
MAPK Hogl (Roman et al., 2007). In its active form, Hoglp translocates to the nucleus,
where it represses HSGs, suppressing morphogenetic switching in the fungus (Roman et
al,, 2019) (Figure 31). One last MAPK pathway is involved in C. albicans morphogenesis:
the Pkcl pathway (Roman et al, 2007). Hyphal-inducing conditions induce the
phosphorylation and activation of the protein kinase C (Pkc1) through the small GTPase
Rhol (Levin, 2005). The activated form of Pkc1p then phosphorylates and activates Bck1p
(MAPKKK), Bck1p-P Mkk2 (MAPKK), and Mkk2-P, the MAPK Mkc1 (Kamada et al., 1996;
Levin, 2005). The activated MAPK Mkc1 induces the expression of HSGs, resulting in

morphogenetic switching (Figure 31).

In this chapter, I have further elucidated the role of the previously identified
transcriptional regulators ZCF8, ZFUZ, and TRY4. In the previous chapter, I demonstrated
that the deletion of each one of the regulators impairs gut colonization of gnotobiotic
animals by Candida albicans (Figure 23). Phenotypic screening revealed an increased
filamentation under non-inducing conditions in mutants of each of the three regulators,
indicating a role in the yeast-to-hyphal transition. Whole transcriptome analysis
uncovered that these regulators controlled the expression of an overlapping set of genes.
One of their common targets of regulation was FGR17, a known regulator of filamentation
in C. albicans. A strain deleted for all three regulators was constructed to further explore
their roles in the biology of C. albicans. SHE3, a key element of a recently described
mechanism of mRNA localization involved in the yeast-to-hyphal transition, was another
top common target of the three identified regulators. The triple deletion mutant was thus
used to analyze whether the regulators affect morphogenesis through the impairment of
SHE3-dependent mRNA localization. Finally, alterations in the composition of the cell wall
possibly due to defects in the SHE3-dependent mRNA localization were connected to
increased recognition by host immune cells observed in the mutants of all three

regulators.
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4.3)

4.3.1)

Material & Methods:

Candida albicans strains used in this chapter

Table 7: Candida albicans strains used in chapter 3.

Strain Genotype Source
SN152 ura3A::A imm434:: URA3-IRO1 arg4:: hisG ~ his1: hisG leuZ:: hisG Noble and
ura3A:: iimm434 arg4: hisG  his1: hisG  leu2:: hisG Johnson, 2005
SN250 ura34::A imm434:: URA3-IRO1 arg4:: hisG ~ his1: hisG leu2:: hisG :: CdHIS1 Homann et
ura3A:: imm434 argd: hisG  hisL:: hisG  leu2: hisG :: CmLEU2 al,2009
TFSS ura3A::A imm434:: URA3-IRO1 arg4:: hisG ~ hisl:: hisG leuZ:: hisG try4A :: CdHIS1 Homann et
ura3A:: Nimm434 arg4:: hisG  hisl: hisG  leu2:: hisG  try4A:: CmLEU2 al,2009
TF114 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG fgr17A:: CAHIS1 Homann et
ura3A:: \imm434 arg4:: hisG  his1: hisG leu2:: hisG  fgr17A: CmLEU2 al,2009
TF120 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG zfu2A :: CdHIS1 Homann et
ura3A:: \imm434 arg4: hisG  hisl: hisG  leu2:: hisG  zfu2A:: CmLEU2 al,2009
TF141 ura3A::A imm434:: URA3-IRO1 arg4:: hisG his1:: hisG leu2:: hisG zcf84 :: CdHIS1 Homann et
ura34:: iimm4.34 arg4:: hisG  his1: hisG  leu2: hisG  zcf8A:: CmLEU2 al,2009
ura3A::A imm434:: URA3-IRO1 arg4: hisG  his1:: hisG  leu2:: hisG  try44 :: CdHIS1 zfu2A .
JCP766 This work
ura3A:: Aimm434 arg4: hisG  his1:: hisG ~ leu2:: hisG ~ try44:: CmLEU2  zfy24
]CP8 37 ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG  leu2:: hisG FGR17:AgTEF1p-NAT1-AgTEF1UTR-TDH3p-GFP-FGR17 This work
ura3A:: Aimm434 arg4:: hisG  his1:: hisG  leu2:: hisG zcf21A::CdHIS1
]CP958 ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG leu2:: hisG  try44 :: CdHIS1 zfu2d  zcf8A This work
ura3A:: Aimm434 arg4:: hisG  hisl:: hisG  leu2:: hisG  try44A:: CmLEUZ  zfu2A  zcf8A
ura3A::A imm434:: URA3-IRO1 arg4: hisG  his1:: hisG  leu2:: hisG :: CAHIS1 ~ SHE3-13XMYC .
JCP1018 This work
ura3A:: \imm434 arg4:: hisG  his1:: hisG  leu2: hisG :: CmLEU2 SHE3
ura3A::A imm434:: URA3-IRO1 arg4:: hisG  his1:: hisG  leu2:: hisG  try44 :: CdHIS1 zfu2d  zcf8A  SHE3-13XMYC .
JCP1019 This work
ura3A:: Aimm434 arg4:: hisG  his1: hisG  leu2:: hisG  try4A:: CmLEU2  zfu24  zcf8A SHE3
4.3.2) Oligos used in this chapter

Table 8: Oligos used in chapter 3.

Name Description Sequence (3’-5’)

JCP1887 upstream_region_zfu2_for TAAAGGTACCTCCCGTTGGTAATTGTAAAAC
JCP1888 upstream_region_zfu2_rev CAGTCTCGAGTGCGAAAATGAAAATGATAAT
JCP1889 downstream_region_zfuZ2_for CATTCCGCGGATAGGTGTATACCTATATGTA
JCP1890 downstream_region_zfu2_rev TATAGAGCTCTTAAGCCCCTTCATTCATTTT
JCP1893 Test_deletion_zfu2_for AAATTTGGCCTTGGAGCTTT

JCP1894 Test_deletion_zfu2 rev TATCATCACCACCACCACCA

JCP2162 upstream_region_zcf8_for AGACTTGGTACCCGTGGCTGTATTGATGGATTGT

94




Dissecting the molecular function of three C. albicans regulators of gut colonization

JCP2163 upstream_region_zcf8_rev AGATTACTCGAGAGAAGTTTGTGGCTGTTGGA

JCP2164 downstream_region_zcf8_for AGACGCGGCCGCTGCAAGATCAAACCCTTAGTCT

JCP2165 downstream_region_zcf8 rev AGCTAGCCGCGGACGAGTGTTGTGTTGAAAGGT

JCP2166 Test_deletion_zcf8_for ACAACCACAACAACAACCAGT

JCP2167 Test_deletion_zcf8 rev ACGAGTGTTGTGTTGAAAGGT

JCP2494 MYC_Tag_SHE3_for TAACAACAACAACAACAATAGCAAAAGAAATTCGCA
ACTTTTCGATAATAACTTTGTATTAAATGTACGGATC
CCCGGGTTAATTAACGG

JCP2495 MYC_Tag_SHE3_rev TAGTTATCCATTTTTTTAATAAAAAACTAACGTGTA
ATATGCTCTAAAAATATAAACCTCTATAGGCGGCCGC
TCTAGAACTAGTGGATC

JCP2496 Test_insertion_MYC_for CGTCAACCAAGTCAGCAAAA

JCP1437 Test_insertion_MYC_rev ACAACTCAGAGCACGCTAGA

JCP_2040 | FGR17_OE_for GTCAAATTTATTAGAGAAAATTATGCTTATGAAAGA
TACCCTCGATCTTAACAATAGTATTGAACGCCCTATC
AAGCTTGCCTCGTCCCC

JCP_2041 | FGR17_OE_rev TACATTTTCTTCTACGTTTACGACAATTATCACAAGC
AATTGAAACGTAAGATCTAGATTTTGACAGCATATT
TGAATTCAATTGTGATG

JCP_2069 | FGR17 test OE_for CCCTATGGATGAGTTGGTGTC

JCP_2070 | FGR17 test OE_rev TCATGAATTCTGTGTCTGCCA

4.3.3) Plasmids used in this chapter

Table 9: Plasmids used in chapter 3.

Name Description Source
pADH34 coding sequence for a 13xmyc repeat Hernday et al,, 2010
pSFS2a SAT1-flipper Reuss et al.,, 2004
pCJN542 coding sequence for the C. albicans TDH3 Nobile et al.,, 2008
promotor
4.3.4) Probes used in this chapter

Table 10: FISH probes used in chapter 3.

Name Description Sequence Source

ITS-2 FISH-Probe homolog to [CY5] ATAGGCCAGCAATTTCAAGT [CY5] | Zenklusen
ITS-2 of S. cerevisae TAACTCCAAAGAGTATCACTC [CY5] etal, 2010

CHT_1 FISH-Probe homologtoa | [CY5] GCATCGTCAGCTTTGGCCAG [CY5] | This work
middle region of CHT2 TGCCTCCAATCAAGTTGCTC [CY5]

CHT_2 FISH-Probe homolog to [CY5] CTGTTCCAGTATTCACTTTT [CY5] | This work
the 3’end of CHTZ2 GAAGGTG GTGCTGCAGTTGC [CY5]

CHT_3 FISH-Probe homolog to [CY5] CTGCTGCTCCACAATGTCCA [CY5] | This work
the 3’end of CHTZ2 TACCCTGATGCATCTCTTGG [CY5]

ASH_1 FISH-Probe homolog to [CY5] AGCAAGAACTGCACCACCAT [CY5] | This work
the 5’end of ASH1 CTCCTCCATATGAAACTG [CY5]

ASH_2 FISH-Probe homologtoa | [CY5] TATTACAATTGAAAGAGCGC [CY5] | This work
middle region of ASH1 CAACTCCCCCCACCTCCA [CY5]

ASH_3 FISH-Probe homolog to [CY5] GGTGAATGGACCCTCATGCA [CY5] | This work
the 3’end of ASH1 AAGCAAAGGAAAAGAGAC [CY5]
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4.3.5) Deletion mutants

The SAT1 flipping method (Reuss et al., 2004) was used to construct the double deletion
mutant try4 zfuZ2 and the triple deletion mutant try4 zfuZ2 zcf8. Briefly, the upstream region
of ZFUZ2, amplified with primers JCP1887 and JCP1888 (Table 8) was inserted in the
Kpnl/Xhol restriction sites upstream of the SAT1/flipper casette in pSFS2a (Table 9) and
transformed in E.coli DH5alpha. Clones, that inserted a complete plasmid were identified
by antibiotic resistance. Subsequently, the downstream region of ZFUZ2, amplified with
primers JCP1889 and JCP1890 (Table 8) was inserted in the Sacll/Sacl restriction sites
downstream of the SAT1/flipper casette in pSFS2a containing the upstream region of
ZFUZ and transformed in E.coli DH5alpha. Clones, that inserted a complete plasmid were
identified by antibiotic resistance. Plasmids containing the correct up-, and downstream
region of ZFUZ were extracted and digested with Kpnl/Sacl to cut out the SAT1/flipper
casette flanked by the up-, and downstream regions of ZFUZ. The linearized DNA fragment
was transformed in strain TF55 (Table 7) using the heatshock method. Through sequence
homology of the up- and downstream regions, the coding sequence of ZFUZ2 was replaced
by the SAT1/flipper casette. Clones, that replaced the coding sequence of ZFUZ
successfully were identified by antibiotic resistance. After the removal of the SAT1/flipper
cassette through growth on Maltose (Reuss et al., 2004) the transformation was repeated
to replace the second copy of ZFUZ2. The deletion of both copies of ZFUZ2 was verified by
PCR using primers JCP1893 and JCP1894 (Table 8). The same experimental procedure
was used to construct the triple deletion mutant try4 zfu2 zcf8. Primers to amplify the
upstream region of ZCF8, JCP2162 (Kpnl) and JCP2163 (Xhol), and to amplify the
downstream region of ZCF8, JCP2164 (Notl) and JCP2165 (Sacll), are listed in Table 8.
Plasmids containing the correct up-, and downstream region of ZCF8 were extracted and
digested with Kpnl/Sacll to cut out the SAT1/flipper casette flanked by the up-, and
downstream regions of ZCF8. The linearized DNA fragment was transformed in strain
JCP766 (Table 7) using the heatshock method. The deletion of both copies of ZCF8 was
verified by PCR using primers JCP2166 and JCP2167 (Table 8).

4.3.6) Overexpression strain

FGR17 overexpression was achieved by placing a copy of the TDH3 promoter upstream of
its coding sequence as described previously (Nobile et al, 2008). Briefly, the TDH3
promotor sequence was amplified from plasmid pCJN542 (Table 9) using a forward and

reverse primer (JCP_2040/2041, Table 8) that are composed of a a nucleotide sequence
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complementary to an upstream sequence of the FGR17 coding sequence and a nucleotide
sequence complementary to pTDH3. In this way a fragment was constructed composed in
the following order: homology to a sequence upstream of FGR17 - pTDH3 - homology to
a sequence upstream of FGR17. This fragment was transformed in C. albicans SN250 cells
(Table 7) using the heatshock method. Through sequence homology of the upstream
region of FGR17, the coding sequence of pTDH3 was placed upstream of the FGR17 coding
sequence. Clones, that incorporated the TDH3 promotor successfully upstream of FGR17
were identified by antibiotic resistance. Correct insertion and nucleotide sequence were

tested by PCR and sequencing using primers JCP_2069/2070 (Table 8).

4.3.7) MYC-tagging

The procedure for gene tagging with MYC (13xMYC) has been described earlier (Hernday
et al, 2010). Briefly, SHE3 was MYC-tagged via amplification of 13xMYC followed by the
SAT1/flipper cassette from plasmid pADH34 (Table 9) with oligos JCP2494 and JCP2495
(Table 8) . The first 67 nucleotides of the forward primer are homolog to the 3’ end of
SHE3, except of the STOP codon. The remaining 23 nucleotides are homolog to the 5’ end
of the 13xMYC tag contained in plasmid pADH34. The first 61 nucleotides of the reverse
primer are homolog to the downstream region of SHE3. The remaining 29 nucleotides are
homolog to the 3’ end of the SAT1/flipper cassette contained in plasmid pADH34.
Amplification of the 13xMYC followed by the SAT1/flipper cassette using primers
JCP2494 and JCP2495 (Table 8) therefore constructs a DNA fragment with the following
order: 3’end homology to SHE3 (STOP codon excluded) - 13xMYC - SAT1/flipper cassette
- homology to downstream region of SHE3. This DNA fragment was transformed in
C. albicans strains SN250 and JCP958 (Table 7) using heat shock and via homologous
recombination the 13xMYC tag was inserted downstream of SHE3. Successful tagging of
one copy of SHE3 was verified by PCR using primers JCP2496 and JCP1437 (Table 8). The
SAT1/flipper cassette was removed as described (Reuss et al, 2004). Correct insertion
and nucleotide sequence of the 13xMYC tag was verified by sequencing and Western blot

analysis described in chapter 4.3.12 (Figure 32).
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Figure 32: Confirmation of 13xMYC tag of SHE3 using Western blot analysis.

The C-terminal tag of SHE3 with 13 repeats of MYC in the C. albicans strains SN250 and JCP958
(Table 7) was confirmed using Western blot analysis. Untagged control, positive control and the
two SHE3-MYC tagged strains were grown to stationary phase in YPD at 30°C shaking. Whole cell
extracts were prepared and resolved by PAGE as described in chapter 2.3.9 and 4.3.12. Proteins
were transferred to a PVDF membrane and the MYC tag was stained using a c-Myc Monoclonal
Antibody. As loading control actin was stained using a rabbit polyclonal anti-Actin antibody
(lower panel).

4.3.8) Filamentation assays

Embedded colonies. C. albicans wild-type and mutant strains were grown to stationary
phase overnight in YPD liquid medium at 30°C shaking. Cells were washed once in 1x PBS
and counted in a haematocytometer. 100 pl cell suspension containing approximately 100
cfus were placed on top of a thin layer of soft (1%) YPD agar. Before the soft agar solidified,
another layer of soft agar was overlaid on top. After the agar solidified completely, plates
were incubated at 37°C for 48 h prior to evaluation.

Spot assays. C. albicans wild-type and mutant strains were grown to stationary phase
overnight in YPD liquid medium at 30°C shaking. Spot assays were performed as
described earlier (Ram et al., 2006). Briefly, cells were harvested, washed in dH20 and
counted in a haematocytometer. 5x10% cells were spotted on SpiderAgar plates. Plates
were incubated at 30° for 24 hours prior to evaluation.

Stab culture. Growth as stab culture was performed essentially as described (Elson et al,
2009). Briefly, solidified SpiderAgar was cut in 1 mm thick pieces and placed on
microscope slides. C. albicans wild-type and mutant cells were grown to stationary phase
overnight in YPD liquid at 30° shaking. Cells were harvested and washed twice in 1x PBS.
Cells were counted in a haematocytometer, 10 pl containing aprroximatly 10 cfus were
placed on the agar pieces and overlaid with coverslips. Stab cultures were incubated at

30°C in a humid chamber for 24-48 hours prior to evaluation.
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Colonies under Coverslips. Colony morphology was assessed via growth of C. albicans

strains under a coverslip as described (Elson et al,, 2009). Briefly, C. albicans wild-type

and mutant cells were grown to stationary phase overnight in YPD liquid at 30°C. Cells

were harvested and washed twice in 1xPBS. Cells were counted in a haematocytometer

and 100 pl containing aprroximatly 100 cfus were spread on a SpiderAgar plate. A

microscope slide was placed atop the agar. Plates were incubated at 30°C for 5 days in an

anaerobic chamber prior to evaluation.

Filamentation induction with serum. C. albicans wild-type and mutant cells were

grown to stationary phase overnight in YPD liquid at 30°C. Cells were diluted 1:10 in YPD

containing 10% serum and incubated shaking at 30°C for 30, 60, 180 min or over night.

4.3.9) Fluorescence in situ hybridization (FISH)

Buffers:

Potassium phosphate buffer 100 mM, pH7.5
83.4 ml 1M K2HPO4

16.6 ml 1M KH2PO4

adjust pH to 7.5

adjust to 1 Liter with dH20

store at RT

Potassium phosphate buffer 140 mM, pH7.5
116.76 ml 1M K2HPO4

23.24 ml 1M KH2PO4

adjust pH to 7.5

adjust to 1 Liter with dH20

store at RT

Sodium phosphate buffer 100 mM, pH7.5
80.95 ml 1M NazHPO4

19.05 ml 1M NaH2PO04

adjust pH to 7.5

adjust to 1 Liter with dH20

store at RT

1xbuffer B

1.2 M Sorbitol

dissolved in 100 mM potassium phosphate buffer pH7.5
store at 4°C

1.4xbuffer B

1.7 M Sorbitol

dissolved in 140 mM potassium phosphate buffer pH7.5
store at 4°C
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Competitor DNA

50 pl 10 mg/ml sheared salmon sperm DNA
50 pl 10 mg/ml E. coli tRNA

store at -20°C

20xSSC

800 ml dH20

175.3 g NaCl (3 M)

88.2g trisodium citrate (300 mM)
adjust pH to 7 with HCI

adjust volume to 1 Liter with dH20
store at RT

Spheroblasting buffer
1.8 ml 1.4x buffer B

5 pl B-mercaptoethanol (gibco, Thermo Fisher Scientific, Waltham, MA, USA)
250 pl 200 mM VRC (Sigma-Aldrich, St. Louis, MO, USA)
390 ul dH20

Hybridization buffer
50 ml deionized formamide

10 ml 20x SSC
40 ml H20

4% Paraformaldehyde
0.4 g paraformaldehyde

Heat up to 60°C, stirr until dissolved
Adjust pH to 6.9
Adjust volume to 10 ml with 1x PBS

Solution F (1 coverslip)

16 ul deionized formamide

2 ul 100 mM sodium phosphate buffer pH7.5
2 ul dH20

Solution H (4 coverslips)
15 pl dH20

10 ul 20x SCC

10 pl 20 mg/ml BSA

5 pl VRC (Sigma)

10 pl deionized formamide

Fluorescence in situ hybridization (FISH) was performed as described earlier (Zenklusen
et al, 2010), with several modifications.

Growth conditions

C. albicans wild-type and mutant cells were grown to stationary phase in YPD liquid at

30°C shaking overnight. Cells were diluted 1:10 in YPD containing 10% serum to induce
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filamentation (For approximately 10 coverslips with cells; 2 ml stationary phase culture
+ 18 ml YPD/10% Serum). Cells were incubated 30 min at 30°C shaking.

Cell Fixation

Cells were harvested, resuspended in 10 ml freshly prepared 4% paraformaldehyde and
incubated 45 min at RT on a nutator. Cells were washed 3x with 10 ml ice cold 1xbuffer B
and centrifuged at 2400g, 5 min at 4°C.

Spheroblasting

Cells were resuspended in 1 ml spheroblasting buffer and 800 units Lyticase from
Arthrobacter luteus (Sigma-Aldrich, St. Louis, MO, USA) were added to digest the cell wall.
Spheroblasting was conducted at 30°C for 10-20 min. Digestion of the cell wall was
checked first after 10 min, then every 5 min. After spheroblasting was completed, cells
were collected 4 min at 1300g at 4°C, washed once in 1 ml ice cold 1xbuffer B and
resuspended in 1 ml ice cold 1xbuffer B. 150 pl cell suspension was dropped on a poly-L-
lysine coated coverslip. Coverslips were incubated at 4°C for at least 30 min to let the cells
adhere to the coverslips. Subsequently, coverslips were washed once in 5 ml ice cold
1xbuffer B and stored in cell culture well plates in 5 ml 70%EtOH sealed with parafilm at
-20°C up to 6 months.

Probe design

To achieve a perfect coverage, for each RNA that was chosen for FISH three probes were
designed, each of them 38 - 40 nucleotides long and are listed in Table 10. One of them
homolog to the 5’ end of the respective gene, one to the middle and one to the 3’ end of
the gene. Probes were tested for secondary and tertiary structures that would decrease
binding to the respective RNA. They were ordered with Cye-5 tags at their 5’ end, in their
middle and their 3’end, HPLC purified and liquid in concentration of 0.01 umol. A probe
homolog to the ITS-2 of S. cerevisiae (Table 10) (Zenklusen et al., 2010) was used to
establish this technique in C. albicans.

Hybridization

Coverslips were rehydrated by two sequential incubations in 2x SSC for 5 min at RT.
Afterwards, coverslips were incubated in hybridization solution for 15 min at RT. The
three probes designed to detect one specific RNA were combined and 1 ng was combined
with 4 ul 10 mg/ml competitor DNA. 12 pl solution F and 12 pl solution H were added and
20 ul were dropped into a petridish. One coverslip was put face down onto the probe drop.

A 50 ml Falcon tube cap was filled with hybridization solution and added to the petridish
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to humidify the hybridization chamber. The chamber was sealed with parafilm and
covered with aluminium foil, since the probes are light sensitive. Hybridization was
performed 1 hour at a temperature depending on the probes (here for CHTZ2: 65°C, for
AHS1: 55°C). Subsequently, the coverslips were washed twice in hybridization solution
for 15 min at the same temperature as hybridization was performed. One washing step in
0.1% Triton X-100/2x SSC at RT and two washing steps in 1x SSC for 15 min on an orbital
shaker followed. Nuclei were stained with DAPI and remaining cell wall with Calcofluor
white for 2 min at RT. Coverslips were washed again using 1x PBS for 5 min and air dried.
Coverslips were mounted using ProLong™ Diamond Antifade Mountant (Invitrogen,

Thermo Fisher Scientific, Waltham, MA, USA), imaged or stored at -20°C.

4.3.10) Immunohistochemistry

C. albicans wild-type and SHE3-MYC-tagged strains (SN250, JCP1018 and JCP1019 (Table
7) were grown, spheroplasted and fixed on coverslips as it is described in section 4.3.9)
Fluorescence in situ hybridization. After rehydration coverslips were washed in 1x TBS
and blocked in 1x TBS containing 5% milk, 1 hour at room temperature. After sequential
washes in 1x TBS the 13x MYC-tag of SHE3 was probed with a mouse c-Myc Monoclonal
Antibody (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA, 9E10.3) 1:500 diluted
in 1x TBS containing 5% milk for 2 hours at room temperature. Unbound antibody was
removed with 1x TBST (1xTBS + 0.05% Tween20). To be able to localize SHE3 inside the
cells, coverslips were incubated with Alexa Fluor™ 488 goat anti-mouse IgG, IgM (H+L)
(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA, A10680) 1:500 diluted
and DAPI (Sigma-Aldrich, St. Louis, MO, USA) to stain the nuclei for 1 hour at room
temperature in 1x TBS containing 5% milk. Unbound secondary antibody was removed
with 1x TBST. Coverslips were mounted in ProLong™ Diamond Antifade Mountant
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and imaged via fluorescence

microscopy.

4.3.11) Neutrophil killing assay

The EasySep™ Human Neutrophil Enrichment Kit (Stemcell Technologies, Vancouver,
Canada) was used to isolate neutrophils from leucocyte-containing cones, which had been
prepared from whole blood of healthy donors (kindly provided by the Department of
Transfusion Medicine, University Hospital Wiirzburg). The neutrophil killing assay was

performed essentially as described (Urban, Reichard, Brinkmann, & Zychlinsky, 2006).
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Briefly, neutrophils were seeded in RPMI 1640 medium supplemented with 2% human
serum (Sigma-Aldrich, St. Louis, MO, USA) in 24-well plates and allowed to attach to the
surface. Neutrophils were activated using 25 nM phorbol myristate acetate (Sigma-
Aldrich, St. Louis, MO, USA). After 30 min incubation at 37 °C, the medium was carefully
replaced with fresh RPM], containing 2% human serum and incubated for another 20 min
before infection with C. albicans at MOI 0.01. Samples were centrifuged at 700 g for 10
min and incubated at 37 °C and 5% CO2 for 2 hours. C. albicans cells incubated under the
same conditions but without neutrophils were used to calculate the percentage of

C. albicans Kkilling. Each assay was performed in triplicates.

4.3.12) Western Blot

Buffers:
10xTBS: SDS Samplebuffer: Transferbuffer:
0.2 M Tris 0.06 M Tris-Cl 14 g Glycin
1.5 M NaCl 5% Glycerol 3 g Tris
2% SDS 100 ml Methanol
4% B-Mercaptoethanol 400 ml H20

0.0025% Bromophenol Blue

MYC-tagged SHE3

Untagged control and MYC-tagged wild-type or triple deletion mutant cells were grown
in liquid YPD to stationary phase at 30°C overnight shaking. Cells were diluted 1:10 in
YPD/10% serum to induce filamentation and shaked at 30°C for 30 min before harvesting.
3x107 cells were spun down and washed once in dH20, 5000 rpm, 1 min. Cells were
resuspended in 100 pl H20. 100 pul NaOH (0.2M) were added and the cells were incubated
10 min at room temperature. Subsequently, cells were collected via centrifugation and
resuspended in 50 pl SDS sample buffer. Cells were incubated 5 min at 100°C. Cell debris
was spun down and the supernatant containing whole cell extracts was combined with
NuPAGE™ LDS Sample Buffer (Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA)
and resolved by PAGE (NuPAGE™ 4-12% Bis-Tris Gels, Invitrogen by by Thermo Fisher
Scientific, Waltham, MA, USA) (150 V, 100 mA, 1.5 hours) in MES SDS Running Buffer
(novex by Thermo Fisher Scientific, Carlsbad, CA, USA). The proteins were transferred to
a PVDF membrane (pore size 0,45 um, Carl Roth, Karlsruhe, Germany) in Transferbuffer
(30 V, 500 mA, 2 hours). The membrane was washed in 1x TBS and blocked in 1x TBS

containing 5% milk, 1 hour at room temperature. After sequential washes in 1x TBS the
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MYC-tagged proteins were probed with a c-Myc Monoclonal Antibody (Invitrogen by
Thermo Fisher Scientific, Waltham, MA, USA, 9E10.3) and a rabbit polyclonal anti-Actin
antibody (Sigma-Aldrich, St. Louis, MO, USA, A5060) (Loading control) 1:4800 diluted in
1x TBS containing 5% milk for 2 hours at room temperature. Unbound antibody was
removed with 1x TBST (1x TBS + 0.05% Tween20) and the proteins were incubated with
1:120000 diluted secondary antibodies conjugated to horseradish peroxidase for 1 hour
at room temperature in 1x TBS containing 5% milk. Unbound secondary antibody was
removed with 1x TBST and the proteins were imaged using SuperSignal™ West Femto

Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA, 34095).

Phosphorylation level of Mkc1p/Ceklp

Wild-type and triple deletion mutant cells were grown in liquid YPD to stationary phase
at 30°C overnight. Cells were diluted 1:10 in YPD/10% serum to induce filamentation and
shaked at 30°C for 30, 60 and 180 min or over night before harvesting. 3x107 cells were
spun down and washed once in dH20, 5000 rpm, 1 min. Cells were resuspended in 100 pl
H20. 100 pl NaOH (0.2M) were added and the cells were incubated 10 min at room
temperature. Subsequently, cells were collected via centrifugation and resuspended in
50ul SDS sample buffer. Cells were incubated 5 min at 100°C. Cell debris was spun down
and the supernatant containing whole cell extracts was combined with NuPAGE™ LDS
Sample Buffer (Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA) and resolved
by PAGE (NuPAGE™ 4-12% Bis-Tris Gels, Invitrogen by Thermo Fisher Scientific,
Waltham, MA, USA) (150V, 100mA, 1.5 hours) in MES SDS Running Buffer (novex by
Thermo Fisher Scientific, Waltham, MA, USA). The proteins were transferred to a PVDF
membrane (pore size 0,45 pum, Carl Roth, Karlsruhe, Germany) in Transferbuffer (30 V,
500 mA, 2 hours). The membrane was washed in 1x TBS and blocked in 1x TBS containing
5% milk, 1 hour at room temperature. After sequential washes in 1x TBS the
phosphorylated fraction of Mkc1p and Cek1p were probed with a mouse monoclonal anti-
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling, Danvers,
MA, USA, 9106) and a rabbit polyclonal anti-Actin antibody (Sigma-Aldrich, St. Louis,
Missouri, USA, A5060) (Loading control) 1:4800 diluted in 1xTBS containing 5% milk for
2 hours at room temperature. Unbound antibody was removed with 1x TBST (1x TBS +
0.05% Tween20) and the proteins were incubated with 1:12000 diluted secondary
antibodies conjugated to horseradish peroxidase for 1 hour at room temperature in
1xTBS containing 5% milk. Unbound secondary antibody was removed with 1x TBST and
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the proteins were imaged using SuperSignal™ West Femto Maximum Sensitivity Substrate

(Thermo Fisher Scientific, Waltham, MA, USA, 34095).

4.3.13) Transcriptome analysis

The C. albicans reference strain and deletion mutants were grown on Todd-Hewitt agar at
37°C for 24 h. Cell collection, RNA purification, library preparation and sequencing were
carried out as I described in chapter 2.3.4. Two biological replicates of each strain were
analyzed. We obtained between 27-42 million reads per sample. Low quality reads were
eliminated, and adapter sequences trimmed using Trimmomatic (Bolger et al, 2014)
(v0.36) with default settings for single end reads. Over 95% of reads in every sample
passed the quality control and were aligned to the C. albicans reference genome Build 21
using STAR (Dobin et al,, 2013) (v2.5.2b) with default parameters. From the resulting
BAM files, raw read counts were extracted with HTSeq (Anders et al., 2015) (v0.6.1) using
the respective annotation. Read counts were loaded into R (v3.3.2) and analyzed with the
DESeq2 (Love et al.,, 2014) package (v1.14.1). With our depth of sequencing, we detected
a significant number of reads in >6100 annotated ORFs (99%). Differential gene
expression analysis was performed using the default DESeq2 workflow. Adjusted P-values
of 0.1, 0.05 and 0.01, which were obtained through the Benjamini-Hochberg-method
(Benjamini et al., 2001), were taken as cut-offs for significance. To verify the validity of
the analysis, we determined the P-value distribution across the samples. For the ZCF8
dataset, an overestimation of the null model variance was detected and corrected using
fdrtool (Strimmer, 2008). As an additional measure to reduce the rate of false positives in
the corrected dataset, we applied a minimum fold-change threshold (log2 values of
|0.33]). This ad hoc measure does not change the overall structure of the inferred
network. Cytoscape (Shannon et al,, 2003) (v3.4) was employed to visualize the network
and generate the displayed graphs. Method description with minor modifications was

taken from Bohm et al., 2017.
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4.4) Results:

4.4.1) The transcription regulators ZCF8, TRY4, and ZFUZ2 share a large set of
target genes.

The transcriptional regulators ZCF8, ZFUZ2, and TRY4 were identified in a genetic
screening described in chapter 3 (Figure 23). Deletion of each one of the three regulators
showed a defect in gut colonization of gnotobiotic mice (Figure 24A) (Bohm et al., 2017),
suggesting that they control cellular functions that contribute to proliferation in the
mammalian intestine. These regulators influence adherence to mucin containing surfaces
(Figure 26) and negatively regulate filamentation under certain conditions (Figure 25).
Work from the Pérez lab as well as other groups clearly indicate that filamentation in
C. albicans is correlated with defects in gut colonization (Bohm et al, 2017; Tso et al.,
2018; Witchley et al, 2019). A connection between the identified regulators and
filamentation could therefore explain their gut colonization defect in gnotobiotic mice. To
uncover how ZCF8, ZFU2, and TRY4 control filamentation and establish whether other
cellular functions may also account for their gut colonization defect, I performed
transcriptome analyses (RNA sequencing) comparing the wild-type reference strain to
each one of the three deletion mutants. RNA was prepared from C. albicans cells growing
under conditions that mimic some of the conditions present in the mammalian host: body
temperature (37°C), growing on a semi-solid surface (Todd-Hewitt agar). In this
experimental setup, microscopy anlysis revealed that >99% of the C. albicans cells remain
in the yeast form.

In total, the transcriptome anaylsis revealed 395 protein-coding transcripts whose
expression was dependent on one or more of the three regulators evaluated (Pagj < 0.01;
Figure 33A, Table S 4; 560 targets at Pagj < 0.05, (Table S 3); 670 targets at Pagj < 0.1, (Table
S 2). Each of the three regulators controls the expression of its own set of target genes
(ZCF8: 262, ZFU2: 192, TRY4: 211), but interestingly they share a large amount of target
genes (89 transcripts in common for all the three proteins, P = 6.09x10-216; 38 additional
transcripts shared only by ZCF8 and ZFUZ, P < 8.09x10-17; 37 shared only by ZCF8 and
TRY4, P < 1.33x10-14; and 15 in common only between ZFUZ and TRY4, P < 8.77x10-%)
suggesting that there is a significant degree of overlap in the functions governed by the
three proteins (Figure 33B). A closer look at the shared targets revealed moreover that
their expression is regulated (activated or repressed) by ZCF8, ZFUZ2, and TRY4 in the same

direction in all but 2 of the 179 shared targets (Figure 33B). A transcript whose expression
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is dependent on ZCF8, ZFUZ2, and TRY4 is therefore either activated by all three proteins

or repressed by all three of them. The same is true for genes under the control of two of

the regulators. All these features of the network are robust to threshold changes (see

4.3.13) and Table S 2, Table S 3, Table S 4). These findings indicate that ZCF8, ZFU2, and

TRY4 govern, to a significant extent, overlapping cellular functions.

>

3.0

2.0

1.0

Log, (fold change)

-1.0

zcf8/Ref.strain *

20 zfu2 /Ref.strain

WGRG\ .

1.0

.....

Y
:
89 3

2.0

1.0

-1.0

-2.0

try4/Ref.strain

WOR3

N v
ALS2
FGR17

Figure 33: Transcriptional regulatory network based on whole transcriptome analysis of
ZCF8, ZFU2, and TRY4 (Bohm et al., 2017).
(A) Plots depicting the expression changes of all analyzed transcripts (~6100 genes; each dot

represents one transcript) observed by comparing the expression levels in the indicated deletion
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mutant to the expression levels in the wild-type reference strain. For each transcript the log; fold
change in expression is shown on the Y-axis as a function of the mean of the normalized read
counts (X-axis). Red triangles represent transcripts whose expression is activated (i.e. positive
regulation), blue triangles represent repressed transcripts (i.e. negative regulation) by each
regulator at P,g; < 0.01.

(B) Network depicting all genes whose expression is controlled by ZCF8, ZFU2, and TRY4. The
green nodes of the network correspond to the transcription regulators identified in our genetic
screen (Figure 23). The large circles with the numbers in the middle are composed of small
colored ellipses. Each of these ellipses represents one target gene. Red ellipses represent positive
regulation (i.e. activation), blue represents negative (i.e. repression). The two black ellipses
represent the two genes that show discordant regulation (positive regulation by one regulator
and negative by another). The shown network is completely based on RNA-seq data generated in
this study.

The next question was, if the RNA-Seq data can uncover a link between the three
regulators and filamentation. A closer look at the top common targets of regulation of
ZCF8, ZFU2, and TRY4 (based on the magnitude of expression differences between
reference strain and deletion mutants) revealed the putative regulator FGR17 (Table 11).
This gene was previously shown to have an effect on filamentation in C. albicans even

though the results are contradictory (Homann et al., 2009; Uhl et al., 2003).

Table 11: Top common targets of regulation.

Standard Common Log: (mutant/WT) Knowm or predicted
name name try4 ZCfB quz function
ORF 19.5622 GLC3 -0,944 -0,824 -0,94 Glucan branching enzyme
ORF 19.2344 ASR1 -1,352 -0,62 -0,589 Heat shock protein
ORF 19.5614 -0,905 -0,731 -0,831 Ribonuclease H1
ORF 19.6202 RBT4 -0,914 -0,681 -0,77 Secreted PRY family protein
ORF 19.1097 ALS2 -0,797 -0,772 -0,701 Adhesin
ORF 19.1716 URA3 -0,708 -0,692 -0,863 Orotidine-5'-phosphate
decarboxylase
ORF 19.5620 -0,822 -0,531 -0,675 unknown
ORF 19.99 HAL21 -0,633 -0,575 -0,82 Phosphosulfate phosphatase
ORF 19.3649 -0,636 -0,544 -0,764 unknown
ORF 19.3651 PGK1 -0,805 -0,486 -0,622 Phosphoglycerate kinase
ORF 19.3456 -0,708 -0,586 -0,634 Kinase
ORF 19.5525 -0,821 -0,484 -0,622 unknown
ORF 19.7284 ASR2 -0,875 -0,531 -0,503 unknown
ORF 19.5729 FGR17 -0,724 -0,573 -0,575 Transcription regulator
ORF 19.90 -0,661 -0,577 -0,608 unknown
ORF 19.4477 CSH1 -0,749 -0,62 -0,461 Aldo-keto reductase
ORF 19.85 GPX2 -0,653 -0,654 -0,519 Glutathione peroxidase
ORF 19.5612 BMT4 -0,446 -0,632 -0,701 B-mannosyltransferase
ORF 19.3417 ACF2 -0,55 -0,552 -0,647 Endo-1,3-B-glucanase
ORF 19.1085 -0,651 -0,471 -0,614 unknown
ORF 19.5526 SEC20 -0,663 -0,492 -0,556 unknown
ORF 19.5595 SHE3 -0,56 -0,568 -0,589 mRNA binding protein
ORF 19.6003 0,547 0,505 0,719 unknown
ORF 19.4599 PHO89 0,798 0,401 0,693 Phosphate permease
ORF 19.467 WOR3 0,59 0,996 0,96 Transcription regulator
ORF 19.3664 HSP31 0,612 0,876 1,403 Heat shock protein
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[ tested the ability for filamentation of a fgr17 deletion mutant under the in vitro
conditions that we used to grow the cells for the RNA-Seq experiment and that mimic
some conditions present in the gut (37°C and growing on a semisolid surface). Under
these conditions, colonies of the fgr17 deletion mutant displayed increased colony
wrinkling (Figure 34) phenocopying the zcf8, zfuZ2, and try4 deletion mutants (Figure 25).
Microscopy anaylsis revealed that the wrinkling areas contained a mixture of yeast and
filamentous cells. This result supports the idea that FGR17 is a negative regulator of
filamention. Under different conditions, i.e. when grown embedded in soft agar, colonies
of the fgr17 deletion mutant formed longer and denser projections than wild-type
colonies (Figure 34). Thus, the regulator FGR17 is a common target of regulation of ZCF8,

ZFU2, and TRY4 and negatively regulates filamentation in C. albicans.
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Figure 34: FGR17, a common target of ZCF8, ZFUZ2, and TRY4, negatively regulates
filamentation and invasive growth in C. albicans.

Shown are photographs of colonies of the indicated strains. Wild-type, fgr17 deletion mutant and
a strain ectopically expressing FGR17 were grown either on a semisolid surface and at 37°C (left)
or embedded in soft agar (right). Colonies of the fgr17 deletion mutant displayed colony wrinkling
when grown on YPD agar in contrast to the other strains (left). When grown embedded in soft
agar the deletion mutant forms longer and denser protrusions compared to the two other strains
(right).
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4.4.2) The triple mutant strain try4 zcf8 zfu2 displays a stronger filamentation
phenotype than the single mutant strains.
The results described above indicate that the C. albicans genes ZCF8, ZFUZ2, and TRY4
regulate at least in part the same biological processes. Since the observed in vitro
phenotypes for each single mutant were somewhat weak, double and triple mutants for
all regulators were constructed. Colony morphology was assessed after incubation at 30°C
for 24 hours and revealed that a double deletion mutant of try4 and zfuZ displayed
increased filamentation compared to each single mutant and the wild-type reference
strain (Figure 35A). Deletion of all three regulators increased filamentation even more
(Figure 35A), further supporting the notion that these proteins work in parallel in
C. albicans. The increased filamentation in the triple mutant try4 zcf8 zfu? was also
observed in two other assays: In stab culture and in colonies grown under coverslips. In
both assays (Elson et al, 2009), the triple deletion mutant displayed increased

filamentation compared to the wild-type reference strain (Figure 35B, C).
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Reference strain try4 zfu2 try4 zfu2 zcf8

try4 zfu2

Reference strain try4 zfu2 zcf8

C Reference strain try4 zfu2 zcf8

Figure 35: The triple deletion strain zcf8 zfuZ2 try4 exhibits hyperfilamentation phenotypes.
Shown are photographs of colonies of the wild-type reference strain, the single mutants try4, zfuz,

and zcf8, the double deletion mutant try4 zfuZ and the triple deletion mutant zcf8 zfuZ try4 grown
under different conditions.
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(A) SpiderAgar plates incubated 24 h at 30° C. Scale bars in the right lower corner of the pictures
represent 5 mm.

(B) 10 pl containing approximately 10 cfus were pipetted on top of a SpiderAgar piece placed on
a microscope slide. Colonies were covered with a coverslip and grown 24 h at 30°C prior to
evaluation. Scale bars in the right lower corner of the pictures represent 50 um.

(C) 100 pl containing approximately 100 cfus were spread on a SpiderAgar played and a
microscope slide was placed atop the cells. Colonies were grown 5 d at 30°C in an anaerobic
chamber prior to evaluation. Scale bars in the right lower corner of the pictures represent 1 mm

Filamentation is an extensively regulated process in C. albicans. To further elucidate the
role that the three newly identified regulators have in this process, I carried out a time
course filamentation assay. To do so, transition from yeast to filamentous growth was
induced with serum, a well-established inducer of this morphological transition (Brown,
2002; Brown et al., 1999; Mitchell, 1998). Hyphal induction using 10% serum revealed
that the triple deletion mutant try4 zfuZ zcf8 started to filament earlier than the wild-type
reference strain (Figure 36A). Already after 30 min there were first signs of hyphal
induction in the triple deletion mutant whereas the wild-type reference strain showed
these signs only after 1 hour (Figure 36A), implying that the three regulators may control

the timing of the response to filamenting cues.
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Figure 36: The triple deletion mutant try4 zcf8 zfu2 displays faster response to
filamentation cues.

(A) Shown are microscopy pictures taken from C. albicans wild-type reference and try4 zfuZ2 zcf8
cells grown in response to 10% serum. Cells from stationary phase cultures were diluted 1:10 in
YPD containing 10% serum and incubated at 30°C shaking. Pictures were taken as indicated on
the left at timepoint 0, after 30 and after 60 min of hyphal induction with serum. The triple
deletion mutant try4 zfuZ2 zcf8 displayed first signs of filamentation already 30 min after exposure
to serum whereas wild-type reference strain cells startet filamentation only after 1 hour of
exposure. Scale bars in the right lower corner of the pictures represent 7.5 um.

(B) The activity of the Mkc1/Cek1 MAPK pathway was analyzed on protein level in a Western blot
using an antibody specific for the phosphorylated portion of the two kinases. Wild-type and try4
zfu2 zcf8 strains were grown to stationary phase in YPD at 30°C shaking. Hyphal transition was
induced with 10% serum. Whole cell extracts were prepared at timepoint 0, after 30, 60 and 180
min and after overnight incubation and resolved by PAGE as described in chapter 2.3.9 and 4.3.12.
Proteins were transferred to a PVDF membrane and the phosphorylated portion of Mkclp and
Ceklp was stained using a mouse monoclonal anti-Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) antibody. As loading control actin was stained using a rabbit polyclonal anti-
Actin antibody (lower panel). Mkc1p and Ceklp were earlier and higher phosphorylated in the
mutant compared to the wild-type in response to serum, indicating an earlier and stronger
activation of the Mkc1/Cek1l MAPK pathway.

(C) Quantification of the Western blot shown in (B). Plotted is the phosphorylated portion of
Mkc1p in the wild-type and the triple deletion mutant based on the intensity of the signal obtained
in the Western blot shown in (B). Notice the faster and heightened activity of the Mkc1/Cek1
MAPK pathway in the triple deletion mutant compared to the wild-type in response to serum.

Serum is known to activate several signal transduction pathways (i.e. MAP kinase and
cAMP-PKA pathways) resulting in the induction of filament-specific genes. We evaluated
the activity of the Mkcl/Cekl MAPK pathways, major signaling cascades that are
activated by phosphorylation in response to filamenting cues. The phosphorylation level
of these two kinases was tested through westernblot analysis in the triple deletion mutant
zfuZ2 try4 zcf8. Both proteins, Mkc1 and Cek1, were phosphorylated at earlier time points
and at higher levels compared to the wild-type (Figure 36B, C). Already 30 min after
hyphal induction, phosphorylated Mkclp was detected in the triple deletion mutant
whereas in the wild-type a signal was detected only after 60 min. After 60 and 180 min
the total level of phosphorylated Mkc1p was higher in the mutant compared to the wild-
type. Ceklp was phosphorylated in the mutant after 60 min and in the wild-type only after
180 min. Thus, the hyperfilamentation phenotype of the triple mutant strain correlates

with a faster and heightened response to filamenting cues such as serum.
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4.4.3) Localization of SHE3-associated transcripts depends on ZCF8, TRY4, and
ZFU2.

Among the top targets of regulation of ZFUZ2, TRY4, and ZCF8 there was another gene of
interest, SHE3. This gene encodes a protein which is part of an mRNA transport system in
C. albicans. The She3p-dependent subcellular localization of mRNAs contributes to proper
hyphal morphology and to specific aspects of hyphal function (Elson et al.,, 2009). She3p
transports a set of mRNas from the nucleus to daughter cells and into tip cells of growing
hyphae. Two thirds of the transcripts transported by She3p play roles in hyphal
development in C. albicans (Elson et al., 2009). To establish whether TRY4, ZFUZ2, and ZCF8
impact mRNA transport via She3p, the localization of two mRNAs known to be targets of
She3p was analyzed. To do so, I employed fluorescence in situ hybridization (FISH)
(Zenklusen et al, 2010). I first validated the technique in C. albicans establishing the
localization of ITS2. ITSZ is the internal transcribed spacer (ITS) between the 5.8 and 28S
rRNA. In S. cervisiae this rRNA is known to be located in a specific area of the nucleus
(Zenklusen et al., 2010). I established that ITSZ is located to a specific area of the nucleus

in C. albicans as well (Figure 37).
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Figure 37: ITS2 localizes in C. albicans to a specific area of the nucleus.

Shown are representative pictures of C. albicans cells after fluorescence in situ hybridization
(FISH) of ITS2. Wild-type cells were grown to stationary phase in YPD liquid, spheroblasted, fixed
and hybridized with an ITS2 probe (Zenklusen et al., 2010). Nuclei were stained using DAPIL. ITS2
localizes to a specific area of the nucleus of C. albicans cells as it was earlier shown for S. cervisiae
(Zenklusen et al.,, 2010). Scale bars in the right lower corner of the pictures represent 2 pm.

In a next step, FISH was used to analyze the localization of the ASHI mRNA, a target of the
She3p mRNA transport machinery. ASHI was one of the first described mRNAs in
S. cerevisiae to be distributed unequally in mother and daughter cells. Transport of ASH1
mRNA into daughter cells ensures inhibition of mating in these newly formed cells. I
compared the localization of ASH1 mRNA in C. albicans wild-type and triple deletion
mutant cells. In the wild-type reference strain ASHI mRNA was mainly detected in the tip
of budding cells (Figure 38A) as it was previously shown (Elson et al,, 2009). In the triple
deletion mutant ASHI mRNA was distributed equally in the cytoplasma of mother and

daughter cells (Figure 38B). Moreover, the stronger signal detected in the mutant

suggests that in total there is more ASHI mRNA present in these cells.
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Figure 38: Deletion of the three regulators disturbs localization of SHE3-associated
transcripts.

Representative pictures of C. albicans wild-type and triple deletion mutant cells after fluorescence
in situ hybridization (FISH) of two SHE3-associated transcripts. (A+B) FISH of ASH1 mRNA. (C+D)
FISH of CHT2 mRNA. Wild-type and mutant cells were grown 30 min in the presence of 10% serum
at 30°C shaking, fixed, spheroblasted and hybridized. Signal of the FISH probes complementary to
ASH1 and CHT2 mRNAs are shown in pink. Nuclei were stained using DAPI (shown in blue). Scale
bars in the right lower corner of the pictures represent 5 pm.

(A) ASH1 mRNA localizes in the wild-type reference strain to the tip of budding cells as previously
described (Elson et al., 2009).

(B) ASH1 mRNA does not show a specific localization in triple deletion mutant cells and is equally
distributed throughout the cytoplasma of mother and daughter cells. Stronger signal of the FISH
probes indicates a higher total concentration of ASHI mRNA in these cells.

(C) CHTZ2 mRNA localizes in the wild-type reference strain to the tip of budding cells as previously
described (Elson et al., 2009).

(D) CHT2 mRNA does not show a specific localization in triple deletion mutant cells and is equally
distributed throughout the cytoplasma of mother and daughter cells.

To further establish whether in the absence of ZCF8, ZFUZ2, and TRY4 the mRNA transport
mediated by She3p is disturbed, another target mRNA was chosen for FISH: CHT2. CHT2
encodes a chitinase that is required in C. albicans for normal hyphal growth and impacts
the chitin content of the cell wall. FISH was performed exactly as it was done for the ASH1
mRNA and revealed similar results. The CHTZ transcript is located to the tip of budding
wild-type reference cells (Figure 38C) as for ASH1 (Figure 38A) (Elson et al, 2009).
Deletion of ZCF8, ZFUZ, and TRY4 resulted in the elimination of this focalized pattern of
localization; instead the mRNA was distributed throughout the cytoplasma of mother and
daughter cells (Figure 38D). Mislocalization of the ASHI and CHTZ transcripts in the triple
deletion mutant cells indicates that the mRNA transport machinery depending on She3p
is impaired when the transcriptional regulators ZCF8, ZFUZ, and TRY4 are absent.
Transcriptomics uncovered SHE3 as one of the top common targets of ZCF8, ZFUZ, and
TRY4. Fluorescence in situ hybridization revealed that the mRNA transport machinery
depending on She3p is affected when all three regulators are absent. To see if this
observation can indeed be connected to differences in the concentration of She3p itself in
the cells, the protein was MYC-tagged and the level in the cells was analyzed in a Western
blot. In response to serum, higher levels of She3p were detected in try4 zfu2 zcf8 triple
deletion cells than in wild-type cells (Figure 39A). Furthermore, immunostaining revealed
that in addition to the total level of She3p in the cells also its localization in the cells was

affected when the three transcriptional regulators were deleted (Figure 39B). In wild-
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type cells She3p is located mainly in budding cells. In contrast in the triple mutant it shows

equal distribution throughout the cytoplasm of all cells (Figure 39B).
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Figure 39: The level and localization of She3p is affected by the three regulators.

The She3p was tagged with 13 repeats of MYC in wild-type and triple mutant background to
analyze its concentration using a Western blot and localization using an immunestaining in
C. albicans wild-type and triple mutant cells.

(A) Wild-type and triple deletion mutant cells with and without MYC tagged She3p were grown in
the pre- and absence of 10% serum. Whole cell extracts were prepared and resolved by PAGE as
described in chapter 2.3.9 and 4.3.12. Proteins were transferred to a PVDF membrane and the
MYC tag was stained using a mouse c-Myc Monoclonal Antibody. As loading control actin was
stained using a rabbit polyclonal anti-Actin antibody (lower panel). Without MYC tag, no signal
was detected. When She3p was MYC-tagged, there was no difference in its concentration when
the cells were grown in the absence of serum. When MYC-tagged strains were grown in the
presence of serum, there were higher levels of She3 protein present in the triple deletion mutant
compared to the wild type reference.

(B) Wild-type and triple deletion mutant cells with and without SHE3-MYC tag were grown in the
presence of 10% serum. Cells were fixed, spheroblasted and the MYC-tag was located using a
mouse c-Myc Monoclonal Antibody and Alexa FluorTM 488 goat anti-mouse secondary antibody.
Untagged wild-type and mutant cells showed no signal. In wild-type cells containing the SHE3-
MYC-tag She3p could be mainly located to budding cells whereas in mutant cells there was no
specific localization of She3p. Scale bars in the right lower corner of the pictures represent 10 um.
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Taken together, the results obtained through the analysis of the She3p-mRNA transport
system in C. albicans indicates that the transcription regulators ZCF8, ZFUZ2, and TRY4

influence, either directly or indirectly, this mRNA subcellular localization process.

4.4.4) Z(CF8, ZFU2, and TRY4 influence recognition by immune cells.

In the previous chapter (4.4.3), | showed that the CHTZ transcript is mislocalized in try4
zfuZ2 zcf8 triple deletion cells. As mentioned earlier, CHTZ encodes a chitinase contributing
to the chitin content of the cell wall. It was shown to process newly produced long chitin
chains in small fragments that are incorporated into the cell wall close to the cell
membrane (Sherrington et al., 2017). Mislocalization of CHTZ could therefore cause
defects in chitin processing ans incorporation into the cell wall resulting in abnormal
exposure of this sugar in the cell surface. To establish whether the triple deletion mutant
indeed displays alterations in chitin exposure, the accessibility of cell wall components
was analyzed through specific cell wall stainings and FACS analysis in collaboration with
the laboratory of Rebecca Hall at the University of Birmingham (UK) (Method description
see (Sherrington et al, 2017)). This analysis revealed that the triple deletion mutant
diplays increased exposure of chitin on the cell surface compared to the wild-type (Figure
40). By contrast, the glucan exposure was similar between wild-type and mutant cells

(Figure 40).

2000 -

[ ] Glucan
g B Chitin
E 1500 A
%]
1)
&)
=
o
) 1000 -+
—
=
%]
o
e,
<
[Sa]
500 -~
0 T
Reference zcf8 zful try4

118



Dissecting the molecular function of three C. albicans regulators of gut colonization

Figure 40: Deletion of the regulators induces cell wall rearrangements.

Graph depicting measurements of glucan and chitin exposed to C. albicans cell surface. Glucan and
Chitin were stained with fluorescent dyes that cannot cross the cell wall and fluorescence level
was determined via FACS analysis (performed by Rebecca Hall, detailed method description see
(Sherrington et al, 2017)). Experiments were conducted in three independent triplicates and
shown is the average and the standard deviation. Glucan exposure to the cell surface was similar
in both, wild-type and mutant cells (white bars), whereas there was more chitin exposed to the
cell surface in triple deletion mutant compared to wild-type cells (black bars).

Since the first contact point of fungal and immune cells is the fungal cell wall, changes in
its composition might influence recognition and killing by immune cells. Thus, the next
obvious question was whether the changes in the C. albicans cell wall observed when the
ZCF8, ZFUZ, and TRY4 are absent induces increased killing by immune cells. To test this
idea human neutrophils were freshly isolated and incubated with C. albicans wild-type
and try4 zfu2 zcf8 triple deletion cells in a neutrophil killing assay. Neutrophils were
chosen, since they are known to be the major C. albicans killer of the human immune
system. This assay revealed that triple deletion mutant cells survive significantly less

when incubated with human neutrophils than wild-type cells (Figure 41A, B).
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Figure 41: Mutant of all three regulators induces increased killing by immune cells.
Resistance of C. albicans strains to neutrophils.

(A) Graph depicting percentages of surviving C. albicans cells after incubation with freshly isolated
human neutrophils. Neutrophils were isolated from three different Donors and incubated with
wild-type reference and triple deletion mutant cells for two hours in 24-well plates. Contents of
each well were plated on YM agar and incubated 24 hours at 37°C. CFUs were counted and
percentage of surviving C. albicans cells were determined via comparison to fungal cells incubated
under the same conditions but without neutrophils. For each donor, the assay was conducted in

119



Dissecting the molecular function of three C. albicans regulators of gut colonization

triplicate and the average survival (%) is plotted. In all donors, the triple deletion mutant was
killed more by neutrophils than wild-type cells. Statistical analysis was performed using the
Wilcoxon rank test for matched-pairs.

(B) Representative microscopy picture demonstrating the interaction of neutrophils and
C. albicans cells. The lower neutrophil engulfed two fungal cells marked with white dotted lines.
Scale bars in the right lower corner of the picture represent 5 pm.

Taken together, the results observed by analyzing the interaction of C. albicans try4 zfu2
zcf8 triple deletion cells and host immune cells revealed that in the absence of the three
transcription regulators fungal cells are better recognized and killed by neutrophils. This
observation might at least in part be due to the increased exposure of chitin to its cell

surface.
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4.5) Discussion

In this chapter, 1 have further elucidated the role of the previously identified
transcriptional regulators ZCF8, ZFUZ2, and TRY4. Transcriptome profiling illustrated that
these regulators that are confirmed to contribute to the ability of C. albicans to colonize
the GI tract of germ-free animals (Figure 23) and verified to be involved in the yeast-to-
hyphal transition (Figure 25) at least partly control the same biological processes (Figure
33, Table 11). Furthermore, transcriptomics uncovered FGR17, a known regulator of
hyphal induction, as one of the top common targets of ZCF8, ZFU2, and TRY4 (Table 11).
In its absence, C. albicans colonies display similar wrinkling as in the absence of ZCF8,
ZFUZ2, and TRY4 (Figure 34), which suggests that the hyperfilamentation observed in zcf8,
zfu2 and try4 mutants might at least partially be due to changes in Fgr17p levels in the
cells. A deletion mutant of all three regulators increased the previously observed
hyperfilamentation phenotype (Figure 35), further implying that they act at least partly
in concert. Earlier activity of two kinases involved in major signaling cascades (Figure 36)
that govern the yeast-to-hyphal transition in C. albicans in the triple mutant might serve
as an additional explanation for the observed hyperfilamentation phenotype. Using
fluorescence in situ hybridization, I established that in the triple mutant, the SHE3-
dependent mRNA transport is affected, which may cause changes in filamentation as well
(Figure 38, Figure 39). Finally, alterations in the composition of the cell wall in the absence
of the three regulators might elucidate an increased detection and killing by immune cells
(Figure 40, Figure 41).

Transcriptome profiling of the three deletion mutants (Figure 33) clearly indicated that
these transcription factors are at least partially involved in regulating the same biological
processes. Phenotypic analysis revealed that one of these processes is filamentation.
Simultaneous deletion of all three regulators increased the observed hyperfilamentation
phenotype of each single mutant (Figure 35), further supporting the idea that the
regulators function in concert. In C. albicans, hyphal transition is induced in response to a
number of environmental cues, such as mammalian body temperature, CO2, alkaline pH,
and serum (Brown, 2002; Brown et al., 1999; Mitchell, 1998). The induction of hyphal
formation is an intricately regulated process that involves activating or repressing various
transcriptional regulators: Efgl (Stoldt et al., 1997), Cph1 (Leberer et al., 1996; Liu et al,,
1994), Cph2 (Lane etal., 2001b), Tec1 (Lane et al., 2001a), and Rim101 (Davis et al., 2000;

Davis, 2009; El Barkani et al., 2000) are only some examples of transcriptional regulators
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that positively regulate filamentation in C. albicans, all of them activating the expression
of hyphal-specific genes (HSGs) in response to different external cues. Tup1 (Braun et al.,
1997; Murad et al, 2001a), Nrgl (Braun et al, 2001; Murad et al, 2001b), and
Rfg1(Kadosh et al., 2001) are some negative regulators of filamentation that repress the
expression of HSGs under non-inducing conditions. In response to filamenting cues, these
regulators are repressed to induce the expression of HSGs. Among the top targets of
regulation of ZCF8, ZFU2, and TRY4 is FGR17 (Table 11), another transcriptional regulator
demonstrated to influence hyphal formation but with contradictory results (Homann et
al,, 2009; Uhl et al., 2003). A deletion mutant of FGR17 exhibited similar colony wrinkling
to mutants of ZCF8, ZFUZ, and TRY4, indicating hyperfilamentation (Figure 34). FGR17
thus contributes to hyphal formation in C. albicans as a negative regulator, and its
expression depends on the transcriptional regulators ZCF8, ZFUZ, and TRY4.

Hyphal formation relies on cell wall restructuring and the transport of detrimental factors
to the growing hyphae, among other factors. Another top target of ZCF8, ZFU2, and TRY4
discovered via transcriptome analysis is SHE3 (Table 11), part of an mRNA transport
mechanism first described in S. cerevisiae (Jansen et al., 1996). It is connected to the motor
protein Myo4, a type V myosin motor, and together with She2p a subset of mRNAs to bud
tips along actin filaments (Munchow et al., 1999). A similar mechanism was described in
C. albicans and connected to filamentation and invasive growth (Elson et al., 2009). In
C. albicans, She3p transports a set of mRNAs, many of them encoding proteins that
contribute to hyphal development, to the tips of growing hyphae (Elson et al., 2009). Even
though participants and target mRNAs of this process have been identified, the
mechanisms that regulate this process remain unclear. Fluorescence in situ hybridization
established that in the absence of the transcriptional regulators ZCF8, ZFUZ, and TRY%,
She3p itself and two of its target mRNAs, ASHI and CHTZ, are mislocalized (Figure 38,
Figure 39). The mRNA of ASH1 was one of the first described target mRNAs of She3p in
S. cerevisiae and encodes a transcriptional repressor of HO, an endonuclease needed for
mating-type interconversion (Jansen et al., 1996). The She-transport ensures the
localization of this mRNA to daughter cells to prevent their mating-type switching (Jansen
et al., 1996). In C. albicans, ASH1 mRNA is a target of the She-transport as well (Elson et
al,, 2009), and it encodes a transcription factor required for WT virulence and filamentous
growth on solid media (Inglis et al., 2002). CHT2 mRNA, another target of She3p, encodes

a chitinase known to be involved in cutting newly formed chitin chains before their

122



Dissecting the molecular function of three C. albicans regulators of gut colonization

integration into the cell wall and is necessary for normal filamentous growth (Sherrington
etal.,, 2017). The mislocalization of the transport protein She3 and two of its target mRNAs
in the absence of ZCF8, ZFU2, and TRY4 (Figure 38, Figure 39) might therefore cause the
changes in filamentation observed in single and triple mutants. Changes in the
concentration of She3p in mutant cells (Figure 39) further observed through Western blot
analysis support this idea.

In addition to the top targets of ZCF8, ZFUZ2, and TRY4, a number of other genes regulate
various cellular processes (Table 11). Several cell wall-related enzymes (GLC3, BMT4,
SEC20,and ACF2) indicate a connection between the three regulators and the composition
of the cell wall, even though standard cell wall staining revealed no difference in mannan
or chitin content (data not shown). ALSZ, encoding a GPI-linked surface adhesin, and
PGK1, encoding a phosphoglycerate kinase, are known to be relevant during biofilm
formation (Garcia-Sanchez et al., 2004; Green et al., 2004 ), assuming a role of ZCF8, ZFU2,
and TRY4 in this process. Biofilm formation is one of the major factors that contributes to
the virulence of C. albicans. It is especially relevant in the hospital-acquired bloodstream
infections with high mortality rates that are often transmitted through contaminated
catheters. Another GO term relevant to the network is “response to oxidative stress.”
ASR1, ORF19.5525, and GPX2 encode genes with roles in the resistance of C. albicans
against oxidative stress Oxidative stress responses are vital in the colonization of the
digestive tract (Flint et al., 2014), potentially contributing to the previously observed
defects of mutants of the three regulators in gut colonization. The discrimination between
direct targets of regulation of ZCF8, ZFUZ, and TRY4 and secondary effects, as well as
further studies on their direct targets, should help to further understand the roles of these
regulators in the abovementioned processes.

C. albicans’ adaption to various environmental cues involves the selective activation and
inactivation of several kinase pathways. One group of kinases that play critical roles in the
response to external signals are mitogen-activated protein (MAP) kinases. The complex
process of the yeast-to-hyphal transition in C. albicans comprises the activation of many
MAP kinase pathways. In response to serum, the three transcriptional regulators studied
here induce an earlier and heightened activation of two major MAPK pathways: the Cek1
and the Mkcl MAPK pathways (Figure 36). Both are involved in hyphal formation in
C. albicans. The Cek1l MAPK pathway was proved to regulate the switch from unicellular
yeast to invasive hyphae and the hyphal growth rate (Csank et al., 1998). The Mkc1 MAPK
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pathway is involved in regulating growth rate, cell viability, and mainly cell wall
composition; however, disruptions of this pathway also decrease invasive growth on
certain media and the length of the formed hyphae (Navarro-Garcia et al., 1998). Earlier
and increased activation of these two pathways in the absence of ZCF8, ZFU2, and TRY4
could cause a heightened filament growth rate and filament length, both aspects that were
observed in phenotypic screenings (Figure 35). Even though numerous components of
these pathways and transcriptional regulators that are induced or repressed through the
activation of these cascades have been identified, less is known about what senses the
external stimuli and how the cells decide which pathways must be activated to ensure
signaling specificity. The results presented in this chapter indicate that the three studied
transcriptional regulators negatively control the activity of the Cekl and Mkcl MAPK
pathways in response to serum.

The interplay between C. albicans and the host immune system is largely mediated by
elements of the fungal cell wall, including mannans, -glucans, and chitin (Hall et al,,
2013b). Transcriptome profiling already indicated a connection between ZCF8, ZFUZ, and
TRY4 and the composition of C. albicans’ cell wall (Table 11), but again, standard cell wall
stainings and microscopy analysis disclosed no difference in mannan or chitin content in
their absence. Nevertheless, studies on the She-dependent mRNA transport revealed a
mislocalization of the CHTZ mRNA when the three regulators were deleted
simultaneously (Figure 38). The chitinase, encoded by CHTZ, is anchored in the plasma
membrane and cuts freshly produced long chitin chains before their incorporation into
the cell wall. It was recently established that mutations in the CHTZ gene lead to the
exposure of chitin to the cell surface typically located close to the plasma membrane
(Sherrington et al.,, 2017). The observed mislocalization of CHTZ in the triple deletion
mutant might therefore cause changes in the sugars exposed to the cell surface of the
fungus. Sugar-specific stainings followed by FACS analysis confirmed that ZCF8, ZFU2, and
TRY4 indeed affect the exposure of chitin to the cell surface (Figure 40). Different
components of the C. albicans cell wall are recognized by specific receptors (pattern
recognition receptors [PRRs]) on the surface of innate immune cells (e.g., macrophages
and neutrophils) (Bourgeois et al., 2010). Changes in the sugars exposed to the cell surface
might thus cause changes in the recognition of the fungus by immune cells. An in vitro
neutrophil killing assay suggested that in the absence of the three regulators, cells are

better recognized and eliminated by neutrophils (Figure 41). C. albicans is such a

124



Dissecting the molecular function of three C. albicans regulators of gut colonization

successful opportunistic pathogen because it can grow and proliferate under a wide range
of different host conditions. One feature that allows its adaption to varying environments
is the dynamic structure of its cell wall. It ensures the maintenance of cell shape, the
protection and stability against environmental stresses, and especially the evasion of the
immune system. All these functions require a complex network of regulation. The results
presented here indicate that ZCF8, ZFUZ2, and TRY4 contribute to the intricate regulated
composition of the C. albicans cell wall and therefore influence its recognition by innate
immune cells in vitro. However, further studies are needed to determine how changes in

the sugars exposed to the cell surface caused by the three regulators impact C. albicans’
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Figure 42: The transcriptional regulators ZCF8, ZFUZ2, and TRY4 control various biological
aspects in C. albicans.

Overview of the biological functions ZCF8, ZFUZ2, and TRY4 govern in C. albicans based on the
results presented in this chapter. Transcriptomics revealed a signitifcant overlap in the target
genes of all three regulators, indicating that they are to some extent involved in controlling the
same biological functions. Based on the top common targets of regulation we identified the terms
‘osmotic stress response’, ‘biolfilm formation’, ‘hyphal development’ and ‘cell wall related
functions’. Albeit the involvement in osmotic stress response and biofilm formation need to be
confirmed, the contribution to hyphal development and the control of cell wall related functions
could be verified through divers in vitro experiments. Under certain in vitro growth conditions
C. albicans cells hyperfilament in the absence of the three regulators, similarly to an fgr17 mutant,
one of the top common targets of regulation. In response to serum two major MAPK pathways
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(Cek1, Mkc1) known to contribute to hyphal formation are earlier activated when all three
regulators are deleted. Fluorescence in situ hybridization revealed that the regulators affect the
SHE3-dependent mRNA transport previously shown to be involved in filamentation on C. albicans,
analyzed because SHE3 was another top common target of regulation. Changes in the exposure of
chitin, a component of the cell wall typically located close to the membrane possibly due to the
affected mRNA transport of CHTZ via She3p, confirmed the contribution of the three regulators to
the complex regulated composition of C. albicans cell wall.

Altogether, the analysis of the three transcriptional regulators ZCF8, ZFU2, and TRY4
indicates that they influence multiple cellular processes. One of these processes is the
response to filamenting cues (Figure 42). ZCF8, ZFUZ2, and TRY4 are negative regulators of
the yeast-to-filament transition. The negative effect on this morphological transition
appears to be mediated at least partly by the transcriptional control of the transcriptional
regulator FGR17, previously proved to influence hyphal formation, and by changes in the
activity of two major kinase pathways. Furthermore, the regulators clearly played a role
in the subcellular localization of the RNA-binding protein SHE3 and the mRNAs that this
protein transports. Another process the three regulators are involved in is the
organization of the cell wall (Figure 42). Transcriptome profiling uncovered not only
assorted cell wall-related enzymes as targets of regulation but also that the observed
changes in the She-dependent mRNA transport affect the localization of CHTZ2 mRNA,
causing the exposure of chitin to the cell surface. These changes in the cell wall may lead

to differences in the recognition of C. albicans triple mutant cells by innate immune cells.
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5) Conclusion and Outlook

In this thesis, I have studied regulatory circuits that underlie host colonization by the
eukaryotic member of the human microbiota, Candida albicans. Candida albicans is, on the
one hand, the most prominent fungal species living in the human intestine and, on the
other hand, a common cause of deep-seated, fatal infections. This organism is thus
particularly suited to studying the biology of microbes that are harmless inhabitants of
our mucosal surfaces but cause life-threatening human diseases as well. In the first part,
[ explored the contribution of a previously identified transcriptional regulator, ZCF21, to
the pathogenicity of this fungus. Whole transcriptomics, susceptibility to cell wall-
intercalating agents, changes in the overall structure, and an effect on the outcome of the
interactions between Candida and host immune cells support the finding that this
regulator is a key factor of the circuitry that dictates the overall composition and structure
of C. albicans’ cell surface. In the second part, I established that gnotobiotic mice mono-
colonized with C. albicans represent a well-defined model system that can be used to
study the commensal state of this fungus in the GI tract. First analyses of C. albicans
colonizing this model system revealed that morphology and the ability to adhere are
fundamental determinants of the persistence of this fungus in the digestive tract of these
animals. In the final part, I further defined the roles of three previously undescribed
regulators (ZCF8, ZFUZ2, and TRY4) in the commensal colonization of the GI tract of
gnotobiotic mice by C. albicans. Transcriptome profiling and in vitro phenotypic analyses
verified that these regulators control several processes that affect the yeast-to-hyphal
transition, supporting the finding that the morphology plays a key role in the commensal
colonization of the digestive tract of gnotobiotic mice. Overall, my dissertation unravels
first how a transcriptional regulator promotes virulence by repressing the expression of
its target genes and second which traits C. albicans requires to colonize the GI tract of
gnotobiotic mice as a harmless commensal. It thus contributes new determinants of

fungal commensalism and pathogenicity to the current understanding.

To date, most studies have focused on the pathogenicity of C. albicans—understandable
since it is still considered one of the most prevalent human fungal pathogens, causing
mucosal disease in healthy humans and life-threatening infections in

immunocompromised individuals. These studies have uncovered numerous traits of this
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fungus important for its virulence: phenotypic switching, adhesion to host cells, the
secretion of hydrolytic enzymes, the modulation and evasion of the host immune system,
and biofilm formation (Calderone et al., 2012; Chaffin et al., 1998; Cutler, 1991; Martinez
et al., 1998; Naglik et al., 2003; Soll, 1992). The cell wall, being the outermost structure of
C. albicans cells, is involved in many of these processes: enabling the release of hydrolytic
enzymes, harboring many molecules important for adhesion, and being the first point of
contact with host immune cells. It is therefore not surprising that this organelle is one of
the most complexly regulated and dynamic structures in C. albicans. Various
transcriptional regulators were previously described as controlling the cell wall
composition: Berlp, for instance, controls the expression of cell surface adhesins and
contributes thereby to adherence during biofilm formation (Nobile et al., 2006a). The
ability to form biofilms enables the growth of C. albicans cells on surgical catheters,
representing a high risk for the transfer of fungal cells to individuals undergoing surgery.
Rim101p, another transcriptional regulator, controls the expression of several cell wall
genes, affecting the pathogenicity of C. albicans cells during oropharyngeal candidiasis
(Nobile et al., 2008). Moreover, Tup1lp, which controls several secreted or cell surface
proteins, is confirmed to be important during the process of filamentation and
pathogenicity in C. albicans. Transcriptome analysis revealed that Zcf21p controls the
expression of several genes encoding cell wall proteins and cell wall-modifying enzymes
as well. The comparison to in vitro binding studies uncovered that it contributes to
virulence almost exclusively through the downregulation of its direct target genes. The
fact that ZCF21 is transcribed at relatively high levels irrespective of media and growth
conditions indicates that this regulator is constitutively expressed in the cell. I thus
conclude that its role in generating the complex and dynamic composition and structure
of the cell wall in C. albicans might be to limit the expression of cell wall components and
thereby set a default state of their expression. Whenever these components are needed,
other transcriptional regulators such as the ones described above may then induce their
expression.

C. albicans, similar to other pathogenic fungi, faces a large assortment of stressful
conditions while colonizing its mammalian host: nutrient limitation, antimicrobial
peptides, oxidation, varying temperatures, and copper are only some of these stresses
(Besold et al.,, 2016; Brown et al., 2009; Dantas Ada et al., 2015; Garcia-Santamarina et al.,
2015; Hodgkinson et al, 2012; O'Meara et al., 2017). To mount a local or systemic
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infection, this fungus developed tightly regulated mechanisms, enabling its survival under
these harsh conditions. Temperature changes engender, for example, the activation of a
diverse set of heat shock proteins (HSPs) (Franzmann et al., 2008; Mayer et al., 2012),
facilitating the maintenance of protein homeostasis (Zuiderweg et al., 2017) or the
stabilization of the folding of hundreds of proteins (Makhnevych et al., 2012; Taipale et
al,, 2010; Taipale et al., 2014). Nutrient acquisition is critical for living inside the host and
causing disease. C. albicans can assimilate a wide range of nutrients in the mammalian
host, non-fermentable carbon sources included (Vieira et al., 2010). To assimilate these
alternative carbon sources, it induces the expression of specific transport proteins that
facilitate the import of these substrates across the plasma membrane (Vieira et al., 2010).
Copper is an essential metal in most cells, since it is an essential cofactor for many
enzymes, but when it accumulates to levels beyond cellular needs, it can be toxic to
invading microorganisms (Festa et al., 2012). C. albicans can decrease the copper uptake
through the downregulation of copper importer (Marvin et al., 2004) and store excessive
intracellular copper inside the vacuole to survive under high copper levels (Jo et al., 2008;
Riggle et al., 2000; Weissman et al., 2000; Wysocki et al.,, 2010). The transcriptome
analysis of this study indicates that ZCF21 controls the expression of several genes in
C. albicans connected to different stress responses: it regulates the expression of assorted
transporters important to the uptake of essential nutrients (OPT4, OPT2, HGT12, HGT16,
and JENZ2) and the expression of various surface and cytoplasmic enzymes that bind to
extracellular or intracellular copper (SOD5, FET99, CUP1, FRE7, FRE30, and FET33), thus
regulating the copper level. All processes C. albicans requires to mount a systemic,
disseminated infection are controlled by an overlapping set of transcriptional regulators.
RTG1, RTG3, and HMS1, for instance, known to be crucial for systemic infections (Perez et
al., 2013b), control the expression of genes involved in metabolism, as well as the yeast-
to-filament transition. Similarly, ZCF21 is involved in the regulation of cell surface
remodeling but also controls the expression of nutrient acquisition and copper
metabolism genes, implying that it may furthermore contribute to robust stress responses
and metabolic flexibility.

Altogether, my results suggest that ZCF21 controls different cellular processes in
C. albicans, but all of them are conducive to the pathogenicity of this fungus inside its
mammalian host. The most obvious effect of this regulator were alterations in the cell wall

composition. More detailed analyses of the cell wall composition and the
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interconnectedness with pathways known to control the organization of the cell wall
should generate a more defined picture of ZCF21’s role in shaping the cell surface of
C. albicans.

The human intestinal microbiome, known to be involved in metabolic, nutritional,
physiological, and immunological processes (Bocci, 1992) and linked to several disease
conditions (Lynch et al., 2016), comprises more than 1,000 different species (Rajilic-
Stojanovic et al., 2014). The complexity of this human microbiome superorganism
(Lederberg, 2000) is further increased through its variations within the human
population (genetics, environment, and lifestyle). Studying any given member of the gut
microbiota and its contributions to health and/or disease is therefore an intricate
intention. One way to start dissecting the biology of a specific microorganism of the gut
microbiota is to decrease the complexity to a minimum: one microorganism in a well-
defined in vivo model. In this study, | demonstrated that gnotobiotic mice mono-colonized
with C. albicans are a good model to use to start the analysis of traits important for this
eukaryotic organism to colonize the mammalian GI tract. The animals revealed no overt
signs of disease, and we yielded similar fungal loads as we did by using conventional
antibiotic-treated mice possessing a residual undefined microflora commonly used to
study gut colonization by C. albicans in vivo. We therefore conclude that C. albicans
colonizes the digestive tract of gnotobiotic animals as a harmless commensal. Studying
the commensal state of C. albicans in vivo in mono-colonized animals should allow the
identification of traits that the fungus needs to colonize the GI tract and what might induce
invasive proliferation in the fungus resulting in harmful diseases.

As a dimorphic organism, C. albicans can switch between different morphological forms.
Known and well-studied environmental conditions produce distinct morphologies of this
fungus: low temperatures, oxygen, acidic pH (four to six), and enriched media promote
the yeast form (Braun et al., 1997; Odds, 1985, 1988); serum, a high temperature (37°C),
a high ratio of CO2 to Oz, neutral pH, and nutrient-poor media stimulate hyphal growth
(Braun et al.,, 1997). We were therefore quite surprised to find C. albicans almost solely in
its round-shaped yeast form colonizing the digestive tract of gnotobiotic animals. This
phenomenon implies that in mono-colonized mice, the conditions present in the gut
environment or some unknown host-derived factors seem to be able to overcome the
strong filamentation inducers, 37°C and serum. We found three potential explanations as

to why the yeast form is favored over the filamentous form in this model: First, the
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filamentous form might induce a higher immune response or be more susceptible to
immune factors, supported by the finding that a mutant of a well-established positive
regulator of filamentation induced the release of the neutrophil-stimulating chemokine
G-CSF (Granulocyte colony-stimulating factor) (Bohm et al., 2017). The filamentous form
might hence induce an immune response and be cleared of the host. Second, the absence
of other microbes might impact the metabolites available in the GI tract of germ-free
animals. The yeast form might simply display a better fitness under these conditions.
Third, in conventional animals, the fungus must face other competing and/or antagonistic
microbes; to persist in such a complex ecosystem, the fungus may have to employ
heterogeneous morphologies.

Hyphal formation is a complex process in C. albicans involving the induction of hyphal
formation and the maintenance of hyphal growth. Both stages consist of various cellular
mechanisms that underlie a highly connected network of regulation. Transcriptional
regulators are known to control diverse processes important for C. albicans to stimulate
and maintain hyphal growth: Efgl (Stoldt et al.,, 1997), Cph1 (Leberer et al., 1996; Liu et
al., 1994), Cph2 (Lane et al,, 2001b), Tec1 (Lane et al., 2001a), and Rim101 (Davis et al,,
2000; Davis, 2009; El Barkani et al.,, 2000) are only some examples of transcriptional
regulators that positively regulate hypha-specific gene expression in C. albicans. Tup1
(Braun et al., 1997; Murad et al.,, 2001a), Nrgl (Braun et al., 2001; Murad et al., 2001b),
and Rfg1 (Kadosh et al,, 2001) are known negative regulators of filamentation. A genetic
screening of a transcription factor mutant library in gnotobiotic mice uncovered three
transcriptional regulators (ZCF8, ZFUZ, and TRY4) to be essential for the gut colonization
of this animal model. In vitro phenotypic analysis indicated a connection between these
three regulators and hyphal formation in C. albicans: under non-inducing conditions,
mutants of the three regulators filament, suggesting that they are negative regulators of
filamentation. Transcriptome analysis uncovered FGR17 as one of the top common targets
of regulation of ZCF8, ZFU2, and TRY4. FGR17, another transcriptional regulator, was
previously proved to influence hyphal formation. Under non-inducing conditions, a
deletion mutant of FGR17 demonstrated similar colony wrinkling as mutants of ZCF8,
ZFU2, and TRY%, indicating hyperfilamentation. FGR17 thus leads to hyphal formation in
C. albicans, as negative regulator and its expression depends on the presence of the

transcriptional regulators ZCF8, ZFU2, and TRY4.
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Upstream of many transcriptional regulators that control hyphal-specific gene expression
are distinct signaling pathways that integrate environmental signals from numerous
sources essential for hyphal formation. In response to serum, a strong filamentation
inducer, Ras1, and the only adenylyl cyclase that C. albicans expresses, Cyr1l, are activated
(Fang et al, 2006). Through different signaling cascades, various transcriptional
regulators that induce the expression of hyphal specific genes are activated or repressed.
The activity of Efgl, for instance, is regulated through the pathway based on cyclic AMP
(Sonneborn et al, 2000; Stoldt et al., 1997). Cph1l’s activity depends on a mitogen-
activated protein kinase (MAPK) signaling pathway (Liu et al, 1994). I identified an
earlier and heightened activation of two major MAPK pathways in a mutant of the three
defined regulators in response to serum: the Cek1l and Mkc1l MAPK pathways. The Cek1
MAPK pathway was revealed to regulate the switch from unicellular yeast to invasive
hyphae and the hyphal growth rate (Csank et al., 1998). The Mkcl MAPK pathway is
involved in regulating growth rate, cell viability, and mainly cell wall composition, but
disruptions of this pathway also decrease invasive growth on certain media and the length
of the formed hyphae (Navarro-Garcia et al., 1998). An earlier and heightened activation
of these two pathways might therefore cause a heightened filament growth rate and
filament length in C. albicans cells, both aspects that were observed in phenotypic
screenings of the triple deletion mutant. However, further studies are required to define
the contribution of ZCF8, ZFUZ2, and TRY4 to these complex cascades.

Other processes important during hyphal formation in C. albicans are cell wall
restructuring and the transport of detrimental factors to the growing hyphae. An mRNA
transport mechanism in C. albicans was recently connected to the process of filamentation
(Elson et al., 2009): the She-dependent mRNA transport mechanism, first described in
S. cerevisiae (Jansen et al.,, 1996). Nevertheless, the mechanisms and factors that regulate
the activity of this transport mechanism remain unclear. Under the top targets of ZCF8,
ZFUZ2, and TRY4 was SHE3, a gene involved in this transport mechanism. In C. albicans,
She3p transports a set of mRNAs, many of them encoding proteins that are instrumental
in hyphal development, to the tips of growing hyphae (Elson et al., 2009). Fluorescence in
situ hybridization revealed that in the absence of the transcriptional regulators ZCF8,
ZFU2, and TRY4, two of the target mRNAs of She3p, ASH1 and CHTZ, are mislocalized in
growing hyphae. ASH1 mRNA encodes a transcription factor required for WT virulence

and filamentous growth on solid media (Inglis et al., 2002), while CHTZ mRNA encodes a
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chitinase known to be involved in cutting newly formed chitin chains before their
integration into the cell wall and is necessary for normal filamentous growth (Sherrington
et al.,, 2017). Mislocalization of the transport protein SHE3 and two of its target mRNAs in
the absence of ZCF8, ZFUZ2, and TRY4 might therefore cause the changes in filamentation
observed in single and triple mutants.

The fact that I found C. albicans almost exclusively in its yeast form in the GI tract of
monocolonized mice suggests that the negative regulation of filamentation might be
essential for the gut colonization of this mouse model. As described above, the
transcriptional regulators ZCF8, ZFUZ2, and TRY4, unable to colonize the GI tract of mono-
colonized mice, contribute in at least three ways to hyphal formation in C. albicans. As a
result, mutants of these regulators might be unable to remain in yeast form in this niche
and thus cannot colonize it successfully.

In the intestine, a mucus layer separates the epithelium from colonizing microbes.
Through its composition, this layer precludes the diffusion of microbial cells due to their
size (Johansson et al., 2008), and the microbial cells hence do not get in contact with the
epithelium. In conventional antibiotic-treated animals, it is known that C. albicans cells
are only rarely located in close proximity to the mucus layer (Bohm et al.,, 2017). In
monocolonized animals, I observed a different pattern of colonization: cells were located
mostly in close proximity to the mucus layer. This could be because the intestinal mucus
layer of germ-free animals is easier to penetrate than that of conventional animals
(Johansson et al.,, 2015), or the underdeveloped immune system of germ-free animals
might affect the distribution of C. albicans cells in the intestine (Vaishnava et al., 2011).
Further studies are needed to conclude whether the mentioned mechanisms or others are
the source of the altered distribution of C. albicans cells in gnotobiotic animals.
Adherence to mucus-containing surfaces was so far described to be essential only for gut
colonization in several bacteria. The results described in this study suggest that ZCF8,
ZFU2, and TRY4 control similar functions in C. albicans. Mutants of the three identified
regulators display reduced ability to bind to a surface containing mucin and to mucus-
producing cells (Bohm et al., 2017). The fact that fungal cells are located in close proximity
to the intestinal mucus layer in gnotobiotic animals supports the idea that C. albicans
exhibits mechanisms to adhere to intestinal mucus and elaborates how the three
regulators are conducive to gut colonization. The fact that mutants of these regulators

display a gut colonization defect only in the absence of microbes and not in conventional
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animals treated with antibiotics exhibiting a residual microbiota might reflect an effect of
residual microbes themselves or, alternatively, of differences in the murine response to
the presence of these microbes. Further studies are required to understand these effects,
although it should again be stressed that mice are not natural hosts of C. albicans, and their
indigenous flora might therefore not be relevant for gut colonization of the fungus.

A crucial point in C. albicans’ colonization of different niches throughout the human body
is its evasion of detection by host immune cells. Because the cell wall is the first contact
point of fungal and host cells, the composition of this structure mainly mediates the
interplay between C. albicans and immune cells. Whole transcriptome analysis indicated
a connection between ZCF8, ZFUZ, and TRY4 and the composition of the cell wall; the
mislocalization of CHT2 mRNA in the absence of the three regulators further supported
this notion. Since standard cell wall stainings revealed no changes in the cell wall, we
tested the exposure of certain cell wall components to the cell surface in a collaboration
with Rebecca Hall, Birmingham, UK. This analysis disclosed that chitin, a sugar that is
typically located close to the plasma membrane, is exposed to the cell surface in the
absence ZCF8, ZFUZ2, and TRY4. An in vitro neutrophil killing assay confirmed that in the
absence of the three regulators, cells are better recognized and eliminated by neutrophils.
C. albicans is such a successful opportunistic pathogen because it can grow and proliferate
under a wide range of different host conditions. One feature that allows its adaption to
these various environments is the dynamic structure of its cell wall, which ensures the
maintenance of cell shape, the protection and stability against environmental stresses,
and especially the evasion of the immune system. All these functions require a complex
network of regulation. The results presented here indicate that ZCF8, ZFUZ, and TRY4 are
fundamental to the intricately regulated composition of the C. albicans cell wall and thus
influence its recognition by innate immune cells in vitro. However, further studies are
needed to determine how changes in the sugars exposed to the cell surface caused by the
three regulators impact C. albicans’ growth in vivo.

Overall, the results presented in this thesis add new aspects to both, Candida albicans
pathogenicity and commensalism. On the one hand, I have clarified how a previously
undescribed transcriptional regulator contributes to the virulence of the fungus through
the downregulation of cell wall-related proteins; on the other hand, I have developed a
complementary system to uncover new aspects of gut colonization by C. albicans: germ-

free mice monocolonized with C. albicans. Using this model, we began to identify traits
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that the fungus needs to colonize the GI tract. Further studies of C. albicans in this well-
defined model system should help us to understand the biology of the fungus colonizing
this niche and identify factors that induce invasive proliferation that results in harmful

diseases.
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Figure S 1: Genes encoding ‘cell surface’ and ‘cell wall’ components are overrepresented in
an enlarged set of ZCF21-target genes (Bohm et al., 2016).

Heat map depicting 91 C. albicans genes that show significant differences in transcript levels based
on our RNA-seq data. The genes included in this plot are those that showed >2-fold differences in
at least two of four conditions investigated. The shade of blue to yellow in each square represent
the log2(wt/zcf21) numbers for each ORF based on their calculated FPKM values. Blue dots to the
right denote that Zcf21p binds in vivo to the intergenic region upstream of the target gene (Perez
et al, 2013b) and/or that the gene encodes a protein that localizes to the cell membrane or cell
wall. Gene Ontology analyses indicate that ‘cell surface’ and ‘cell wall’ are terms highly
overrepresented in this dataset (P =9.18 x 10-9).

ﬁh
0.95 X 10.5
0.90 Motif enrichment in: 100
0.85 o8
050 —=e  Regions bound by Zcf21p 90
05 —e  Random set of intergenic regions &

8.0
7.5
7.0
6.5
6.0
5.5
5.0
U las

Locations passing (%)
°
g
anjea-4 oLboj-

; 4.0
3.5
3.0
2.5
2.0
15
1.0

0.5

0,00 F e — 0.0
-5.0 -4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Motif Score (max)

Figure S 2:Putative Zcf21p motif occurs preferentially in regions bound and controlled by
the regulator (Bohm et al., 2016).

(A) The frequency with which the DNA motif shown in Figure 7 occurs in regions bound by Zcf21p
(solid blue line) versus in a set of random intergenic regions (solid grey line) was evaluated in
MochiView using its “enrichment plot” function. The Zcf21p bound sequences include all 30 ChIP
peaks (500 nt sequences centered in the midpoint of the peak) that occur in the intergenic regions
upstream of the ZCF21-regulated transcripts identified by RNA-seq (Bohm et al., 2016). The set of
random intergenic regions is composed of 144 sequences, 500 nt in length each, generated
randomly from the C. albicans genome. Note that the blue line runs to the right of the grey line
indicating that at any motif score that one chooses as a cutoff, the set of Zcf21p-bound regions
contains a higher proportion of matches to the motif than the set of random sequences. The dotted
(light blue) line denotes the P-value distribution (-log10) across the motif scores.
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6.2) Supplementary Tables

Table S 1: RNA Seq results

log2 log2 log2
wt wt zef21  |zef21 log2 wt_caff (wt_caff wt 2cf21 zcf21 wt (wtliq  |liqcaff (wt_liq_caff

1D ORF ORF name [ FPKM caff FPKM | FPKM caff FPKM | wt/zcf21 | (wt/zcf21) | /zcf21_caff zcﬂl,cafﬂ lig FPKM _caff FPKM lig FPKM _| lig_caff FPKM | liq/zcf21 liq zcf21 liq) | /zcf21 Liq_caff ‘zcf21 lig_caff)
orf19.2475 [ PGA26 2,80 0,15 150,93 88,60 0,02 575 0,00 9,19 573 0,32 221,48 159,78 0,03 5,27 0,00 8,97
0rf19.2060 | SODS5 6,92 2,84 33,62 434,58 0,21 2,28 0,01 7,26 10,29 0,26 30,83 313 0,33 158 0,08 3,62
0rf19.5305 [RHD3 44,10 9,87 369,82 180,67 0,12 3,07 0,05 419 622,42 87,46 2089,12 115593 0,30 175 0,08 372
0rf19.3923 [PGA37 0,56 0,69 177 7,09 0,32 1,66 0,10 3,36 3,76 1,02 15,63 15,65 0,24 2,06 0,07 3,94
orf19.4438 [RME1 4,69 1,46 43,85 2,36 0,11 3,22 0,62 0,69 12,70 3,59 39,55 83,60 0,32 1,64 0,04 4,54
0rf19.3902__[ MRV2 4,04 2,15 29,92 10,79 0,14 2,89 0,20 2,33 2,20 0,27 11,56 115 0,19 2,40 0,23 2,11
orf19.4526 | HSP30 100,81 131,67 522,18 539,00 0,19 2,37 0,24 2,03 0,03 0,35 0,18 2,26 0,19 2,40 0,15 2,69
0rf19.3107 1,52 1,44 7,02 7,62 0,22 2,20 0,19 2,41 2,10 1,43 11,81 7,09 0,18 2,49 0,20 2,31
0rf19.5307 [JEN2 0,66 0,55 5,96 391 0,11 3,18 0,14 2,84 0,49 0,03 1,07 0,10 0,46 113 0,30 172
0rf19.3897 0,48 0,25 176 0,61 0,27 1,87 041 129 1,34 0,27 3,69 501 0,36 146 0,05 4,20
0rf19.4450.1 143,76 180,77 850,95 696,20 0,17 2,57 0,26 1,95 654,32 12,46 1511,28 97,57 043 121 0,13 2,97
orf19.4612 311 1,90 6,91 17,52 0,45 115 0,11 3,20 1,63 1,18 4,58 8,39 0,36 149 0,14 2,83
orf19.7094 [ HGT12 2,11 0,09 6,05 0,96 0,35 1,52 0,09 3,50 0,14 0,01 2,50 0,01 0,06 411 1,50 -0,58
0rf19.3803 [ MNN22 61,36 44,66 166,01 165,74 0,37 1,44 0,27 189 56,34 24,80 118,25 261,24 0,48 1,07 0,09 3,40
orf19.5674 [ PGA10 22,83 10,86 82,33 51,10 0,28 1,85 0,21 2,23 7,45 10,72 21,89 44,92 0,34 1,55 0,24 2,07
0rf19.4783 197 1,85 4,89 7,04 0,40 131 0,26 193 121 1,27 331 9,50 0,37 1,45 0,13 291
orf19.1651 375 3,06 8,14 12,11 0,46 112 0,25 198 1,66 1,08 519 7,66 0,32 1,64 0,14 2,83
RBT7 1,62 151 4,16 2,73 0,39 1,36 0,55 0,85 0,84 2,90 2,13 39,38 0,40 133 0,07 3,76
0rf19.3748 0,56 3,15 3,85 2,37 0,15 2,78 133 -041 0,24 0,85 0,71 8,53 0,33 159 0,10 332
0rf19.7296 1641 20,61 51,66 127,52 0,32 1,65 0,16 2,63 72,74 24,69 111,49 117,66 0,65 0,62 0,21 2,25
orf19.701 CFL11 0,27 0,16 0,59 2,26 0,46 112 0,07 3,82 0,04 0,15 0,15 0,20 0,29 181 0,76 0,39
orf19.4773 [ AOX2 18,73 94,16 149,79 252,02 0,13 3,00 0,37 142 16,06 260,87 54,13 350,46 0,30 175 0,74 043
0rf19.4508 167 4,67 4,90 11,18 0,34 1,55 0,42 126 0,38 1,07 2,40 2,19 0,16 2,65 0,49 1,04
0rf19.5503 0,26 0,68 0,83 1,66 0,32 1,66 041 129 0,22 1,28 116 2,73 0,19 2,39 047 1,09
0rf19.2048 76,61 125,68 656,52 688,87 0,12 3,10 0,18 2,45 37,32 1897,72 90,72 1371,43 041 128 1,38 -0,47
orf19.4041 [ PEX4 8,93 391 11,98 14,55 0,74 0,42 0,27 190 19,42 3551 107,99 92,78 0,18 2,48 0,38 139
orf19.4914.1 [ BLP1 319,09 366,60 1300,79 1368,97 0,25 2,03 0,27 190 145,42 17,58 21181 49,56 0,69 0,54 0,35 1,50
orf19.5728 0,44 0,15 2,21 0,60 0,20 2,32 0,25 2,01 0,02 0,24 0,08 0,20 0,27 191 1,22 -0,28
orf19.5114.1 1178,44 689,78 2464,04 1794,04 0,48 1,06 0,38 138 3806,51 625,03 | 13729,40 4731,01 0,28 0,57 0,13 2,92
0rf19.3988 30,81 6,28 195,94 21,88 0,16 2,67 0,29 180 181 2,11 2,27 4,64 0,80 0,33 0,46 1,14
orf19.6141 [HGT16 3,65 3,53 6,73 8,94 0,54 0,88 0,39 134 7,87 1,89 15,95 11,81 0,49 1,02 0,16 2,64
orf19.7472 | IFF4 122 1,42 2,91 15,55 0,42 1,25 0,09 3,45 0,48 1,34 1,53 0,92 0,31 167 1,46 -0,55
0rf19.5079 [ CDR4 55,27 86,47 227,94 177,27 0,24 2,04 0,49 1,04 91,06 30,06 94,24 191,94 0,97 0,05 0,16 2,67
orf19.3664 [ HSP31 8,92 17,62 36,10 49,32 0,25 2,02 0,36 149 2,66 1,14 442 3,08 0,60 0,74 0,37 143
0rf19.176 OPT4 5,96 11,29 8,49 35,22 0,70 0,51 0,32 1,64 3,55 9,35 7,46 43,56 0,48 1,07 0,21 2,22
0rf19.3215 180,97 144,61 372,60 378,43 0,49 1,04 0,38 139 270,43 116,89 461,45 525,42 0,59 0,77 0,22 2,17
orf19.3746 | OPT2 9,56 15,30 12,76 31,54 0,75 0,42 0,48 1,04 510 1544 10,36 112,11 0,49 1,02 0,14 2,86
0rf19.528: 26,58 11,37 56,73 48,40 047 1,09 0,23 2,09 67,61 50,66 89,40 166,65 0,76 0,40 0,30 172
0rf19.7042 126 117 3,48 6,40 0,36 1,47 0,18 2,45 1,34 119,58 4,19 93,45 0,32 1,64 1,28 -0,36
0rf19.5069 2,62 4,76 575 22,67 0,46 113 0,21 2,25 7,05 7,02 10,06 16,69 0,70 0,51 0,42 1,25
orf19.3374 | ECE1 3,09 36,92 7,70 175,53 0,40 1,32 0,21 2,25 0,84 0,61 0,98 1,41 0,86 0,23 043 1,22
0rf19.822 HSP21 782,26 1167,71 3214,01 2595,68 0,24 2,04 045 1,15 2371 17,18 27,13 45,44 0,87 0,19 0,38 1,40
orf19.1227 | 7ZCF4 0,70 339 3,04 516 0,23 2,12 0,66 0,61 0,01 1,49 0,33 1,74 0,03 5,04 0,85 0,23
orf19.4424 [PHO100 0,66 0,19 0,98 0,28 0,68 0,57 0,68 0,55 0,19 0,94 2,84 2,71 0,07 3,94 0,35 1,53
0rf19.6248 0,41 0,59 0,79 2,65 0,52 0,95 0,22 2,18 0,86 1,74 1,63 10,75 0,53 0,93 0,16 2,63
0rf19.3895 [CHT2 235,76 14,04 430,06 83,81 0,55 0,87 0,17 2,58 1088,86 326,68 1892,56 1472,69 0,58 0,80 0,22 2,17
orf19.1327 [ RBT1 14,24 10,12 20,68 81,33 0,69 0,54 0,12 3,01 535 15,76 9,34 55,05 0,57 0,80 0,29 1,80
0rf19.3926 [RNY11 0,27 0,29 0,32 1,08 0,84 0,25 0,27 188 0,40 534 0,49 74,72 0,81 0,30 0,07 381
0rf19.6919 0,01 0,13 0,01 0,58 1,00 0,00 0,22 2,20 0,25 0,31 0,28 2,23 0,89 0,17 0,14 2,83
0rf19.2638 0,98 5,95 1,66 9,68 0,59 0,77 0,61 0,70 0,55 0,10 151 2,51 0,36 146 0,04 4,67
orf19.6222.1 12,94 39,08 21,60 66,15 0,60 0,74 0,59 0,76 4351 43,81 134,25 341,78 0,32 1,63 0,13 2,96
orf19.6486 | LDG3 0,01 0,23 0,01 0,28 1,00 0,00 0,82 0,29 0,22 0,24 1,00 2,32 0,22 2,17 0,10 327
orf19.5636 [ RBTS 2587,23 566,39 3098,72 723,66 0,83 0,26 0,78 0,35 8,16 165,69 31,03 1100,80 0,26 193 0,15 2,73
0rf19.3940.1 [ CUP1 653343 | 11714,20 8463,07| 17077,80 0,77 0,37 0,69 0,54 3806,51 10268,30 | 13729,40 44857,70 0,28 1,85 0,23 2,13
orf19.4784 [ CRP1 33,03 17,57 33,69 30,23 0,98 0,03 0,58 0,78 24,60 25,80 60,09 116,33 041 129 0,22 2,17
orf19.4551 [ CTN1 0,51 0,42 188 2,97 0,27 1,88 0,14 2,84 0,46 0,07 0,50 0,11 0,91 0,13 0,59 0,76
orf19.6139 | FRE7 26,05 53,51 124,44 145,14 0,21 2,26 0,37 144 2317 273,46 46,05 543,21 0,50 0,99 0,50 0,99
orf19.6140 | FRE30 22,23 44,99 100,81 123,92 0,22 2,18 0,36 146 16,35 182,41 31,40 308,72 0,52 0,94 0,59 0,76
orf19.449 21,09 21,10 67,51 91,58 0,31 1,68 0,23 2,12 91,23 42,13 99,94 66,11 0,91 0,13 0,64 0,65
orf19.1727 _[PMC1 63,96 132,95 258,00 378,45 0,25 2,01 0,35 151 37,75 50,41 42,00 73,73 0,90 0,15 0,68 0,55
0rf19.742 ALD6 6,28 4,59 10,39 12,26 0,60 0,73 0,37 142 2,74 1,00 15,64 1,24 0,18 2,51 0,81 0,31
0rf19.3981 [ MAL31 22,01 6,13 28,34 38,42 0,78 0,36 0,16 2,65 3,66 0,30 9,69 0,36 0,38 1,40 0,83 0,26
0rf19.1097 [ ALS2 535,31 925,84 112,16 455,44 4,77 -2,25 2,03 -1,02 55,28 99,74 29,01 85,49 191 -093 117 -0,22
orf19.3740 [ PGA23 8,80 38,85 2,94 8,20 3,00 -1,58 4,74 -2,24 8,28 118,16 579 83,93 1,43 -0,52 1,41 -0,49
0rf19.943 FET3 109,00 100,21 40,67 6,99 2,68 -1,42 14,35 -3,84 471,74 408,09 313,59 250,09 1,50 -0,59 1,63 -0,71
0rf19.5863 19,69 3813 12,32 25,47 1,60 -0,68 1,50 -0,58 3,06 40,87 2,16 8,99 1,41 -0,50 4,55 -2,18
0rf19.450 24,12 34,52 13,09 16,77 1,84 -0,88 2,06 -1,04 2,32 31,82 1,74 7,16 133 -042 4,44 -2,15
0rf19.6077 41,43 38,43 37,28 36,49 111 -0,15 1,05 -0,07 76,34 34,89 36,22 841 2,11 -1,08 4,15 -2,05
orf19.2344 [ ASR1 47,10 47,67 35,98 31,70 131 -0,39 1,50 -0,59 22,54 240,56 10,62 47,12 2,12 -1,09 511 -2,35
0rf19.2896 _[SOU1 89,03 108,30 67,66 77,08 1,32 -0,40 1,41 -0,49 207,06 405,24 62,41 78,59 332 -173 516 -2,37
0rf19.5753 [HGT10 15,76 23,25 10,46 526 151 -0,59 442 -2,14 106,88 30,44 57,80 524 1,85 -0,89 581 -2,54
orf19.94 138,00 108,68 87,73 91,72 1,57 -0,65 118 -0,24 73,01 51,98 26,85 5,40 2,72 -1,44 9,63 -3,27
0rf19.5589 106,12 88,17 98,46 78,89 1,08 -0,11 112 -0,16 10,83 29,54 2,60 2,85 4,17 -2,06 10,36 -3,37
orf19.4216 2270,21 2043,05 2091,22 134862 1,09 -0,12 151 -0,60 1708,87 4746,49 309,96 1447,14 551 -2,46 3,28 -1,71
orf19.3160 | HSP12 2276,54 2099,59 2097,92 1363,00 1,09 -0,12 1,54 -0,62 1714,98 481547 314,19 1451,17 546 -2,45 332 -1,73
0rf19.3548.1 [WH11 17775,40| 20697,40 | 11871,80| 10868,00 1,50 -0,58 1,90 -093 5825,90 57817,10 756,27 19337,30 7,70 -2,95 2,99 -1,58
0rf19.3439 113,94 147,92 76,71 84,03 1,49 -0,57 176 4321 51,76 10,11 8,77 4,27 -2,10 5,90 -2,56
orf19.7284 [ ASR2 612,26 621,62 336,70 325,30 1,82 -0,86 191 211,79 1617,13 44,30 257,46 4,78 -2,26 6,28 -2,65
0rf19.535 RBR1 1,00 2,39 0,53 0,01 1,89 -0,92 238,74 2,95 121,19 1,90 12,05 1,55 -0,64 10,06 -3,33
orf19.4555 [ ALS4 1476,57 2256,01 246,05 920,88 6,00 -2,59 245 58,39 172,90 27,11 168,38 2,15 -111 1,03 -0,04
orf19.342 BMT7 122 491 1,08 119 112 -0,17 4,15 1,48 4,64 0,73 1,30 2,02 -1,01 3,57 -1,84
0rf19.6888 65,44 76,17 47,41 37,82 1,38 -0,46 2,01 23,61 70,70 9,25 11,28 2,55 -1,35 6,27 -2,65
0rf19.896 CHK1 88,84 131,23 41,72 45,61 2,13 -1,09 2,88 -1,52 6,48 24,05 4,40 3,82 1,47 -0,56 6,29 -2,65
orf19.2846 31,69 40,69 14,71 1591 2,15 -1,11 2,56 -1,35 128,91 319,63 77,22 45,72 1,67 -0,74 6,99 -2,81
0rf19.3643 7,96 16,16 4,65 5,65 171 -0,78 2,86 -1,52 7,01 8,98 3,40 1,23 2,06 -1,05 7,30 -2,87
orf19.6202 [ RBT4 408,32 902,86 81,77 254,75 4,99 -2,32 3,54 -183 98,08 448,52 76,04 103,98 1,29 -0,37 4,31 -2,11
orf19.4255 |ECM331 48,93 92,68 10,06 31,27 4,86 -2,28 2,96 -1,57 26,20 107,24 947 33,32 2,76 -1,47 322 -1,69
orf19.4884 [WOR1 5,24 24,49 2,54 2,63 2,06 -1,04 9,32 -3,22 0,48 4,74 0,56 0,14 0,86 0,23 34,26 -5,10
orf19.4212 | FET99 0,22 173 0,11 0,09 2,08 -1,06 20,24 -4,34 6,31 61,40 2,78 9,18 2,27 -1,18 6,69 -2,74
0rf19.5557 | MNN4-4 12,96 78,89 8,57 11,82 151 -0,60 6,67 14,56 108,26 2,34 8,82 6,22 -2,64 12,27 -3,62
0rf19.4886 30,62 27,85 11,76 1,74 2,60 -1,38 15,99 0,28 37,55 0,01 1,00 27,68 -479 37,51 -5.23
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Table S 2: RNA Seq pagj <0.1

Common
Gene name name TRY4 ZCF8 ZFU2 Description
orf19.101 RIMO 041 036 Protein _required for alkgline ]_)H response via the Rim101 signaling pathway; ortholog of S. cerevisiae Rim9
and A. nidulans pall; Spider biofilm induced
orf19.102 -0,48 -0,38 Protein of unknown function
Aldo-keto reductase; similar to aryl alcohol dehydrogenases; protein increase correlates with MDR1
orf19.1048 IFD6 -0,71 -0,45 overexpression (not CDR1 or CDR2) in fluconazole-resistant clinical isolates; farnesol regulated; possibly
essential; Spider biofilm induced
Putative phosphoadenosine-5'-phosphate or 3'-phosphoadenosine 5'-phosphosulfate phosphatase; possible
orf19.105 HaLz2 -042 role in sul:l)fur fecycling; Hap43-1l?eprepssed; F-lZ/%Ole))ioﬁlm induced oo pro ’
orf19.1075 -0,74 -0,47 -0,62 Protein of unknown function; Spider biofilm induced
orf19.1078 HBR2 -0.30 g:;i;ii;e alanine glyoxylate aminotransferase; regulated by Gen4p and hemoglobin; stationary phase enriched
orf19.1082 -0,46 -0,48 Protein with an Alba DNA/RNA-binding protein domain; Spider biofilm induced
orf19.1083 -0,39 -0,49 -0,38 Putative protein of unknown function; macrophage-induced gene
orf19.1084 €DC39 .0,38 033 Protein similar to S cerevisiae Cdc39p, which is part of the CCR4-NOT transcription regulatory complex;
transposon mutation affects fil tous growth
orf19.1085 -0,65 -0,61 -0,47 | Protein of unknown function
orf19.1089 PEX11 0,66 -0.46 036 Putative peroxisornal membrane proteip; role_ in fatt_y acid oxidation; expression is Tac1-regulated; Hms1p-
dependent induction by geldamycin; Spider biofilm induced
orf19.109 -0,32 Probable mitochondrial tyrosyl-tRNA synthetase, based on conservation in other fungi
orf19.1091 NOP8 10,30 i(;rdt{llgl;ég of S. cereviiae Nop8; has a role in ribosomal large subunit biogenesis; rat catheter and Spider biofilm
0rf19.1092 034 Dolichol-P-Man dependent alpha(1-3) mannosyltransferase; role in the synthesis of dolichol-linked
i ! oligosaccharide donor for N-linked glycosylation of proteins; rat catheter biofilm repressed
orf19.1095 GLE2 10,50 043 -0,40 Putative n}lclear pore complex; possibly an essential gene, disruptants not obtained by UAU1 method; rat
catheter biofilm repressed
ALS family protein; role in adhesion, biofilm formation, germ tube induction; expressed at infection of human
orf19.1097 ALS2 -0,80 -0,70 -0,77 buccal epithelial cells; putative GPI-anchor; induced by ketoconazole, low iron and at cell wall regeneration;
regulated by Sfulp
Possible oxidoreductase; transcript induced by cadmium but not other heavy metals, heat shock, yeast-hypha
orf19.113 CIP1 -0,49 switch, oxidative stress (via Cap1), or macrophage interaction; stationary phase enriched protein; Spider
biofilm induced
orf19.1149 MRF1 042 Pujtati\l/e mitochgndrial respiratory prgtein; induced by farnesol, belrlom}{l, nitrilc (?xidle, core stress response;
oxidative stress-induced via Cap1; stationary-phase enriched protein; Spider biofilm induced
orf19.1153 GAD1 049 Putative glutamate decarboxylase; alkaline, macrophage-downregulated gene; amphotericin B induced;
i ! induced by Mnl1 under weak acid stress; stationary phase enriched protein; rat catheter biofilm repressed
orf19.117 -0,43 -0,42 -0,39 Protein of unknown function
Ortholog of S. cerevisiae Rtt106; histone chaperone that regulates chromatin structure in transcribed and
orf19.1177 -0,39 -0,42 -0,39 . . . N . .
silenced chromosomal regions; affects transcriptional elongation; Hap43-repressed; Spider biofilm repressed
orf19.1179 -0,43 -0,48 Protein of unknown function; induced in high iron; possibly subject to Kex2 processing; Hap43-repressed
orf19.118 FAD2 -0.35 Delta-12 fatty acid desaturase, involved in production of linoleic acid, which is a major component of
membranes
orf19.1180 -0,53 -0,50 -0,44 Putative 2-aminoadipate trar i rat catheter and Spider biofilm repressed
orf19.1181 -0,41 -0,35 Protein of unknown function
orf19.1182 -0,51 -0,51 -0,50 Protein of unknown function
orf19.1183 -0,58 -0,54 -0,58 Protein of unknown function
orf19.1185 -0,36 Protein of unknown function
orf19.1186 -0,46 -0,36 -0,38 Protein of unknown function
Myc-bHLH transcription factor; promotes hyphal growth; directly regulates Tec1 to induce hypha-specific
orf19.1187 CPH2 -0,31 genes; probably homodimeric, phosphorylated; required for colonization of the mouse GI tract; rat catheter
and Spider biofilm induced
orf19.119 -0,55 -0,47 Protein of unknown function
orf19.1190 STV1 -0,33 -0,38 -0,34 Predicted subunit a of vacuolar proton-translocating ATPase VO domain, Golgi isoform
orf19.1191 -0,32 -0,36 -0,34 Protein of unknown function
orf19.1192 DNAZ .0,38 Protein similar to S. cerevisiae Dna2p, which is a DNA replication factor involved in DNA repair; induced
under hydroxyurea treatment
Similar to asparagine and glutamine permease; fluconazole, caspofungin induced; regulated by Nrg1, Mig1,
orf19.1193 GNP1 -0,31 Tup1, Gen2, Gen4, and alkaline regulated by Rim101; repressed during chlamydospore formation; rat
catheter, flow model biofilm induced
Predicted mitochondrial intermembrane space protein of unknown function; possibly an essential gene,
orf19.1198 -0.64 -047 -037 disruptants not obtained by UAU1 methodp ’ ’ Y ¥
Ortholog of S. cerevisiae Nop58; involved in pre-rRNA process; Tn mutation affects filamentous growth;
orf19.1199 NoPs -0.55 -035 macropl%age/pseudohyphall-)induced; physicslly interagts with TAP-tagged Nop1; Spider biofilmgrepressed
orf19.1200 -0,44 -0,51 -0,45 Protein of unknown function; Spider biofilm induced
orf19.1201 -0,46 -0,37 -0,36 Protein of unknown function
orf19.1202 -0,46 Protein of unknown function
orf19.1203 SRO77 -045 -0,38 .0,38 Protein with a predicﬁgd role in docking anfi fusion of post-Golgi vesicles with the plasma membrane; filament
induced; fungal-specific (no human or murine homolog)
orf19.1203.1 -0,44 -0,35 Predicted dolichol-phosphate mannosyltransferase subunit; flow model and Spider biofilm repressed
orf19.1204 -045 -0,50 042 Pho_sphory_lated proteir.l gf u_nknown function; transcript is upregulated clinical isolates from HIV positive
patients with oral candidiasis
orf19.121 ARC18 -0,64 -0,42 -0,34 Putative ARP2/3 complex subunit; mutation confers hypersensitivity to cytochalasin D
orf19.1210 -0,41 -0,38 -0,46 Protein of unknown function
orf19.1212 -0,58 -0,52 -0,39 Protein of unknown function
orf19.1214 -0,44 -0,63 -0,42 Protein of unknown function
orf19.1215 -0,53 -0,44 Protein of unknown function
orf19.1217 -0,43 Protein of unknown function
SH3-domain- and BAR domain-containing protein involved in endocytosis; null mutant exhibits defects in
orf19.1220 RVS167 -0,38 -0,33 -0,34 hyphal growth, virulence, cell wall integrity, and actin patch localization; cosediments with phosphorylated
Myo5p
orf19.1221 ALG2 0,46 -0,36 10,39 P.utative mannosyltransferase involved in cell wall mannan biosynthesis; transcription is elevated in chk1,
nik1, and sIn1 homozygous null mutants
Putative ammonium transporter; upregulated in the presence of human neutrophils; fluconazole-
orf19.1224 FRP3 0,36 downregulated; repressedpby nitricpoxi%e; Spider biolf)ilm induced; rat catheter l?iofilm repressed
orf19.123 RCN1 039 Protlein irfvolved .in calcineurin-dependent signaling that controls stress response and virulence; inhibits
calcineurin function
orf19.124 CIC1 -0,38 -0,50 -0,38 Putative proteasome-interacting protein; rat catheter biofilm induced
orf19.1240 0,29 Protein of unknown function
NADPH oxidoreductase; interacts with phenolic substrates (17beta-estradiol); possible role in estrogen
orf19.125 EBP1 -0,54 -0,41 response; induced by oxidative, weak acid stress, NO, benomyl, GIcNAc; Cap1, Mnl1 induced; Hap43-

repressed; rat catheter biofilm induced
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bHLH transcription factor of the myc-family; required for growth in medium lacking phosphate and for

orf19.1253 PHO4 041 resistance to copper and Phloxine B; induced by Mnl1 under weak acid stress
orf19.1287 0,48 Protein of unknown function; flow model biofilm induced; Spider biofilm induced
orf19.130 VPS15 -0,56 Protein involved in retrograde endosome-to-Golgi protein transport; required for normal virulence
Predicted membrane transporter, member of the drug:proton antiporter (14 spanner) (DHA2) family, major
orf19.1308 1,58 e R
facilitator superfamily (MFS)
orf19.1309 1,08 Protein of unknown function
orf19.131.2 -0,41 -0,37 Protein of unknown function
orf19.1310 0,54 Protein of unknown function
orf19.1311 SPO75 0,42 Protein of unknown function
orf19.132 -0,31 Protein of unknown function
orf19.1326 -0,39 -0,49 -0,36 Protein of unknown function
orf19.1344 0,91 Protein of unknown function; fluconazole-induced; Spider biofilm induced
orf19.135 EX084 10,39 043 1036 ]l:}r,f)c}lli:]t&tziz:)subunit of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the
orf19.1350 .035 i’rotein with a thioredoxin domain; predicted role in cell redox homeostasis; rat catheter and Spider biofilm
induced
orf19.1353 043 Protein of unkliow.n function; represseq by yeast-hypha switcii; Ras_l-regulated;_ oral i.nfgcti(.m induced;
’ mutants defective in damage to oral epithelium; flow model biofilm induced; Spider biofilm induced
Upregulated by cAMP in filamentous growth; induced in high iron, decreased upon yeast-hypha switch;
orf19.1354 UCF1 -0,38 downregulation correlates with clinical fluconazole resistance; Ras1-regulated; Hap43-repressed; flow model
biofilm induced
orf19.136 QDR3 041 Pre_d_icted membran_e transporter, member of the drug:proton antiporter (12 spanner) (DHA1) family, major
facilitator superfamily (MFS); Hap43p-repressed gene
orf19.137 -0,44 -0,37 Putative transferase involved in phospholipid biosynthesis; induced by alpha pheromone in SpiderM medium
orf19.139 TRA1 -0,30 Subunit of the NuA4 histone acetyltransferase complex
orf19.1397 0,41 Protein of unknown function
orf19.1405 PHO13 038 :;E:Ct;lve 4-nitrophenylphosphatase; Hap43p-repressed gene; transcription is regulated upon yeast-hyphal
orf19.1433 043 Pi"otein .Of unknown function; Hap43-repressed; colony morphology-related gene regulation by Ssn6; Spider
biofilm induced
Ortholog of S. cerevisiae/S. pombe Ipk1; an inositol pentakisphosphate 2-kinase, a nuclear protein required
orf19.1439 IPK1 -0,50 -0.34 -0.37 for syntigiesis of 1,2,3,4,5,/6-hpexakispﬁosphate; Spiderpbiofilmpinduged P a
Ortholog of the mitochondria localized S. cerevisiae Pib2 protein of unknown function; has a FYVE zinc finger
orf19.1479 0,35 . . [P
domain; Spider biofilm induced
orf19.1481 HAP42 0,40 Predicted transcription factor; possibly an essential gene, disruptants not obtained by UAU1 method
Protein with a life-span regulatory factor domain; regulated by Sef1, Sful, and Hap43; flow model biofilm
orf19.1486 0,50 . . S
induced; Spider biofilm induced
Mucin family adhesin-like protein; cell wall damage sensor; required for Cek1 phosphorylation by cell wall
orf19.1490 MSB2 047 039 stress; Riml);)1-repressed;pactivation releases ext%acellular doﬁiain into mediul:n; S]l;iderybiofilm i};lduced
orf19.1509 RODI 0,34 Protein ?illii]ar to S. cerevisiae Rod1;a membrane protein with a role in drug tolerance; repressed by Rgt1;
mutant is viable
orf19.1600 0,65 0,36 Protein of unknown function
orf19.1607 ALR1 0,30 Putative transporter of divalent cations; hyphal-induced expression; rat catheter biofilm induced
Ammonium permease; Mep1 more efficient permease than Mep2, Mep2 has additional regulatory role; 11
orf19.1614 MEP1 0,88 057 037 predicted trfnsmembranel:;egions; low mRI\?A abundance; hypﬂal dovltrnregulated; flow m%)del b[iﬁfilm induced
orf19.1653 0,37 0,37 Protein of unknown function
0orf19.1655.3 0,35 Protein of unknown function
Plasma-membrane-localized protein; filament induced; Hog1, ketoconazole, fluconazole and hypoxia-induced;
orf19.1691 -0,58 regulated by Nrg1, Tup1, Upc2; induced by prostaglandins; flow model biofilm induced; rat catheter and
Spider biofilm repressed
Putative transcription factor; role in iron utilization, pathogenesis; both IRO1 and adjacent URA3 are mutated
orf19.1715 IRO1 -0,47 -0,53 -0,47 in strain CAl4; suppresses S. cerevisiae aft1 mutant low-iron growth defect; hyphal-induced; reports differ
about iron regulation
Orotidine-5'-phosphate decarboxylase; pyrimidine biosynthesis; gene used as genetic marker; decreased
orf19.1716 URA3 -0,71 -0,86 -0,69 expression when integrated at ectopic chromosomal locations can cause defects in hyphal growth and
virulence; Spider biofilm repressed
orf19.1727 PMCI 0,40 Vacluolar calcium P-type Ail"Pelise; tianscript regulfr.tef:l by calcilieurin eind ﬂ\icoiiaz9le; mutant shows increased
resistance to fluconazole, lithium; increased sensitivity to calcium; Spider biofilm induced
Cytochrome c; complements defects of S. cerevisiae cycl cyc7 double mutant; induced in high iron; alkaline
orf19.1770 cre 045 037 rzpressed; repressepd by nitric oxide; Hap43-depende}i1t re};])ression in low iron; regulated b)% Sefl, Sful
orf19.1795 PUF3 0,46 Ortholog os S. cerevisiae Puf3; mRNA-binding protein involved in RNA catabolism; mutant is viable
orf19.1842 BUD5 0,35 Predicted GTP/GDP exchange factor for Rsr1; rat catheter biofilm induced
Aromatic decarboxylase; Ehrlich fusel oil pathway of aromatic alcohol biosynthesis; alkaline repressed;
orf19.1847 ARO10 -0.39 049 protein abundance);ffected by URA3 exprl;ssion 1);1 CAI-4 strain; Spider bio?ilm induced ’
Possible stress protein; increased transcription associated with CDR1 and CDR2 overexpression or
orf19.1862 -0,61 fluphenazine treatment; regulated by Sful, Nrgl, Tup1; stationary phase enriched protein; Spider biofilm
induced
Putative ribonucleoside diphosphate reductase;colony morphology-related gene regulation by Ssné;
orf19.1868 RNR22 -034 transcript regulated by tyrlz))sol l;nd cell density; Hap4}3,-repfessedg;ySpider bigﬁlm in%iuced Y
orf19.1887 0,38 0,36 Protein of unknown function
Heat shock protein; at yeast-form cell surface, not hyphae; antigenic; Gen4-regulated; induced by amino acid
orf19.1896 SSc1 0,36 starvation (3-AT) or by adherence to polystyrene; macrophage-repressed; sumoylation target; possibly
essential
Inositolphosphorylceramide (IPC) synthase; catalyzes the key step in sphingolipid biosynthesis; antifungal
orf19.1945 AURT 033 drug tarpget; gow fnodel biofil(m in)d\i]ced; Spider bi};film induzled b SPRInEoTP Y ¢
orf19.1960 CLN3 034 G1 cyFlin; deple_tion abolisl_ies budding and causes hyp_hal grthh defect;; farlieSQl rggulated, functional in S.
! cerevisiae; possibly essential (UAU1 method); other biofilm induced; Spider biofilm induced
Protein of unknown function; repressed by fluphenazine treatment; induced by benomyl treatment and in an
orf19.1964 0,41
RHE model; regulated by Nrg1, Tupl
orf19.1978 GIT2 0,36 0,59 0,40 PutaFive glycerophosphoinositpl permease; fungal-specific; repressed by alpha pheromone in SpiderM
medium; Hap43-repressed; Spider biofilm induced
Glycerophosphocholine permease; white cell specific transcript; fungal-specific; alkaline repressed;
orf19.1979 GIT3 0,44 055 ca}slpofuﬁgin,pmacrophagz/pseudohyphal-repr&lz)ssed; flow motl:lJel biofgilm il:lduced; Spider bi(l))film induced
0orf19.1995 MNN24 0,45 Alpha-1,2-mannosyltransferase; required for normal cell wall content
Similar to catabolic ser/thr dehydratases; repressed by Rim101; induced in low iron; regulated on white-
orf19.1996 CHA1 0,52 0,47 opaque switch; filament induced; Tn mutation affects filamentation; flow model biofilm induced; Spider
biofilm repressed
orf19.2003 HNM1 0,36 Putative choline/ethanolamine transporier; mutation confers hypersensitivity to tolxic ergosterol analog;
colony morphology-related gene regulation by Ssn6; clade-associated gene expression
Putative protein phosphatase regulatory subunit; Hap43-repressed gene; macrophage/pseudohyphal-
orf19.2005 REG 0,44 induced;%ossibl)?reglﬁ)lated upoi hyph;i formation; gow mgdel biof%lm inducedp e/ "’
0rf19.2006.1 cox17 035 &u;izi:de copper metallochaperone; Hap43p-repressed gene; rat catheter biofilm induced; Spider biofilm
orf19.2008 0,34 Protein of unknown function
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Putative methionine sulfoxide reductase; Plc1-regulated; induced by human neutrophils, flucytosine;

orf19.2028 MXR1 -0,32 macrophage regulated (gene induced, protein decreased); possibly adherence-induced; Spider biofilm
induced
orf19.203 STB3 041 Putative S!N3-bil.1ding protein 3 homolog; caspofungin induced; macrophage/pseudohyphal-repressed; rat
catheter biofilm induced
orf19.2048 0,71 Proten of unknown function; transcript positively regulated by Sful; Hap43 repressed; Spider biofilm induced
Protein of unknown function; S. pombe ortholog SPAC7D4.05 encodes a predicted hydrolase; Hap43-
orf19.2076 -0,55 . PP
repressed; Spider biofilm induced
Copper- and zinc-containing superoxide dismutase; gene family includes SOD1, SOD4, SODS5, and SOD6; gene
orf19.2108 S0D6 050 0,34 mal;'pcontain an intron; HaplgB-rl::zpressed; flow modegl and rat citheter biofilm induced &
orf19.2125 -0,45 Protein of unknown function; GlcNAc-induced protein; Spider biofilm induced; rat catheter biofilm repressed
orf19.2128 -0,42 -0,51 -0,43 Protein of unknown function
orf19.2129 038 Ortholog ofs. cerevisi§e_Spo71; a meiosis-spegiﬁc proteip required for spore wall formation during
! sporulation in S. cerevisiae; possibly an essential gene, disruptants not obtained by UAU1 method
orf19.2131 -0,36 Protein of unknown function
orf19.2132 -0,55 -0,53 -0,49 Protein of unknown function
Secreted lipase, member of a differentially expressed lipase gene family with possible roles in nutrition
orf19.2133 LIP4 -0,44 and/or in creating an acidic microenvironment; expressed more strongly during mucosal infections than
during systemic infections
orf19.2135 TSM1 1036 -0,30 Put?tive tr?nscription ilniltiatcion factor TFIID subunit; transcript is upregulated in clinical isolates from HIV+
patients with oral candidiasis; Nrg1-regulated
orf19.2138 1LS1 027 037 Putative isoleucyl-tRNA synthetase, the target of drugs including the cyclic beta-amino acid icofungipen/PLD-
! ’ 118/BAY-10-8888 and mupirocin; protein present in exponential and stationary growth phase yeast cultures
orf19.2143 -0,35 -0,37 Protein of unknown function
Putative Hat1-Hat2 histone acetyltransferase complex subunit; role in DNA damage repair and
orf19.2146 HAT2 -0,40 -0,44 -0,40 morphogenesis; mutations cause constitutive pseudohyphal growth, caspofungin sensitivity; rat catheter and
Spider biofilm repressed
orf19.215 048 Cf)mporllent of a complex containing the Tor2p kinase; possible a role in regulation of cell growth; Spider
biofilm induced
orf19.2150 -0.40 -0,49 035 Putative ortholog of mammalian electron transfer flavoprotein complex subunit ETF-alpha; Spider biofilm
repressed
Protein required for wild-type mouse virulence and wild-type cycloheximide resistance; putative GTP-binding
orf19.2151 NAG6 -0,48 -0,43 -0,41 motif; similar to S. cerevisiae Yor165Wp; in gene cluster that encodes enzymes of GIcNAc catabolism; no
human or murine homolog
N-acetylglucosamine (GlcNAc) kinase; involved in GlcNAc utilization; required for wild-type hyphal growth
orf19.2154 Hixk1 -033 -039 -037 and m(}J,ugse Virulence;(GlcNAc-)induced transcript; induced by alpha pher?)mone in Spider)ll\ﬁ me}::l]:i)um i
Putative MFS transporter; similar to Nag4; required for wild-type mouse virulence and cycloheximide
orf19.2158 NAG3 -0,37 resistance; in gene cluster that includes genes encoding enzymes of GlcNAc catabolism; Spider biofilm
repressed
orf19.2163 -0,35 Protein of unknown function
orf19.2165 -0,49 Predicted hydrolase; induced by nitric oxide
D-Arabinose dehydrogenase; dehydro-D-arabinono-1,4-lactone synthesis; active on D-arabinose, L-fucose, L-
orf19.2172 ARA1 -0,42 xylose, L-galactose; inhibited by metal ions, thiol group-specific reagents; induced on polystyrene adherence;
Spider biofilm induced
orf19.2175 033 Putative mitochondrial cell death effector; induced by nitric oxide; Spider biofilm induced; rat catheter biofilm
repressed
Transporter of ferrichrome siderophores, not ferrioxamine B; required for human epithelial cell invasion in
orf19.2179 SIT1 -0,38 vitro, not for mouse systemic infection; regulated by iron, Sful, Rfg1, Tup1, Hap43; rat catheter and Spider
biofilm induced
orf19.2192 GDH2 033 Putative NAD-specific glutamate dehydrogenase; fungal-specific; transcript regulated by Nrg1, Mig1, Tup1,
i ! and Gen4; stationary phase enriched protein; flow model biofilm induced; Spider biofilm induced
orf19.2199 PHO86 0,40 Putative endoplasmic reticulum protein; possibly adherence-induced
orf19.2241 PST1 051 Putati@ 1,4-benzoquinor.le .redl..lctase; hyphal-induced; regulated by Cyr1, Ras1, Efg1, Nrg1, Rfg1, Tup1;
Hap43-induced; Spider biofilm induced
0rf19.2269 041 041 Putative 3-phosphoserine phosphatase; induced by benomyl or in azole-resistant strain that overexpresses
i ! . MDR1,; early-stage flow model biofilm induced; Spider biofilm repressed
0rf19.2270 SMF12 0,52 038 Ortholog of S. cerevisiae Smfl; manganese transporter; Gen4-regulated; Hap43, alkaline induced; caspofungin
repressed; mutants are viable
orf19.2301 -0,38 Protein of unknown function
Heat shock protein; transcript regulated by cAMP, osmotic stress, ciclopirox olamine, ketoconazole; repressed
orf19.2344 ASR1 -1,35 -0,59 -0,62 by Cyr1, Ras1; colony morphology-related regulated by Ssn6; stationary phase enriched; Hap43-induced;
Spider biofilm induced
Cytochrome-c peroxidase N terminus; Rim101, alkaline pH repressed; induced in low iron or by macrophage
orf19.238 CCP1 -0,39 interaction; oxygen-induced activity; regulated by Sef1, Sful, and Hap43; Spider biofilm induced; rat catheter
biofilm repressed
orf19.2382 032 Protein similar to isoleucyl-tRNA synthetase; isoleucyl-tRNA synthetase is the target of drugs including the
i ” cyclic beta-amino acid icofungipen/PLD-118/BAY-10-8888 and mupirocin
Zinc-binding dehydrogenase; induced by benomyl, ciclopirox olamine, alpha pheromone, Hap43; regulated by
orf19.2396 IFR2 -0,48 oxidative stress via Cap1, osmotic stress via Hog1; protein present in exponential and stationary phase; rat
catheter biofilm repressed
orf19.2415 0,35 Protein of unknown function
Putative dicarboxylic amino acid permease; fungal-specific (no human or murine homolog); induced by alpha
orf19.2445 -0,38 . : .
pheromone in SpiderM medium
Putative GPI-anchored cell wall protein; repressed in core caspofungin response; Hog1-induced; regulated b;
orf19.2451 PGA45 0,65 0.45 Ssné6; Mob2-dependent hyphal rggulation; gow model bioﬁlmli)nducid b ¢ ¢ Y
Protein of unknown function; induced in high iron; repressed in core caspofungin response; ketoconazole-
orf19.2452 0,35 . R . .
repressed; colony morphology-related gene regulation by Ssn6; possibly subject to Kex2 processing
orf19.2461 PRN4 -0,37 Protein with similarity to pirins; induced by benomyl treatment; flow model biofilm repressed
Protein involved in heme uptake; putative FAD transporter, similar to S. cerevisiae Flc1; regulated by iron;
orf19.2501 FLC 032 macrophage-induced; mutalzlt def;)ctive in fil *nups growth; Spider biofilm induced § Y
Glutathione-independent glyoxalase; binds human immunoglobulin E; alkaline, fluconazole, Hog1 repressed;
orf19.251 GLX3 -0,52 -0,37 hypoxia, oxidative stress via Cap1, Hap43 induced; stationary-phase enriched; rat catheter, Spider biofilm
induced
orf19.2529.1 0,36 Protein of unknown function; Spider biofilm repressed
Hyphal cell wall protein; role in progression of mouse systemic infection; predicted P-loop, divalent cation
orf19.2531 CSP37 -0,43 binding, N-glycosylation sites; expressed in yeast and hyphae; hyphal downregulated; stationary-phase
enriched; GIcNAc-induced
orf19.2532 PRS 0,41 Putative prolyl-tRNA synthetase; monofunctional Class II synthetase; gene is constitutively expressed
Essential 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (cobalamin-independent
orf19.2551 MET6 0,29 methionine synthase); antigenic in murine/human systemic infection; heat shock, estrogen, GCN-induced;
Spider biofilm repressed
Putative alcohol dehydrogenase; regulated by white-opaque switch; fluconazole-induced; antigenic in murine
orf19.2608 ADH5 -0,37 infection; regulated by Nrg1, Tup1; Hap43, macrophage repressed, flow model biofilm induced; Spider biofilm
induced
Cytoplasmic glutathione S-transferase; regulated by Nrg1, Tup1; induced in core stress response, in cyrl or
orf19.2613 ECM4 -0,31 ras1 mutant (yeast or hyphal cells); Tn mutation affects filamentous growth; stationary phase enriched;

Spider biofilm induced
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0orf19.2670 -0,38 Protein of unknown function
GPI-anchored protein; Hogl-repressed; induced in cyr1 or efgl mutant or in hyphae; colony morphology-
orf19.2685 PGA54 0,38 related gene regulation by Ssn6; induced in RHE model; mRNA binds She3; regulated in Spider biofilms by
Tecl, Egf1, Ntd80, Rob1, Brgl
orf19.2686 0,64 Protein of unknown function
orf19.2737 -0,61 Carbohydrate kinase domain-containing protein; Spider biofilm induced
orf19.2747 RGT1 046 Zn(11)2Cys6 transcription factor; transcriptional repressor involved in the regulation of glucose transporter

genes; ortholog of S. cerevisiae Rgt1; mutants display decreased colonization of mouse kidneys

Alkyl hydroperoxide reductase; immunogenic; fluconazole-induced; amphotericin B, caspofungin, alkaline
orf19.2762 AHP1 -0,56 -0,53 -0,40 repressed; core stress response induced; Ssk1/Nrgl/Tup1/Ssn6/Hog1 regulated; flow model biofilm
induced; rat catheter biofilm repressed

Putative alpha-mannosidase; transcript regulated by Nrg1; induced during cell wall regeneration; flow model

orf19.2768 AMS1 -0.45 biofilm induced; Spider biofilm induced
orf19.2769 -0,39 Putative protease B inhibitor; hyphal-induced expression; Cyrlp- and Ras1p-repressed
Cytosolic copper- and zinc-containing superoxide dismutase; role in protection from oxidative stress;
orf19.2770.1 S0D1 -0,37 required for full virulence; alkaline induced by Rim101; induced by human blood; rat catheter, flow model and
Spider biofilm repressed
orf19.2771 BEM3 0,39 Putative GTPase-activating protein (GAP) for Rho-type GTPase Cdc42p; involved in cell signaling pathways

that control cell polarity; similar to S. cerevisiae Bem3p

Peroxisomal carnitine acetyl transferase; no obvious metabolic, hyphal, virulence defects in Ura+ strain;
orf19.2809 CTN3 0,48 induced by macrophage engulfment, hyphal growth, starvation, nonfermentable carbon sources; rat catheter,
Spider biofilm induced

Putative amino acid permease; fungal-specific; possibly essential, disruptants not obtained by UAU1 method;

orf19.2810 AAP1 0,47 Spider biofilm induced

HMG domain transcriptional repressor of filamentous growth and hyphal genes; in Tup1-dependent and -
orf19.2823 RFG1 0,50 independent pathways; binds DNA; transcript not regulated by oxygen or serum; not responsible for hypoxic
repression; Spider biofilm induced

Cirt family transposase; transcript repressed in an azole-resistant strain that overexpresses CDR1 and CDR2;

orf19.2839 CIRT4B -048 Hap43-repressed; flow model biofilm induced
orf19.2841 PGM2 031 Ortholog of S..ce.revisiae Pgm2; induced in planktonic culture; Tye7p-regulated; flow model biofilm induced;
rat catheter biofilm repressed
orf19.2846 0,63 0,54 Protein of unknml/vn fur}ction; Hap43-repressed; induced in core caspofungin response; regulated by yeast-
hypha switch; Spider biofilm repressed
Enzyme involved in utilization of L-sorbose; has sorbitol dehydrogenase, fructose reductase, and sorbose
orf19.2896 Sou1 -0,67 -0,47 reductase activities; NAD-binding site motif; transcriptional regulation affected by chromosome 5 copy
number; Hap43p-induced gene
orf19.2943.5 0,44 Protein of unknown function
orf19.2971 0,38 Protein of unknown function
Exo0-1,3-beta-glucanase; 5 glycosyl hydrolase family member; affects sensitivity to chitin and glucan synthesis
orf19.2990 X0G1 0,42 0,37 inhibitors; not required for yeast-to-hypha transition or for virulence in mice; Hap43-induced; Spider biofilm
induced
orf19.3007.2 -0,34 Protein of unknown function
Endo-1,3-beta-glucanase; ortholog of S. cerevisiae Dse4 needed for cell separation; caspofungin, fluconazole
orf19.3066 ENG1 0,30 repressed; repressed by alpha pheromone in SpiderM medium; flow model biofilm induced; rat catheter

biofilm repressed

Transcription factor; regulates white-opaque switch; hyphal growth regulator; expression in S. cerevisiae
orf19.3127 CZF1 -0,50 causes dominant-negative inhibition of pheromone response; required for yeast cell adherence to silicone;
Spider biofilm induced

Putative NADP-dependent oxidoreductase; Hap43-repressed; induced by benomyl treatment; oxidative

orf19.3139 0,72 stress-induced via Cap1; rat catheter biofilm repressed

Putative reductase; Nrgl and Tup1-regulated; benomyl- and hyphal-induced; macrophage/pseudohyphal-
orf19.3150 GRE2 -0,41 -0,34 -0,43 repressed; repressed by low iron; possibly involved in osmotic stress response; stationary phase enriched
protein; Spider biofilm induced

Protein similar to A. niger predicted peroxisomal copper amino oxidase; mutation confers hypersensitivity to

orf19.3152 AMO2 -037 toxic ergosterol analog; F-12/C02 early biofilm induced

Phosphatidylinositol-4-phosphate 5-kinase; activity induced by phosphatidic acid (Pld1 product);
orf19.3153 MSS4 0,29 macrophage/pseudohyphal-repressed; mRNA binds to She3, localized to yeast cell buds and hyphal tips;
Hap43-induced; Spider biofilm induced

Acetyl-coA hydrolase; acetate utilization; nonessential; soluble protein in hyphae; antigenic in human;

orf19.3171 ACH1 0,38 0,44 0,37 induced on polystyrene adherence; farnesol-, ketoconazole-induced; no human or murine homolog; stationary
phase-enriched protein

orf19.320 -0,70 -0,44 -0,49 Predicted short chain dehydrogenase; Spider biofilm induced

orf19.3208 DAL52 3,35 Putative allantoate permease; mutant is viable; similar but not orthologous to S. cerevisiae Dal5

orf19.3209 FGR42 -0,38 Protein lacking an ortholog in S. cerevisiae; transposon mutation affects filamentous growth

Putative arginine-specific carbamoylphosphate synthetase; protein enriched in stationary phase yeast

orf19.3221 ChdZ 051 cultures; rat catheter biofilm induced; Spider biofilm induced

orf19.323 0,35 Putative haloacid dehalogenase; localized to plasma membrane

Histidine kinase involved in a two-component signaling pathway that regulates cell wall biosynthesis;

orf19.3256 SLNI 033 mutants are sensitive to growth on H202 medium; rat catheter and Spider biofilm induced

orf19.33 045 0,29 Predicted ORF from Assembly 19; removed from Assembly 20; restored based on transcription data; similar
to orf19.7550

orf19.334 0,74 0,42 ;gi)t:;n of unknown function; flow model biofilm induced; Spider biofilm induced; regulated by Sef1, Sful, and

orf19.335 0,40 Seflp-, Sfulp-, and Hap43p-regulated gene

0orf19.3360 0,32 Protein of unknown function; flow model biofilm induced; Spider biofilm induced

orf19.3364 0,44 Protein of unknown function
Ortholog of S. cerevisiae Moh1, essential for staionary phase growth; induced by alpha pheromone in SpiderM

orf19.3369 MOH1 0,40 medium and by Mnl1 under weak acid stress; possibly essential (UAU1 method); flow model biofilm induced;
Spider biofilm induced

orf19.338 10,30 Putative glycoside hydrolase; stationary phase enriched protein; Hoglp-downregulated; shows colony

morphology-related gene regulation by Ssn6p

Putative adenylate kinase; repressed in hyphae; macrophage-induced protein; adenylate kinase release used
orf19.3391 ADK1 -0,44 as marker for cell lysis; possibly essential (UAU1 method); flow model biofilm induced; rat catheter and
Spider biofilm repressed

} ; } Putative 2-deoxyglucose-6-phosphatase; haloacid dehalogenase hydrolase/phosphatase superfamily; similar
orf19.3392 boat 0,60 0,62 043 to S. cerevisiae Dogl, Dog2, Hor1, Rhr2; regulated by Nrgl, Tup1; Spider biofilm repressed

orf19.3393 -0,33 -0,57 -0,37 Putative DEAD-box helicase; Hap43-induced; Spider biofilm induced

Ortholog of S. cerevisiae Hch1, a regulator of heat shock protein Hsp90; regulated by Gen4; induced in

orf19.3396 HCHI 044 -055 response to amino acid starvation (3-aminotriazole treatment); mutants are viable
orf19.3399 -0,40 -0,47 -0,42 Protein of unknown function
Glycerophosphoinositol permease; involved in utilization of glycerophosphoinositol as a phosphate source;
orf19.34 GIT1 0,56 A X .
Rim101-repressed; virulence-group-correlated expression
} ; } Protein with a predicted role in coenzyme Q biosynthesis; transcriptionally induced by interaction with
orf19.3400 coQ3 051 0,54 0,40 macrophages; possibly an essential gene, disruptants not obtained by UAU1 method
o0rf19.3401 CTA 041 052 042 Protein similar to S. cerevisiae Mos10p, which affects S. cerevisiae filamentous growth; activates transcription

in 1-hybrid assay in S. cerevisiae; protein levels increase under weak acid stress; nonessential

orf19.3402 FPG1 -0,39 Formamidopyrimidine DNA glycosylase, involved in repair of gamma-irradiated DNA; Hap43p-repressed gene
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Putative Zn(I1)2Cys6 transcription factor; heterozygous null mutant displays sensitivity to virgineone and

orf19.3405 ZCF18 -0,46 -0,40 T .
decreased colonization of mouse kidneys

orf19.3407 RAD18 -0,42 -0,37 Putative transcription factor with zinc finger DNA-binding motif; Hap43p-repressed gene

orf19.3409 SEC12 -0,41 -0,50 -0,43 Putative guanyl-nucleotide exchange factor; induced in high iron; Hap43-repressed

orf19.3411 -0,53 Protein of unknown function

orf19.3412 ATG15 -0,36 -0,38 Putative lipase; fungal-specific (no human or murine homolog); Hap43p-repressed gene
Protein required for normal cell wall, plasma membrane, cytoskeletal organization, endocytosis; localizes to

orf19.3414 SUR7 -0,39 -0,36 eisosome subdomains of plasma membrane; four transmembrane motifs; mutant shows ectopic, chitin-rich
cell wall; fluconazole-induced

orf19.3415.1 RPL32 -0,40 -0,54 Component of the large (60S) ribosomal subunit; Spider biofilm repressed

orf19.3417 ACF2 -0,55 -0,65 -0,55 Putative endo-1,3-beta-glucanase; fungal-specific (no human or murine homolog)

orf19.3423 TIF3 028 0,44 Putative translation initiation factor; genes encoqing ribosgmal subunits, translation factors, and tRNA
synthetases are downregulated upon phagocytosis by murine macrophage
Translation initiation factor elF-5A; repressed in hyphae vs yeast cells; downregulated upon phagocytosis b

orf19.3426 ANBI -040 -050 -0.37 murine macrophage; Hap43-induced; glcNAc-indu)c,el?d prote}i]n; Spider biofilm rgpressed ponphaseey Y

orf19.3427 -0,41 Protein of unknown function

orf19.3428 -0,31 Protein of unknown function; flow model biofilm induced

orf19.3430 -0,37 Plasma membrane-associated protein; physically interacts with TAP-tagged Nop1p

orf19.3433 OYE23 052 0,65 Putative NAPDH dehydrogenase; ?nduceld by nitric oxide, benomyl; oxidative stress-induced via Cap1;
Hap43p-repressed; rat catheter biofilm induced

orf19.3438 -0,34 Protein of unknown function

orf19.3439 -0,37 -0,52 Protein of unknown function; Cyrl-repressed; rat catheter and Spider biofilm induced

orf19.344 035 Protein of unknown function; upregulated by fluphenazine treatment or in an azole-resistant strain that

i ! overexpresses CDR1 and CDR2; transcript possibly regulated by Tacl

orf19.3441 FRP6 035 Putative almmonia transport protein; regulated by Nrgl and Tup1; regulated by Ssné6; induced by human
neutrophils

orf19.3442 -0,47 -0,48 -0,41 Putative oxidoreductase; Hap43-repressed gene

orf19.3443 OYE2 -0,60 -0,51 -0,56 Putative NAPDH dehydrogenase; induced by nitric oxide; Spider biofilm induced

orf19.3445 HOC1 -0,44 -0,46 -0,43 Protein with similarity to mannosyltransferases; similar to S. cerevisiae Hoc1lp and C. albicans Och1p

orf19.3446 -0,43 -0,39 Protein of unknown function

orf19.3447 -0,42 -0,37 -0,42 Protein of unknown function

orf19.3448 -0,46 Protein of unknown function; ketoconazole-repressed

orf19.3449 -0,34 Protein of unknown function

orf19.3450.1 -0,41 Protein of unknown function

orf19.3453 -0,36 Protein of unknown function

orf19.3455 -0.45 035 Puta_tive mitochondrial inner membrane magnesium transporter; possibly an essential gene, disruptants not
obtained by UAU1 method
Protein with a predicted serine/threonine kinase and tyrosine kinase domain; possibly an essential gene,

orf19.3456 071 -063 -059 disruptants nofobtained by UA{Jl method i ’ Y &

orf19.3457 SWD3 -0,50 -0,45 -0,40 Protein of unknown function

orf19.3458 -0,51 -0,60 -0,45 Protein of unknown function

orf19.3459 -0,52 -0,47 -0,47 Putative serine/threonine/tyrosine (dual-specificity) kinase; disruptants not obtained by UAU1 method

o0rf19.3460 073 052 Protein of unknown funcrtion; mRNA binds She3; transcript regulated upon yeast-hypha switch; induced in
oralpharyngeal candidasis
Functional homolog of S. cerevisiae Sar1; which is required for ER-to-Golgi protein transport; binds GTP;

orf19.3462 SARI -046 -053 -040 similar to small GTlg)ase superfamily proteins; gene hqas intron; Hap43-indguged; rat cathefer biofilm repressed

orf19.3463 -0,37 -0,51 -0,35 Putative GTPase; role in 60S ribosomal subunit biogenesis; Spider biofilm induced

orf19.3465 RPL10A 034 -0.48 Prgdicteq r.ibosomal protein; downregulated upon phagocytosis by murine macrophages; Hap43-induced;
Spider biofilm repressed

orf19.3467 SEC27 -0,46 -0,41 -0,35 Protein of unknown function

orf19.3469 043 033 S. cerevisiafe orthlol(l)g SFbl has a role in regulation of MBF-specific transcription at Start; induced in a cyr1 null
mutant; Spider biofilm induced

orf19.3473 -0,36 -0,38 -0,40 Protein of unknown function
Putative Aurora kinase; Hap43-induced; induced during planktonic growth; possibly an essential gene,

orf19.3474 IPL1 041 disruptants not obtained b)l? UAU1 method ¢P ¢ ’ Y ¢

orf19.3476 HRR25 -0,27 Predicted protein serine/threonine kinase; Spider biofilm induced

orf19.3477 10,39 0,44 Putativel pse\{dourildillle synthase; predicted role in snRNA pseudouridine synthesis, tRNA pseudouridine
synthesis; Spider biofilm induced

orf19.3478 NIP7 045 -058 039 :)nu;itci:; nucleolar protein with role in ribosomal assembly; hyphal-induced; Hap43-induced; Spider biofilm

orf19.3480 -0,45 Protein of unknown function
Putative mitochondrial ATP-dependent RNA helicase of the DEAD-box family, transcription is activated in the

orf19.3481 -0,30
presence of elevated CO2

orf19.3482 -0,49 -0,53 -0,52 Protein of unknown function

orf19.3483 035 :)nu;itci:; phosphatidyl glycerol phospholipase C; Plc1-regulated; flow model biofilm induced; Spider biofilm

orf19.3496 CHCI 043 036 037 Clathrin hgavy chain; subunit of the major .coa.\t protein; role in intracellular protein transport and
endocytosis; flow model and rat catheter biofilm repressed

orf19.3498 -0,35 Protein of unknown function

orf19.3501 041 -0.40 S. cgrevisiae ortholog_lel localize§ to sites of polarized growth and is required for selection and/or
maintenance of polarized growth sites; Hoglp-repressed

orf19.3503 -0,51 -0,55 Protein of unknown function

orf19.3504 RPL23A -0,42 RibosomaAl protleinl; downregulated upon phagocytosis by murine macrophage; Hap43-induced; sumoylation
target; Spider biofilm repressed

orf19.3506 DBR1 035 Debranchase; homozygous mutant accumulates lariat intermediates of mRNA splicing; rat catheter biofilm
repressed
NADH-cytochrome-b5 reductase; soluble in hyphae; alkaline downregulated; farnesol, ketoconazole or

orf19.3507 MCR1 -0,55 -0,47 -0,39 flucytosine induced; protein present in exponential and stationary growth phase yeast; YNB biofilm induced;
rat catheter biofilm repressed

orf19.3508 -0,60 -0,43 -0,46 Putative protein of unknown function; stationary phase enriched protein

orf19.3529 ABP2 0,33 Putative alpha-actinin-like protein; induced by alpha pheromone in SpiderM medium
White-phase yeast transcript; expression in opaques increases virulence/switching; mutant switches as WT;

orf19.3548.1 WH11 -0,38 Hap43, hypoxia, ketoconazol induced; required for RPMI biofilm; Bcrl-induced in RPMI a/a biofilm; rat
catheter, Spider biofilm induced

orf19.3563 0,44 Protein of unknown function
Pyruvate kinase at yeast cell surface; Gen4/Hog1/GlcNAc regulated; Hap43/polystyrene adherence induced;

orf19.3575 CDC19 -0,27 repressed by phagocytosis/farnesol; hyphal growth role; stationary phase enriched; flow model biofilm
induced; Spider biofilm repressed

orf19.3603 MFG1 0,39 Regulator of fil ous growth; required for biofilm formation, virulence; interacts with Flo8 and Mss11
Secreted yeast wall protein; possible role in dispersal in host; mutation increases adhesion and biofilm

orf19.3618 YWP1 0,30 formation; propeptide; growth phase, phosphate, Ssk1/Ssn6/Efgl/Efh1/Hap43 regulated; mRNA binds She3;
flow and Spider biofilm repressed
Cell wall glycosidase; role in biofilm formation and cell separation; possibly secreted; hypoxia, hyphal

orf19.3642 SUN41 -0,43 -0,48 -0,44 induced; caspofungin repressed; Efg1, Cph1 regulated; O-glycosylated, possible Kex2 substrate; 5'-UTR intron;
Spider biofilm induced

orf19.3643 -0,42 Protein of unknown function; Hap43-repressed gene
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orf19.3644 -0,41 -0,38 -0,41 Protein of unknown function; Cyrl-repressed; rat catheter and Spider biofilm induced
Copper transporter; transcribed in low copper; induced Mac1, Tye7, macrophage interaction, alkaline pH via
orf19.3646 CTR1 -0,31 0,33 Rim101; 17-beta-estradiol repressed; complements S. cerevisiae ctrl ctr3 copper transport mutant; flow

model/Spider biofilm induced

Predicted subunit of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the

orf19.3647 SEC8 -0,46 -0,46 -0,37 .
hyphal tip
0orf19.3649 -0,64 -0,76 -0,54 Protein of unknown function
Phosphoglycerate kinase; localizes to cell wall and cytoplasm; antigenic in murine/human infection; flow
orf19.3651 PGK1 -0,81 -0,65 -0,49 model biofilm, Hog1-, Hap43-, GCN-induced; repressed upon phagocytosis; repressed in Spider biofilms by
Bcrl, Ndt80, Rob1, Brgl
orf19.3653 FAT1 -0,42 Predicted enzyme of sphingolipid biosynthesis; upregulated in biofilm
orf19.3656 cox15 .0,38 Cytochrome oxidase assembly protgin; trapscript regullated }Jy Nrgl and Tup1; alkaline repressed; Hap43-
repressed; early-stage flow model biofilm induced; Spider biofilm repressed
orf19.3658 -0,38 Protein of unknown function
Putative CTD phosphatase; role in dephosphorylation of RNA polymerase Il C-terminal domain, transcription
orf19.3659 -0,52 -0,42 . .
from RNA polymerase Il promoter; flow model biofilm induced
0orf19.3660 -0,45 -0,54 -0,39 Protein of unknown function
orf19.3664 HSP31 0,61 1,40 0,88 Putative 30 kda heat shock protein; repressed during the mating process; rat catheter biofilm induced
Putative MFS glucose transporter; 20 member C. albicans glucose transporter family; 12 probable membrane-
orf19.3668 HGT2 0,32 panning s . ts; expresls)ed in rich medium with 2% glicose; rat catﬁeter and Sp};der l?iofilm induced
Putative ser/thr kinase involved in glucose transport; Tn mutation affects filamentous growth; fluconazole-
orf19.3669 SHA3 0,46 0,33 induced; ketoconazole-repressed; induced in by alpha pheromone in SpiderM; possibly essential; flow model
biofilm induced
orf19.367 CNHI 032 Na+/H+ antiporter; required for wild-type growth, cell morphology, and virulence in a mouse model of

systemic infection; not transcriptionally regulated by NaCl; fungal-specific (no human or murine homolog)

Galactokinase; galactose, Mig1, Tup1, Hap43 regulated; fluconazole, ketoconazole-induced; stationary phase
orf19.3670 GAL1 0,33 0,34 enriched protein; GlcNAc-induced protein; farnesol, hypoxia-repressed in biofilm; rat catheter and Spider
biofilm induced

UDP-glucose 4-epimerase; galactose utilization; mutant has cell wall defects and increased filamentation;
orf19.3672 GAL10 0,38 GlcNAc-, fluconazole- and ketoconazole-induced; stationary phase enriched protein; rat catheter and flow
model biofilm induced

Putative galactose-1-phoshphate uridyl transferase; downregulated by hypoxia, upregulated by ketoconazole;

orf19.3675 GAL7 0,31 0,43
macrophage/pseudohyphal-repressed

orf19.3682 CWHS 032 Putative dollchyl pyrgphosphate (Dol-P-ll’] phosphatase; keFoconazole-mlduced; expression is increased in a
fluconazole-resistant isolate; clade-associated gene expression; Hap43p-induced gene

orf19.3707 YHBI 0,63 Nitric oxide dioxygenase; acts in nitric oxide scavenging/detoxification; role in virulence in mouse; transcript

activated by NO, macrophage interaction; Hap43, hypha repressed; mRNA binds She3

Isocitrate dehydrogenase; white-opaque switch regulated; morphology-regulation by Ssné; protein in
orf19.3733 IDP2 0,77 0,64 exponential and stationary phase yeast; Hap43-repressed; Spider biofilm repressed by Ber1, Tec1, Ndt80,
Rob1, Brgl; Spider biofilm induced

Putative GPI-anchored protein of unknown function; Rim101-repressed; Cyrl-regulated; colony morphology-

orf19.3740 paaz3 -0.66 related gene regulation by Ssn6
orf19.3770 ARG 042 :)nu;itg:; acetylornithine aminotransferase; Gen2, Gen4 regulated; rat catheter biofilm induced; Spider biofilm
orf19.3793 0,41 Protein of unknown function; mRNA binds She3; regulated by Nrg1; upregulated in a cyr1 or ras1 mutant
Alpha-1,2-mannosyltransferase; required for normal cell wall mannan; regulated by Tsal, TsalB at 37 deg;
orf19.3803 MNN22 0,36 repressed in core stress response; NO, Hog1 induced; confers sensitivity to cell wall perturbing agents; Spider
biofilm repressed
Secreted aspartyl protease; roles in adhesion, virulence (RHE model), cell surface integrity; distinct specificity
orf19.3839 SAP10 -0,33 from Sap9; at cell membrane and wall; GPI-anchored; induced in low iron; Tbfl-activated; Spider biofilm
induced
orf19.3844 MRP8 0,37 Mltochondrlal ribosomal protein; ortholog of S. cerevisiae Mrp8; transcript induced in hyphal form; mutant is
viable; flow model and rat catheter biofilm repressed
Glycine decarboxylase P subunit; protein of glycine catabolism; repressed by Efgl; Hogl-induced; induced by
orf19.385 Gevz 048 041 044 Rim101 at acid pH; transcript induced in elevated CO2; stationary phase enriched protein
orf19.3854 0,39 i(;rdt{llgl;ég of S. cerevisiae Sat4; amphotericin B induced; clade-associated gene expression; Spider biofilm
o0rf19.3869 032 Protein of unknown function; regulated by Tsal, TsalB in minimal media at 37 degrees C; shows colony

morphology-related gene regulation by Ssné; Spider biofilm induced

Glucose-6-phosphate isomerase; enzyme of glycolysis; antigenic; Efgl-regulated; induced upon adherence to
orf19.3888 PGI1 -0,29 polystyrene; repressed by phagocytosis, human neutrophils; flow model biofilm induced; rat catheter and
Spider biofilm repressed

GPI-linked chitinase; required for normal filamentous growth; repressed in core caspofungin response;
orf19.3895 CHT2 0,45 0,41 fluconazole, Cyr1, Efgl, pH-regulated; mRNA binds She3 and is localized to yeast-form buds and hyphal tips;
Spider biofilm repressed

Predicted RNA binding protein; stationary phase enriched; induced in core caspofungin response; induced by

orf19.3932 -0,56 -0,37 nitric oxide independent of Yhb1; repressed in ssr1 null; ketoconazole, hypoxia induced; Spider biofilm
induced

orf19.3932.1 -0,53 -0,51 Protein of unknown function

orf19.3988 1,54 0,99 :)nu;izl:de adhesin-like protein; induced by Mnl1 under weak acid stress; rat catheter and Spider biofilm
Transcription factor; recruits Hdal to hypha-specific promoters; Tn mutation affects filamentation; Hap43-

orf19.4056 BRG1 0,29 repressed; Spider and flow model biofilm induced; required for Spider biofilm formation; Bcrl-repressed in
RPMI a/a biofilms

orf19.4066 0,36 Putative glycerol-3-phosphate acyltransferase; Hogl-repressed
Immunogenic stress-associated protein; filamentation regulated; induced by

orf19.4082 DDR48 -0,71 -0,35 benomyl/caspofungin/ketoconazole or in azole-resistant strain; Hog1, farnesol, alkaline repressed; stationary
phase enriched; Spider, flow model biofilm induced

orf19.4110 0,37 Protein of unknown function
Protein involved in exit from mitosis and morphogenesis; ortholog of S. cerevisiae Cdc14p, which is a dual-

orf19.4192 CDC14 -0,40 -0,39 specificity phosphatase and cell-cycle regulator; suppresses S. cerevisiae cdc15-lyt1, dbf2-2, and (partially)
tem1 mutant phenotypes

orf19.4192.1 -0,47 -0,60 -0,37 Protein of unknown function

orf19.4193 -0,47 -0,47 Protein of unknown function

orf19.4194 -0,50 -0,38 -0,36 Putative TFIIH complex subunit; possibly an essential gene, disruptants not obtained by UAU1 method

: } Cytosine deaminase; enzyme of pyrimidine salvage; functional homolog of S. cerevisiae Fcy1p; mutation is

orf19.4195.1 Fea 0,49 0,61 associated with resistance to flucytosine (5-FC) in a clinical isolate; hyphal downregulated; gene has intron

orf19.4201 NHX1 -0.35 g;(;\]taein similar to S. cerevisiae Nhx1p, which is an Na+/H+ exchanger required for intracellular sequestration

orf19.4203 -0,48 -0,37 Protein of unknown function

orf19.4204 -0,38 -0,32 Protein of unknown function

orf19.4206 -0,44 -0,47 -0,37 Protein of unknown function

orf19.4207 038 aP;;:l;;tsed ORF from Assembly 19; removed from Assembly 20; restored based on comparative genome
Required for homologous DNA recombination, repair of UV- or MMS-damaged DNA, telomere length, UV-

orf19.4208 RAD52 -0,44 -0,50 -0,52 induced LOH; constitutive expression, MMS-induced; weakly complements S. cerevisiae rad52 mutant; slow

growth, increased white-to-opaque switch
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orf19.4209

-0,52

-0,58

-0,48

Protein of unknown function

orf19.4211

-0,44

Multicopper oxidase; for growth in low iron, prostaglandin E2 synthesis;
ketoconazole/caspofungin/amphotericin B repressed; Sef1/Sful/Hap43 regulated; reports differ if functional
homolog of ScFet3; rat catheter and Spider biofilm induced

orf19.4213

-0,34

Putative iron transport multicopper oxidase precursor; flucytosine induced; caspofungin repressed

orf19.4215

FET34

-0,34

-0,58

-0,33

Multicopper ferroxidase; induced by low iron, ciclopirox olamine, ketoconazole, hypoxia; alkaline induced by
Rim101; repressed in fluconazole-resistant isolate; Sful, Hog1l repressed; complements S. cerevisiae fet3;
Spider biofilm induced

orf19.4246

-0,58

-0,34

Protein with similarity to S. cerevisiae Ykr070w; Tn mutation affects filamentation; Hog1-repressed; colony
morphology-related gene regulation by Ssné6p; induced during cell wall regeneration; possibly essential

orf19.4255

ECM331

-0,50

-0,74

-0,47

GPI-anchored protein; mainly at plasma membrane, also at cell wall; Hap43, caspofungin-induced; Plc1-
regulated; Hog1, Rim101-repressed; colony morphology-related regulated by Ssné6; induced by ketoconazole
and hypoxia

orf19.4274

PUT1

0,41

Putative proline oxidase; alkaline upregulated by Rim101; flow model biofilm induced; Spider biofilm induced

orf19.4309

GRP2

-0,29

Methylglyoxal reductase; regulation associated with azole resistance; induced in core stress response or by
oxidative stress via Cap1, fluphenazine, benomyl, by Hap43 or with long term fluconazole treatment; Spider
biofilm induced

orf19.4317

GRE3

-0,33

Putative D-xylose reductase; antigenic in murine systemic infection; soluble protein in hyphae; induced by
farnesol, macrophage interaction and by Mnl1 under weak acid stress; stationary-phase enriched protein;
Spider biofilm induced

orf19.4369

0,36

Ortholog of S. cerevisiae Spp41; protein involved in negative regulation of expression of spliceosome
components PRP4 and PRP3 in S. cerevisiae; mutants are viable

orf19.4384

HXT5

-0,49

Putative sugar transporter; induced by ciclopirox olamine; Snf3-induced; alkaline repressed; colony
morphology-related gene regulation by Ssné; possibly essential gene

orf19.4393

CIT1

0,61

0,39

Citrate synthase; induced by phagocytosis; induced in high iron; Hogl-repressed; Efgl-regulated under yeast,
not hyphal growth conditions; present in exponential and stationary phase; Spider biofilm repressed; rat
catheter biofilm induced

orf19.4432

Ksp1

0,40

Putative serine/threonine protein kinase; mRNA binds She3 and is localized to hyphal tips; mutation confers
hypersensitivity to amphotericin B

orf19.4436

GPX3

-0,54

Putative glutathione peroxidase involved in Cap1p-dependent oxidative stress response, required for Cap1p
oxidation in response to H202; planktonic growth-induced

orf19.4438

RME1

0,71

Zinc finger protein; controls meiosis in S. cerevisae; white-specific transcript; upregulation correlates with
clinical development of fluconazole resistance; Upc2-regulated in hypoxia; flow model biofilm induced; Spider
biofilm repressed

orf19.4443

YPD1

-0,48

Phosphobhistidine intermediate protein in a phosphorelay signal transduction pathway; residue His69 is the
phosphoacceptor histidine; predicted to be soluble and cytosolic; functional homolog of S. cerevisiae Ypd1p

orf19.4445

0,42

0,35

Protein of unknown function; Plc1p-regulated; expression induced early upon infection of reconstituted
human epithelium (RHE), while expression of the C. dubliniensis ortholog is not; mutant is viable; Spider
biofilm induced

orf19.4450.1

0,59

Protein conserved among the CTG-clade; 2 adjacent upstream SRE-1 elements; highly up-regulated in cecum-
grown cells in a Cph2-dependent manner; Hap43-repressed; rat catheter, Spider and flow model biofilm
induced

orf19.4456

GAP4

0,27

Putative amino acid permease; hyphal induced; regulated by Hap43, Gen2 and Gen4; colony morphology-
related gene regulation by Ssnp; detected at plasma membrane of yeast and germ tube by mass spec; Spider
biofilm induced

orf19.4457

BNI4

0,33

Protein required for wild-type cell wall chitin distribution, morphology, hyphal growth; not essential; similar
to S. cerevisiae Bni4p (targeting subunit for Glc7p phosphatase, involved in bud-neck localization of chitin
synthase III)

orf19.4475

KTR4

-0,43

Mannosyltransferase; induced during cell wall regeneration; fungal-specific (no human or murine homolog);
Berl-repressed in RPMI a/a biofilms

orf19.4476

-0,50

-0,51

Protein with a NADP-dependent oxidoreductase domain; transcript induced by ketoconazole; rat catheter and
Spider biofilm induced

orf19.4477

CSH1

-0,75

-0,46

-0,62

Aldo-keto reductase; role in fibronectin adhesion, cell surface hydrophobicity; regulated by temperature,
growth phase, benomyl, macrophage interaction; azole resistance associated; Spider biofilm induced; rat
catheter biofilm repressed

orf19.4526

HSP30

1,79

1,06

Putative heat shock protein; fluconazole repressed; amphotericin B induced; Spider biofilm induced; rat
catheter biofilm induced

orf19.4527

HGT1

0,33

0,35

High-affinity MFS glucose transporter; induced by progesterone, chloramphenicol, benomyl; likely essential
for growth; protein newly produced during adaptation to the serum; rat catheter and Spider biofilm induced

orf19.4530.1

-0,34

Protein of unknown function; regulated by Nrg1, Tup1; Spider and flow model biofilm induced

orf19.4555

ALS4

-0,69

-0,64

GPI-anchored adhesin; role in adhesion, germ tube induction; growth, temperature regulated; expressed
during infection of human buccal epithelial cells; repressed by vaginal contact; biofilm induced; repressed
during chlamydospore formation

orf19.4557

-0,39

Protein of unknown function

orf19.4565

BGL2

-0,31

Cell wall 1,3-beta-glucosyltransferase; mutant has cell-wall and growth defects, but wild-type 1,3- or 1,6-beta-
glucan content; antigenic; virulence role in mouse systemic infection; rat catheter biofilm induced

orf19.4583

0,50

Protein with a mitochondrial carrier protein domain; possibly an essential gene, disruptants not obtained by
UAU1 method; Spider biofilm repressed

orf19.4593

RGA2

0,36

Putative GTPase-activating protein (GAP) for Rho-type GTPase Cdc42; involved in cell signaling pathways
controlling cell polarity; induced by low-level peroxide stress; flow model biofilm induced

orf19.4599

PHO89

0,80

0,69

0,40

Putative phosphate permease; transcript regulated upon white-opaque switch; alkaline induced by Rim101;
possibly adherence-induced; F-12/C02 model, rat catheter and Spider biofilm induced

orf19.4609

0,49

Putative dienelactone hydrolase; protein abundance is affected by URA3 expression in the CAI-4 strain
background; protein present in exponential and stationary growth phase yeast cultures; rat catheter biofilm
repressed

orf19.4630

CPA1

0,36

Putative carbamoyl-phosphate synthase subunit; alkaline repressed; rat catheter, Spider and flow model
biofilm induced

orf19.4645

BEM1

0,38

Protein required for wild-type budding, hyphal growth, and virulence in a mouse systemic infection;
suppresses pseudohyphal and filamentous growth defects of various S. cerevisiae mutants and heat sensitivity
of S. cerevisiae cdc24-4 mutant

orf19.4655

OPT6

-0,47

Putative oligopeptide transporter; fungal-specific (no human or murine homolog); expression of OPT6, OPT7,
or OPT8 does not suppress defect of mutant lacking Opt1p, Opt2p, and Opt3p; alleles are nonidentical

orf19.4664

NAT4

-0,37

Putative histone acetyltransferase; involved in regulation of white-opaque switch; early-stage flow model
biofilm induced; Spider biofilm induced

orf19.4666

-0,38

-0,47

-0,45

Protein of unknown function; hyphal-induced expression, regulated by Cyr1, Ras1, Efg1; Spider biofilm
induced

orf19.467

WOR3

0,59

0,96

1,00

Transcription factor; modulator of white-opaque switch; induced in opaque cells; promoter bound by Wor1;
overexpression at 25 degr shifts cells to opaque state; deletion stabilizes opaque cells at higher temperatures;
Spider biofilm induced

orf19.4674.1

CRD2

-0,50

Metallothionein; for adaptation to growth in high copper; basal transcription is cadmium-repressed; Ssn6
regulated; complements copper sensitivity of an S. cerevisiae cup1 mutant; regulated by Sef1, Sful, and
Hap43; Spider biofilm induced

orf19.4679

AGP2

-0,53

Amino acid permease; hyphal repressed; white-opaque switch regulated; induced in core caspofungin
response, during cell wall regeneration, by flucytosine; regulated by Sef1, Sful, and Hap43; rat catheter and
Spider biofilm induced

orf19.4682

HGT17

-0,39

Putative MFS family glucose transporter; 20 members in C. albicans; 12 probable membrane-spanning
segments; induced at low (0.2%, compared to 2%) glucose in rich media; Spider biofilm induced
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Secretory protein; a-specific, alpha-factor induced; mutation confers hypersensitivity to toxic ergosterol

orf19.4688 baGz -051 -043 analog; fluconazole-induced; induced during chlamydospore formation in C. albicans and C. dubliniensis
orf19.4698 PTCS 0,39 Predicted type 2C prlotlein Phosphatasg, ser/Fhr-spgciﬁc; required for hyphal growth; transcript induced by
stress; flow model biofilm induced; Spider biofilm induced
NADP-glutamate dehydrogenase; Nrgl, Plc1 regulated; hypha, hypoxia, Efgl-repressed; Rim101-induced at
orf19.4716 GDH3 0,32 pH 8; GIcNAg, ciclopirox, ketoconazole induced; exp and stationary phase protein; Spider biofilm repressed;
rat catheter biofilm induced
Zinc finger transcription factor; similar to S. cerevisiae Msn4, but not a significant stress response regulator in
orf19.4752 MSN4 0,41 C. albicans; partly complements STRE-activation defect of S. cerevisiae msn2 msn4 double mutant; flow model
biofilm induced
Alternative oxidase; cyanide-resistant respiration; induced by antimycin A, oxidants; growth; Hap43,
orf19.4773 A0X2 0,53 0,97 chlamydospore formation repressed; rat catheter, Spider biofilm induced; regulated in Spider biofilms by
Bcrl, Tecl, Ndt80, Brgl
Essential transcription factor, mediates heat shock transcriptional induction; in the absence of heat stress,
orf19.4775 CTA8 0,36 Cta8p levels are modulated by growth temperature to regulate basal expression of genes involved in protein
folding
Putative dihydroxyacetone kinase; repressed by yeast-hypha switch; fluconazole-induced; caspofungin
orf19.4777 DAK2 -0,58 repressed; protein enriched in stationary phase yeast cultures; flow model biofilm induced; rat catheter and
Spider biofilm repressed
Putative transporter; slightly similar to the Sit1p siderophore transporter; Gen4p-regulated; fungal-specific;
orf19.4779 0,47 . .
induced by Mnl1p under weak acid stress
Copper transporter; CPx P1-type ATPase; mediates Cu resistance; similar to Menkes and Wilson disease
orf19.4784 CRP1 0,63 0,36 proteins; copper-induced; Thfl-activated; suppresses Cu sensitivity of S. cerevisiae cupl mutant; flow model
biofilm induced
Arginine biosynthetic enzyme; processed in S. cerevisiae into 2 polypeptides with acetylglutamate kinase
orf19.4788 ARG5,6 0,44 (Arg6) activity and acetylglutamate-phosphate reductase (Arg5) activity; Gen4 regulated; alkaline repressed;
Spider biofilm induced
Mitochondrial RNase P subunit; roles in nuclear transcription, cytoplasmic and mitochondrial RNA
orf19.48 RPM2 0,44 processing, mitochondrial translation; virulence-group-correlated expression; likely essential (UAU1
method); rat catheter biofilm induced
orf19.4818 0,42 Protein of unknown function; Spider biofilm induced
orf19.4864 -0,37 Protein of unknown function
orf19.4898 -0,46 -0,32 Putative protein of unknown function; induced by prostaglandins
Extracellular/plasma membrane-associated glucoamylase; expressed in rat oral infection; regulated by
orf19.4899 GCA1 -0,47 carbohydrates, pH, galactose; promotes biofilm matrix formation; flow model biofilm induced; Ber1 repressed
in RPMI a/a biofilms
orf19.4906 0,39 Putative adhesin-like protein; positively regulated by Tbf1; Spider biofilm induced
Putative protein of unknown function; Hap43p-repressed gene; increased transcription is observed upon
orf19.4907 0,77 fluphenazine treatment; possibly transcriptionally regulated by Taclp; induced by nitric oxide; fungal-specific
(no human/murine homolog
0rf19.4909 CBK1 031 Ser/Thr kinase of cell wall integrity pathway; mutants show abnormal morphology and aggregation; Mob2p
i ” associated; required for wild-type hyphal growth and transcriptional regulation of cell-wall-associated genes
orf19.4914.1 BLP1 -0,52 Protein of unknown function, serum-induced
0rf19.4929 0,34 Protein of unknown function
orf19.4932 0,34 Protein of unknown function
orf19.4940 0,34 Putative histidine permease; fungal-specific (no human or murine homolog); Hap43p-induced gene
bHLH transcription factor; control of glycolysis; required for biofilm formation; hyphally regulated by Cph1,
orf19.4941 TYE7 0,34 Cyr1; flucytosine, Hog1 induced; amphotericin B, caspofungin repressed; induced in flow model biofilm and
planktonic cultures
o0rf19.4943 PSA2 0,68 1036 Ma_nnosei-l.-phz.)sphate guanyltransfer.as&.z; Hap43, macrophage-repressed; stationary phase enriched protein;
Spider biofilm induced; rat catheter biofilm repressed
0orf19.4949 -0,31 Protein of unknown function
Putative hsp70 chaperone; role in entry into host cells; heat-shock, amphotericin B, cadmium, ketoconazole-
orf19.4980 HSP70 -0,37 induced; surface localized in yeast and hyphae; antigenic in host; farnesol-downregulated in biofilm; Spider
biofilm induced
orf19.5005 o0SM2 038 Putgtive mitochondr.ial fumarat&.z reductase; regulated by Ssné6p, Gen2p, and Gen4p; Hoglp-downregulated;
stationary phase enriched protein; Hap43p-repressed gene
ATP sulfurlyase; sulfate assimilation; repressed by Met, Cys, Sful, or in fluconazole-resistant isolate; Hog1,
orf19.5025 MET3 -0,43 caspofungin, white phase-induced; induced on biofilm formation, even in presence of Met and Cys; Spider, F-
12/C02 biofilm induced
Response regulator of two-component system; role in oxidative stress response, cell wall biosynthesis,
orf19.5031 SSK1 -0,32 virulence, hyphal growth on solid media; expressed in hyphae and yeast; peroxisomal targeting sequence
(PTS1); Spider biofilm induced
Adhesin-like protein; involved in cell wall maintenance, redundant with Sun41; possibly secreted;
orf19.5032 SIM1 -0.34 macrophage-sepressed; repressed by Rim101, Cyrl, Ras1; Spider biofilm inducel::i Y
orf19.5045 PTP2 -0,39 Predicted protlein tyrosine phosphatase; inYolveq in. regulation of MAP kinase Hog1 activity; induced by Mnl1
under weak acid stress; rat catheter and Spider biofilm induced
orf19.5054 -0,33 Putative quinolinate phosphoribosyl transferase, involved in NAD biosynthesis; Hap43p-repressed gene
Putative ABC transporter superfamily; fluconazole, Sful, Hog1, core stress response induced; caspofungin
orf19.5079 CDR4 0,57 repressed; fluconazole resistance not affected by mutation or correlated with expression; rat catheter and
flow model biofilm induced
orf19.5125 -0,35 Protein of unknown function; induced by ketoconazole; Spider, F-12/C02 and flow model biofilm induced
Protein with similarity to a human gene associated with colon cancer and to orf19.5158; regulated by Gcn4,
orf19.5158 -0,50 Cyr1; induced by amino acid starvation; macrophage-induced protein, macrophage-repressed; Spider biofilm
induced
orf19.5163 SFI1 035 Putative cen_trin-l_)inding pro_tein; predic_ted role in spindle pole body duplication; induced by alpha
pheromone in SpiderM medium; essential for growth
orf19.5227 043 iCnhdaLll:)C&;r:ne component; involved in assembly of alpha subunits into the 20S proteasome; flow model biofilm
orf19.5285 PST3 0,34 Putative flavodoxin; YNB biofilm induced; stationary phase enriched protein; rat catheter and Spider biofilm
repressed
orf19.5293 0,35 Protein of unknown function
GPI-anchored yeast-associated cell wall protein; induced in high iron; clade-associated gene expression; not
orf19.5305 RHD3 0,53 038 essential for ceyll wall integrity; ﬂuconazgle-repressed; flow midel and Spider biofilm rfpresseg
orf19.5337 UBC15 0,44 Putative E2 ubiquitin-conjugating enzyme
orf19.5342.2 -0,36 Protein of unknown function; protein newly produced during adaptation to the serum
Plasma membrane H(+)-ATPase; highly expressed, comprises 20-40% of total plasma membrane protein;
orf19.5383 PMA1 0,47 0,43 0,40 levels increase at stationary phase transition; fluconazole induced; caspofungin repressed; upregulated in
RHE model; Spider biofilm repressed
Putative beta-mannosyltransferase required for the addition of beta-mannose to the acid-labile fraction of cell
orf19.54 RHD1 -0,35 -0,36 -0,44 wall phosphopeptidomannan; 9-gene family memebr; regulated on yeast-hypha and white-opaque switches;
Spider biofilm repressed
orf19.5417 DOTS 033 031 &u;izi:de nuclear thiol peroxidase; alkaline downregulated; sumoylation target; Spider and flow model biofilm
Hexokinase II; antigenic in humans; repressed by human neutrophils; Efgl-regulated; fluconazole-induced;
orf19.542 HXK2 -0,32 gene regulation by Ssné; present in exponential and stationary growth phase; flow model biofilm induced;

Spider biofilm repressed
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orf19.5431 -0,48 Protein of unknown function; Hap43-repressed; Spider biofilm induced

orf19.5455 0,43 Protein of unknown function

orf19.5510 -0,33 Protein of unknown function

orf19.5514 046 S;;c:;)r}og of S. pombe SPCC550.08, an N-acetyltransferase; transcript induced during growth in the mouse

orf19.5515 -0,37 Protein of unknown function

orf19.5516 -0,47 -0,43 Protein of unknown function

orf19.5517 -0,60 037 Similar to achoholl dehydrogenases; irllduced by ll)enorr{yl treatment, nitric oxide; induced in core stress
response; oxidative stress-induced via Cap1; Spider biofilm repressed

orf19.5518 -0,51 -0,50 -0,33 Protein of unknown function; Spider biofilm induced

orf19.5519 GCV1 -0,53 -0,44 Putative T subunit of glycine decarboxylase; transcript negatively regulated by Sful; Spider biofilm repressed

orf19.5521 I1SA1 052 Putative m_itochz.)n(?lria! iron-sulfur protein; alkaline repressed; induced in high iron; regulated by Sef1, Sful,
Hap43; Spider biofilm induced

orf19.5522 -0,57 -0,51 Protein of unknown function
Putative oxidoreductase; protein levels affected by URA3 expression in CAI-4 strain background; Efg1, Efh1

orf19.5525 -0,82 -0,62 -0,48 regulated; Rgtl-repressed; protein present in exponential and stationary growth phase yeast; rat catheter
biofilm repressed
Essential protein; similar to S. cerevisiae Sec20p; depletion causes membrane accumulation and drug

orf19.5526 SEC20 -0,66 -0,57 -0,49 sensitivity; expression regulated by growth phase; O-mannosylation regulates proteolysis; does not
complement S. cerevisiae sec20-1 mutant

orf19.5530 NAB3 -0,36 -0,34 Putative nuclear polyadenylated RNA-binding protein; flucytosine repressed
Chaperone for Crk1p; interacts with Crk1p kinase domain and with Stilp; putative phosphorylation site at

orf19.5531 CDC37 -0,51 -0,48 -0,42 Ser14; functional homolog of S. cerevisiae Cdc37p; likely to be essential for growth; regulated by Gen2p and
Gen4p

orf19.5533 -0,35 Protein of unknown function

orf19.5534 037 -0.40 :;rgflecier:jwith a predicted role in mitotic spindle elongation, vesicle-mediated transport; flow model biofilm

orf19.5535 -0,38 PredictedAmembrane transporter, member of the anion:cation symporter (ACS) family, major facilitator
superfamily (MFS)

orf19.5539 -0,61 -0,49 -0,41 Protein of unknown function
Protein with similarity to S. pombe Nrd1p; transcription induced upon induction of hyphal growth; regulated

orf19.5541 -0,31 by Cph1p, Efglp, Cph2p; low-level expression; alkaline upregulated; fungal-specific (no human or murine
homolog)

orf19.5544 SAC6 0,57 052 051 Fim})rin; actin filament bundling protein; transcript regulated by Nrgl and Mig1; protein level decreases in
stationary phase

orf19.5547 -0,40 -0,39 Protein of unknown function; Hap43-repressed gene

orf19.5548 LYS14 -0,34 Zn(ll)ZCys6 tl.”anscript?on fa.ctor; has _similarity to S. cerevisiae Lys14, which is a transcription factor involved
in the regulation of lysine biosynthesis genes

orf19.5550 MRT4 -0,40 0,64 035 Putative mRNA turnover proteirl; Hap‘ll-3-induced; mutation confers hypersensitivity to tubercidin (7-
deazaadenosine); rat catheter biofilm induced

orf19.5551 MIF2 044 -0,40 -0.39 Centromere-associated protein; similar to CENP-C proteins; Cse4p and Mif2p colocalize at C. albicans
centromeres

orf19.5552 -0,50 -0,46 -0,43 Putative transcriptional regulator of ribonucleotide reductase genes; Spider biofilm induced

orf19.5553 -0,62 -0,58 -0,47 Protein of unknown function

orf19.5555 -0,41 -0,32 Protein of unknown function
Transcription factor; glutamine-rich activation domain; binds RPG-box DNA sequences; predominantly

orf19.5558 RBF1 0,37 nuclear; mutation causes accelerated induction of filamentous growth; antigenic during human oral infection;
Skolp-repressed

orf19.5559 RAV2 0,48 047 0,35 Protein similar to S. cerevisiae Rav2; a regulator of (H+)-ATPase in vacuolar membrane; transposon mutation
affects fil ous growth
Ortholog of S. cerevisiae Ste23 metalloprotease; role in N-terminal processing of pro-a-factor to the mature

orf19.5561 STE23 -045 -0.39 form; TI% mutation affects fil ous growth; Spider biofilm inducl:;d gop
Ribonuclease H (RNAse H); hyphal-induced; flucytosine induced; similar to orf19.5564 (see Locus History);

orf19.5563 RNHI -0.39 -063 -040 possibly essentigl (UAU1 r)net}}lllz)d]; rat catheter b}i,ofilm induced; flow model biofilm repgessed )

orf19.5564 -0,44 -0,53 Protein of unknown function

orf19.5566 -0,40 -0,46 Protein of unknown function
Ortholog of S. cerevisiae Pop4; a subunit of both RNase MRP and nuclear RNase P; filament induced; regulated

orf19.5567 pop4 -037 -043 by Nrgl%Tupl; likely essen'fial, based on UAU1 strategy; rat catheter and Spider biofilm induced ¢
Protein with a role in vacuolar function; null mutant has defect in damaging oral epithelial and vascular

orf19.5568 VPS51 -0,35 endothelial cells; required for normal hyphal growth and stress resistance; induced in presence of host oral or
vascular cells

0orf19.5569 -0,39 -0,35 -0,37 Protein of unknown function

orf19.5574 -0,55 -0,52 -0,46 Protein of unknown function

orf19.5578 -0,33 Protein of unknown function

orf19.5579 -0,37 Protein with a predicted double-strand break repair domain; Hap43-repressed gene

orf19.5580 TEL1 -0,45 -0,34 -0,37 Protein of unknown function

orf19.5584 PEP3 10,50 047 -0,40 Pepti(}lase; activity usefull for strain identification by multilocus enzyme electrophoresis (MLEE); clade-
associated gene expression
Secreted aspartyl proteinase; sap4,5,6 triple null defective in utilization of protein as N source; virulence role

orf19.5585 SAP5 -0,42 effected by URA3; expressed during infection; mRNA localized to hyphal tip via She3; rat catheter and Spider
biofilm induced

orf19.5586 -0,42 -0,46 Protein of unknown function

orf19.5587 -0,58 053 Protgip of unknown function; transcript is upregulated in clinical isolates from HIV+ patients with oral
candidiasis
mRNA-binding protein that localizes specific nRNAs to daughter yeast cells and to hyphal tips; required for

orf19.5595 SHE3 -056 -059 -057 normal filameitpation and host epitheligl cell damage; orthoigog of};. cerevisiae She3 g\i targSt mR(I]\IAs differs

orf19.5596 -0,42 Protein of unknown function

orf19.5597 POL5 -0,41 -0,41 Putative DNA Polymerase phi; F-12/C02 early biofilm induced

orf19.5597.1 -0,34 Protein of unknown function

orf19.5599 MDL2 -0,38 -0,33 -0,34 Putative mitochondrial, half-size MDR-subfamily ABC transporter

orf19.5601 -0,39 Protein of unknown function
Plasma membrane MDR/MFS multidrug efflux pump; methotrexate is preferred substrate; overexpression in

orf19.5604 MDR1 -0,55 drug-resistant clinical isolates confers fluconazole resistance; repressed in young biofilms; rat catheter biofilm
induced

orf19.5607 -0,48 -0,43 Protein of unknown function

orf19.5608 -0,40 -0,46 RNA polymerase III subunit; Spider biofilm induced
Beta-mannosyltransferase; for elongation of beta-mannose chains on the acid-labile fraction of cell wall

orf19.5612 BMT4 -0,45 -0,70 -0,63 phosphopeptidomannan; 9-gene family member; regulated by Tsal, TsalB; flow model biofilm induced; rat
catheter biofilm repressed

orf19.5614 091 0,83 073 P_utative. ribonuclea.se Hl;_ possil_)ly an essential gene, disruptants not obtained by UAU1 method; flow model
biofilm induced; Spider biofilm induced

orf19.5615 AYR2 -0,40 033 Putative NAI?PH-dependent 1-acyl dihydroxyacetone phosphate reductase; shows colony morphology-related
gene regulation by Ssnép

orf19.5617 -0,33 Protein of unknown function

orf19.5618 -0,63 -0,44 -0,47 Protein of unknown function

orf19.5619 -0,54 -0,42 -0,46 Protein of unknown function; induced by alpha pheromone in SpiderM medium; Spider biofilm induced
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Stationary phase enriched protein; Gen4-regulated; induced by amino acid starvation (3-AT), benomyl or in

orf19.5620 -0,82 -0,67 -0,53 azole-resistant strain that overexpresses MDR1; flow model biofilm induced; rat catheter biofilm repressed;
overlaps orf19.5621
orf19.5621 -0.56 -0,40 042 Z:ftla;nslzgiotem of unknown function; mutation confers hypersensitivity to amphotericin B; overlaps

Putative 1,4-glucan branching enzyme; fluconazole-induced; colony morphology-related gene regulation by

orf19.5622 GLC3 -0,94 -0,94 -0,82 N N !
Ssné; stationary phase enriched protein
orf19.5623 ARP4 -0,54 -0,51 -0,42 Subunit of the NuA4 histone acetyltransferase complex
orf19.5626 0,70 -045 -0,48 :;rgzecler:jof unknown function; Plc1-regulated; induced by Mnl1 under weak acid stress; flow model biofilm
orf19.5627 053 052 044 S. cerevisiae ortholog Hek2/Khd1 is a putative RNA binding protein involved in the asymmetric localization of

ASH1 mRNA; Hap43-induced gene

orf19.5629 QCR7 -0,48 -0,45 Putative ubiquinol-cytochrome-c reductase, subunit 7; Hap43p-repressed gene

0rf19.5630 APA2 0,46 -0,39 Putative ATP a(lienylyltransferase 1L regltllatedlbyl Gen4; repressed by amino acid starvation (3-AT); induced
by prostaglandins; Hap43-repressed; Spider biofilm repressed

Ferric reductase; alkaline-induced by Rim101; iron-chelation-induced by CCAAT-binding factor; fluconazole-
orf19.5634 FRP1 0,49 repressed; ciclopirox-, hypoxia-, Hap43-induced; colony morphology-related regulation by Ssn6; Spider and
flow model biofilm induced

GPI-linked hyphal surface antigen; induced by ciclopirox olamine, ketoconazole, Rim101 at pH 8; Hap43,

orf19.5635 PGA7 0,37 fluconazole; flow model biofilm induced; Spider biofilm induced; required for RPMI biofilm; Bcrl-induced in
a/a biofilm
GPI-linked cell wall protein; hemoglobin utilization; Rfg1, Rim101, Tbf1, Fe regulated; Sful, Hogl, Tup1,

orf19.5636 RBT5 0,35 serum, alkaline pH, antifungal drugs, geldamycin repressed; Hap43 induced; required for RPMI biofilms;
Spider biofilm induced

orf19.5686 -0,54 Protein of unknown function; Spider biofilm induced

orf19.5701 -0,48 Protein of unknown function

orf19.5702 -0,41 Protein of unknown function

orf19.5704 -0,31 Protein of unknown function

orf19.5705 NAM2 -0,36 Mitochondrial leucyl-tRNA synthetase

Putative phosphatidylinositol transfer protein; possibly an essential gene, disruptants not obtained by UAU1

orf19.5711 -0,38
method

orf19.5713 YMX6 111 P_utatlve. NADH dehydrogenase; macrophage-downregulated gene; induced by nitric oxide; rat catheter
biofilm induced

orf19.5718 -0,55 -0,56 -0,58 Protein of unknown function

orf19.5720 034 Predicted membrane transporter, member of the monocarboxylate porter (MCP) family, major facilitator

i ! superfamily (MFS); ketoconazole or caspofungin repressed; Spider biofilm induced

orf19.5723 POX1 043 035 Predlct&?d acyl-CoA oxidase; regulated upon white-opaque switch; upregulated upon phagocytosis; Spider
biofilm induced

orf19.5727 -0,49 Protein of unknown function

orf19.5728 0,62 Putative cytochrome P450; Spider biofilm induced

orf19.5729 FGR17 072 -058 057 Putatl.v_e DNA-binding transcr_lptlon factor; has zinc cluster DNA-binding motif; lacks an ortholog in S.
cerevisiae; transposon mutation affects filamentous growth; Hap43p-repressed gene

orf19.5731 PAD1 -0,47 -0,36 Putative phenylacrylic acid decarboxylase; repressed by Rgtlp

orfl9.5732 NOG2 036 -0.39 036 :)nudtitclevde nucleolar GTPase; repressed by prostaglandins; Hap43-induced, rat catheter and Spider biofilm

orf19.5734 POP2 053 -048 -0,45 Componen_t of the Ccr4-PoP2.mRNA deaz_ienyla.se; heterozygous null mutant exhibits resistance to
parnafungin and cordycepin in the C. albicans fitness test

orf19.5735 CDC50 -0,37 -0,46 -0,39 Putative endosomal protein; induced by Mnl1p under weak acid stress
ALS family adhesin; highly variable; expression in S. cerevisiae causes adhesion to human epithelium,

orf19.5736 ALS5 -0,51 -0,36 endothelium or ECM, endothelial invasiveness by endocytosis and, at high abundance, ECM-induced
aggregation; can form amyloid fibrils
ALS family cell-surface glycoprotein; expressed during infection of human epithelial cells; confers laminin

orf19.5742 ALS9 -063 -040 -046 adhesion to S. cerevisiae; highly variable; putative GPI-anchor; Hap43-repressed
Alanyl-tRNA synthetase; translational regulation generates cytoplasmic and mitochondrial forms; Gen4p-

orf19.5746 ALA1 -0,38 -0,43 -0,38 regulated; repressed by amino acid starvation (3-AT); translation-related genes downregulated upon
phagocytosis by murine macrophages

orf19.5747 -0,43 Protein of unknown function

orf19.5749 SBA1 051 -0,43 035 Similar to co-chaperones; induced in high iron; farnesol-, heavy metal (cadmium) stress-induced; protein level

decreases in stationary phase cultures; Hap43-repressed

Cytoplasmic serine hydroxymethyltransferase; complements glycine auxotrophy of S. cerevisiae shm1 shm2
orf19.5750 SHM2 -0,29 -0,45 gly1-1 mutant; antigenic; farnesol-upregulated in biofilm; stationary-phase enriched protein; rat catheter and
Spider biofilm repressed

Putative endoplasmic reticulum membrane protein; Hap43p-repressed gene; mutation confers

orf19.5751 ORM1 -040 -033 -035 hypersensitivity to aureobasidin A

orf19.5752 -0,42 -0,47 -0,46 Protein of unknown function

orf19.5754 048 Putative membrane protein with a predicted role in zinc ion homeostasis; Hap43-induced; fluconazole-

i ’ induced; rat catheter and Spider biofilm induced

orf19.5757 -0,61 -0,51 -0,51 Protein of unknown function

orf19.5758 SALG 033 Putative protgin phosphatase ofthe T.yp.e 1 l_“amily; serine/threonine-specific; similar to S. cerevisiae Ppql;
mutant has virulence defect; Spider biofilm induced
GPI-anchored protein; alkaline, hypha-induced; regulated by Nrg1, Rfg1, Tup1 and Tsal, TsalB in minimal

orf19.5760 IHD1 0,43 media at 37; oralpharyngeal candidasis induced ; Spider biofilm induced; regulated in Spider biofilms by Tec1,
Efgl, Ndt80, Rob1, Brgl

orf19.5763 -0,63 -0,52 -0,45 Protein of unknown function

orf19.5764 SKI8 -0,52 -0,63 -0,50 Protein of unknown function
Linker nucleoporin of the nuclear pore complex; role in mRNA andexport from nucleus, protein import into

orf19.5765 NUP82 -0,59 -0,57 -0,50 nucleus, ribosomal large subunit export from nucleus, ribosomal small subunit export from nucleus; rat
catheter biofilm repressed

orf19.5767 -0,57 -0,48 -0,39 Protein of unknown function

orf19.5768 SNF4 056 0,56 0,50 'fl:fanscrifrtii:: factor; ortholog of S. cerevisiae Snf4; caspofungin repressed; transposon mutation affects

orf19.5771 PBP2 -0,38 -0,46 -0,36 Putative RNA binding protein; transcript regulated by Nrg1, Mig1, and Tup1

orf19.5772 -0,40 -0,39 -0,34 Protein of unknown function

orf19.5773 0,56 0,52 0,47 Putative dipeptidyl-peptidase III; protein detected by mass spec in exponential and stationary phase cultures;
Hoglp-induced; clade-associated gene expression

orf19.5784 AMO1 0,69 Putative peroxisomal copper amine oxidase

orf19.5785 0,72 Protein of unknown function; upregulated in a cyrl or ras1 null mutant; induced by nitric oxide
NAD-aldehyde dehydrogenase; decreased expression in fluconazole-resistant isolate, or in hyphae; biofilm

orf19.5806 ALD5 0,38 induced; fluconazole-downregulated; protein abundance is affected by URA3 expression in the CAI-4 strain;
stationary phase enriched
Putative ceramide hydroxylase; predicted enzyme of sphingolipid biosynthesis; regulated by Tsal, TsalB

orf19.5818 SURZ -0.36 under H202 stress c}:)nditi}z)ns; S]l;ider and ﬂovx)/]model gioﬁlgm igduced Y ¥ Y

orf19.5820 UGA6 055 034 Putative f}ABA-spec.iﬁc permease; decreased transcription is observed upon benomyl treatment or in an
azole-resistant strain that overexpresses MDR1

orf19.5843 SRRI 046 Two-component system response regulator; involved in stress response; Plc1-regulated; upregulated in cyrl

null mutant; flow model biofilm induced; Spider biofilm induced

148



Supporting Information

0orf19.5863 -0,63 -0,41 Protein of unknown function
orf19.5867 wsc1 0,46 P}ltative. cell wall component; transcript upregulated in cyrl mutant (yeast or hyphae); Spider and flow model
biofilm induced
TEA/ATTS transcription factor; white cell pheromone response, hyphal gene regulation; required for Spider
orf19.5908 TEC1 0,40 and RPMI biofilm formation; regulates BCR1; Cph2 regulated transcript; alkaline, rat catheter, Spider, flow
model biofilm induced
Alpha subunit of fatty-acid synthase; required for virulence in mouse systemic infection and rat
orf19.5949 FAS2 0,31 oropharyngeal infection models; regulated by Efg1; fluconazole-induced; amphotericin B repressed; flow
model and Spider biofilm repressed
orf19.5960 NCE102 041 Non classica_l prot.eir? export protein; localized to plasma membrane; Hap43-induced gene; flow model biofilm
induced; Spider biofilm induced
0rf19.5989 0,34 Pytative cleavage factor I subunit; required for the cleavage and polyadenylation of pre-mRNA 3' ends; Spider
biofilm repressed
orf19.5992 WOR2 0,38 Zn(I1)2Cys6 tfanscription factor; regulator of white-opaque switching; required for maintenance of opaque
state; Hap43-induced
0orf19.6003 0,55 0,72 0,50 Protein of unknown function; role in intracellular signal transduction; Spider biofilm induced
RNA polymerase Il holoenzyme/mediator subunit; regulated by Mig1, Tup1; amphotericin B, caspofungin
orf19.6065 -0,36 repressed; protein present in exponential and stationary growth phase yeast; Hap43-repressed; Spider
biofilm repressed
Heme oxygenase; utilization of hemin iron; transcript induced by heat, low iron, or hemin; repressed by Efg1;
orf19.6073 HMX1 0,67 0,36 induced 13375 low iron; upregulated by Rim101 at pH g; Hap43-indyuced; Spider and flow modelpbiofilm iri,ducged
orf19.6077 -0,37 Putative protein of unknown function; shows colony morphology-related gene regulation by Ssn6p
Predicted ORF in retrotransposon Tca8 with similarity to the Pol region of retrotransposons encoding reverse
orf19.6078 POL93 0,54 0,38 transcriptase, protease and integrase; downregulated in response to ciclopirox olamine; F-12/C02 early
biofilm induced
0rf19.6079 047 036 Predicted ORF in retrotransposon Tca8 with similarity to the Gag region encoding nucleocapsid-like protein;
i ’ ! repressed by ciclopirox olamine; filament induced; regulated by Rfgl, Tup1; overlaps orf19.6078.1
orf19.6081 PHR2 0,58 Glycosidase; role in vaginal not systemic infection (low pH not neutral); low pH, high iron, fluconazole, Hap43-
’ induced; Rim101-repressed at pH8; rat catheter biofilm induced; Berl-repressed in RPMI a/a biofilms
bHLH transcription factor; required for white-phase cell type, RPMI and Spider biofilm formation, hyphal
orf19.610 EFG1 0,34 growth, cell-wall gene regulation; roles in adhesion, virulence; Cph1 and Efgl have role in host cytokine
response; binds E-box
orf19.6116 GLK4 -0,39 Putative glucokinase; decreased expression in hyphae compared to yeast-form cells
orf19.6139 FRE7 071 CoppAelr-regulafted cup.ric retliuctase; repressed py ciclf)piro;f olamine or 17-beta-estradiol; induced by alkaline
conditions or interaction with macrophage; Spider biofilm induced
Protein with similarity to ferric reductases; downregulated in response to amphotericin B, estradiol, or
orf19.6140 FRE30 0,59 ciclopirox olamine, and upregulated by interaction with macrophage; un-merged from orf19.6139 in a
revision of Assembly 21
Putative glucose transporter of the major facilitator superfamily; the C. albicans glucose transporter family
orf19.6141 HGT16 0,50 comprises 20 members; 12 probable membrane-spanning segments; gene has intron; expressed in rich
medium with 2% glucose
Putative 2-oxoglutarate dehydrogenase; regulated by Efgl under yeast but not hyphal growth conditions;
orf19.6165 KGD1 0,32 0,30 transcript induced in an RHE model of oral candidiasis; stationary phase enriched protein; Hap43-repressed;
rat catheter biofilm induced
orf19.6197 DHH1 0,40 0,47 0,41 Putative RNA helicase
Pry family protein; required for virulence in mouse systemic/rabbit corneal infections; not filamentation;
orf19.6202 RBT4 -0,91 -0,77 -0,68 mRNA binds She3, is localized to hyphal tips; Hap43-induced; in both yeast and hyphal culture supernatants;
Spider biofilm induced
Catalase; resistance to oxidative stress, neutrophils, peroxide; role in virulence; regulated by iron, ciclopirox,
orf19.6229 CAT1 -0,42 -0,46 fluconazole, carbon source, pH, Rim101, Ssn6, Hog1, Hap43, Sful, Sefl, farnesol, core stress response; Spider
biofilm induced
orf19.6245 0,40 Protein of unknown function; regulated by osmotic stress via Hog1 and oxidative stress (Hog1- and Cap1-
i ! independent); induced by alpha pheromone in SpiderM medium; Spider biofilm induced
orf19.6276 0,36 Protein of unknown function; rat catheter biofilm repressed
orf19.6311 0,65 Protein of unknown function; Hap43-induced; rat catheter and Spider biofilm induced
orf19.6318 0,43 Protein of unknown function
D-arabitol dehydrogenase, NAD-dependent (ArDH); enzyme of D-arabitol and D-arabinose catabolism; D-
orf19.6322 ARD -0.42 -0.48 arabitol is a m:rkergfor active infecgon in h\Emans;)rat c;,theter and Spider biofilm induced
orf19.6324 ViD27 1029 -0.45 033 Protein simi_la.r toS. cex."evisiae Vid27p; transposon mut_aftion affects filamento_us growth; mutation confers
hypersensitivity to toxic ergosterol analog; fungal-specific (no human or murine homolog)
orf19.6326 -0,37 Protein of unknown function
orf19.6327 HET1 046 056 045 P_utative sphi_ngolip.id.transfer protein; involved in localization of glucosylceramide which is important for
virulence; Spider biofilm repressed
orf19.6328 042 -0,46 1036 Putative proteip of the mit_ochondrial intermembrane space; predicted role in acetate utilization and
gluconeo Spider biofilm repressed
0rf19.6329 042 043 Protein of unknown fur}ctign; opgque-§pgciﬁ§ transcript; fluconazole-repressed; induced in cyrl mutant and
in oralpharyngeal candidasis; Spider biofilm induced
orf19.6336 PGA25 041 10,39 Putatlive F}Pl-arlchorfedladhesin-like protein; fluconazole-downregulated; induced in oralpharyngeal
candidasis; Spider biofilm induced
Member of a family of telomere-proximal genes of unknown function; may be spliced in vivo; overlaps
orf19.6337 TLo13 -053 -036 orf19.6337.1, whicyh is aregion al:l)motatedga\s blocked reading frame Y ’ "
orf19.6341 -0,34 -0,35 Protein of unknown function
Formate dehydrogenase; oxidizes formate to CO2; Mig1 regulated; induced by macrophages; fluconazole-
orf19.638 FDH1 0,66 0,45 repressed; repressed by Efgl in yeast, not hyphal conditions; stationary phase enriched; rat catheter and
Spider biofilm induced
Aconitase; induced in high iron; 2 upstream CCAAT motifs; amino acid starvation (3-AT), amphotericin B,
orf19.6385 ACO1 0,28 0,36 phagocytosis, farnesol induced; Hap43, fluconazole-repressed; Gen4-regulated; antigenic in infection; flow
and Spider biofilm repressed
Heat-shock protein; roles in biofilm and virulence; complements chaperone, prion activity in S. cerevisiae;
orf19.6387 HSP104 0,36 guanidine-insensitive; heat shock/stress induced; repressed in farnesol-treated biofilm; sumoylation target;
Spider biofilm induced
orf19.6408 0,47 Putative DnaJ-like heat shock/chaperone; Hap43-repressed; Spider and F-12/C02 biofilm induced
Protein similar to S. cerevisiae pyrophosphate phosphatase Dpp1; required for farnesol biosynthesis;
orf19.6459 bep3 -045 -037 -048 repressed by 17-beta-estradiol?&}3,th)l/)nyl Sstradil?)l; Sgider biofill)ri indL?ced i
orf19.6481 YpS7 037 Putative aspart.iF-t.ype endopeptidase with limited ability to degrade alpha pheromone; mutants show
increased sensitivity to alpha pheromone
Predicted membrane protein induced during mating; mutation confers hypersensitivity to toxic ergosterol
orf19.6489 FMP45 0,54 analog, to amphotericin B; alkaline repressed; repressed by alpha pheromone in SpiderM medium; rat
catheter, Spider biofilm induced
High-affinity phosphate transporter; transcript regulated by white-opaque switch; Hog1, ciclopirox olamine
orf19.655 PHO84 0,58 0,42 or alkaline induced; caspofungin, stress repressed; upregulated in RHE model; Spider and flow model biofilm
induced, Hap43-induced
orf19.657 SAM2 0,30 S-adenosylmethionine synthetase; localize§ tg sul.”face of hyphae, nt_Jt yeast cells; alkaline, Hog1-induced;
farnesol-downregulated; F-12/C02 early biofilm induced; Spider biofilm repressed
orf19.6577 FLUI 0,63 Multidrug efflux pump of the plasma membrane; MDR family member of the MFS (major facilitator

superfamily) of transporters; involved in histatin 5 efflux; fungal-specific (no human/murine homolog)

149



Supporting Information

Protein similar to S. cerevisiae Rsb1p, involved in fatty acid transport; transposon mutation affects

orf19.6595 RTA4 -0,49 filamentous growth; alkaline downregulated; caspofungin induced; possibly an essential gene; Hap43p-
repressed
Possible heterohexameric Gim/prefoldin protein complex subunit; role in folding alpha-tubulin, beta-tubulin,
orf19.6601.1 YKE2 -0,41 and actin; transcript induced by yeast-to-hypha switch; regulated by Nrg1, Tup1; Spider and flow model

biofilm induced

Ortholog of S. cerevisiae Pbal that is involved in 20S proteasome assembly; upregulated in a cyr1 null mutant;

orf19.6604 -038 contains a 5' UTR intron

orf19.6637 -0,36 Predicted glycosyl hydrolase; hypoxia induced; flow model biofilm induced

orf19.6639 0,37 Ortholog of S. cerevisiae Mdm36; mitochondrial distribution and morphology protein; Hap43-repressed gene
Trehalose-6-phosphate synthase; role in hyphal growth and virulence in mouse systemic infection; induced in

orf19.6640 TPS1 -0,55 presence of human neutrophils; macrophage/pseudohyphal-repressed after 16h; stationary phase enriched

protein; Hap43-repressed

Spermidine transporter; induced in strains from HIV patients with oral candidiasis; alkaline repressed;
orf19.6656 0,34 amphotericin B induced; colony morphology regulated by Ssné6; reduced oral epithelial cell damage by
mutant; Spider biofilm induced

Stationary phase enriched protein; predicted ORF from Assembly 19; removed from Assembly 20;

orf19.6658 -043 -042 -041 subsequently reinstated in Assembly 21 based on comparative genome analysis

Protein of unknown function; expression decreases by benomyl treatment or in an azole-resistant strain

0rf19.6688 0,44 overexpressing MDR1; Spider biofilm induced

Protein of unknown function; hypoxia, Hap43-repressed; ketoconazole induced; induced in oralpharyngeal
orf19.670.2 0,47 0,62 candidasis; 16h flow model biofilm repressed, late-stage flow model biofilm induced; rat catheter and Spider
biofilm induced

Putative guanyl nucleotide exchange factor with Sec7 domain; required for normal filamentous growth;
orf19.6705 0,51 regulated by yeast-hyphal switch; filament induced; regulated by Nrg1, Tup1, Mob2, Hap43; mRNA binds
She3; Spider biofilm induced

P-Loop domain-containing protein of unknown function; transposon mutation affects filamentous growth;

orf19.6720 -0.31 Spider biofilm induced

Putative fumarate hydratase; enzyme of citric acid cycle; fluconazole, Efgl repressed; induced in high iron;

orf19.6724 FuM1z 032 protein present in exponential and stationary growth phase

Putative transcription factor/corepressor; regulation of filamentation and virulence; interacts with Tup1;
orf19.6734 TCC1 0,35 regulates hypha-specific gene expression; contains 4 tetratricopeptide repeat (TPR) motifs; flucytosine
repressed; Thp1-induced

Cell wall protein; induced in core stress response and core caspofungin response; iron-regulated;

orf19.675 0,33 amphotericin B, ketoconazole, and hypoxia induced; regulated by Cyr1, Ssn6; induced in oralpharyngeal
candidasis; Spider biofilm repressed

orf19.6770 0,41 protein with ENTH Epsin domain, N-terminal; Spider biofilm repressed
Beta-mannosyltransferase, required for addition of the 1st beta-mannose residue to acid-stable fraction of cell

orf19.6782 BMT1 0,42 wall phosphopeptidomannan; 9-gene family member; mutants induce higher levels of inflammatory cytokines
in mouse dendritic cells

orf19.6783 0,31 Putative geranylgeranyltransferase regulatory component

0orf19.6805 0,41 Protein of unknown function; Spider biofilm induced

orf19.6816 -0,61 -0,37 Putative xylose and arabinose reductase; flow model biofilm induced; Spider biofilm repressed

orf19.6824 TRY6 0,65 Helix-loop-helix transcription factor; regulator of yeast form adherence; required for yeast cell adherence to

silicone substrate; Spider and F-12/C0O2 biofilm induced; repressed by alpha pheromone in SpiderM medium

Ortholog of S. cerevisiae Tarlp; Transcript Antisense to Ribosomal RNA; encoded within the 25S rRNA gene

0rf19.6834.10 TAR1 063 -059 on the opposite strand; induced by Tbf1
orf19.684 036 037 034 Putative tr.a\_ns.cription factor v_vith zinc finger pNA-binding n_lotif; heterozygous null mutant exhibits
hypersensitivity to parnafungin and cordycepin in the C. albicans fitness test
Isocitrate lyase; glyoxylate cycle enzyme; required for virulence in mice; induced upon phagocytosis by
orf19.6844 ICL1 0,45 macrophage; farnesol regulated; Pex5-dependent peroxisomal localization; stationary phase enriched; rat
catheter, Spider biofilm induced
orf19.6852.1 -0,44 Protein of unknown function; Spider biofilm induced
orf19.686 -0,50 -0,45 -0,35 Protein of unknown function; regulated by Nrgl
orf19.687 -0,52 -0,53 -0,45 Protein of unknown function
orf19.687.1 RPL25 038 054 Putative rRNA-binding ribosomal. protein component of the 60S ribosomal subunit; Hap43-induced; colony
morphology-related gene regulation by Ssn6
orf19.688 037 Mitochondrial ribosomal protein of the small subunit; S. cerevisiae ortholog is essential for viability; Spider
biofilm repressed
Putative flavoprotein subunit of fumarate reductase; soluble protein in hyphae; caspofungin repressed;
orf19.6882 osm1 -051 stationary phapse enriched protein; flow model biofilm inducelzl; Spider bi}t;lfn“llm reprepssed ¢ ¥
orf19.6888 -0,59 -0,52 0,61 Zn(11)2Cys6 domain transcription factor; regulated by Mig1 and Tup1; rat catheter and Spider biofilm induced
orf19.692 -0,59 -0,60 Protein of unknown function; Hap43-repressed gene; rat catheter and Spider biofilm induced
orf19.6984 0,48 Protein of unknown function
orf19.7020 0,34 Protein similar to S. cerevisiae Kex1p, which is a pheromone-processing peptidase; possible Kex2p substrate
orf19.7022 -0,41 Protein of unknown function
Putative regulatory subunit of ser/thr phosphoprotein phosphatase 1; fluconazole-induced; caspofungin
orf19.7053 GAC1 0,30 repressed; transcript induced by Mnl1 under weak acid stress; regulated by Nrg1, Tup1; Spider and flow
model biofilm induced
orf19.7077 0,39 0,64 0,46 Putative ferric reductase; induced by Mac1 under copper starvation; Plc1-regulated; Rim101-repressed
Protein of unknown function; induced in core stress response; induced by cadmium stress via Hog1; oxidative
orf19.7085 0,35 stress-induced via Cap1; induced by Mnl1 under weak acid stress; macrophage-repressed; rat catheter and
Spider biofilm induced
Glucose, fructose, mannose transporter; major facilitator superfamily; role in macrophage-induced hyphal
orf19.7094 HGT12 0,39 growth; detected at germ tube plasma membrane by mass spectrometry; Snf3p-induced; 12 probable
transmembrane s
Cytosolic manganese-containing superoxide dismutase; protects against oxidative stress; repressed by
orf19.7111.1 S0D3 0,42 ciclopirox olamine, induced during stationary phase when SOD1 expression is low; Hap43-repressed; Spider
and flow model biofilm induced
orf19.7112 FRP2 0,49 Putative ferric reductase; alkaline induced by Rim101; fluconazole-downregulated; upregulated in the

presence of human neutrophils; possibly adherence-induced; regulated by Sefl, Sful, and Hap43

Heat shock protein; soluble in hyphae; regulated by Nrg1 and by iron; induced in high iron; heavy metal
orf19.717 HSP60 0,45 0,36 (cadmium) stress-induced; sumoylation target; protein present in exponential and stationary phase cells;
Hap43-repressed

Glucan 1,3-beta-glucosidase; regulated by Nrg1, Tup1 and possibly Tac1; induced by NO and during cell wall
orf19.7214 -0,72 -0,40 -0,41 regeneration; stationary phase enriched; possibly essential (UAU1 method); F-12/C02 early biofilm induced;
flow biofilm repressed

Pry family cell wall protein; Rim101, Efg1, Ssn6, alkaline repressed; O-glycosylation; no GPI anchor predicted;
orf19.7218 RBE1 0,43 0,44 0,38 ketoconazol induced; regulated by Sef1, Sful, Hap4; flow model biofilm induced; rat catheter and Spider
biofilm repressed

Transcription factor; alkaline pH response; required for alkaline-induced hyphal growth; role in virulence in

orf19.7247 RIM101 0,34 mice; activated by C-terminal proteolytic cleavage; mediates both positive and negative regulation; Spider
biofilm induced

orf19.7251 wsc4 0,34 Putative cell wall integrity and stress response subunit 4 precursor; transcription is specific to white cell type

orf19.7284 ASR2 -0,88 -0,50 053 Adenylyl cyclase and stress responsive protein; induced in cyrl or ras1 mutant; stationary phase enriched

protein; Spider biofilm induced
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Protein with predicted oxidoreductase and dehydrogenase domains; Hap43-repressed; Spider biofilm

orf19.7288 -0,49 .
induced
Putative cation conductance protein; similar to stomatin mechanoreception protein; plasma-membrane
orf19.7296 -054 -052 localized; induced by Rgt1; rapt catheter and Spider biofilm induced ’ ’ ’
orf19.73 0,62 046 044 :)nudtitcievde metalloprotease; associates with ribosomes and is involved in ribosome biogenesis; Spider biofilm
Protein with a role in directing meiotic recombination events to homologous chromatids; induced by
orf19.7310 -0,51 ciclopirox olamine; positively regulated by Sful; Hogl, fluconazole-repressed; Hap43-induced; Spider biofilm
induced
Zinc-finger transcription factor; regulates alpha-glucosidase exression; complements S. cerevisiae suc2 for
orf19.7319 suc1 -0,37 sucrose utilization and mal13 maltase defect; required for yeast cell adherence to silicone substrate; rat
catheter biofilm induced
orf19.7337 0,48 Protein with a nischarin related domain and leucine rich repeats; Spider biofilm induced
orf19.734 GLK1 045 Putative glucokinase; transcript regulated upon yeast-hyphal switch; Efgl regulated; fluconazole-induced;
! induced in core stress response; colony morphology-related gene regulation by Ssn6; GlcNAc-induced protein
orf19.7392 DED1 0,28 Predicted ATP-dependent RNA helicase; RNA strand annealing activity; Spider biofilm induced
orf19.74 SECS -0,49 -0,36 Predicted exocyst component; ortholog of S. cerevisiae Sec5p; merged with orf19.75 in Assembly 21
orf19.740 HAP41 0,44 0,40 Putative Hap4-like t?anscription_factm."; l-.lap£%3-repressed; not required for response to low iron; induced by
Mnl1 under weak acid stress; Spider biofilm induced
orf19.7411 0AC1 0,59 Putative mitochondrial inner membrane transporter; rat catheter biofilm induced
Possible regulatory protein; possible adhesin-like; Glu-rich domain; production in S. cerevisiae increases
orfl19.7436 AAF1 0,44 endothelialgcell ad{l:rence al?d flocculence; flow model biofilm, alkalliane or caspofungin induced
Ortholog of S.c. Vid24; a peripheral membrane protein located at Vid (vacuole import and degradation
orf19.7445 0,32 042 038 vesicles;gregulated by Se?l, SlfJul, and Hap43; Spl:i)der biofilm induced ( P ¢ )
orf19.7504 036 -0.38 prthologofS. cerevisiae RF53; a componelllt oftl?e proFein phosphatase type 2A complex; Plcl-regulated;
induced in core caspofungin response; Spider biofilm induced
Phosphoenolpyruvate carboxykinase; glucose, C-source, yeast-hypha, Hap43 regulated; fluconazole,
orf19.7514 PCK1 0,48 phagocytosis, H202, oral candidasis, Spider/rat catheter/flow model biofilm induced; repressed in biofilm by
Bcrl, Tecl, Ndt80, Rob1, Brgl
Protein with a pyridoxal phosphate-dependent transferase domain; Hap43-repressed; mutation confers
orf19.7522 -0,36 . . B s
hypersensitivity to amphotericin B; Spider biofilm repressed
orf19.753 MNN15 -0,40 &u;iii:; alpha-1,3-mannosyltransferase; predicted role in protein O-linked glycosylation; Spider biofilm
RNA polymerase Il regulator; role in filamentation, epithelial cell escape, dissemination in RHE model;
orf19.7561 DEF1 0,28 induced by fluconazole, high cell density; Efg1/hyphal regulated; role in adhesion, hyphal growth on solid
media; Spider biofilm induced
orf19.7567 -0,33 Protein of unknown function; induced by alpha pheromone in SpiderM medium
orf19.7583 2CF39 -0,34 Z_n_(ll)ZCys6 transcription f_actor; mutants are viable; filament induced; required for yeast cell adherence to
silicone substrate; Spider biofilm induced
Inositol-1-phosphate synthase; antigenic in human; repressed by farnesol in biofilm or by caspofungin;
orf19.7585 INO1 -0,42 -0,46 upstream inositol/choline regulatory element; glycosylation predicted; rat catheter, flow model induced;
Spider biofilm repressed
Putative AdoMet-dependent methyltransferase; Hap43-induced; repressed by prostaglandins; possibl
orf19.76 SPBI -0.39 -055 041 essential gene, disrul]JJtants not obt};ined by UAU1 n?ethod; Spider bipofilm indicid ¢ ’ Y
Putative protein tyrosine phosphatase; hypha induced; alkaline induced; regulated by Efg1, Ras1, cAMP
orf19.7610 PTP3 -0,34 pathways; mutants are viable; Spider biofilm induced; rat catheter biofilm repressed; flow model biofilm
repressed
orf19.7612 cTM1 037 Putative cytocl.lrome c lysine methyltransferase; regulaFed by Gen2 and Gen4; transcript induced by Mnl1
under weak acid stress; early-stage flow model biofilm induced
orf19.7648 0,35 Protein of unknown function
D-xylulose reductase; immunogenic in mice; soluble protein in hyphae; induced by caspofungin, fluconazole,
orf19.7676 XYL2 -0,40 Hog1 and during cell wall regeneration; Mnl1-induced in weak acid stress; stationary phase enriched; flow
model biofilm induced
orf19.802 UGA1 031 0,36 Putative GABA tranAsaminlas.e; trAanscription regulated by Mig1 and Tup1; stationary phase enriched protein;
rat catheter and Spider biofilm induced
Small heat shock protein; role in stress response and virulence; fluconazole-downregulated; induced in cyr1
orf19.822 HSP21 0,52 or ras1 mutant; stationary phase enriched protein; detected in some, not all, biofilm extracts; Spider biofilm
induced
orf19.84 CAN3 043 -0,43 0,64 Predicted amino acid transmembrane transporter; transcript regulated by white-opaque switch; Hap43-
repressed gene
Similar to glutathione peroxidase; induced in high iron; alkaline induced by Rim101; induced by alpha factor
orf19.85 Gpxz -065 -0.52 -065 or interact%on with ma?:rophage; regulated by Efggl; caspofungin repressed);, Spider biofilm indu}éedp
orf19.86 038 Putative glutathione peroxidase; induced by peroxide, exposure to neutrophils and macrophage blood
i ! fractions; repressed during infection of macrophages; Spider biofilm induced; flow model biofilm repressed
orf19.866 RAD32 036 Pr_otein simila_r to S. cerevisiae protein with role in nucleotide excision repair; down-regulation associated
with azole resistance; Hap43p-repressed gene
orf19.868 ADAEC -0,44 Protein of unknown function; transcription is specific to white cell type
orf19.871 0,33 Protein of unknown function
Ketol-acid reductoisomerase; antigenic; regulated by Gen4; GlcNAc, amino acid starvation (3-AT)-induced;
orf19.88 ILV5 -0,55 -0,34 macrophage-repressed protein; protein present in exponential and stationary phase; flow model and Spider
biofilm repressed
orf19.882 HSP78 042 Heat-shock protein; regulated by macrophage response, Nrgl, Mig1, Gen2, Gen4, Mnllp; heavy metal
i ’ (cadmium) stress-induced; stationary phase enriched protein; rat catheter and Spider biofilm induced
orf19.89 PEX7 -0,76 -0,55 Protein of unknown function
Histidine kinase; 2-component signaling, cell wall synthesis; hyphal growth defect; avirulent in mouse, not rat
orf19.896 CHK1 -0,37 vaginal infection; phagocytosis rate increased; Spider biofilm induced; required for RPMI biofilm; Ber1-
induced in a/a biofilm
orf19.90 -0,66 -0,61 -0,58 Protein of unknown function
Phosphoglycerate mutase; surface protein that binds host complement Factor H and FHL-1; antigenic;
orf19.903 GPM1 -0,29 fluconazole, or amino acid starvation (3-AT) induced, farnesol-repressed; Hap43, flow model biofilm induced;
Spider biofilm repressed
orf19.909 STP4 043 C2H2 tra_nscription factor; induced .in core caspofungi_n response; colony mo_rpholqu-rel_ated gene regulation
! by Ssn6; induced by 17-beta-estradiol, ethynyl estradiol; rat catheter and Spider biofilm induced
orf19.91 -0,50 -0,36 Protein of unknown function; flow model biofilm induced; Hap43-repressed
orf19.918 CDRI11 051 P}ltativel transporter of PDR subfamily of ABC family; Gen4-regulated; induced by Rim101 at pH 8; Spider
biofilm induced
orf19.92 -0,52 -0,49 -0,42 Protein with a predicted thioredoxin-like domain; Hap43-repressed; induced by prostaglandins
hLh domain Myc-type transcript factor; required for morphogenesis induced by elevated temperature or
orf19.921 HMS1 0,46 Hsp90 compro};ni?;?acts downpstream of Pcclll; Spider bioglmginduced Y ’
orf19.932 048 048 Putatiye aminop_hospholipid translo_case (flippase); merged with orf19.2226 in Assembly 21; possibly an
! ! essential gene, disruptants not obtained by UAU1 method
orf19.938 0,52 0,60 Protein of unknown function
orf19.94 -0,59 -0,54 -0,56 Protein of unknown function; Spider biofilm induced
orf19.944 IFG3 -0,38 Putative D-amino acid oxidase; Spider biofilm induced
orf19.96 TOP1 032 047 -0.40 DNA topoisomerase [; required for wild-type growth and for wild-type mouse virulence; sensitive to

camptothecin; induced upon adherence to polystyrene; rat catheter biofilm induced

151



Supporting Information

orf19.979 FAST 030 Beta subunit of fatty-acid synthase; multifunctional enzyme; Hap43, fluconazole-induced; amphotericin B,
i ! caspofungin repressed; macrophage/pseudohyphal-induced; flow model and Spider biofilm repressed
orf19.984 PHO8 0,50 PL?ta.the repr?ssmle vacuolar a.lkalme phosphétase; Rim101-induced transcript; regulated by Tsal, TsalB in
minimal media at 37 deg; possibly adherence-induced
} ; } Putative phosphoadenosine-5'-phosphate or 3'-phosphoadenosine 5'-phosphosulfate phosphatase; possible
orf19.99 HaLz1 0,63 0,82 0,57 role in sulfur recycling; ortholog of S. cerevisiae Met22; predicted Kex2 substrate; F-12/C02 biofilm induced
Predicted extracellular glucoamylase; induced by ketoconazole; possibly essential, disruptants not obtained
orf19.999 GCA2 -0,48 by UAU1 method; promotes biofilm matrix formation; Spider biofilm induced; Bcrl-induced in RPMI a/a
biofilms
Table S 3: RNA seq pagj <0.05
Common
Gene name name TRY4 ZFU2 ZCF8 Description
orf19.101 RIM9 -0,36 Protein lrequlred for alkfxlme leresponse via the Rim101 signaling pathway; ortholog of S. cerevisiae Rim9
and A. nidulans pall; Spider biofilm induced
orf19.102 -0,48 Protein of unknown function
Aldo-keto reductase; similar to aryl alcohol dehydrogenases; protein increase correlates with MDR1
orf19.1048 IFD6 -0,71 -0,45 overexpression (not CDR1 or CDR2) in fluconazole-resistant clinical isolates; farnesol regulated; possibly
essential; Spider biofilm induced
] Putative phosphoadenosine-5'-phosphate or 3'-phosphoadenosine 5'-phosphosulfate phosphatase; possible
orf19.105 HaLzz 042 role in sulfur recycling; Hap43-repressed; F-12/C02 biofilm induced
orf19.1075 -0,74 -0,47 -0,62 Protein of unknown function; Spider biofilm induced
orf19.1083 -0,49 -0,38 Putative protein of unknown function; macrophage-induced gene
orf19.1084 CDC39 .0.38 033 Protein similar to S. cerevisiae Cdc39p, which is part of the CCR4-NOT transcription regulatory complex;

transposon mutation affects filamentous growth

orf19.1085 -0,65 -0,61 -0,47 Protein of unknown function

orf19.1089 PEX11 0,66 046 036 Putative pe_roxisor.nal membrane p_rotei?; rolg in fatt.y acid oxidation; expression is Tacl-regulated; Hms1p-
dependent induction by geldamycin; Spider biofilm induced

Putative nuclear pore complex; possibly an essential gene, disruptants not obtained by UAU1 method; rat

orf19.1095 GLEZ -0,50 -043 -0,40 catheter biofilm repressed

ALS family protein; role in adhesion, biofilm formation, germ tube induction; expressed at infection of human
orf19.1097 ALS2 -0,80 -0,70 -0,77 buccal epithelial cells; putative GPI-anchor; induced by ketoconazole, low iron and at cell wall regeneration;
regulated by Sfulp

Possible oxidoreductase; transcript induced by cadmium but not other heavy metals, heat shock, yeast-hypha
orf19.113 CIP1 -0,49 switch, oxidative stress (via Cap1), or macrophage interaction; stationary phase enriched protein; Spider
biofilm induced

Putative mitochondrial respiratory protein; induced by farnesol, benomyl, nitric oxide, core stress response;

orfl9.1149 MRF1 -042 oxidative stress-induced via Cap1; stationary-phase enriched protein; Spider biofilm induced

orf19.1153 GAD1 049 Putative glutamate decarboxylase; alkaline, macrophage-downregulated gene; amphotericin B induced;
. ! induced by Mnl1 under weak acid stress; stationary phase enriched protein; rat catheter biofilm repressed

orf19.117 -0,43 -0,42 -0,39 Protein of unknown function

Ortholog of S. cerevisiae Rtt106; histone chaperone that regulates chromatin structure in transcribed and

orf19.1177 -0.39 -042 -039 silenced chromosomal regions; affects transcriptional elongation; Hap43-repressed; Spider biofilm repressed

orf19.1179 -0,43 -0,48 Protein of unknown function; induced in high iron; possibly subject to Kex2 processing; Hap43-repressed

orf19.118 FAD2 035 Delta-12 fatty acid desaturase, involved in production of linoleic acid, which is a major component of
membranes

orf19.1180 -0,53 -0,50 -0,44 Putative 2-aminoadipate transaminase; rat catheter and Spider biofilm repressed

orf19.1181 -0,35 Protein of unknown function

orf19.1182 -0,51 -0,51 -0,50 Protein of unknown function

orf19.1183 -0,58 -0,54 -0,58 Protein of unknown function

orf19.1185 -0,36 Protein of unknown function

orf19.1186 -0,46 -0,38 Protein of unknown function

orf19.119 -0,55 Protein of unknown function

orf19.1190 STV1 -0,38 -0,34 | Predicted subunit a of vacuolar proton-translocating ATPase VO domain, Golgi isoform

orf19.1191 -0,36 -0,34 Protein of unknown function

orf19.1192 DNAZ -0,38 Protein similar to S. cerevisiae Dna2p, which is a DNA replication factor involved in DNA repair; induced under

hydroxyurea treatment

Similar to asparagine and glutamine permease; fluconazole, caspofungin induced; regulated by Nrg1, Mig1,
orf19.1193 GNP1 -0,31 Tup1l, Gen2, Gen4, and alkaline regulated by Rim101; repressed during chlamydospore formation; rat catheter,
flow model biofilm induced

Predicted mitochondrial intermembrane space protein of unknown function; possibly an essential gene,

orf19.1198 0,64 -047 -037 disruptants not obtained by UAU1 method

} } Ortholog of S. cerevisiae Nop58; involved in pre-rRNA process; Tn mutation affects filamentous growth;
orf19.1199 Nops 055 035 macrophage/pseudohyphal-induced; physically interacts with TAP-tagged Nop1; Spider biofilm repressed
orf19.1200 -0,44 -0,51 -0,45 Protein of unknown function; Spider biofilm induced
orf19.1201 -0,46 -0,37 -0,36 Protein of unknown function
orf19.1202 -0,46 Protein of unknown function
orf19.1203 SRO77 045 -0.38 -0.38 Protein with a predicted role in docking and fusion of post-Golgi vesicles with the plasma membrane; filament

induced; fungal-specific (no human or murine homolog)

orf19.1203.1 -0,44 -0,35 Predicted dolichol-phosphate mannosyltransferase subunit; flow model and Spider biofilm repressed

Phosphorylated protein of unknown function; transcript is upregulated clinical isolates from HIV positive

orf19.1204 -045 -050 -042 patients with oral candidiasis

orf19.121 ARC18 -0,64 -0,34 Putative ARP2/3 complex subunit; mutation confers hypersensitivity to cytochalasin D

orf19.1210 -0,41 -0,38 -0,46 Protein of unknown function

orf19.1212 -0,58 -0,52 -0,39 Protein of unknown function

orf19.1214 -0,44 -0,63 -042 Protein of unknown function

orf19.1215 -0,53 -0,44 Protein of unknown function

orf19.1217 -0,43 Protein of unknown function
SH3-domain- and BAR domain-containing protein involved in endocytosis; null mutant exhibits defects in

orf19.1220 RVS167 -0,38 -0,33 -0,34 hyphal growth, virulence, cell wall integrity, and actin patch localization; cosediments with phosphorylated
Myo5p

orf19.1221 ALG2 0,46 -0,39 P}ltative mannosyltransferase involved in cell wall mannan biosynthesis; transcription is elevated in chk1,
nik1, and sIln1 homozygous null mutants

orf19.1224 FRP3 0,36 Putative ammonium transporte_r; _upre_gulatec.l in th_e presence of human neutrop_hils; fluconazole-
downregulated; repressed by nitric oxide; Spider biofilm induced; rat catheter biofilm repressed

orf19.123 RCN1 -0,39 Prot_ein ipvolved _in calcineurin-dependent signaling that controls stress response and virulence; inhibits
calcineurin function

orf19.124 CIC1 -0,38 -0,50 -0,38 Putative proteasome-interacting protein; rat catheter biofilm induced
NADPH oxidoreductase; interacts with phenolic substrates (17beta-estradiol); possible role in estrogen

orf19.125 EBP1 -0,54 -0,41 response; induced by oxidative, weak acid stress, NO, benomyl, GIcNAc; Cap1, Mnl1 induced; Hap43-repressed;

rat catheter biofilm induced
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bHLH transcription factor of the myc-family; required for growth in medium lacking phosphate and for

orf19.1253 PHO4 041 resistance to copper and Phloxine B; induced by Mnl1 under weak acid stress
orf19.1287 0,48 Protein of unknown function; flow model biofilm induced; Spider biofilm induced
orf19.130 VPS15 -0,56 Protein involved in retrograde endosome-to-Golgi protein transport; required for normal virulence
Predicted membrane transporter, member of the drug:proton antiporter (14 spanner) (DHA2) family, major
orf19.1308 1,58 o X
facilitator superfamily (MFS)
orf19.1309 1,08 Protein of unknown function
orf19.131.2 -0,41 -0,37 Protein of unknown function
orf19.1310 0,54 Protein of unknown function
orf19.1311 SPO75 0,42 Protein of unknown function
orf19.1326 -0,49 -0,36 Protein of unknown function
orf19.1344 0,91 Protein of unknown function; fluconazole-induced; Spider biofilm induced
orf19.135 EX084 10,39 043 -0,36 :;:il:i[tg)subunlt of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the
orf19.1353 043 Protein of unknown function; repressed by yeast-hypha switch; Ras1-regulated; oral infection induced;
) ’ mutants defective in damage to oral epithelium; flow model biofilm induced; Spider biofilm induced
Upregulated by cAMP in filamentous growth; induced in high iron, decreased upon yeast-hypha switch;
orf19.1354 UCF1 -0,38 downregulation correlates with clinical fluconazole resistance; Ras1-regulated; Hap43-repressed; flow model
biofilm induced
orf19.136 QDR3 041 Pre.d.lcted membran? transporter, member of the drug:proton antiporter (12 spanner) (DHA1) family, major
facilitator superfamily (MFS); Hap43p-repressed gene
orf19.137 -0,44 Putative transferase involved in phospholipid biosynthesis; induced by alpha pheromone in SpiderM medium
orf19.1405 PHO13 038 SPV‘:,E?;LVE 4-nitrophenylphosphatase; Hap43p-repressed gene; transcription is regulated upon yeast-hyphal
orf19.1433 043 Protlem fafunknown function; Hap43-repressed; colony morphology-related gene regulation by Ssné; Spider
biofilm induced
} ; Ortholog of S. cerevisiae/S. pombe Ipk1; an inositol pentakisphosphate 2-kinase, a nuclear protein required for
orf19.1439 IPK1 0,50 0,37 synthesis of 1,2,3,4,5,6-hexakisphosphate; Spider biofilm induced
Protein with a life-span regulatory factor domain; regulated by Sef1, Sful, and Hap43; flow model biofilm
orf19.1486 0,50 . X 3 .
induced; Spider biofilm induced
Mucin family adhesin-like protein; cell wall damage sensor; required for Cek1 phosphorylation by cell wall
orf19.1490 MSB2 047 0,39 stress; Rim101-repressed; activation releases extracellular domain into medium; Spider biofilm induced
orf19.1509 RODI 034 Protein .51rr{113r to S. cerevisiae Rod1;a membrane protein with a role in drug tolerance; repressed by Rgt1;
mutant is viable
orf19.1600 0,65 0,36 Protein of unknown function
Ammonium permease; Mep1 more efficient permease than Mep2, Mep2 has additional regulatory role; 11
orf19.1614 MEP1 0,88 057 037 predicted transmembrane regions; low mRNA abundance; hyphal downregulated; flow model biofilm induced
orf19.1653 0,37 Protein of unknown function
Plasma-membrane-localized protein; filament induced; Hog1, ketoconazole, fluconazole and hypoxia-induced;
orf19.1691 -0,58 regulated by Nrg1, Tup1, Upc2; induced by prostaglandins; flow model biofilm induced; rat catheter and
Spider biofilm repressed
Putative transcription factor; role in iron utilization, pathogenesis; both IRO1 and adjacent URA3 are mutated
orf19.1715 IRO1 -0,47 -0,53 -0,47 in strain CAl4; suppresses S. cerevisiae aftl mutant low-iron growth defect; hyphal-induced; reports differ
about iron regulation
Orotidine-5'-phosphate decarboxylase; pyrimidine biosynthesis; gene used as genetic marker; decreased
orf19.1716 URA3 -0,71 -0,86 -0,69 expression when integrated at ectopic chromosomal locations can cause defects in hyphal growth and
virulence; Spider biofilm repressed
orf19.1727 PMCI 0,40 VaQuolar calcium P-type A’ll‘Pgse; tll*anscrlpt regullaFeg by calcujneurm aﬁd ﬂulconaztlale; mutant shows increased
resistance to fluconazole, lithium; increased sensitivity to calcium; Spider biofilm induced
Cytochrome c; complements defects of S. cerevisiae cyc1 cyc7 double mutant; induced in high iron; alkaline
orf19.1770 cret 045 037 repressed; repressed by nitric oxide; Hap43-dependent repression in low iron; regulated by Sef1, Sful
orf19.1795 PUF3 0,46 Ortholog os S. cerevisiae Puf3; mRNA-binding protein involved in RNA catabolism; mutant is viable
orf19.1842 BUD5 0,35 Predicted GTP/GDP exchange factor for Rsr1; rat catheter biofilm induced
Aromatic decarboxylase; Ehrlich fusel oil pathway of aromatic alcohol biosynthesis; alkaline repressed;
orf19.1847 AROI0 049 protein abundance affected by URA3 expression in CAI-4 strain; Spider biofilm induced
Possible stress protein; increased transcription associated with CDR1 and CDR2 overexpression or
orf19.1862 -0,61 fluphenazine treatment; regulated by Sful, Nrgl, Tup1; stationary phase enriched protein; Spider biofilm
induced
orf19.1887 0,36 Protein of unknown function
Heat shock protein; at yeast-form cell surface, not hyphae; antigenic; Gen4-regulated; induced by amino acid
orf19.1896 5Sc1 0,36 starvation (3-AT) or by adherence to polystyrene; macrophage-repressed; sumoylation target; possibly
essential
Inositolphosphorylceramide (IPC) synthase; catalyzes the key step in sphingolipid biosynthesis; antifungal
orf19.1945 AURI 033 drug target; flow model biofilm induced; Spider biofilm induced
orf19.1960 CLN3 034 G1 cyclin; depletion abolishes budding and causes hyphal growth defects; farnesol regulated, functional in S.
. ! cerevisiae; possibly essential (UAU1 method); other biofilm induced; Spider biofilm induced
orf19.1964 041 Protein of unknown function; repressed by fluphenazine treatment; induced by benomyl treatment and in an
) ! RHE model; regulated by Nrg1, Tupl
orf19.1978 GIT2 0,36 0,59 0,40 Putajtlve glycerophosphomosnt.ol permease; fungal-specific; repressed by alpha pheromone in SpiderM
medium; Hap43-repressed; Spider biofilm induced
Glycerophosphocholine permease; white cell specific transcript; fungal-specific; alkaline repressed;
orf19.1979 GIT3 0,44 0,55 caspofungin, macrophage/pseudohyphal-repressed; flow model biofilm induced; Spider biofilm induced
orf19.1995 MNN24 0,45 Alpha-1,2-mannosyltransferase; required for normal cell wall mannan content
Similar to catabolic ser/thr dehydratases; repressed by Rim101; induced in low iron; regulated on white-
orf19.1996 CHA1 0,52 0,47 opaque switch; filament induced; Tn mutation affects filamentation; flow model biofilm induced; Spider
biofilm repressed
orf19.2003 HNM1 036 Putative choline/ethanolamine transporfcer; mutation confers hypersensmwty to to_x1c ergosterol analog;
colony morphology-related gene regulation by Ssné; clade-associated gene expression
orf19.2005 REG1 0,44 PutaFlve protein phosphatase regulatmjy subunit; Hap43;repr9§sed gene; macrophage/pseudohyphal-induced;
possibly regulated upon hyphal formation; flow model biofilm induced
orf19.2006.1 cox17 035 il’nu;‘a;'zl:; copper metallochaperone; Hap43p-repressed gene; rat catheter biofilm induced; Spider biofilm
orf19.2008 0,34 Protein of unknown function
orf19.2048 0,71 Proten of unknown function; transcript positively regulated by Sful; Hap43 repressed; Spider biofilm induced
orf19.2076 -0.55 Protein ofunlfnown_ functl.on; S. pombe ortholog SPAC7D4.05 encodes a predicted hydrolase; Hap43-
repressed; Spider biofilm induced
Copper- and zinc-containing superoxide dismutase; gene family includes SOD1, SOD4, SODS5, and SOD6; gene
orf19.2108 S0D6 050 0,34 may contain an intron; Hap43-repressed; flow model and rat catheter biofilm induced
orf19.2128 -0,42 -0,51 -0,43 Protein of unknown function
orf19.2131 -0,36 Protein of unknown function
orf19.2132 -0,55 -0,53 -0,49 Protein of unknown function
Secreted lipase, member of a differentially expressed lipase gene family with possible roles in nutrition and/or
orf19.2133 LIP4 -0,44 in creating an acidic microenvironment; expressed more strongly during mucosal infections than during
systemic infections
orf19.2135 TSM1 036 Putative transcription initiation factor TFIID subunit; transcript is upregulated in clinical isolates from HIV+

patients with oral candidiasis; Nrgl-regulated

153



Supporting Information

Putative isoleucyl-tRNA synthetase, the target of drugs including the cyclic beta-amino acid icofungipen/PLD-

orf19.2138 151 -037 118/BAY-10-8888 and mupirocin; protein present in exponential and stationary growth phase yeast cultures
orf19.2143 -0,35 -0,37 Protein of unknown function
Putative Hat1-Hat2 histone acetyltransferase complex subunit; role in DNA damage repair and
orf19.2146 HAT2 -0,40 -0,44 -0,40 morphogenesis; mutations cause constitutive pseudohyphal growth, caspofungin sensitivity; rat catheter and
Spider biofilm repressed
orf19.215 048 Cgrr?por?ent of a complex containing the Tor2p kinase; possible a role in regulation of cell growth; Spider
biofilm induced
orf19.2150 -0,40 -049 035 Putative ortholog of mammalian electron transfer flavoprotein complex subunit ETF-alpha; Spider biofilm
repressed
Protein required for wild-type mouse virulence and wild-type cycloheximide resistance; putative GTP-binding
orf19.2151 NAG6 -0,48 -0,43 -0,41 motif; similar to S. cerevisiae Yor165Wp; in gene cluster that encodes enzymes of GlcNAc catabolism; no
human or murine homolog
N-acetylglucosamine (GlcNAc) kinase; involved in GlcNAc utilization; required for wild-type hyphal growth
orf19.2154 HXK1 -039 -037 and mtz})lugse virulence;(GlcNAc-)induced transcript; induced by alpha pherc:)mone in Spide;yl\/ll) me}gzum ¢
Putative MFS transporter; similar to Nag4; required for wild-type mouse virulence and cycloheximide
orf19.2158 NAG3 -0,37 resistance; in gene cluster that includes genes encoding enzymes of GlcNAc catabolism; Spider biofilm
repressed
orf19.2163 -0,35 Protein of unknown function
orf19.2165 -0,49 Predicted hydrolase; induced by nitric oxide
D-Arabinose dehydrogenase; dehydro-D-arabinono-1,4-lactone synthesis; active on D-arabinose, L-fucose, L-
orf19.2172 ARA1 -0,42 xylose, L-galactose; inhibited by metal ions, thiol group-specific reagents; induced on polystyrene adherence;
Spider biofilm induced
orf19.2175 033 Putative mitochondrial cell death effector; induced by nitric oxide; Spider biofilm induced; rat catheter biofilm
repressed
Transporter of ferrichrome siderophores, not ferrioxamine B; required for human epithelial cell invasion in
orf19.2179 SIT1 -0,38 vitro, not for mouse systemic infection; regulated by iron, Sful, Rfgl, Tup1, Hap43; rat catheter and Spider
biofilm induced
orf19.2192 GDH2 033 Putative NAD-specific glutamate dehydrogenase; fungal-specific; transcript regulated by Nrg1, Mig1, Tup1, and

Gcen4; stationary phase enriched protein; flow model biofilm induced; Spider biofilm induced

orf19.2199 PHO86 0,40 Putative endoplasmic reticulum protein; possibly adherence-induced

Putative 1,4-benzoquinone reductase; hyphal-induced; regulated by Cyr1, Ras1, Efg1, Nrg1, Rfg1, Tup1;

orf19.2241 psT1 -051 Hap43-induced; Spider biofilm induced
orf19.2269 2041 041 Putative 3-phosphoserine phosphatase; induced by benomyl or in azole-resistant strain that overexpresses
) ! ’ MDR1; early-stage flow model biofilm induced; Spider biofilm repressed
orf19.2270 SMF12 052 038 Ortholog of S. cerevisiae Smf1; manganese transporter; Gen4-regulated; Hap43, alkaline induced; caspofungin

repressed; mutants are viable

Heat shock protein; transcript regulated by cAMP, osmotic stress, ciclopirox olamine, ketoconazole; repressed
orf19.2344 ASR1 -1,35 -0,59 -0,62 by Cyr1, Ras1; colony morphology-related regulated by Ssn6; stationary phase enriched; Hap43-induced;
Spider biofilm induced

Cytochrome-c peroxidase N terminus; Rim101, alkaline pH repressed; induced in low iron or by macrophage
orf19.238 CcCP1 -0,39 interaction; oxygen-induced activity; regulated by Sef1, Sful, and Hap43; Spider biofilm induced; rat catheter
biofilm repressed

Zinc-binding dehydrogenase; induced by benomyl, ciclopirox olamine, alpha pheromone, Hap43; regulated by
orf19.2396 IFR2 -0,48 oxidative stress via Cap1, osmotic stress via Hog1; protein present in exponential and stationary phase; rat
catheter biofilm repressed

Putative dicarboxylic amino acid permease; fungal-specific (no human or murine homolog); induced by alpha

orf19.2445 -038 pheromone in SpiderM medium
Putative GPI-anchored cell wall protein; repressed in core caspofungin response; Hog1-induced; regulated b:
orf19.2451 PGA45 0,65 045 Ssn6; Mob2-dependent hyphal rl;gulation; gow model biofilml?nduc%d i ¢ ¢ Y
Glutathione-independent glyoxalase; binds human immunoglobulin E; alkaline, fluconazole, Hog1 repressed;
orf19.251 GLX3 -0,52 -0,37 hypoxia, oxidative stress via Cap1, Hap43 induced; stationary-phase enriched; rat catheter, Spider biofilm
induced
orf19.2529.1 0,36 Protein of unknown function; Spider biofilm repressed
Hyphal cell wall protein; role in progression of mouse systemic infection; predicted P-loop, divalent cation
orf19.2531 CSP37 -0,43 binding, N-glycosylation sites; expressed in yeast and hyphae; hyphal downregulated; stationary-phase
enriched; GIcNAc-induced
Cytoplasmic glutathione S-transferase; regulated by Nrg1, Tup1; induced in core stress response, in cyrl or
orf19.2613 ECM4 -0,31 ras1 mutant (yeast or hyphal cells); Tn mutation affects filamentous growth; stationary phase enriched; Spider
biofilm induced
orf19.2686 0,64 Protein of unknown function
orf19.2737 -0,61 Carbohydrate kinase domain-containing protein; Spider biofilm induced
orf19.2747 RGT1 046 Zn(11)2Cys6 transcription factor; transcriptional repressor involved in the regulation of glucose transporter

genes; ortholog of S. cerevisiae Rgt1; mutants display decreased colonization of mouse kidneys

Alkyl hydroperoxide reductase; immunogenic; fluconazole-induced; amphotericin B, caspofungin, alkaline
orf19.2762 AHP1 -0,56 -0,53 -0,40 repressed; core stress response induced; Ssk1/Nrgl/Tup1/Ssn6/Hog1 regulated; flow model biofilm induced;
rat catheter biofilm repressed

Putative alpha-mannosidase; transcript regulated by Nrg1; induced during cell wall regeneration; flow model

orf19.2768 AMS1 -045 biofilm induced; Spider biofilm induced
orf19.2769 -0,39 Putative protease B inhibitor; hyphal-induced expression; Cyr1p- and Raslp-repressed
Cytosolic copper- and zinc-containing superoxide dismutase; role in protection from oxidative stress; required
orf19.2770.1 S0D1 -0,37 for full virulence; alkaline induced by Rim101; induced by human blood; rat catheter, flow model and Spider
biofilm repressed
orf19.2771 BEM3 0,39 Putative GTPase-activating protein (GAP) for Rho-type GTPase Cdc42p; involved in cell signaling pathways

that control cell polarity; similar to S. cerevisiae Bem3p

Peroxisomal carnitine acetyl transferase; no obvious metabolic, hyphal, virulence defects in Ura+ strain;
orf19.2809 CTN3 0,48 induced by macrophage engulfment, hyphal growth, starvation, nonfermentable carbon sources; rat catheter,
Spider biofilm induced

HMG domain transcriptional repressor of filamentous growth and hyphal genes; in Tup1-dependent and -
orf19.2823 RFG1 0,50 independent pathways; binds DNA; transcript not regulated by oxygen or serum; not responsible for hypoxic
repression; Spider biofilm induced

Cirt family transposase; transcript repressed in an azole-resistant strain that overexpresses CDR1 and CDR2;

orf19.2839 CIRT4B -048 Hap43-repressed; flow model biofilm induced

Protein of unknown function; Hap43-repressed; induced in core caspofungin response; regulated by yeast-

orf19.2846 0,63 054 hypha switch; Spider biofilm repressed

Enzyme involved in utilization of L-sorbose; has sorbitol dehydrogenase, fructose reductase, and sorbose
orf19.2896 Sou1 -0,67 -0,47 reductase activities; NAD-binding site motif; transcriptional regulation affected by chromosome 5 copy
number; Hap43p-induced gene

Exo-1,3-beta-glucanase; 5 glycosyl hydrolase family member; affects sensitivity to chitin and glucan synthesis

orf19.2990 X0G1 0,42 0,37 inhibitors; not required for yeast-to-hypha transition or for virulence in mice; Hap43-induced; Spider biofilm
induced
orf19.3007.2 -0,34 Protein of unknown function
Transcription factor; regulates white-opaque switch; hyphal growth regulator; expression in S. cerevisiae
orf19.3127 CZF1 -0,50 causes dominant-negative inhibition of pheromone response; required for yeast cell adherence to silicone;

Spider biofilm induced

Putative NADP-dependent oxidoreductase; Hap43-repressed; induced by benomy! treatment; oxidative stress-
induced via Cap1; rat catheter biofilm repressed

orf19.3139 0,72
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Putative reductase; Nrgl and Tup1-regulated; benomyl- and hyphal-induced; macrophage/pseudohyphal-

orf19.3150 GRE2 -0,41 -0,43 repressed; repressed by low iron; possibly involved in osmotic stress response; stationary phase enriched
protein; Spider biofilm induced
orf19.3152 AMO2 0,37 Pro_tem similar to A. niger predicted pem).(lsgma_l copper amino oxidase; mutation confers hypersensitivity to
toxic ergosterol analog; F-12/C02 early biofilm induced
Acetyl-coA hydrolase; acetate utilization; nonessential; soluble protein in hyphae; antigenic in human; induced
orf19.3171 ACH1 0,38 0,44 0,37 on polystyrene adherence; farnesol-, ketoconazole-induced; no human or murine homolog; stationary phase-
enriched protein
orf19.320 -0,70 -0,44 -0,49 Predicted short chain dehydrc Spider biofilm induced
orf19.3208 DAL52 3,35 Putative allantoate permease; mutant is viable; similar but not orthologous to S. cerevisiae Dal5
orf19.3209 FGR42 -0,38 Protein lacking an ortholog in S. cerevisiae; transposon mutation affects fil ous growth
Putative arginine-specific carbamoylphosphate synthetase; protein enriched in stationary phase yeast
orf19.3221 CPAZ 051 cultures; rat catheter biofilm induced; Spider biofilm induced
Predicted ORF from Assembly 19; removed from Assembly 20; restored based on transcription data; similar to
orf19.33 -0,45
orf19.7550
orf19.334 0,74 0,42 gra(;)t:;n of unknown function; flow model biofilm induced; Spider biofilm induced; regulated by Sef1, Sful, and
orf19.3364 0,44 Protein of unknown function
Putative glycoside hydrolase; stationary phase enriched protein; Hoglp-downregulated; shows colony
orf19.338 -0,30 .
morphology-related gene regulation by Ssn6p
Putative adenylate kinase; repressed in hyphae; macrophage-induced protein; adenylate kinase release used
orf19.3391 ADK1 -0,44 as marker for cell lysis; possibly essential (UAU1 method); flow model biofilm induced; rat catheter and Spider
biofilm repressed
Putative 2-deoxyglucose-6-phosphatase; haloacid dehalogenase hydrolase/phosphatase superfamily; similar
orf19.3392 boat -0,60 -062 -043 to S. cerevisiae Dogl, Dog2, Hor1, Rhr2; regulated by Nrg1, Tup1; Spider biofilm repressed
orf19.3393 -0,33 -0,57 -0,37 Putative DEAD-box helicase; Hap43-induced; Spider biofilm induced
orf19.3396 HCHI 0,44 0,55 Ortholog of S. cerevisiae Hchi, a regulato_r ofheat shock protein Hsp90; regula.ted by Gen4; induced in
response to amino acid starvation (3-aminotriazole treatment); mutants are viable
orf19.3399 -0,40 -0,47 -0,42 Protein of unknown function
Glycerophosphoinositol permease; involved in utilization of glycerophosphoinositol as a phosphate source;
orf19.34 GIT1 0,56 . . .
Rim101-repressed; virulence-group-correlated expression
: ] } Protein with a predicted role in coenzyme Q biosynthesis; transcriptionally induced by interaction with
orf19.3400 coes 051 0,54 0,40 macrophages; possibly an essential gene, disruptants not obtained by UAU1 method
orf19.3401 CTA 041 052 042 ?r0t91n 51lmllar to AS. cerevisiae Molep,A which affects S. cerevisiae fllamlentous growth; actlYates transcription
in 1-hybrid assay in S. cerevisiae; protein levels increase under weak acid stress; nonessential
orf19.3402 FPG1 -0,39 Formamidopyrimidine DNA glycosylase, involved in repair of irradiated DNA; Hap43p-repressed gene
orf19.3405 2CF18 -0,40 Putative Zn[II]Z(Fys§ transcrlptmnAfactor; heterozygous null mutant displays sensitivity to virgineone and
decreased colonization of mouse kidneys
orf19.3407 RAD18 -0,37 Putative transcription factor with zinc finger DNA-binding motif; Hap43p-repressed gene
orf19.3409 SEC12 -0,41 -0,50 -0,43 Putative guanyl-nucleotide exchange factor; induced in high iron; Hap43-repressed
orf19.3411 -0,53 Protein of unknown function
orf19.3412 ATG15 -0,38 Putative lipase; fungal-specific (no human or murine homolog); Hap43p-repressed gene
Protein required for normal cell wall, plasma membrane, cytoskeletal organization, endocytosis; localizes to
orf19.3414 SUR7 -0,39 -0,36 eisosome subdomains of plasma membrane; four transmembrane motifs; mutant shows ectopic, chitin-rich
cell wall; fluconazole-induced
orf19.3415.1 RPL32 -0,40 -0,54 Component of the large (60S) ribosomal subunit; Spider biofilm repressed
orf19.3417 ACF2 -0,55 -0,65 -0,55 Putative endo-1,3-beta-glucanase; fungal-specific (no human or murine homolog)
orf19.3423 TIF3 0,44 Putative translation initiation factor; genes encod}ng rlbosgmal subunits, translation factors, and tRNA
synthetases are downregulated upon phagocytosis by murine macrophage
} ; ; Translation initiation factor elF-5A; repressed in hyphae vs yeast cells; downregulated upon phagocytosis by
orf19.3426 ANB1 0,40 0,50 037 murine macrophage; Hap43-induced; GlcNAc-induced protein; Spider biofilm repressed
orf19.3427 -0,41 Protein of unknown function
orf19.3428 -0,31 Protein of unknown function; flow model biofilm induced
orf19.3430 -0,37 Plasma membrane-associated protein; physically interacts with TAP-tagged Nop1p
orf19.3433 OYE23 052 0,65 Putative NAPDH dehydrgggnas?; induced by nitric oxide, benomyl; oxidative stress-induced via Cap1; Hap43p-
repressed; rat catheter biofilm induced
orf19.3438 -0,34 Protein of unknown function
orf19.3439 -0,37 -0,52 Protein of unknown function; Cyr1-repressed; rat catheter and Spider biofilm induced
orf19.344 035 Protein of unknown function; upregulated by fluphenazine treatment or in an azole-resistant strain that
) ” overexpresses CDR1 and CDRZ; transcript possibly regulated by Tacl
orf19.3441 FRP6 -035 Putative ammonia transport protein; regulated by Nrgl and Tup1; regulated by Ssn6; induced by human
neutrophils
orf19.3442 -0,47 -0,48 -0,41 Putative oxidoreductase; Hap43-repressed gene
orf19.3443 OYE2 -0,60 -0,51 -0,56 Putative NAPDH dehydro induced by nitric oxide; Spider biofilm induced
orf19.3445 HOC1 -0,44 -0,46 -0,43 Protein with similarity to mannosyltransferases; similar to S. cerevisiae Hoclp and C. albicans Och1p
orf19.3446 -0,43 Protein of unknown function
orf19.3447 -0,42 -0,42 Protein of unknown function
orf19.3448 -0,46 Protein of unknown function; ketoconazole-repressed
orf19.3449 -0,34 Protein of unknown function
orf19.3450.1 -0,41 Protein of unknown function
orf19.3455 045 -0.35 Puta:tlve mitochondrial inner membrane magnesium transporter; possibly an essential gene, disruptants not
obtained by UAU1 method
Protein with a predicted serine/threonine kinase and tyrosine kinase domain; possibly an essential gene,
orf19.3456 -071 -063 -059 disruptants not obtained by UAU1 method
orf19.3457 SWD3 -0,50 -0,40 Protein of unknown function
orf19.3458 -0,51 -0,60 -0,45 Protein of unknown function
orf19.3459 -0,52 -0,47 -0,47 Putative serine/threonine/tyrosine (dual-specificity) kinase; disruptants not obtained by UAU1 method
orf19.3460 073 052 Protein of unknown func.tmn; mRNA binds She3; transcript regulated upon yeast-hypha switch; induced in
oralpharyngeal candidasis
: } } Functional homolog of S. cerevisiae Sar1; which is required for ER-to-Golgi protein transport; binds GTP;
orf19.3462 SARI 0,46 053 040 similar to small GTPase superfamily proteins; gene has intron; Hap43-induced; rat catheter biofilm repressed
orf19.3463 -0,37 -0,51 -0,35 Putative GTPase; role in 60S ribosomal subunit bio is; Spider biofilm induced
orf19.3465 RPL10A -0,34 -048 Pr&lzdlctef:l ribosomal protein; downregulated upon phagocytosis by murine macrophages; Hap43-induced;
Spider biofilm repressed
orf19.3467 SEC27 -0,46 -0,41 -0,35 Protein of unknown function
orf19.3469 043 033 S. cerevisiae orth_olog SFbl has a role in regulation of MBF-specific transcription at Start; induced in a cyr1 null
mutant; Spider biofilm induced
orf19.3473 -0,40 Protein of unknown function
} Putative Aurora kinase; Hap43-induced; induced during planktonic growth; possibly an essential gene,
orf19.3474 [PL1 041 disruptants not obtained by UAU1 method
orf19.3477 10,39 0,44 Putatlv&? psegdourl}ime synthase; predicted role in snRNA pseudouridine synthesis, tRNA pseudouridine
synthesis; Spider biofilm induced
orf19.3478 NIP7 045 -058 -0.39 il’nu;‘a;'zl:; nucleolar protein with role in ribosomal assembly; hyphal-induced; Hap43-induced; Spider biofilm
orf19.3480 -0,45 Protein of unknown function
orf19.3482 -0,49 -0,53 -0,52 Protein of unknown function
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Clathrin heavy chain; subunit of the major coat protein; role in intracellular protein transport and endocytosis;

orf19.3496 CHC -043 -036 -037 flow model and rat catheter biofilm repressed

orf19.3498 -0,35 Protein of unknown function

orf19.3501 041 -0,40 S. c_erevisiae ortholog.l’xll localizes_ to sites of polarized growth and is required for selection and/or
maintenance of polarized growth sites; Hoglp-repressed

orf19.3503 -0,51 -0,55 Protein of unknown function

orf19.3504 RPL23A 042 Ribosoma.l prot_ein; downregulated upon phagocytosis by murine macrophage; Hap43-induced; sumoylation
target; Spider biofilm repressed

orf19.3506 DBRI 035 Debranchase; homozygous mutant accumulates lariat intermediates of mRNA splicing; rat catheter biofilm
repressed
NADH-cytochrome-b5 reductase; soluble in hyphae; alkaline downregulated; farnesol, ketoconazole or

orf19.3507 MCR1 -0,55 -0,47 -0,39 flucytosine induced; protein present in exponential and stationary growth phase yeast; YNB biofilm induced;
rat catheter biofilm repressed

orf19.3508 -0,60 -0,43 -0,46 Putative protein of unknown function; stationary phase enriched protein

orf19.3529 ABP2 0,33 Putative alpha-actinin-like protein; induced by alpha pheromone in SpiderM medium
White-phase yeast transcript; expression in opaques increases virulence/switching; mutant switches as WT;

orf19.3548.1 WH11 -0,38 Hap43, hypoxia, ketoconazol induced; required for RPMI biofilm; Berl-induced in RPMI a/a biofilm; rat

catheter, Spider biofilm induced

orf19.3603 MFG1 0,39 Regulator of filamentous growth; required for biofilm formation, virulence; interacts with Flo8 and Mss11
Cell wall glycosidase; role in biofilm formation and cell separation; possibly secreted; hypoxia, hyphal induced;

orf19.3642 SUN41 -0,43 -0,48 -0,44 caspofungin repressed; Efgl, Cph1 regulated; O-glycosylated, possible Kex2 substrate; 5'-UTR intron; Spider
biofilm induced

orf19.3643 -0,42 Protein of unknown function; Hap43-repressed gene

orf19.3644 -0,41 -0,38 -0,41 Protein of unknown function; Cyrl-repressed; rat catheter and Spider biofilm induced
Copper transporter; transcribed in low copper; induced Mac1, Tye7, macrophage interaction, alkaline pH via

orf19.3646 CTR1 0,33 Rim101; 17-beta-estradiol repressed; complements S. cerevisiae ctrl ctr3 copper transport mutant; flow
model/Spider biofilm induced

orf19.3647 SEC8 0,46 -0,46 0,37 Predicte.d subunit of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the
hyphal tip

orf19.3649 -0,64 -0,76 -0,54 Protein of unknown function
Phosphoglycerate kinase; localizes to cell wall and cytoplasm; antigenic in murine/human infection; flow

orf19.3651 PGK1 -0,81 -0,65 -0,49 model biofilm, Hog1-, Hap43-, GCN-induced; repressed upon phagocytosis; repressed in Spider biofilms by
Bcrl, Ndt80, Rob1, Brgl

orf19.3653 FAT1 -0,42 Predicted enzyme of sphingolipid biosynthesis; upregulated in biofilm

orf19.3656 Coxis5 .0.38 Cytochrome oxidase assembly prote.in;. tra.nscript regL{lated .by.Nrgl and Tupl; alkaline repressed; Hap43-
repressed; early-stage flow model biofilm induced; Spider biofilm repressed

orf19.3658 -0,38 Protein of unknown function
Putative CTD phosphatase; role in dephosphorylation of RNA polymerase II C-terminal domain, transcription

orf19.3659 -0,52 e
from RNA polymerase II promoter; flow model biofilm induced

orf19.3660 -0,45 -0,54 -0,39 Protein of unknown function

orf19.3664 HSP31 0,61 1,40 0,88 Putative 30 kda heat shock protein; repressed during the mating process; rat catheter biofilm induced

orf19.3668 HGT2 0,32 Putative MFS glucose transporter; 20 member C. albicans glucose transporter family; 12 probable membrane-

spanning segments; expressed in rich medium with 2% glucose; rat catheter and Spider biofilm induced

Putative ser/thr kinase involved in glucose transport; Tn mutation affects filamentous growth; fluconazole-
orf19.3669 SHA3 0,46 0,33 induced; ketoconazole-repressed; induced in by alpha pheromone in SpiderM; possibly essential; flow model
biofilm induced

Na+/H+ antiporter; required for wild-type growth, cell morphology, and virulence in a mouse model of

orf19.367 CNHI 0,32 systemic infection; not transcriptionally regulated by NaCl; fungal-specific (no human or murine homolog)

Galactokinase; galactose, Mig1, Tup1, Hap43 regulated; fluconazole, ketoconazole-induced; stationary phase
orf19.3670 GAL1 0,33 0,34 enriched protein; GIcNAc-induced protein; farnesol, hypoxia-repressed in biofilm; rat catheter and Spider
biofilm induced

UDP-glucose 4-epimerase; galactose utilization; mutant has cell wall defects and increased filamentation;
orf19.3672 GAL10 0,38 GIcNAc-, fluconazole- and ketoconazole-induced; stationary phase enriched protein; rat catheter and flow
model biofilm induced

Putative galactose-1-phoshphate uridyl transferase; downregulated by hypoxia, upregulated by ketoconazole;

orf19.3675 GAL7 043 macrophage/pseudohyphal-repressed

Nitric oxide dioxygenase; acts in nitric oxide scavenging/detoxification; role in virulence in mouse; transcript

orf19.3707 YHB1 -063 activated by NO, macrophage interaction; Hap43, hypha repressed; mRNA binds She3

Isocitrate dehydrogenase; white-opaque switch regulated; morphology-regulation by Ssné; protein in
orf19.3733 IDP2 0,77 0,64 exponential and stationary phase yeast; Hap43-repressed; Spider biofilm repressed by Berl, Tec1, Ndt80,
Rob1, Brgl; Spider biofilm induced

Putative GPI-anchored protein of unknown function; Rim101-repressed; Cyr1-regulated; colony morphology-

orf19.3740 paAz3 -0.66 related gene regulation by Ssn6
orf19.3770 ARGS 042 il’ﬂu;:zi:; acetylornithine aminotransferase; Gen2, Gen4 regulated; rat catheter biofilm induced; Spider biofilm
Alpha-1,2-mannosyltransferase; required for normal cell wall mannan; regulated by Tsal, TsalB at 37 deg;
orf19.3803 MNN22 0,36 repressed in core stress response; NO, Hog1 induced; confers sensitivity to cell wall perturbing agents; Spider
biofilm repressed
Secreted aspartyl protease; roles in adhesion, virulence (RHE model), cell surface integrity; distinct specificity
orf19.3839 SAP10 -0,33 from Sap9; at cell membrane and wall; GPI-anchored; induced in low iron; Tbf1-activated; Spider biofilm
induced
Glycine decarboxylase P subunit; protein of glycine catabolism; repressed by Efg1; Hogl1-induced; induced b
orf19.385 Gevz 048 041 0.44 Ri¥n101 atacid pl}-]l; transcript indgced in ele%/;]ted C0o2; stationarypphase emyichgd protgein Y
orf19.3854 0,39 Qrtholog of S. cerevisiae Sat4; amphotericin B induced; clade-associated gene expression; Spider biofilm
induced
GPI-linked chitinase; required for normal filamentous growth; repressed in core caspofungin response;
orf19.3895 CHT2 0,45 0,41 fluconazole, Cyr1, Efgl, pH-regulated; mRNA binds She3 and is localized to yeast-form buds and hyphal tips;
Spider biofilm repressed
Predicted RNA binding protein; stationary phase enriched; induced in core caspofungin response; induced by
orf19.3932 -0,56 -0,37 nitric oxide independent of Yhb1; repressed in ssr1 null; ketoconazole, hypoxia induced; Spider biofilm
induced
orf19.3932.1 -0,53 -0,51 Protein of unknown function
orf19.3988 1,54 0,99 Putative adhesin-like protein; induced by Mnl1 under weak acid stress; rat catheter and Spider biofilm induced
orf19.4066 0,36 Putative glycerol-3-phosphate acyltransferase; Hogl-repressed
Immunogenic stress-associated protein; filamentation regulated; induced by
orf19.4082 DDR48 -0,71 -0,35 benomyl/caspofungin/ketoconazole or in azole-resistant strain; Hog1, farnesol, alkaline repressed; stationary
phase enriched; Spider, flow model biofilm induced
Protein involved in exit from mitosis and morphogenesis; ortholog of S. cerevisiae Cdc14p, which is a dual-
orf19.4192 CDC14 -0,40 -0,39 specificity phosphatase and cell-cycle regulator; suppresses S. cerevisiae cdc15-lyt1, dbf2-2, and (partially)
tem1 mutant phenotypes
orf19.4192.1 -0,47 -0,60 -0,37 Protein of unknown function
orf19.4193 -0,47 -0,47 Protein of unknown function
orf19.4194 -0,50 -0,36 Putative TFIIH complex subunit; possibly an essential gene, disruptants not obtained by UAU1 method
Cytosine deaminase; enzyme of pyrimidine salvage; functional homolog of S. cerevisiae Fcy1p; mutation is
orf19.4195.1 Fea -049 -061 azsociated with resistanc}; to ﬂug)}/,tosine (5-FC) ilgl a clinical isolate; hypghal downregulated}; gl:ne has intron
orf19.4203 -0,48 -0,37 Protein of unknown function
orf19.4204 -0,38 Protein of unknown function

156



Supporting Information

orf19.4206

-0,44

-0,47

-0,37

Protein of unknown function

orf19.4207

-0,38

Predicted ORF from Assembly 19; removed from Assembly 20; restored based on comparative genome
analysis

orf19.4208

RAD52

-0,44

-0,50

-0,52

Required for homologous DNA recombination, repair of UV- or MMS-damaged DNA, telomere length, UV-
induced LOH; constitutive expression, MMS-induced; weakly complements S. cerevisiae rad52 mutant; slow
growth, increased white-to-opaque switch

orf19.4209

-0,52

-0,58

-0,48

Protein of unknown function

orf19.4211

-0,44

Multicopper oxidase; for growth in low iron, prostaglandin E2 synthesis;
ketoconazole/caspofungin/amphotericin B repressed; Sef1/Sful/Hap43 regulated; reports differ if functional
homolog of ScFet3; rat catheter and Spider biofilm induced

orf19.4213

-0,34

Putative iron transport multicopper oxidase precursor; flucytosine induced; caspofungin repressed

orf19.4215

FET34

-0,34

-0,58

-0,33

Multicopper ferroxidase; induced by low iron, ciclopirox olamine, ketoconazole, hypoxia; alkaline induced by
Rim101; repressed in fluconazole-resistant isolate; Sful, Hog1 repressed; complements S. cerevisiae fet3;
Spider biofilm induced

orf19.4246

-0,58

-0,34

Protein with similarity to S. cerevisiae Ykr070w; Tn mutation affects filamentation; Hog1-repressed; colony
morphology-related gene regulation by Ssnép; induced during cell wall regeneration; possibly essential

orf19.4255

ECM331

-0,50

-0,74

-0,47

GPI-anchored protein; mainly at plasma membrane, also at cell wall; Hap43, caspofungin-induced; Plc1-
regulated; Hog1, Rim101-repressed; colony morphology-related regulated by Ssné; induced by ketoconazole
and hypoxia

orf19.4274

PUT1

0,41

Putative proline oxidase; alkaline upregulated by Rim101; flow model biofilm induced; Spider biofilm induced

orf19.4384

HXT5

-0,49

Putative sugar transporter; induced by ciclopirox olamine; Snf3-induced; alkaline repressed; colony
morphology-related gene regulation by Ssné; possibly essential gene

orf19.4393

CIT1

0,61

0,39

Citrate synthase; induced by phagocytosis; induced in high iron; Hogl-repressed; Efgl-regulated under yeast,
not hyphal growth conditions; present in exponential and stationary phase; Spider biofilm repressed; rat
catheter biofilm induced

orf19.4432

KSP1

0,40

Putative serine/threonine protein kinase; mRNA binds She3 and is localized to hyphal tips; mutation confers
hypersensitivity to amphotericin B

orf19.4436

GPX3

-0,54

Putative glutathione peroxidase involved in Cap1p-dependent oxidative stress response, required for Cap1p
oxidation in response to H202; planktonic growth-induced

orf19.4438

RME1

0,71

Zinc finger protein; controls meiosis in S. cerevisae; white-specific transcript; upregulation correlates with
clinical development of fluconazole resistance; Upc2-regulated in hypoxia; flow model biofilm induced; Spider
biofilm repressed

orf19.4443

YPD1

-0,48

Phosphohistidine intermediate protein in a phosphorelay signal transduction pathway; residue His69 is the
phosphoacceptor histidine; predicted to be soluble and cytosolic; functional homolog of S. cerevisiae Ypd1p

orf19.4445

0,42

0,35

Protein of unknown function; Plc1p-regulated; expression induced early upon infection of reconstituted
human epithelium (RHE), while expression of the C. dubliniensis ortholog is not; mutant is viable; Spider
biofilm induced

orf19.4450.1

0,59

Protein conserved among the CTG-clade; 2 adjacent upstream SRE-1 elements; highly up-regulated in cecum-
grown cells in a Cph2-dependent manner; Hap43-repressed; rat catheter, Spider and flow model biofilm
induced

orf19.4475

KTR4

-0,43

Mannosyltransferase; induced during cell wall regeneration; fungal-specific (no human or murine homolog);
Bcerl-repressed in RPMI a/a biofilms

orf19.4476

-0,51

Protein with a NADP-dependent oxidoreductase domain; transcript induced by ketoconazole; rat catheter and
Spider biofilm induced

orf19.4477

CSH1

-0,75

-0,46

-0,62

Aldo-keto reductase; role in fibronectin adhesion, cell surface hydrophobicity; regulated by temperature,
growth phase, benomyl, macrophage interaction; azole resistance associated; Spider biofilm induced; rat
catheter biofilm repressed

orf19.4526

HSP30

1,79

1,06

Putative heat shock protein; fluconazole repressed; amphotericin B induced; Spider biofilm induced; rat
catheter biofilm induced

orf19.4527

HGT1

0,33

0,35

High-affinity MFS glucose transporter; induced by progesterone, chloramphenicol, benomyl; likely essential
for growth; protein newly produced during adaptation to the serum; rat catheter and Spider biofilm induced

orf19.4530.1

-0,34

Protein of unknown function; regulated by Nrg1, Tup1; Spider and flow model biofilm induced

orf19.4555

ALS4

-0,69

-0,64

GPI-anchored adhesin; role in adhesion, germ tube induction; growth, temperature regulated; expressed
during infection of human buccal epithelial cells; repressed by vaginal contact; biofilm induced; repressed
during chlamydospore formation

orf19.4557

-0,39

Protein of unknown function

orf19.4565

BGL2

-0,31

Cell wall 1,3-beta-glucosyltransferase; mutant has cell-wall and growth defects, but wild-type 1,3- or 1,6-beta-
glucan content; antigenic; virulence role in mouse systemic infection; rat catheter biofilm induced

orf19.4593

RGA2

0,36

Putative GTPase-activating protein (GAP) for Rho-type GTPase Cdc42; involved in cell signaling pathways
controlling cell polarity; induced by low-level peroxide stress; flow model biofilm induced

orf19.4599

PHO89

0,80

0,69

0,40

Putative phosphate permease; transcript regulated upon white-opaque switch; alkaline induced by Rim101;
possibly adherence-induced; F-12/C02 model, rat catheter and Spider biofilm induced

orf19.4609

0,49

Putative dienelactone hydrolase; protein abundance is affected by URA3 expression in the CAI-4 strain
background; protein present in exponential and stationary growth phase yeast cultures; rat catheter biofilm
repressed

orf19.4645

BEM1

0,38

Protein required for wild-type budding, hyphal growth, and virulence in a mouse systemic infection;
suppresses pseudohyphal and filamentous growth defects of various S. cerevisiae mutants and heat sensitivity
of S. cerevisiae cdc24-4 mutant

orf19.4655

OPT6

-0,47

Putative oligopeptide transporter; fungal-specific (no human or murine homolog); expression of OPT6, OPT7,
or OPT8 does not suppress defect of mutant lacking Opt1p, Opt2p, and Opt3p; alleles are nonidentical

orf19.4664

NAT4

-0,37

Putative histone acetyltransferase; involved in regulation of white-opaque switch; early-stage flow model
biofilm induced; Spider biofilm induced

orf19.4666

-0,47

-0,45

Protein of unknown function; hyphal-induced expression, regulated by Cyr1, Ras1, Efg1; Spider biofilm
induced

orf19.467

WOR3

0,59

0,96

1,00

Transcription factor; modulator of white-opaque switch; induced in opaque cells; promoter bound by Wor1;
overexpression at 25 degr shifts cells to opaque state; deletion stabilizes opaque cells at higher temperatures;
Spider biofilm induced

orf19.4674.1

CRD2

-0,50

Metallothionein; for adaptation to growth in high copper; basal transcription is cadmium-repressed; Ssn6
regulated; complements copper sensitivity of an S. cerevisiae cup1 mutant; regulated by Sef1, Sful, and Hap43;
Spider biofilm induced

orf19.4679

AGP2

-0,53

Amino acid permease; hyphal repressed; white-opaque switch regulated; induced in core caspofungin
response, during cell wall regeneration, by flucytosine; regulated by Sef1, Sful, and Hap43; rat catheter and
Spider biofilm induced

orf19.4682

HGT17

-0,39

Putative MFS family glucose transporter; 20 members in C. albicans; 12 probable membrane-spanning
segments; induced at low (0.2%, compared to 2%) glucose in rich media; Spider biofilm induced

orf19.4688

DAG7

-0,51

-0,43

Secretory protein; a-specific, alpha-factor induced; mutation confers hypersensitivity to toxic ergosterol
analog; fluconazole-induced; induced during chlamydospore formation in C. albicans and C. dubliniensis

orf19.4698

PTC8

0,39

Predicted type 2C protein phosphatase, ser/thr-specific; required for hyphal growth; transcript induced by
stress; flow model biofilm induced; Spider biofilm induced

orf19.4752

MSN4

0,41

Zinc finger transcription factor; similar to S. cerevisiae Msn4, but not a significant stress response regulator in
C. albicans; partly complements STRE-activation defect of S. cerevisiae msn2 msn4 double mutant; flow model
biofilm induced

orf19.4773

A0X2

0,53

0,97

Alternative oxidase; cyanide-resistant respiration; induced by antimycin A, oxidants; growth; Hap43,
chlamydospore formation repressed; rat catheter, Spider biofilm induced; regulated in Spider biofilms by Ber1,
Tecl, Ndt80, Brgl
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Essential transcription factor, mediates heat shock transcriptional induction; in the absence of heat stress,

orf19.4775 CTA8 0,36 Cta8p levels are modulated by growth temperature to regulate basal expression of genes involved in protein
folding
Putative dihydroxyacetone kinase; repressed by yeast-hypha switch; fluconazole-induced; caspofungin
orf19.4777 DAK2 -0,58 repressed; protein enriched in stationary phase yeast cultures; flow model biofilm induced; rat catheter and
Spider biofilm repressed
Putative transporter; slightly similar to the Sit1p siderophore transporter; Gendp-regulated; fungal-specific;
orf19.4779 0,47 . .
induced by Mnl1p under weak acid stress
Copper transporter; CPx P1-type ATPase; mediates Cu resistance; similar to Menkes and Wilson disease
orf19.4784 CRP1 0,63 0,36 proteins; copper-induced; Tbfl-activated; suppresses Cu sensitivity of S. cerevisiae cupl mutant; flow model
biofilm induced
Arginine biosynthetic enzyme; processed in S. cerevisiae into 2 polypeptides with acetylglutamate kinase
orf19.4788 ARG5,6 0,44 (Arg6) activity and acetylglutamate-phosphate reductase (Arg5) activity; Gen4 regulated; alkaline repressed;
Spider biofilm induced
Mitochondrial RNase P subunit; roles in nuclear transcription, cytoplasmic and mitochondrial RNA processing,
orf19.48 RPM2 0,44 mitochondrial translation; virulence-group-correlated expression; likely essential (UAU1 method); rat catheter
biofilm induced
orf19.4898 -0,46 Putative protein of unknown function; induced by prostaglandins
Extracellular/plasma membrane-associated glucoamylase; expressed in rat oral infection; regulated by
orf19.4899 GCA1 -0,47 carbohydrates, pH, galactose; promotes biofilm matrix formation; flow model biofilm induced; Bcr1 repressed
in RPMI a/a biofilms
orf19.4906 0,39 Putative adhesin-like protein; positively regulated by Tbf1; Spider biofilm induced
Putative protein of unknown function; Hap43p-repressed gene; increased transcription is observed upon
orf19.4907 0,77 fluphenazine treatment; possibly transcriptionally regulated by Tac1p; induced by nitric oxide; fungal-specific
(no human/murine homolog
orf19.4914.1 BLP1 -0,52 Protein of unknown function, serum-induced
orf19.4932 0,34 Protein of unknown function
orf19.4940 0,34 Putative histidine permease; fungal-specific (no human or murine homolog); Hap43p-induced gene
bHLH transcription factor; control of glycolysis; required for biofilm formation; hyphally regulated by Cph1,
orf19.4941 TYE7 0,34 Cyr1; flucytosine, Hogl induced; amphotericin B, caspofungin repressed; induced in flow model biofilm and
planktonic cultures
orf19.4943 PSA2 0,68 -0,36 Malnnos&?-l-ph{:sphate guanyltransferAase; Hap43, macrophage-repressed; stationary phase enriched protein;
Spider biofilm induced; rat catheter biofilm repressed
Putative hsp70 chaperone; role in entry into host cells; heat-shock, amphotericin B, cadmium, ketoconazole-
orf19.4980 HSP70 -0,37 induced; surface localized in yeast and hyphae; antigenic in host; farnesol-downregulated in biofilm; Spider
biofilm induced
orf19.5005 0SM2 0,38 Putzj\tive mitochondr}al fumarat§ reductase; regulated by Ssn6p, Gen2p, and Gen4p; Hoglp-downregulated;
stationary phase enriched protein; Hap43p-repressed gene
ATP sulfurlyase; sulfate assimilation; repressed by Met, Cys, Sful, or in fluconazole-resistant isolate; Hog1,
orf19.5025 MET3 -0,43 caspofungin, white phase-induced; induced on biofilm formation, even in presence of Met and Cys; Spider, F-
12/C02 biofilm induced
Response regulator of two-component system; role in oxidative stress response, cell wall biosynthesis,
orf19.5031 SSK1 -0,32 virulence, hyphal growth on solid media; expressed in hyphae and yeast; peroxisomal targeting sequence
(PTS1); Spider biofilm induced
Adhesin-like protein; involved in cell wall maintenance, redundant with Sun41; possibly secreted;
orf19.5032 Sim1 -034 macrophage-?epressed; repressed by Rim101, Cyr1, Ras1; Spider biofilm inducelzl Y
orf19.5045 PTP2 10,39 Predicted pmt_ein tyrosine phosphatase; im-/olved_ in reg.ulation of MAP kinase Hog1 activity; induced by Mnl1
under weak acid stress; rat catheter and Spider biofilm induced
Putative ABC transporter superfamily; fluconazole, Sful, Hog1, core stress response induced; caspofungin
orf19.5079 CDR4 0,57 repressed; fluconazole resistance not affected by mutation or correlated with expression; rat catheter and flow
model biofilm induced
orf19.5125 -0,35 Protein of unknown function; induced by ketoconazole; Spider, F-12/C02 and flow model biofilm induced
Protein with similarity to a human gene associated with colon cancer and to orf19.5158; regulated by Gcn4,
orf19.5158 -0,50 Cyr1; induced by amino acid starvation; macrophage-induced protein, macrophage-repressed; Spider biofilm
induced
orf19.5227 043 iCnhda\ijceerc(l)ne component; involved in assembly of alpha subunits into the 20S proteasome; flow model biofilm
orf19.5285 PST3 0,34 Putative flavodoxin; YNB biofilm induced; stationary phase enriched protein; rat catheter and Spider biofilm
repressed
orf19.5293 0,35 Protein of unknown function
orf19.5305 RHD3 0,53 GPl-anAchored yeast-associa?ed cell wall protein; induced in high iron; claz?e-asstlacilated gene expression; not
essential for cell wall integrity; fluconazole-repressed; flow model and Spider biofilm repressed
orf19.5337 UBC15 0,44 Putative E2 ubiquitin-conjugating enzyme
orf19.5342.2 -0,36 Protein of unknown function; protein newly produced during adaptation to the serum
Plasma membrane H(+)-ATPase; highly expressed, comprises 20-40% of total plasma membrane protein;
orf19.5383 PMA1 0,47 0,43 0,40 levels increase at stationary phase transition; fluconazole induced; caspofungin repressed; upregulated in RHE
model; Spider biofilm repressed
Putative beta-mannosyltransferase required for the addition of beta-mannose to the acid-labile fraction of cell
orf19.54 RHD1 -0,35 -0,36 -0,44 wall phosphopeptidomannan; 9-gene family memebr; regulated on yeast-hypha and white-opaque switches;
Spider biofilm repressed
orf19.5417 DOTS 033 il’ﬂu;zzi:; nuclear thiol peroxidase; alkaline downregulated; sumoylation target; Spider and flow model biofilm
orf19.5431 -0,48 Protein of unknown function; Hap43-repressed; Spider biofilm induced
orf19.5455 0,43 Protein of unknown function
orf19.5510 -0,33 Protein of unknown function
orfl9.5514 046 Serct::;:og of S. pombe SPCC550.08, an N-acetyltransferase; transcript induced during growth in the mouse
orf19.5515 -0,37 Protein of unknown function
orf19.5516 -0,47 -0,43 Protein of unknown function
orf19.5517 -0,60 037 Similar to alclohgl dehydrogenases; irA)duced by l?enom.yl ltreatment, nitric oxide; induced in core stress
response; oxidative stress-induced via Cap1; Spider biofilm repressed
orf19.5518 -0,51 -0,50 -0,33 Protein of unknown function; Spider biofilm induced
orf19.5519 GCV1 -0,53 -0,44 Putative T subunit of glycine decarboxylase; transcript negatively regulated by Sful; Spider biofilm repressed
orf19.5521 1SA1 052 Putative mitoch(_)ndrial_ iron-sulfur protein; alkaline repressed; induced in high iron; regulated by Sef1, Sful,
Hap43; Spider biofilm induced
orf19.5522 -0,57 -0,51 Protein of unknown function
Putative oxidoreductase; protein levels affected by URA3 expression in CAI-4 strain background; Efg1, Efh1
orf19.5525 -0,82 -0,62 -0,48 regulated; Rgtl-repressed; protein present in exponential and stationary growth phase yeast; rat catheter
biofilm repressed
Essential protein; similar to S. cerevisiae Sec20p; depletion causes membrane accumulation and drug
orf19.5526 SEC20 -0,66 -0,57 -0,49 sensitivity; expression regulated by growth phase; O-mannosylation regulates proteolysis; does not
complement S. cerevisiae sec20-1 mutant
orf19.5530 NAB3 -0,36 -0,34 Putative nuclear polyadenylated RNA-binding protein; flucytosine repressed
Chaperone for Crk1p; interacts with Crk1p kinase domain and with Stilp; putative phosphorylation site at
orf19.5531 CDC37 -0,51 -0,48 -0,42 Ser14; functional homolog of S. cerevisiae Cdc37p; likely to be essential for growth; regulated by Gen2p and

Gendp
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Protein with a predicted role in mitotic spindle elongation, vesicle-mediated transport; flow model biofilm

orf19.5534 -0,40 .
induced

orf19.5539 -0,61 -0,49 -0,41 Protein of unknown function

orf19.5544 SACE 0,57 052 051 Fimprin; actin filament bundling protein; transcript regulated by Nrgl and Mig1; protein level decreases in
stationary phase

orf19.5547 -0,40 -0,39 Protein of unknown function; Hap43-repressed gene

orf19.5548 LYS14 0,34 _Zn[II]ZCysG t_ranscription fa_ctor; has .similarity to S. cerevisiae Lys14, which is a transcription factor involved
in the regulation of lysine biosynthesis genes

orf19.5550 MRT4 -0,40 0,64 035 Putative mRNA turnover proteir.l; ll-Iapr-induced; mutation confers hypersensitivity to tubercidin (7-
deazaadenosine); rat catheter biofilm induced

orf19.5551 MIF2 0,44 -0,40 -0,39 Centromere-associated protein; similar to CENP-C proteins; Cse4p and Mif2p colocalize at C. albicans
centromeres

orf19.5552 -0,50 -0,46 -0,43 Putative transcriptional regulator of ribonucleotide reductase genes; Spider biofilm induced

orf19.5553 -0,62 -0,58 -0,47 Protein of unknown function

orf19.5555 -0,41 Protein of unknown function

orf19.5559 RAV2 0,48 047 035 Protein §imilar to S. cerevisiae Rav2; a regulator of (H+)-ATPase in vacuolar membrane; transposon mutation
affects filamentous growth
Ortholog of S. cerevisiae Ste23 metalloprotease; role in N-terminal processing of pro-a-factor to the mature

orf19.5561 STE23 -0.45 -0.39 form; TE mutation affects filamentous growth; Spider biofilm inducid 8o
Ribonuclease H (RNAse H); hyphal-induced; flucytosine induced; similar to orf19.5564 (see Locus History);

orf19.5563 RNHI -063 -040 possibly essentigl (UAU1 r)net}l?:;d); rat catheter b);oﬁlm induced; flow model biofilm repl[”essed Y

orf19.5564 -0,44 -0,53 Protein of unknown function

orf19.5566 -0,40 -0,46 Protein of unknown function
Protein with a role in vacuolar function; null mutant has defect in damaging oral epithelial and vascular

orf19.5568 VPS51 -0,35 endothelial cells; required for normal hyphal growth and stress resistance; induced in presence of host oral or
vascular cells

orf19.5569 -0,39 -0,35 -0,37 Protein of unknown function

orf19.5574 -0,55 -0,52 -0,46 Protein of unknown function

orf19.5578 -0,33 Protein of unknown function

orf19.5579 -0,37 Protein with a predicted double-strand break repair domain; Hap43-repressed gene

orf19.5580 TEL1 -0,45 -0,37 Protein of unknown function

orf19.5584 PEP3 0,50 -0,47 -0,40 Peptidase; activity usefu_l for strain identification by multilocus enzyme electrophoresis (MLEE); clade-
associated gene expression
Secreted aspartyl proteinase; sap4,5,6 triple null defective in utilization of protein as N source; virulence role

orf19.5585 SAP5 -0,42 effected by URA3; expressed during infection; mRNA localized to hyphal tip via She3; rat catheter and Spider
biofilm induced

orf19.5586 -0,46 Protein of unknown function

orf19.5587 058 053 Protgirf oflunknown function; transcript is upregulated in clinical isolates from HIV+ patients with oral
candidiasis
mRNA-binding protein that localizes specific mRNAs to daughter yeast cells and to hyphal tips; required for

orf19.5595 SHE3 -056 -059 -057 normal ﬁlame%nfation and host epithelil;l cell damage; ortholgog of)S,. cerevisiae She3 bylft targ:t mR(Il\IAs differs

orf19.5596 -0,42 Protein of unknown function

orf19.5597 POL5 -0,41 -0,41 Putative DNA Polymerase phi; F-12/C02 early biofilm induced

orf19.5599 MDL2 -0,38 -0,34 Putative mitochondrial, half-size MDR-subfamily ABC transporter

orf19.5601 -0,39 Protein of unknown function
Plasma membrane MDR/MFS multidrug efflux pump; methotrexate is preferred substrate; overexpression in

orf19.5604 MDR1 -0,55 drug-resistant clinical isolates confers fluconazole resistance; repressed in young biofilms; rat catheter biofilm
induced

orf19.5607 -0,48 -0,43 Protein of unknown function

orf19.5608 -0,40 -0,46 RNA polymerase III subunit; Spider biofilm induced
Beta-mannosyltransferase; for elongation of beta-mannose chains on the acid-labile fraction of cell wall

orf19.5612 BMT4 -0,45 -0,70 -0,63 phosphopeptidomannan; 9-gene family member; regulated by Tsal, TsalB; flow model biofilm induced; rat
catheter biofilm repressed

orf19.5614 091 0,83 073 Pgtafcivg ribonuclea_se Hl;. pgssiply an essential gene, disruptants not obtained by UAU1 method; flow model
biofilm induced; Spider biofilm induced

orf19.5615 AYR2 -0,40 Putative NA]?PH-dependent 1-acyl dihydroxyacetone phosphate reductase; shows colony morphology-related
gene regulation by Ssnép

orf19.5618 -0,63 -0,44 -0,47 Protein of unknown function

orf19.5619 -0,54 -0,42 -0,46 Protein of unknown function; induced by alpha pheromone in SpiderM medium; Spider biofilm induced
Stationary phase enriched protein; Gen4-regulated; induced by amino acid starvation (3-AT), benomyl or in

orf19.5620 -0,82 -0,67 -0,53 azole-resistant strain that overexpresses MDR1; flow model biofilm induced; rat catheter biofilm repressed;
overlaps orf19.5621

orf19.5621 056 -0,40 -0,42 Putative protein of unknown function; mutation confers hypersensitivity to amphotericin B; overlaps
orf19.5621

orf19.5622 GLC3 0,94 0,94 0,82 Putative 1.,4-glucan branch.ing enzyme; fluconazole-induced; colony morphology-related gene regulation by
Ssné; stationary phase enriched protein

orf19.5623 ARP4 -0,54 -0,51 -0,42 Subunit of the NuA4 histone acetyltransferase complex

orf19.5626 0,70 045 -048 il’]:’;)ltliier:iofunknown function; Plc1-regulated; induced by Mnl1 under weak acid stress; flow model biofilm
S. cerevisiae ortholog Hek2 /Khd1 is a putative RNA binding protein involved in the asymmetric localization of

orf19.5627 -053 -052 044 | ASHI mRNA; Hap43%induce/d gene ’ 8P Y

orf19.5629 QCR7 -0,48 -0,45 Putative ubiquinol-cytochrome-c reductase, subunit 7; Hap43p-repressed gene

orf19.5630 APAZ 0,46 -0,39 Putative ATl.7 adenylyltransferase II; r_egulaged. by Gen4; repressed by amino acid starvation (3-AT); induced by
prostaglandins; Hap43-repressed; Spider biofilm repressed
Ferric reductase; alkaline-induced by Rim101; iron-chelation-induced by CCAAT-binding factor; fluconazole-

orf19.5634 FRP1 0,49 repressed; ciclopirox-, hypoxia-, Hap43-induced; colony morphology-related regulation by Ssné; Spider and
flow model biofilm induced
GPI-linked cell wall protein; hemoglobin utilization; Rfg1, Rim101, Tbf1, Fe regulated; Sful, Hog1, Tup1,

orf19.5636 RBT5 0,35 serum, alkaline pH, antifungal drugs, geldamycin repressed; Hap43 induced; required for RPMI biofilms;
Spider biofilm induced

orf19.5686 -0,54 Protein of unknown function; Spider biofilm induced

orf19.5702 -0,41 Protein of unknown function

orf19.5705 NAM2 -0,36 Mitochondrial leucyl-tRNA synthetase

orf19.5713 YMX6 111 il’ﬂu;‘al'zi:; NADH dehydrogenase; macrophage-downregulated gene; induced by nitric oxide; rat catheter biofilm

orf19.5718 -0,55 -0,56 -0,58 Protein of unknown function

orf19.5720 034 Predicted membrane transporter, member of the monocarboxylate porter (MCP) family, major facilitator

) ” superfamily (MFS); ketoconazole or caspofungin repressed; Spider biofilm induced

orf19.5723 POX1 043 035 Pre@icteAd acyl-CoA oxidase; regulated upon white-opaque switch; upregulated upon phagocytosis; Spider
biofilm induced

orf19.5727 -0,49 Protein of unknown function

orf19.5728 0,62 Putative cytochrome P450; Spider biofilm induced

orf19.5729 FGR17 072 0,58 0,57 Putati_v? DNA-binding transcr.iption factgr; has zinc cluster DNA-binding motif; lacks an ortholog in S.
cerevisiae; transposon mutation affects filamentous growth; Hap43p-repressed gene

orf19.5731 PAD1 -0,36 Putative phenylacrylic acid decarboxylase; repressed by Rgtlp
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Putative nucleolar GTPase; repressed by prostaglandins; Hap43-induced, rat catheter and Spider biofilm

orf19.5732 NOG2 -0,36 -0,36 .
induced
orf19.5734 POP2 053 -048 -045 Component of the Ccr4-P0p? mRNA deadenylase; heterozygous null mutant exhibits resistance to parnafungin
and cordycepin in the C. albicans fitness test
orf19.5735 CDC50 -0,46 -0,39 Putative endosomal protein; induced by Mnl1p under weak acid stress
ALS family adhesin; highly variable; expression in S. cerevisiae causes adhesion to human epithelium,
orf19.5736 ALS5 -0,51 -0,36 endothelium or ECM, endothelial invasiveness by endocytosis and, at high abundance, ECM-induced
aggregation; can form amyloid fibrils
ALS family cell-surface glycoprotein; expressed during infection of human epithelial cells; confers laminin
orf19.5742 ALS9 -063 -040 -046 adhesion i,o S. cerevisiag;iigl})lly variabls; putative GPlg-anchor; Hap43-reprel:;sed
Alanyl-tRNA synthetase; translational regulation generates cytoplasmic and mitochondrial forms; Gen4p-
orf19.5746 ALA1 -0,38 -0,43 -0,38 regulated; repressed by amino acid starvation (3-AT); translation-related genes downregulated upon
phagocytosis by murine macrophages
orf19.5747 -0,43 Protein of unknown function
orf19.5749 SBAI 051 043 035 Similar to co-chaperones; induced in high iron; farnesol-, heavy metal (cadmium) stress-induced; protein level

decreases in stationary phase cultures; Hap43-repressed

Cytoplasmic serine hydroxymethyltransferase; complements glycine auxotrophy of S. cerevisiae shm1 shm2
orf19.5750 SHM2 -0,45 gly1-1 mutant; antigenic; farnesol-upregulated in biofilm; stationary-phase enriched protein; rat catheter and
Spider biofilm repressed

Putative endoplasmic reticulum membrane protein; Hap43p-repressed gene; mutation confers

orf19.5751 ORM1 -040 -035 hypersensitivity to aureobasidin A

orf19.5752 -0,42 -0,47 -0,46 Protein of unknown function

orf19.5754 048 Putative membrane protein with a predicted role in zinc ion homeostasis; Hap43-induced; fluconazole-

) ! induced; rat catheter and Spider biofilm induced

orf19.5757 -0,61 -0,51 -0,51 Protein of unknown function

orf19.5758 SAL6 033 Putative protfzin phosphatase of the Type 1 family; serine/threonine-specific; similar to S. cerevisiae Ppq1;
mutant has virulence defect; Spider biofilm induced
GPI-anchored protein; alkaline, hypha-induced; regulated by Nrg1, Rfg1, Tup1 and Tsal, TsalB in minimal

orf19.5760 IHD1 0,43 media at 37; oralpharyngeal candidasis induced ; Spider biofilm induced; regulated in Spider biofilms by Tec1,
Efg1, Ndt80, Rob1, Brgl

orf19.5763 -0,63 -0,52 -0,45 Protein of unknown function

orf19.5764 SKI8 -0,52 -0,63 -0,50 Protein of unknown function
Linker nucleoporin of the nuclear pore complex; role in mRNA andexport from nucleus, protein import into

orf19.5765 NUP82 -0,59 -0,57 -0,50 nucleus, ribosomal large subunit export from nucleus, ribosomal small subunit export from nucleus; rat
catheter biofilm repressed

orf19.5767 -0,57 -0,48 -0,39 Protein of unknown function

orf19.5768 SNF4 -0.56 -0,56 -0,50 "l?ranscript.ion factor; ortholog of S. cerevisiae Snf4; caspofungin repressed; transposon mutation affects
filamentation

orf19.5771 PBP2 -0,38 -0,46 -0,36 Putative RNA binding protein; transcript regulated by Nrg1, Mig1, and Tup1

orf19.5772 -0,40 -0,39 -0,34 Protein of unknown function

orf19.5773 056 052 047 Putativ&.z dipeptidyl-peptidas_e I1I; protein detec_ted by mass spec in exponential and stationary phase cultures;
Hoglp-induced; clade-associated gene expression

orf19.5784 AMO1 0,69 Putative peroxisomal copper amine oxidase

orf19.5785 0,72 Protein of unknown function; upregulated in a cyr1 or ras1 null mutant; induced by nitric oxide
NAD-aldehyde dehydrogenase; decreased expression in fluconazole-resistant isolate, or in hyphae; biofilm

orf19.5806 ALD5 0,38 induced; fluconazole-downregulated; protein abundance is affected by URA3 expression in the CAI-4 strain;
stationary phase enriched

orf19.5820 UGA6 .05 0,34 PutAative GABA-specific permease; decreased transcription is observed upon benomyl treatment or in an azole-
resistant strain that overexpresses MDR1

orf19.5843 SRR1 046 Two-component system response regulator; involved in stress response; Plc1-regulated; upregulated in cyrl

null mutant; flow model biofilm induced; Spider biofilm induced

orf19.5863 -0,63 -0,41 Protein of unknown function

orf19.5867 wsc1 0,46 Pluta}tivg cell wall component; transcript upregulated in cyr1 mutant (yeast or hyphae); Spider and flow model
biofilm induced

Alpha subunit of fatty-acid synthase; required for virulence in mouse systemic infection and rat oropharyngeal
orf19.5949 FAS2 0,31 infection models; regulated by Efg1; fluconazole-induced; amphotericin B repressed; flow model and Spider
biofilm repressed

Non classical protein export protein; localized to plasma membrane; Hap43-induced gene; flow model biofilm

orf19.5960 NCE10Z 041 induced; Spider biofilm induced
orf19.5989 0,34 P}lta.tive cleavage factor | subunit; required for the cleavage and polyadenylation of pre-mRNA 3' ends; Spider
biofilm repressed
orf19.6003 0,55 0,72 0,50 Protein of unknown function; role in intracellular signal transduction; Spider biofilm induced
RNA polymerase Il holoenzyme/mediator subunit; regulated by Mig1, Tup1; amphotericin B, caspofungin
orf19.6065 -0,36 repressed; protein present in exponential and stationary growth phase yeast; Hap43-repressed; Spider biofilm
repressed
Heme oxygenase; utilization of hemin iron; transcript induced by heat, low iron, or hemin; repressed by Efg1;
orf19.6073 HMX1 0.67 036 induced %)]5 low iron; upregulated by Rim101 at pH g; Hap43-ind):1ced; Spider and flow modell:;)ioﬁlm ir?]dufed
orf19.6077 -0,37 Putative protein of unknown function; shows colony morphology-related gene regulation by Ssn6p
Predicted ORF in retrotransposon Tca8 with similarity to the Pol region of retrotransposons encoding reverse
orf19.6078 POL93 0,54 0,38 transcriptase, protease and integrase; downregulated in response to ciclopirox olamine; F-12/C02 early
biofilm induced
orf19.6079 047 036 Predicted ORF in retrotransposon Tca8 with similarity to the Gag region encoding nucleocapsid-like protein;
) ! ' repressed by ciclopirox olamine; fil induced; regulated by Rfg1, Tup1; overlaps orf19.6078.1
orf19.6081 PHR2 -0,58 Glycosidase; role in vaginal not systemic infection (low pH not neutral); low pH, high iron, fluconazole, Hap43-

induced; Rim101-repressed at pH8; rat catheter biofilm induced; Bcrl-repressed in RPMI a/a biofilms

bHLH transcription factor; required for white-phase cell type, RPMI and Spider biofilm formation, hyphal
orf19.610 EFG1 0,34 growth, cell-wall gene regulation; roles in adhesion, virulence; Cph1 and Efg1 have role in host cytokine
response; binds E-box

Copper-regulated cupric reductase; repressed by ciclopirox olamine or 17-beta-estradiol; induced by alkaline

orf19.6139 FRE7 071 conditions or interaction with macrophage; Spider biofilm induced

Protein with similarity to ferric reductases; downregulated in response to amphotericin B, estradiol, or
orf19.6140 FRE30 0,59 ciclopirox olamine, and upregulated by interaction with macrophage; un-merged from orf19.6139 in a revision
of Assembly 21

Putative 2-oxoglutarate dehydrogenase; regulated by Efgl under yeast but not hyphal growth conditions;

orf19.6165 KGD1 0,32 transcript induced in an RHE model of oral candidiasis; stationary phase enriched protein; Hap43-repressed;
rat catheter biofilm induced
orf19.6197 DHH1 0,40 0,47 0,41 Putative RNA helicase
Pry family protein; required for virulence in mouse systemic/rabbit corneal infections; not filamentation;
orf19.6202 RBT4 -0,91 -0,77 -0,68 mRNA binds She3, is localized to hyphal tips; Hap43-induced; in both yeast and hyphal culture supernatants;

Spider biofilm induced

Catalase; resistance to oxidative stress, neutrophils, peroxide; role in virulence; regulated by iron, ciclopirox,
orf19.6229 CAT1 -0,42 -0,46 fluconazole, carbon source, pH, Rim101, Ssn6, Hog1, Hap43, Sful, Sef1, farnesol, core stress response; Spider
biofilm induced

Protein of unknown function; regulated by osmotic stress via Hog1 and oxidative stress (Hog1- and Cap1-

orf19.6245 -040 independent); induced by alpha pheromone in SpiderM medium; Spider biofilm induced
orf19.6311 0,65 Protein of unknown function; Hap43-induced; rat catheter and Spider biofilm induced
orf19.6318 0,43 Protein of unknown function
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D-arabitol dehydrogenase, NAD-dependent (ArDH); enzyme of D-arabitol and D-arabinose catabolism; D-

orf19.6322 ARD -0.42 -0.48 arabitol is a marker for active infection in humans; rat catheter and Spider biofilm induced
orf19.6324 ViD27 -045 033 Protein sirrlillar toS. cerevisiae Vid27p; transposon mut.ation affects ﬁlamentgus growth; mutation confers
hypersensitivity to toxic ergosterol analog; fungal-specific (no human or murine homolog)
orf19.6327 HET1 046 056 -0.45 P.utative sphi.ngolip_id transfer protein; involved in localization of glucosylceramide which is important for
virulence; Spider biofilm repressed
orf19.6328 0,46 0,36 Putative protei_n oftbe mit.oc.hondrial intermembrane space; predicted role in acetate utilization and
gluconeogenesis; Spider biofilm repressed
Protein of unknown function; opaque-specific transcript; fluconazole-repressed; induced in cyrl mutant and in
orf19.6329 -0,43 o X . "
oralpharyngeal candidasis; Spider biofilm induced
orf19.6336 PGA25 041 Puta'Five QPl-aflchorgd adh.esin-like protein; fluconazole-downregulated; induced in oralpharyngeal
candidasis; Spider biofilm induced
Member of a family of telomere-proximal genes of unknown function; may be spliced in vivo; overlaps
orf19.6337 TLo13 -053 -036 orf19.6337.1, whicyh is aregion alimotatedgas blocked reading frame Y b b
orf19.6341 -0,35 Protein of unknown function
Formate dehydrogenase; oxidizes formate to CO2; Mig1 regulated; induced by macrophages; fluconazole-
orf19.638 FDH1 0,66 0,45 repressed; repressed by Efg1 in yeast, not hyphal conditions; stationary phase enriched; rat catheter and
Spider biofilm induced
Aconitase; induced in high iron; 2 upstream CCAAT motifs; amino acid starvation (3-AT), amphotericin B,
orf19.6385 ACO1 0,36 phagocytosis, farnesol induced; Hap43, fluconazole-repressed; Gen4-regulated; antigenic in infection; flow and
Spider biofilm repressed
Heat-shock protein; roles in biofilm and virulence; complements chaperone, prion activity in S. cerevisiae;
orf19.6387 HSP104 0,36 guanidine-insensitive; heat shock/stress induced; repressed in farnesol-treated biofilm; sumoylation target;
Spider biofilm induced
orf19.6408 0,47 Putative Dna]-like heat shock/chaperone; Hap43-repressed; Spider and F-12/C02 biofilm induced
Protein similar to S. cerevisiae pyrophosphate phosphatase Dpp1; required for farnesol biosynthesis;
orf19.6459 bep3 -045 -048 repressed by 17-beta-estradiol?§th;nyl eitradilt)al; S]l;ider bioﬁl;l:] ind\?ced Y
Predicted membrane protein induced during mating; mutation confers hypersensitivity to toxic ergosterol
orf19.6489 FMP45 0,54 analog, to amphotericin B; alkaline repressed; repressed by alpha pheromone in SpiderM medium; rat
catheter, Spider biofilm induced
High-affinity phosphate transporter; transcript regulated by white-opaque switch; Hog1, ciclopirox olamine or
orf19.655 PHO84 0,58 0,42 alkaline induced; caspofungin, stress repressed; upregulated in RHE model; Spider and flow model biofilm
induced, Hap43-induced
orf19.657 SAM2 0,30 S-adenosylmethionine synthetase; localizes to suljface ofhyphae, n9t yeast cells; alkaline, Hog1-induced;
farnesol-downregulated; F-12/C02 early biofilm induced; Spider biofilm repressed
orf19.6577 FLUI 063 Multidrug efflux pump of the plasma membrane; MDR family member of the MFS (major facilitator
) ! superfamily) of transporters; involved in histatin 5 efflux; fungal-specific (no human/murine homolog)
Protein similar to S. cerevisiae Rsb1p, involved in fatty acid transport; transposon mutation affects filamentous
orf19.6595 RTA4 -0,49 . L . .
growth; alkaline downregulated; caspofungin induced; possibly an essential gene; Hap43p-repressed
Possible heterohexameric Gim/prefoldin protein complex subunit; role in folding alpha-tubulin, beta-tubulin,
orf19.6601.1 YKE2 -0,41 and actin; transcript induced by yeast-to-hypha switch; regulated by Nrg1, Tup1; Spider and flow model
biofilm induced
orf19.6604 038 Ortho}og of'S. cereyisiae Pbal that is involved in 20S proteasome assembly; upregulated in a cyr1 null mutant;
contains a 5' UTR intron
orf19.6637 -0,36 Predicted glycosyl hydrolase; hypoxia induced; flow model biofilm induced
orf19.6639 0,37 Ortholog of S. cerevisiae Mdm36; mitochondrial distribution and morphology protein; Hap43-repressed gene
Trehalose-6-phosphate synthase; role in hyphal growth and virulence in mouse systemic infection; induced in
orf19.6640 TPS1 -0,55 presence of human neutrophils; macrophage/pseudohyphal-repressed after 16h; stationary phase enriched
protein; Hap43-repressed
orf19.6658 043 042 041 Stationary phasg enricheq protein; predicted ORF from Assgmbly 19; removed_ from Assembly 20;
subsequently reinstated in Assembly 21 based on comparative genome analysis
Protein of unknown function; expression decreases by benomyl treatment or in an azole-resistant strain
orf19.6688 0,44 . . e
overexpressing MDR1; Spider biofilm induced
Protein of unknown function; hypoxia, Hap43-repressed; ketoconazole induced; induced in oralpharyngeal
orf19.670.2 0,47 0,62 candidasis; 16h flow model biofilm repressed, late-stage flow model biofilm induced; rat catheter and Spider
biofilm induced
Putative guanyl nucleotide exchange factor with Sec7 domain; required for normal filamentous growth;
orf19.6705 0,51 regulated by yeast-hyphal switch; filament induced; regulated by Nrg1, Tup1, Mob2, Hap43; mRNA binds She3;
Spider biofilm induced
orf19.6770 0,41 protein with ENTH Epsin domain, N-terminal; Spider biofilm repressed
Beta-mannosyltransferase, required for addition of the 1st beta-mannose residue to acid-stable fraction of cell
orf19.6782 BMT1 0,42 wall phosphopeptidomannan; 9-gene family member; mutants induce higher levels of inflammatory cytokines
in mouse dendritic cells
orf19.6816 -0,61 Putative xylose and arabinose reductase; flow model biofilm induced; Spider biofilm repressed
orf19.6824 TRY6 0.65 Hglix-loop-helix trans_cription factor; regu!ator ofyeast form adherence; required for yeas_t cell_ adherence_ to
! silicone substrate; Spider and F-12/C02 biofilm induced; repressed by alpha pheromone in SpiderM medium
orf19.6834.10 TARI 0,63 -0,59 Ortholog ng. cerevis_iae Tarlp; Transcript Antisense to Ribosomal RNA; encoded within the 255 rRNA gene on
the opposite strand; induced by Tbf1
Putative transcription factor with zinc finger DNA-binding motif; heterozygous null mutant exhibits
orf19.684 -0,36 -0,34 L X . X
hypersensitivity to parnafungin and cordycepin in the C. albicans fitness test
Isocitrate lyase; glyoxylate cycle enzyme; required for virulence in mice; induced upon phagocytosis by
orf19.6844 ICL1 0,45 macrophage; farnesol regulated; Pex5-dependent peroxisomal localization; stationary phase enriched; rat
catheter, Spider biofilm induced
orf19.6852.1 -0,44 Protein of unknown function; Spider biofilm induced
orf19.686 -0,50 -0,45 -0,35 Protein of unknown function; regulated by Nrg1
orf19.687 -0,52 -0,53 -0,45 Protein of unknown function
orf19.687.1 RPL25 038 054 Putative rRNA-binding ribosomalA protein component of the 60S ribosomal subunit; Hap43-induced; colony
morphology-related gene regulation by Ssn6
orf19.688 037 Mitqchondrial ribosomal protein of the small subunit; S. cerevisiae ortholog is essential for viability; Spider
biofilm repressed
Putative flavoprotein subunit of fumarate reductase; soluble protein in hyphae; caspofungin repressed;
orf19.6882 osM1 -051 stationary phal\:)se enriched protein; flow model biofilm inducel::i; Spider bi}(])l;ilm reprSssed ¢ "
orf19.6888 -0,59 -0,52 0,61 Zn(I1)2Cys6 domain transcription factor; regulated by Mig1 and Tup1; rat catheter and Spider biofilm induced
orf19.692 -0,59 -0,60 Protein of unknown function; Hap43-repressed gene; rat catheter and Spider biofilm induced
orf19.6984 0,48 Protein of unknown function
orf19.7020 0,34 Protein similar to S. cerevisiae Kex1p, which is a pheromone-processing peptidase; possible Kex2p substrate
orf19.7022 -0,41 Protein of unknown function
orf19.7077 0,39 0,64 0,46 Putative ferric reductase; induced by Mac1 under copper starvation; Plc1-regulated; Rim101-repressed
Cytosolic manganese-containing superoxide dismutase; protects against oxidative stress; repressed by
orf19.7111.1 S0D3 0,42 ciclopirox olamine, induced during stationary phase when SOD1 expression is low; Hap43-repressed; Spider
and flow model biofilm induced
orf19.7112 FRP2 0,49 Putative ferric reductase; alkgline ind.uced by RimlO_l; fluconazole-downregulated; upregulated in the
presence of human neutrophils; possibly adherence-induced; regulated by Sef1, Sful, and Hap43
Heat shock protein; soluble in hyphae; regulated by Nrg1 and by iron; induced in high iron; heavy metal
orf19.717 HSP60 0,45 0,36 (cadmium) stress-induced; sumoylation target; protein present in exponential and stationary phase cells;

Hap43-repressed
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Glucan 1,3-beta-glucosidase; regulated by Nrg1, Tup1 and possibly Tac1; induced by NO and during cell wall
orf19.7214 -0,72 -0,40 -0,41 regeneration; stationary phase enriched; possibly essential (UAU1 method); F-12/C02 early biofilm induced;
flow biofilm repressed

Pry family cell wall protein; Rim101, Efg1, Ssné, alkaline repressed; O-glycosylation; no GPI anchor predicted;
orf19.7218 RBE1 0,43 0,44 0,38 ketoconazol induced; regulated by Sef1, Sful, Hap4; flow model biofilm induced; rat catheter and Spider
biofilm repressed

Transcription factor; alkaline pH response; required for alkaline-induced hyphal growth; role in virulence in

orf19.7247 RIM101 0,34 mice; activated by C-terminal proteolytic cleavage; mediates both positive and negative regulation; Spider
biofilm induced
orf19.7251 wsc4 0,34 Putative cell wall integrity and stress response subunit 4 precursor; transcription is specific to white cell type

Adenylyl cyclase and stress responsive protein; induced in cyrl or ras1 mutant; stationary phase enriched

orf19.7284 ASR2 -0.88 -0.50 -0.53 protein; Spider biofilm induced

orf19.7288 -0,49 Protein with predicted oxidoreductase and dehydrogenase domains; Hap43-repressed; Spider biofilm induced

Putative cation conductance protein; similar to stomatin mechanoreception protein; plasma-membrane

orf19.7296 -054 -052 localized; induced by Rgt1; rat catheter and Spider biofilm induced
orf19.73 0,62 0,46 0,44 _Putative metalloprotease; associates with ribosomes and is involved in ribosome biogenesis; Spider biofilm

induced
Protein with a role in directing meiotic recombination events to homologous chromatids; induced by

orf19.7310 -0,51 ciclopirox olamine; positively regulated by Sful; Hog1, fluconazole-repressed; Hap43-induced; Spider biofilm
induced
Zinc-finger transcription factor; regulates alpha-glucosidase exression; complements S. cerevisiae suc2 for

orf19.7319 suc1 -0,37 sucrose utilization and mal13 maltase defect; required for yeast cell adherence to silicone substrate; rat
catheter biofilm induced

orf19.7337 0,48 Protein with a nischarin related domain and leucine rich repeats; Spider biofilm induced

orf19.734 GLK1 045 Putative glucokinase; transcript regulated upon yeast-hyphal switch; Efgl regulated; fluconazole-induced;

induced in core stress response; colony morphology-related gene regulation by Ssn6; GlcNAc-induced protein

orf19.74 SECS -0,49 -0,36 Predicted exocyst component; ortholog of S. cerevisiae Sec5p; merged with orf19.75 in Assembly 21

orf19.740 HAP41 0,44 0,40 Putative Hap4-like transcriptionlfactmj; Hapé!-3-repressed; not required for response to low iron; induced by
Mnl1 under weak acid stress; Spider biofilm induced

orf19.7411 0AC1 0,59 Putative mitochondrial inner membrane transporter; rat catheter biofilm induced

Possible regulatory protein; possible adhesin-like; Glu-rich domain; production in S. cerevisiae increases

orf19.7436 AAF1 0,44 endothelial cell adherence and flocculence; flow model biofilm, alkaline or caspofungin induced
Ortholog of S.c. Vid24; a peripheral membrane protein located at Vid (vacuole import and degradation)

orf19.7445 0,42 038 vesicles; regulated by Sef1, Sful, and Hap43; Spider biofilm induced

orf19.7504 1036 -0,38 Ortholog of S. cerevisiae Rts3; a component of the protein phosphatase type 2A complex; Plc1-regulated;

induced in core caspofungin response; Spider biofilm induced

Phosphoenolpyruvate carboxykinase; glucose, C-source, yeast-hypha, Hap43 regulated; fluconazole,
orf19.7514 PCK1 0,48 phagocytosis, H202, oral candidasis, Spider/rat catheter/flow model biofilm induced; repressed in biofilm by
Bcrl, Tecl, Ndt80, Rob1, Brgl

orf19.753 MNN15 -0,40 Putative alpha-1,3-mannosyltransferase; predicted role in protein O-linked glycosylation; Spider biofilm

induced
orf19.7567 -0,33 Protein of unknown function; induced by alpha pheromone in SpiderM medium

Inositol-1-phosphate synthase; antigenic in human; repressed by farnesol in biofilm or by caspofungin;
orf19.7585 INO1 -0,46 upstream inositol/choline regulatory element; glycosylation predicted; rat catheter, flow model induced;

Spider biofilm repressed

Putative AdoMet-dependent methyltransferase; Hap43-induced; repressed by prostaglandins; possibly

orf19.76 SPBI -0.39 -055 041 essential gene, disruptants not obtained by UAU1 method; Spider biofilm induced
Putative protein tyrosine phosphatase; hypha induced; alkaline induced; regulated by Efg1, Ras1, cAMP
orf19.7610 PTP3 -0,34 pathways; mutants are viable; Spider biofilm induced; rat catheter biofilm repressed; flow model biofilm
repressed
orf19.7612 cTM1 037 Putative cytocl?rome c lysine methyltransferase; reglulatted by Gen2 and Gené4; transcript induced by Mnl1
under weak acid stress; early-stage flow model biofilm induced
orf19.7648 0,35 Protein of unknown function
D-xylulose reductase; immunogenic in mice; soluble protein in hyphae; induced by caspofungin, fluconazole,
orf19.7676 XYL2 -0,40 Hog1 and during cell wall regeneration; Mnl1-induced in weak acid stress; stationary phase enriched; flow
model biofilm induced
orf19.802 UGA1 0,36 Putative GABA tranlsamiqase; trlanscription regulated by Mig1 and Tup1; stationary phase enriched protein;
rat catheter and Spider biofilm induced
Small heat shock protein; role in stress response and virulence; fluconazole-downregulated; induced in cyr1 or
orf19.822 HSP21 0,52 ras1 mutant; stationary phase enriched protein; detected in some, not all, biofilm extracts; Spider biofilm
induced
orf19.84 CAN3 043 -0,43 0,64 Predicted amino acid transmembrane transporter; transcript regulated by white-opaque switch; Hap43-
repressed gene
Similar to glutathione peroxidase; induced in high iron; alkaline induced by Rim101; induced by alpha factor
orf19.85 Gpxz -065 -0.52 -0.65 or interact%on with malzrophage; regulated by Efggl; caspofungin repressed};]Spider biofilm indu)(;edp
orf19.86 038 Putative glutathione peroxidase; induced by peroxide, exposure to neutrophils and macrophage blood
) ! fractions; repressed during infection of macrophages; Spider biofilm induced; flow model biofilm repressed
orf19.868 ADAEC -0,44 Protein of unknown function; transcription is specific to white cell type
Ketol-acid reductoisomerase; antigenic; regulated by Gen4; GlcNAc, amino acid starvation (3-AT)-induced;
orf19.88 ILV5 -0,55 -0,34 macrophage-repressed protein; protein present in exponential and stationary phase; flow model and Spider
biofilm repressed
orf19.882 HSP78 042 Heat-shock protein; regulated by macrophage response, Nrg1, Mig1, Gen2, Gen4, Mnl1p; heavy metal
) ’ (cadmium) stress-induced; stationary phase enriched protein; rat catheter and Spider biofilm induced
orf19.89 PEX7 -0,76 -0,55 Protein of unknown function
Histidine kinase; 2-component signaling, cell wall synthesis; hyphal growth defect; avirulent in mouse, not rat
orf19.896 CHK1 -0,37 vaginal infection; phagocytosis rate increased; Spider biofilm induced; required for RPMI biofilm; Berl-
induced in a/a biofilm
orf19.90 -0,66 -0,61 -0,58 Protein of unknown function
orf19.909 STP4 043 C2H2 transcription factor; induced in core caspofungin response; colony morphology-related gene regulation

by Ssné6; induced by 17-beta-estradiol, ethynyl estradiol; rat catheter and Spider biofilm induced

orf19.91 -0,50 -0,36 Protein of unknown function; flow model biofilm induced; Hap43-repressed

orf19.918 CDRI11 051 P.uta}tive_ transporter of PDR subfamily of ABC family; Gen4-regulated; induced by Rim101 at pH 8; Spider
biofilm induced

orf19.92 -0,52 -0,49 -0,42 Protein with a predicted thioredoxin-like domain; Hap43-repressed; induced by prostaglandins

hLh domain Myc-type transcript factor; required for morphogenesis induced by elevated temperature or

orf19.921 HMS1 0,46 Hsp90 compromise; acts downstream of Pcl1; Spider biofilm induced
orf19.932 048 048 Putatl\_ze ammophosphollpld translqcase (flippase); merged with orf19.2226 in Assembly 21; possibly an
essential gene, disruptants not obtained by UAU1 method
orf19.938 0,60 Protein of unknown function
orf19.94 -0,59 -0,54 -0,56 Protein of unknown function; Spider biofilm induced
: } } DNA topoisomerase I; required for wild-type growth and for wild-type mouse virulence; sensitive to
orf19.96 ToP1 032 047 040 camptothecin; induced upon adherence to polystyrene; rat catheter biofilm induced
orf19.979 FAS1 030 Beta subunit of fatty-acid synthase; multifunctional enzyme; Hap43, fluconazole-induced; amphotericin B,
) ! caspofungin repressed; macrophage/pseudohyphal-induced; flow model and Spider biofilm repressed
orf19.984 PHO8 0,50 Putative repressible vacuolar alkaline phosphatase; Rim101-induced transcript; regulated by Tsal, TsalB in

I media at 37 deg; possibly adherence-induced
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Putative phosphoadenosine-5'-phosphate or 3'-phosphoadenosine 5'-phosphosulfate phosphatase; possible

orf19.99 HaLz1 -063 -082 -057 role in sulfur recycling; ortholog of S. cerevisiae Met22; predicted Kex2 substrate; F-12/C02 biofilm induced
orf19.999 GCAZ 048 Predicted extracellular glucoamylase; induced by ketoconazole; possibly essential, disruptants not obtained by
) ! UAU1 method; promotes biofilm matrix formation; Spider biofilm induced; Bcrl-induced in RPMI a/a biofilms
Table S 4: RNA seq padj <0.01
Common
Gene name name TRY4 ZFU2 ZCF8 Description
orf19.102 -0,48 Protein of unknown function
Aldo-keto reductase; similar to aryl alcohol dehydrogenases; protein increase correlates with MDR1
orf19.1048 IFD6 -0,71 -0,45 overexpression (not CDR1 or CDR2) in fluconazole-resistant clinical isolates; farnesol regulated; possibly
essential; Spider biofilm induced
orf19.1075 -0,74 -0,62 Protein of unknown function; Spider biofilm induced
orf19.1083 -0,38 Putative protein of unknown function; macrophage-induced gene
orf19.1084 CDC39 -0,38 Protein similar to S cerevisiatle Cdc39p, which is part of the CCR4-NOT transcription regulatory complex;
transposon mutation affects filamentous growth
orf19.1085 -0,65 -0,61 -0,47 Protein of unknown function
orf19.1089 PEX11 -0,66 -0,46 -0,36 Putative peroxism‘nal membrane pAroteifl; rolel in fattly acid oxidation; expression is Tacl-regulated; Hms1p-
dependent induction by geldamycin; Spider biofilm induced
orf19.1095 GLE2 -0,50 -0,43 -0,40 Putative n.ucllear pore complex; possibly an essential gene, disruptants not obtained by UAU1 method; rat
catheter biofilm repressed
ALS family protein; role in adhesion, biofilm formation, germ tube induction; expressed at infection of human
orf19.1097 ALS2 -0,80 -0,70 -0,77 buccal epithelial cells; putative GPI-anchor; induced by ketoconazole, low iron and at cell wall regeneration;
regulated by Sfulp
Possible oxidoreductase; transcript induced by cadmium but not other heavy metals, heat shock, yeast-hypha
orf19.113 CIP1 -0,49 switch, oxidative stress (via Cap1), or macrophage interaction; stationary phase enriched protein; Spider
biofilm induced
Putative mitochondrial respirato rotein; induced by farnesol, benomyl, nitric oxide, core stress response;
orf19.1149 MRF1 -042 oxidative stress-induced vig Capll:ysl'zationary-phase erf;iched protein; Sgider biofilm induced b
orf19.1153 GAD1 0,49 Putative glutamate decarboxylase; alkaline, macrophage-downregulated gene; amphotericin B induced;
) ! induced by Mnl1 under weak acid stress; stationary phase enriched protein; rat catheter biofilm repressed
orf19.117 -0,43 -0,42 -0,39 Protein of unknown function
orf19.1177 0,39 Ortholog of S. cerevisiae Rtt106; histone chaperone that regulates chromatin structure in transcribed and
) ” silenced chromosomal regions; affects transcriptional elongation; Hap43-repressed; Spider biofilm repressed
orf19.1179 -0,43 -0,48 Protein of unknown function; induced in high iron; possibly subject to Kex2 processing; Hap43-repressed
orf19.1180 -0,53 -0,50 -0,44 Putative 2-aminoadipate transaminase; rat catheter and Spider biofilm repressed
orf19.1182 -0,51 -0,51 -0,50 Protein of unknown function
orf19.1183 -0,58 -0,54 -0,58 Protein of unknown function
orf19.1186 -0,38 Protein of unknown function
orf19.119 -0,55 Protein of unknown function
orf19.1190 STV1 -0,34 Predicted subunit a of vacuolar proton-translocating ATPase VO domain, Golgi isoform
orf19.1191 -0,34 Protein of unknown function
orf19.1192 DNAZ -0,38 Protein similar to S. cerevisiae Dna2p, which is a DNA replication factor involved in DNA repair; induced under
hydroxyurea treatment
Predicted mitochondrial intermembrane space protein of unknown function; possibly an essential gene,
orf19.1198 -0.64 -037 disruptants not obtained by UAU1 methodp ’ ’ Y ¢
Ortholog of S. cerevisiae Nop58; involved in pre-rRNA process; Tn mutation affects filamentous growth;
orf19.1199 Nops -055 -035 macropﬁage/pseudohyphall-)induced; physicaplly interagts with TAP-tagged Nop1; Spider bioﬁlmgrepressed
orf19.1200 -0,51 -0,45 Protein of unknown function; Spider biofilm induced
orf19.1201 -0,46 -0,36 Protein of unknown function
orf19.1203 SRO77 -045 -0,38 Frotein with a predic.ted role in docking anf:l fusion of post-Golgi vesicles with the plasma membrane; filament
induced; fungal-specific (no human or murine homolog)
orf19.1203.1 -0,35 Predicted dolichol-phosphate mannosyltransferase subunit; flow model and Spider biofilm repressed
orf19.1204 -0,50 042 Pholsphoryllated proteir} qfu.nknown function; transcript is upregulated clinical isolates from HIV positive
patients with oral candidiasis
orf19.121 ARC18 -0,64 Putative ARP2/3 complex subunit; mutation confers hypersensitivity to cytochalasin D
orf19.1210 -0,41 -0,46 Protein of unknown function
orf19.1212 -0,58 -0,52 -0,39 Protein of unknown function
orf19.1214 -0,44 -0,63 -0,42 Protein of unknown function
orf19.1215 -0,44 Protein of unknown function
orf19.1217 -0,43 Protein of unknown function
SH3-domain- and BAR domain-containing protein involved in endocytosis; null mutant exhibits defects in
orf19.1220 RVS167 -0,38 -0,34 hyphal growth, virulence, cell wall integrity, and actin patch localization; cosediments with phosphorylated
Myo5p
orf19.1221 ALG2 -0,46 -0,39 P}ltative mannosyltransferase involved in cell wall mannan biosynthesis; transcription is elevated in chk1,
nik1, and sIn1 homozygous null mutants
orf19.123 RCN1 -0,39 ProtAein ir}volved ﬁn calcineurin-dependent signaling that controls stress response and virulence; inhibits
calcineurin function
orf19.124 CIC1 -0,38 -0,50 -0,38 Putative proteasome-interacting protein; rat catheter biofilm induced
NADPH oxidoreductase; interacts with phenolic substrates (17beta-estradiol); possible role in estrogen
orf19.125 EBP1 -0,41 response; induced by oxidative, weak acid stress, NO, benomyl, GIcNAc; Cap1, Mnl1 induced; Hap43-repressed;
rat catheter biofilm induced
orf19.130 VPS15 -0,56 Protein involved in retrograde endosome-to-Golgi protein transport; required for normal virulence
Predicted membrane transporter, member of the drug:proton antiporter (14 spanner) (DHA2) family, major
orf19.1308 1,58 o X
facilitator superfamily (MFS)
orf19.1309 1,08 Protein of unknown function
orf19.1310 0,54 Protein of unknown function
orf19.1311 SPO75 0,42 Protein of unknown function
orf19.1344 0,91 Protein of unknown function; fluconazole-induced; Spider biofilm induced
orf19.135 EX084 036 Predicted subunit of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the
hyphal tip
orf19.1353 043 Protein of unknown function; repressed by yeast-hypha switch; Ras1-regulated; oral infection induced;
) ’ mutants defective in damage to oral epithelium; flow model biofilm induced; Spider biofilm induced
orf19.136 QDR3 041 Pre.dlicted membran.e transporter, member of the drug:proton antiporter (12 spanner) (DHA1) family, major
facilitator superfamily (MFS); Hap43p-repressed gene
Ortholog of S. cerevisiae/S. pombe Ipk1; an inositol pentakisphosphate 2-kinase, a nuclear protein required for
orf19.1439 IPK1 -0.50 -0.37 synthesigs of 1,2,3,4,5,6-]1/exapkisphosll:))hate; Spider bisﬁlm indll)lcedp b a
orf19.1486 0,50 Protein with a life-span regulatory factor domain; regulated by Sef1, Sful, and Hap43; flow model biofilm

induced; Spider biofilm induced
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Mucin family adhesin-like protein; cell wall damage sensor; required for Cek1 phosphorylation by cell wall
orf19.1490 MSB2 047 0,39 stress; Rim101-repressed; activation releases extracellular domain into medium; Spider biofilm induced

orf19.1600 0,65 0,36 Protein of unknown function

Ammonium permease; Mep1 more efficient permease than Mep2, Mep2 has additional regulatory role; 11

orf19.1614 MEP1 0.88 057 037 predicted transmembrane regions; low mRNA abundance; hyphal downregulated; flow model biofilm induced
orf19.1653 0,37 Protein of unknown function

Plasma-membrane-localized protein; filament induced; Hog1, ketoconazole, fluconazole and hypoxia-induced;
orf19.1691 -0,58 regulated by Nrg1, Tup1, Upc2; induced by prostaglandins; flow model biofilm induced; rat catheter and

Spider biofilm repressed

Putative transcription factor; role in iron utilization, pathogenesis; both IRO1 and adjacent URA3 are mutated
orf19.1715 1RO1 -0,47 -0,53 -0,47 in strain CAI4; suppresses S. cerevisiae aft1l mutant low-iron growth defect; hyphal-induced; reports differ
about iron regulation

Orotidine-5'-phosphate decarboxylase; pyrimidine biosynthesis; gene used as genetic marker; decreased
orf19.1716 URA3 -0,71 -0,86 -0,69 expression when integrated at ectopic chromosomal locations can cause defects in hyphal growth and
virulence; Spider biofilm repressed

Vacuolar calcium P-type ATPase; transcript regulated by calcineurin and fluconazole; mutant shows increased

orf19.1727 PMC1 0,40 resistance to fluconazole, lithium; increased sensitivity to calcium; Spider biofilm induced

Cytochrome c; complements defects of S. cerevisiae cyc1 cyc7 double mutant; induced in high iron; alkaline
orf19.1770 cre 0,45 037 repressed; repressed by nitric oxide; Hap43-dependent repression in low iron; regulated by Sef1, Sful

orf19.1795 PUF3 0,46 Ortholog os S. cerevisiae Puf3; mRNA-binding protein involved in RNA catabolism; mutant is viable

Aromatic decarboxylase; Ehrlich fusel oil pathway of aromatic alcohol biosynthesis; alkaline repressed;

orf19.1847 ARO10 049 protein abundance affected by URA3 expression in CAI-4 strain; Spider biofilm induced
Possible stress protein; increased transcription associated with CDR1 and CDR2 overexpression or

orf19.1862 -0,61 fluphenazine treatment; regulated by Sful, Nrgl, Tup1; stationary phase enriched protein; Spider biofilm
induced

orf19.1887 0,36 Protein of unknown function

orf19.1978 GIT2 0,59 0,40 Puta_tlve glycerophosphomosugl permease; fungal-specific; repressed by alpha pheromone in SpiderM
medium; Hap43-repressed; Spider biofilm induced

orf19.1979 GIT3 0,55 Glycerophosphocholine permease; white cell specific transcript; fungal-specific; alkaline repressed;

caspofungin, macrophage/pseudohyphal-repressed; flow model biofilm induced; Spider biofilm induced

Similar to catabolic ser/thr dehydratases; repressed by Rim101; induced in low iron; regulated on white-
orf19.1996 CHA1 0,52 0,47 opaque switch; filament induced; Tn mutation affects filamentation; flow model biofilm induced; Spider
biofilm repressed

Putative choline/ethanolamine transporter; mutation confers hypersensitivity to toxic ergosterol analog;

orf19.2003 HNMI 036 colony morphology-related gene regulation by Ssné; clade-associated gene expression
orf19.2008 0,34 Protein of unknown function
orf19.2048 0,71 Proten of unknown function; transcript positively regulated by Sful; Hap43 repressed; Spider biofilm induced
Protein of unknown function; S. pombe ortholog SPAC7D4.05 encodes a predicted hydrolase; Hap43-
orf19.2076 -0,55 X . R
repressed; Spider biofilm induced
orf19.2128 -0,51 -0,43 Protein of unknown function
orf19.2132 -0,55 -0,53 -0,49 Protein of unknown function
Secreted lipase, member of a differentially expressed lipase gene family with possible roles in nutrition and/or
orf19.2133 LIP4 -0,44 in creating an acidic microenvironment; expressed more strongly during mucosal infections than during
systemic infections
orf19.2138 1LS1 037 Putative isoleucyl-tRNA synthetase, the target of drugs including the cyclic beta-amino acid icofungipen/PLD-

118/BAY-10-8888 and mupirocin; protein present in exponential and stationary growth phase yeast cultures

Putative Hat1-Hat2 histone acetyltransferase complex subunit; role in DNA damage repair and
orf19.2146 HAT2 -0,40 morphogenesis; mutations cause constitutive pseudohyphal growth, caspofungin sensitivity; rat catheter and
Spider biofilm repressed

Component of a complex containing the Tor2p kinase; possible a role in regulation of cell growth; Spider

orf19.215 048 biofilm induced

orf19.2150 -0,40 -049 035 Putative ortholog of mammalian electron transfer flavoprotein complex subunit ETF-alpha; Spider biofilm
repressed
Protein required for wild-type mouse virulence and wild-type cycloheximide resistance; putative GTP-binding

orf19.2151 NAG6 -0,48 -0,43 -0,41 motif; similar to S. cerevisiae Yor165Wp; in gene cluster that encodes enzymes of GlcNAc catabolism; no
human or murine homolog

orf19.2154 HXK1 037 N-acetylglucosamine (GlcNAc) kinase; involved in GlcNAc utilization; required for wild-type hyphal growth

) ” and mouse virulence; GlcNAc-induced transcript; induced by alpha pheromone in SpiderM medium

orf19.2165 -0,49 Predicted hydrolase; induced by nitric oxide
Transporter of ferrichrome siderophores, not ferrioxamine B; required for human epithelial cell invasion in

orf19.2179 SIT1 -0,38 vitro, not for mouse systemic infection; regulated by iron, Sful, Rfgl, Tup1, Hap43; rat catheter and Spider
biofilm induced

orf19.2241 PST1 051 Putativ&lz 1,4-benzoquinor}e red\}ctase; hyphal-induced; regulated by Cyr1, Ras1, Efgl, Nrg1, Rfg1, Tup1;
Hap43-induced; Spider biofilm induced

orf19.2270 SMF12 052 0,38 Ortholog of S. cerevisiae Smf1; manganese transporter; Gen4-regulated; Hap43, alkaline induced; caspofungin

repressed; mutants are viable

Heat shock protein; transcript regulated by cAMP, osmotic stress, ciclopirox olamine, ketoconazole; repressed
orf19.2344 ASR1 -1,35 -0,59 -0,62 by Cyr1, Ras1; colony morphology-related regulated by Ssn6; stationary phase enriched; Hap43-induced;
Spider biofilm induced

Cytochrome-c peroxidase N terminus; Rim101, alkaline pH repressed; induced in low iron or by macrophage
orf19.238 CCP1 -0,39 interaction; oxygen-induced activity; regulated by Sef1, Sful, and Hap43; Spider biofilm induced; rat catheter
biofilm repressed

Zinc-binding dehydrogenase; induced by benomyl, ciclopirox olamine, alpha pheromone, Hap43; regulated by
orf19.2396 IFR2 -0,48 oxidative stress via Cap1, osmotic stress via Hog1; protein present in exponential and stationary phase; rat
catheter biofilm repressed

Putative GPI-anchored cell wall protein; repressed in core caspofungin response; Hog1-induced; regulated by

orf19.2451 PGA4S 0,65 045 Ssn6; Mob2-dependent hyphal regulation; flow model biofilm induced
Glutathione-independent glyoxalase; binds human immunoglobulin E; alkaline, fluconazole, Hog1 repressed;
orf19.251 GLX3 -0,52 hypoxia, oxidative stress via Cap1, Hap43 induced; stationary-phase enriched; rat catheter, Spider biofilm
induced
orf19.2529.1 0,36 Protein of unknown function; Spider biofilm repressed
Hyphal cell wall protein; role in progression of mouse systemic infection; predicted P-loop, divalent cation
orf19.2531 CSP37 -0,43 binding, N-glycosylation sites; expressed in yeast and hyphae; hyphal downregulated; stationary-phase
enriched; GIcNAc-induced
orf19.2686 0,64 Protein of unknown function
orf19.2737 -0,61 Carbohydrate kinase domain-containing protein; Spider biofilm induced
Alkyl hydroperoxide reductase; immunogenic; fluconazole-induced; amphotericin B, caspofungin, alkaline
orf19.2762 AHP1 -0,56 -0,53 -0,40 repressed; core stress response induced; Ssk1/Nrgl/Tup1/Ssn6/Hog1 regulated; flow model biofilm induced;
rat catheter biofilm repressed
orf19.2768 AMS1 045 Putative alpha-mannosidase; transcript regulated by Nrg1; induced during cell wall regeneration; flow model

biofilm induced; Spider biofilm induced

HMG domain transcriptional repressor of filamentous growth and hyphal genes; in Tup1-dependent and -
orf19.2823 RFG1 0,50 independent pathways; binds DNA; transcript not regulated by oxygen or serum; not responsible for hypoxic
repression; Spider biofilm induced

Cirt family transposase; transcript repressed in an azole-resistant strain that overexpresses CDR1 and CDR2;

orf19.2839 CIRT4B -048 Hap43-repressed; flow model biofilm induced
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Protein of unknown function; Hap43-repressed; induced in core caspofungin response; regulated by yeast-

orf19.2846 -063 -054 hypha switch; Spider biofilm repressed
Enzyme involved in utilization of L-sorbose; has sorbitol dehydrogenase, fructose reductase, and sorbose
orf19.2896 Sou1 -0,67 -0,47 reductase activities; NAD-binding site motif; transcriptional regulation affected by chromosome 5 copy
number; Hap43p-induced gene
Exo-1,3-beta-glucanase; 5 glycosyl hydrolase family member; affects sensitivity to chitin and glucan synthesis
orf19.2990 X0G1 0,42 0,37 inhibitors; not required for yeast-to-hypha transition or for virulence in mice; Hap43-induced; Spider biofilm
induced
Transcription factor; regulates white-opaque switch; hyphal growth regulator; expression in S. cerevisiae
orf19.3127 CZF1 -0,50 causes dominant-negative inhibition of pheromone response; required for yeast cell adherence to silicone;
Spider biofilm induced
Putative NADP-dependent oxidoreductase; Hap43-repressed; induced by benomyl treatment; oxidative stress-
orf19.3139 0,72 . . e
induced via Cap1; rat catheter biofilm repressed
Putative reductase; Nrgl and Tup1-regulated; benomyl- and hyphal-induced; macrophage/pseudohyphal-
orf19.3150 GRE2 -0,43 repressed; repressed by low iron; possibly involved in osmotic stress response; stationary phase enriched
protein; Spider biofilm induced
orf19.3152 AMO2 037 Prgtein similar to A. niger predicted pem)l(is?maAl copper amino oxidase; mutation confers hypersensitivity to
toxic ergosterol analog; F-12/C02 early biofilm induced
Acetyl-coA hydrolase; acetate utilization; nonessential; soluble protein in hyphae; antigenic in human; induced
orf19.3171 ACH1 0,38 0,44 0,37 on polystyrene adherence; farnesol-, ketoconazole-induced; no human or murine homolog; stationary phase-
enriched protein
orf19.320 -0,70 -0,49 Predicted short chain dehydrog Spider biofilm induced
orf19.3208 DAL52 3,35 Putative allantoate permease; mutant is viable; similar but not orthologous to S. cerevisiae Dal5
orf19.3209 FGR42 -0,38 Protein lacking an ortholog in S. cerevisiae; transposon mutation affects fil tous growth
Putative arginine-specific carbamoylphosphate synthetase; protein enriched in stationary phase yeast
orf19.3221 CPAZ 051 cultures; rat catheter biofilm induced; Spider biofilm induced
Predicted ORF from Assembly 19; removed from Assembly 20; restored based on transcription data; similar to
orf19.33 -0,45
orf19.7550
orf19.334 0,74 042 llf[r;;t:;n of unknown function; flow model biofilm induced; Spider biofilm induced; regulated by Sef1, Sful, and
Putative adenylate kinase; repressed in hyphae; macrophage-induced protein; adenylate kinase release used
orf19.3391 ADK1 -0,44 as marker for cell lysis; possibly essential (UAU1 method); flow model biofilm induced; rat catheter and Spider
biofilm repressed
Putative 2-deoxyglucose-6-phosphatase; haloacid dehalogenase hydrolase/phosphatase superfamily; similar
orf19.3392 boaG1 -060 -062 -043 to S. cerevisiae gggl, DogZ,I;-lorlp, Rhr2; regulated by Nrgi Tupl; }S,pider bi/ol;ilm Ir)epressed ’ ’
orf19.3393 -0,57 -0,37 Putative DEAD-box helicase; Hap43-induced; Spider biofilm induced
orf19.3396 HCH1 -0.44 -055 Ortholog of S. C§revisiae Hchi, a regulatgr ofheat shock protein Hsp90; regulalted by Gen4; induced in
response to amino acid starvation (3-aminotriazole treatment); mutants are viable
orf19.3399 -0,40 -0,47 -0,42 Protein of unknown function
Protein with a predicted role in coenzyme Q biosynthesis; transcriptionally induced by interaction with
orf19.3400 €003 -051 -054 -040 macrophages; ]l;ossibly an essential ge}:’le, d?sruptints not obtainedpby UAUyl method Y
orf19.3401 CTA1 052 -0,42 _Protein si.milar to _S. cerevisigg Molep,_ which affects S. cerevisiae filamgntous growth; actiyates transcription
in 1-hybrid assay in S. cerevisiae; protein levels increase under weak acid stress; nonessential
orf19.3405 7CF18 -0,40 Putative Zn[II]Z(_IysE_» transcription_factor; heterozygous null mutant displays sensitivity to virgineone and
decreased colonization of mouse kidneys
orf19.3407 RAD18 -0,37 Putative transcription factor with zinc finger DNA-binding motif; Hap43p-repressed gene
orf19.3409 SEC12 -0,41 -0,50 -0,43 Putative guanyl-nucleotide exchange factor; induced in high iron; Hap43-repressed
orf19.3411 -0,53 Protein of unknown function
orf19.3412 ATG15 -0,38 Putative lipase; fungal-specific (no human or murine homolog); Hap43p-repressed gene
Protein required for normal cell wall, plasma membrane, cytoskeletal organization, endocytosis; localizes to
orf19.3414 SUR7 -0,39 -0,36 eisosome subdomains of plasma membrane; four transmembrane motifs; mutant shows ectopic, chitin-rich
cell wall; fluconazole-induced
orf19.3415.1 RPL32 -0,40 -0,54 Component of the large (60S) ribosomal subunit; Spider biofilm repressed
orf19.3417 ACF2 -0,55 -0,65 -0,55 Putative endo-1,3-beta-glucanase; fungal-specific (no human or murine homolog)
orf19.3423 TIF3 0,44 Putative translation initiation factor; genes encod_ing ribost_:mal subunits, translation factors, and tRNA
synthetases are downregulated upon phagocytosis by murine macrophage
Translation initiation factor elF-5A; repressed in hyphae vs yeast cells; downregulated upon phagocytosis b:
orf19.3426 ANB1 -040 -050 -037 murine macrophage; Hap43-induced; glcNAc-indu}ésd prote)i,n; Spider biofilm rgpressed pon preseey Y
orf19.3427 -0,41 Protein of unknown function
orf19.3433 OYE23 0,65 Putative NAPDH dehydrolgelnas?; induced by nitric oxide, benomyl; oxidative stress-induced via Cap1; Hap43p-
repressed; rat catheter biofilm induced
orf19.3439 -0,52 Protein of unknown function; Cyr1-repressed; rat catheter and Spider biofilm induced
orf19.344 035 Protein of unknown function; upregulated by fluphenazine treatment or in an azole-resistant strain that
) ” overexpresses CDR1 and CDRZ; transcript possibly regulated by Tacl
orf19.3442 -0,47 -0,48 -0,41 Putative oxidoreductase; Hap43-repressed gene
orf19.3443 OYE2 -0,60 -0,51 -0,56 Putative NAPDH dehydrog induced by nitric oxide; Spider biofilm induced
orf19.3445 Hoc1 -0,44 -0,46 -0,43 Protein with similarity to mannosyltransferases; similar to S. cerevisiae Hoclp and C. albicans Och1p
orf19.3447 -0,42 Protein of unknown function
orf19.3450.1 -0,41 Protein of unknown function
Protein with a predicted serine/threonine kinase and tyrosine kinase domain; possibly an essential gene,
orf19.3456 071 -063 -059 disruptants no'ltjobtained by UA{Jl method ’ ’ Y §
orf19.3457 SWD3 -0,40 Protein of unknown function
orf19.3458 -0,51 -0,60 -0,45 Protein of unknown function
orf19.3459 -0,52 -0,47 -0,47 Putative serine/threonine/tyrosine (dual-specificity) kinase; disruptants not obtained by UAU1 method
orf19.3460 073 052 Protein of unknown func.tion; mRNA binds She3; transcript regulated upon yeast-hypha switch; induced in
oralpharyngeal candidasis
Functional homolog of S. cerevisiae Sar1; which is required for ER-to-Golgi protein transport; binds GTP;
orf19.3462 SART -046 -053 -040 similar to small GTngase superfamily proteins; gene h(;s intron; Hap43-indgufed; rat cathe!:er biofilm repressed
orf19.3463 -0,37 -0,51 -0,35 Putative GTPase; role in 60S ribosomal subunit bio is; Spider biofilm induced
orf19.3465 RPL10A -048 Pr&lzdictef:l ribosomal protein; downregulated upon phagocytosis by murine macrophages; Hap43-induced;
Spider biofilm repressed
orf19.3467 SEC27 -0,46 -0,41 -0,35 Protein of unknown function
orf19.3469 043 S. cerevisiag orth_olog SFbl has a role in regulation of MBF-specific transcription at Start; induced in a cyr1 null
mutant; Spider biofilm induced
orf19.3473 -0,40 Protein of unknown function
Putative Aurora kinase; Hap43-induced; induced during planktonic growth; possibly an essential gene,
orf19.3474 [PL1 041 disruptants not obtained b; UAU1 method er i ’ Y §
Putative pseudouridine synthase; predicted role in snRNA pseudouridine synthesis, tRNA pseudouridine
orf19.3477 -0,39 3 R . A
synthesis; Spider biofilm induced
orf19.3478 NIP7 -0.45 -058 10,39 il’nu;‘a;'zi:; nucleolar protein with role in ribosomal assembly; hyphal-induced; Hap43-induced; Spider biofilm
orf19.3480 -0,45 Protein of unknown function
orf19.3482 -0,49 -0,53 -0,52 Protein of unknown function
orf19.3496 CHC1 043 037 Clathrin heavy chain; subunit of the major coat protein; role in intracellular protein transport and endocytosis;

flow model and rat catheter biofilm repressed
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S. cerevisiae ortholog Pxl11 localizes to sites of polarized growth and is required for selection and/or

orf19.3501 -040 maintenance of polarized growth sites; Hoglp-repressed
orf19.3503 -0,55 Protein of unknown function
orf19.3504 RPL23A 042 Ribosoma.l prot_ein; downregulated upon phagocytosis by murine macrophage; Hap43-induced; sumoylation
target; Spider biofilm repressed
NADH-cytochrome-b5 reductase; soluble in hyphae; alkaline downregulated; farnesol, ketoconazole or
orf19.3507 MCR1 -0,55 -0,47 -0,39 flucytosine induced; protein present in exponential and stationary growth phase yeast; YNB biofilm induced;
rat catheter biofilm repressed
orf19.3508 -0,60 -0,46 Putative protein of unknown function; stationary phase enriched protein
White-phase yeast transcript; expression in opaques increases virulence/switching; mutant switches as WT;
orf19.3548.1 WH11 -0,38 Hap43, hypoxia, ketoconazol induced; required for RPMI biofilm; Ber1-induced in RPMI a/a biofilm; rat
catheter, Spider biofilm induced
Cell wall glycosidase; role in biofilm formation and cell separation; possibly secreted; hypoxia, hyphal induced;
orf19.3642 SUN41 -0,43 -0,48 -0,44 caspofungin repressed; Efgl, Cph1 regulated; O-glycosylated, possible Kex2 substrate; 5'-UTR intron; Spider
biofilm induced
orf19.3643 -0,42 Protein of unknown function; Hap43-repressed gene
orf19.3644 -0,41 -0,41 Protein of unknown function; Cyr1-repressed; rat catheter and Spider biofilm induced
orf19.3647 SEC8 -0,46 -0,46 0,37 Predicte.d subunit of the exocyst complex, involved in exocytosis; localizes to a crescent on the surface of the
hyphal tip
orf19.3649 -0,64 -0,76 -0,54 Protein of unknown function
Phosphoglycerate kinase; localizes to cell wall and cytoplasm; antigenic in murine/human infection; flow
orf19.3651 PGK1 -0,81 -0,65 -0,49 model biofilm, Hog1-, Hap43-, GCN-induced; repressed upon phagocytosis; repressed in Spider biofilms by
Bcrl, Ndt80, Rob1, Brgl
orf19.3653 FAT1 -0,42 Predicted enzyme of sphingolipid biosynthesis; upregulated in biofilm
orf19.3658 -0,38 Protein of unknown function
Putative CTD phosphatase; role in dephosphorylation of RNA polymerase II C-terminal domain, transcription
orf19.3659 -0,52 PRI
from RNA polymerase Il promoter; flow model biofilm induced
orf19.3660 -0,54 -0,39 Protein of unknown function
orf19.3664 HSP31 0,61 1,40 0,88 Putative 30 kda heat shock protein; repressed during the mating process; rat catheter biofilm induced
Putative ser/thr kinase involved in glucose transport; Tn mutation affects filamentous growth; fluconazole-
orf19.3669 SHA3 0,46 induced; ketoconazole-repressed; induced in by alpha pheromone in SpiderM; possibly essential; flow model

biofilm induced

UDP-glucose 4-epimerase; galactose utilization; mutant has cell wall defects and increased filamentation;
orf19.3672 GAL10 0,38 GIcNAc-, fluconazole- and ketoconazole-induced; stationary phase enriched protein; rat catheter and flow
model biofilm induced

Putative galactose-1-phoshphate uridyl transferase; downregulated by hypoxia, upregulated by ketoconazole;

orf19.3675 GAL7 043 macrophage/pseudohyphal-repressed

Nitric oxide dioxygenase; acts in nitric oxide scavenging/detoxification; role in virulence in mouse; transcript

orf19.3707 YHB1 -063 activated by NO, macrophage interaction; Hap43, hypha repressed; mRNA binds She3

Isocitrate dehydrogenase; white-opaque switch regulated; morphology-regulation by Ssné; protein in
orf19.3733 IDP2 0,77 0,64 exponential and stationary phase yeast; Hap43-repressed; Spider biofilm repressed by Berl, Tec1, Ndt80,
Rob1, Brgl; Spider biofilm induced

Putative GPI-anchored protein of unknown function; Rim101-repressed; Cyr1-regulated; colony morphology-

orf19.3740 pGAz3 -0.66 related gene regulation by Ssné

Glycine decarboxylase P subunit; protein of glycine catabolism; repressed by Efg1; Hogl-induced; induced by

orf19.385 Gevz 048 0,44 Rim101 at acid pH; transcript induced in elevated CO2; stationary phase enriched protein

GPI-linked chitinase; required for normal filamentous growth; repressed in core caspofungin response;
orf19.3895 CHT2 0,45 0,41 fluconazole, Cyr1, Efgl, pH-regulated; mRNA binds She3 and is localized to yeast-form buds and hyphal tips;
Spider biofilm repressed

Predicted RNA binding protein; stationary phase enriched; induced in core caspofungin response; induced by

orf19.3932 -0,56 -0,37 nitric oxide independent of Yhb1; repressed in ssr1 null; ketoconazole, hypoxia induced; Spider biofilm
induced
orf19.3932.1 -0,51 Protein of unknown function
orf19.3988 1,54 0,99 Putative adhesin-like protein; induced by Mnl1 under weak acid stress; rat catheter and Spider biofilm induced
Immunogenic stress-associated protein; filamentation regulated; induced by
orf19.4082 DDR48 -0,71 benomyl/caspofungin/ketoconazole or in azole-resistant strain; Hog1, farnesol, alkaline repressed; stationary

phase enriched; Spider, flow model biofilm induced

Protein involved in exit from mitosis and morphogenesis; ortholog of S. cerevisiae Cdc14p, which is a dual-

orf19.4192 CDC14 -0,39 specificity phosphatase and cell-cycle regulator; suppresses S. cerevisiae cdc15-lyt1, dbf2-2, and (partially)
tem1 mutant phenotypes
orf19.4192.1 -0,47 -0,60 -0,37 Protein of unknown function
orf19.4194 -0,50 Putative TFIIH complex subunit; possibly an essential gene, disruptants not obtained by UAU1 method
Cytosine deaminase; enzyme of pyrimidine salvage; functional homolog of S. cerevisiae Fcy1p; mutation is
orf19.4195.1 Feat -049 -061 azsociated with resistanc}; to ﬂug)}/,tosine (5-FC) ilgl a clinical isolate; hypghal downregulated}; gl:ne has intron
orf19.4203 -0,48 Protein of unknown function
orf19.4206 -0,37 Protein of unknown function
Required for homologous DNA recombination, repair of UV- or MMS-damaged DNA, telomere length, UV-
orf19.4208 RAD52 -0,50 -0,52 induced LOH; constitutive expression, MMS-induced; weakly complements S. cerevisiae rad52 mutant; slow
growth, increased white-to-opaque switch
orf19.4209 -0,52 -0,58 -0,48 Protein of unknown function
Multicopper oxidase; for growth in low iron, prostaglandin E2 synthesis;
orf19.4211 -0,44 ketoconazole/caspofungin/amphotericin B repressed; Sefl/Sful/Hap43 regulated; reports differ if functional

homolog of ScFet3; rat catheter and Spider biofilm induced

Multicopper ferroxidase; induced by low iron, ciclopirox olamine, ketoconazole, hypoxia; alkaline induced by
orf19.4215 FET34 -0,58 Rim101; repressed in fluconazole-resistant isolate; Sful, Hog1 repressed; complements S. cerevisiae fet3;
Spider biofilm induced

Protein with similarity to S. cerevisiae Ykr070w; Tn mutation affects filamentation; Hog1-repressed; colony

orf19.4246 -058 morphology-related gene regulation by Ssnép; induced during cell wall regeneration; possibly essential
GPI-anchored protein; mainly at plasma membrane, also at cell wall; Hap43, caspofungin-induced; Plc1-

orf19.4255 ECM331 -0,74 -0,47 regulated; Hog1, Rim101-repressed; colony morphology-related regulated by Ssné; induced by ketoconazole
and hypoxia

orf19.4274 PUT1 0,41 Putative proline oxidase; alkaline upregulated by Rim101; flow model biofilm induced; Spider biofilm induced
Citrate synthase; induced by phagocytosis; induced in high iron; Hogl-repressed; Efgl-regulated under yeast,

orf19.4393 CIT1 0,61 0,39 not hyphal growth conditions; present in exponential and stationary phase; Spider biofilm repressed; rat
catheter biofilm induced

orf19.4436 GPX3 0,54 Putative glutathione peroxidase involved in Cap1p-dependent oxidative stress response, required for Cap1p

oxidation in response to H202; planktonic growth-induced

Zinc finger protein; controls meiosis in S. cerevisae; white-specific transcript; upregulation correlates with
orf19.4438 RME1 0,71 clinical development of fluconazole resistance; Upc2-regulated in hypoxia; flow model biofilm induced; Spider
biofilm repressed

Protein of unknown function; Plc1p-regulated; expression induced early upon infection of reconstituted
orf19.4445 0,42 0,35 human epithelium (RHE), while expression of the C. dubliniensis ortholog is not; mutant is viable; Spider
biofilm induced

Protein conserved among the CTG-clade; 2 adjacent upstream SRE-1 elements; highly up-regulated in cecum-
orf19.4450.1 0,59 grown cells in a Cph2-dependent manner; Hap43-repressed; rat catheter, Spider and flow model biofilm
induced
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Mannosyltransferase; induced during cell wall regeneration; fungal-specific (no human or murine homolog);

orf19.4475 KTR4 -043 Bcerl-repressed in RPMI a/a biofilms
orf19.4476 051 Perein \fvith a NADP-dependent oxidoreductase domain; transcript induced by ketoconazole; rat catheter and
Spider biofilm induced
Aldo-keto reductase; role in fibronectin adhesion, cell surface hydrophobicity; regulated by temperature,
orf19.4477 CSH1 -0,75 -0,46 -0,62 growth phase, benomyl, macrophage interaction; azole resistance associated; Spider biofilm induced; rat
catheter biofilm repressed
orf19.4526 HSP30 1,79 1,06 Putative h.eat. sh(?ck protein; fluconazole repressed; amphotericin B induced; Spider biofilm induced; rat
catheter biofilm induced
GPI-anchored adhesin; role in adhesion, germ tube induction; growth, temperature regulated; expressed
orf19.4555 ALS4 -0,69 -0,64 during infection of human buccal epithelial cells; repressed by vaginal contact; biofilm induced; repressed
during chlamydospore formation
Putative phosphate permease; transcript regulated upon white-opaque switch; alkaline induced by Rim101;
orf19.4599 PHO89 0,80 0,69 040 possibly adherence-induced; F-12/C02 model, rat catheter and Spider biofilm induced
Putative dienelactone hydrolase; protein abundance is affected by URA3 expression in the CAI-4 strain
orf19.4609 0,49 background; protein present in exponential and stationary growth phase yeast cultures; rat catheter biofilm
repressed
orf19.4666 -045 Frotein of unknown function; hyphal-induced expression, regulated by Cyr1, Ras1, Efg1; Spider biofilm
induced
Transcription factor; modulator of white-opaque switch; induced in opaque cells; promoter bound by Wor1;
orf19.467 WOR3 0,59 0,96 1,00 overexpression at 25 degr shifts cells to opaque state; deletion stabilizes opaque cells at higher temperatures;
Spider biofilm induced
Amino acid permease; hyphal repressed; white-opaque switch regulated; induced in core caspofungin
orf19.4679 AGP2 -0,53 response, during cell wall regeneration, by flucytosine; regulated by Sef1, Sful, and Hap43; rat catheter and
Spider biofilm induced
Putative MFS family glucose transporter; 20 members in C. albicans; 12 probable membrane-spannin;
orf19.4682 HeT17 -0,39 segments; induced};tglow (0.2%, cpompared to 2%) glucose in rich medial;) Spider biofilm induc&l;d ¢
Secretory protein; a-specific, alpha-factor induced; mutation confers hypersensitivity to toxic ergosterol
orf19.4688 bag7 -051 -043 analog; ﬂyuléonazole-inl()iuced; inllniuced during chlamydospore formatior}lllian C. albicantsyand C. dublginiensis
Alternative oxidase; cyanide-resistant respiration; induced by antimycin A, oxidants; growth; Hap43,
orf19.4773 A0X2 0,53 0,97 chlamydospore formation repressed; rat catheter, Spider biofilm induced; regulated in Spider biofilms by Bcr1,
Tecl, Ndt80, Brgl
Putative dihydroxyacetone kinase; repressed by yeast-hypha switch; fluconazole-induced; caspofungin
orf19.4777 DAK2 -0,58 repressed; protein enriched in stationary phase yeast cultures; flow model biofilm induced; rat catheter and
Spider biofilm repressed
Putative transporter; slightly similar to the Sit1p siderophore transporter; Gendp-regulated; fungal-specific;
orf19.4779 0,47 . .
induced by Mnl1p under weak acid stress
Copper transporter; CPx P1-type ATPase; mediates Cu resistance; similar to Menkes and Wilson disease
orf19.4784 CRP1 0,63 0,36 proteins; copper-induced; Tbhfl-activated; suppresses Cu sensitivity of S. cerevisiae cupl mutant; flow model
biofilm induced
Arginine biosynthetic enzyme; processed in S. cerevisiae into 2 polypeptides with acetylglutamate kinase
orf19.4788 ARG5,6 0,44 (Arg6) activity and acetylglutamate-phosphate reductase (Arg5) activity; Gen4 regulated; alkaline repressed;
Spider biofilm induced
Mitochondrial RNase P subunit; roles in nuclear transcription, cytoplasmic and mitochondrial RNA processing,
orf19.48 RPM2 0,44 mitochondrial translation; virulence-group-correlated expression; likely essential (UAU1 method); rat catheter
biofilm induced
orf19.4898 -0,46 Putative protein of unknown function; induced by prostaglandins
Extracellular/plasma membrane-associated glucoamylase; expressed in rat oral infection; regulated by
orf19.4899 GCA1 -0,47 carbohydrates, pH, galactose; promotes biofilm matrix formation; flow model biofilm induced; Bcr1 repressed
in RPMI a/a biofilms
Putative protein of unknown function; Hap43p-repressed gene; increased transcription is observed upon
orf19.4907 0,77 fluphenazine treatment; possibly transcriptionally regulated by Tac1p; induced by nitric oxide; fungal-specific
(no human/murine homolog
orf19.4914.1 BLP1 -0,52 Protein of unknown function, serum-induced
orf19.4940 0,34 Putative histidine permease; fungal-specific (no human or murine homolog); Hap43p-induced gene
bHLH transcription factor; control of glycolysis; required for biofilm formation; hyphally regulated by Cph1,
orf19.4941 TYE7 0,34 Cyr1; flucytosine, Hogl induced; amphotericin B, caspofungin repressed; induced in flow model biofilm and
planktonic cultures
orf19.4943 PSAZ 0,68 Ma.nnos&?-l-pht_asphate guanyltransfer_ase; Hap43, macrophage-repressed; stationary phase enriched protein;
Spider biofilm induced; rat catheter biofilm repressed
ATP sulfurlyase; sulfate assimilation; repressed by Met, Cys, Sful, or in fluconazole-resistant isolate; Hog1,
orf19.5025 MET3 -0,43 caspofungin, white phase-induced; induced on biofilm formation, even in presence of Met and Cys; Spider, F-
12/C02 biofilm induced
Putative ABC transporter superfamily; fluconazole, Sful, Hog1, core stress response induced; caspofungin
orf19.5079 CDR4 0,57 repressed; fluconazole resistance not affected by mutation or correlated with expression; rat catheter and flow
model biofilm induced
orf19.5125 -0,35 Protein of unknown function; induced by ketoconazole; Spider, F-12/C02 and flow model biofilm induced
Protein with similarity to a human gene associated with colon cancer and to orf19.5158; regulated by Gcn4,
orf19.5158 -0,50 Cyr1; induced by amino acid starvation; macrophage-induced protein, macrophage-repressed; Spider biofilm
induced
orf19.5285 PST3 0,34 Putative flavodoxin; YNB biofilm induced; stationary phase enriched protein; rat catheter and Spider biofilm
repressed
orf19.5305 RHD3 053 GPl-ar{chored yeast-associa?ed cell wall protein; induced in high iron; claz?e-asstlacilated gene expression; not
essential for cell wall integrity; fluconazole-repressed; flow model and Spider biofilm repressed
Plasma membrane H(+)-ATPase; highly expressed, comprises 20-40% of total plasma membrane protein;
orf19.5383 PMA1 0,47 0,43 0,40 levels increase at stationary phase transition; fluconazole induced; caspofungin repressed; upregulated in RHE
model; Spider biofilm repressed
Putative beta-mannosyltransferase required for the addition of beta-mannose to the acid-labile fraction of cell
orf19.54 RHD1 -0,44 wall phosphopeptidomannan; 9-gene family memebr; regulated on yeast-hypha and white-opaque switches;
Spider biofilm repressed
orf19.5431 -0,48 Protein of unknown function; Hap43-repressed; Spider biofilm induced
orf19.5455 0,43 Protein of unknown function
orfl9.5514 046 Serct::;:og of S. pombe SPCC550.08, an N-acetyltransferase; transcript induced during growth in the mouse
orf19.5516 -0,47 -0,43 Protein of unknown function
orfl9.5517 10,60 037 Similar to alc.oho_l dehydrogenases; ir_lduced by l?enomyl .treatment, nitric oxide; induced in core stress
response; oxidative stress-induced via Cap1; Spider biofilm repressed
orf19.5518 -0,51 Protein of unknown function; Spider biofilm induced
orf19.5519 GCV1 -0,53 -0,44 Putative T subunit of glycine decarboxylase; transcript negatively regulated by Sful; Spider biofilm repressed
orf19.5521 I1SA1 052 Putative rnlitocht?ndria! iron-sulfur protein; alkaline repressed; induced in high iron; regulated by Sef1, Sful,
Hap43; Spider biofilm induced
orf19.5522 -0,57 -0,51 Protein of unknown function
Putative oxidoreductase; protein levels affected by URA3 expression in CAl-4 strain background; Efg1, Efh1
orf19.5525 -0,82 -0,62 -0,48 regulated; Rgtl1-repressed; protein present in exponential and stationary growth phase yeast; rat catheter

biofilm repressed
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Essential protein; similar to S. cerevisiae Sec20p; depletion causes membrane accumulation and drug

orf19.5526 SEC20 -0,66 -0,57 -0,49 sensitivity; expression regulated by growth phase; O-mannosylation regulates proteolysis; does not
complement S. cerevisiae sec20-1 mutant

orf19.5530 NAB3 -0,34 Putative nuclear polyadenylated RNA-binding protein; flucytosine repressed
Chaperone for Crk1p; interacts with Crk1p kinase domain and with Stilp; putative phosphorylation site at

orf19.5531 cDC37 -0,51 -0,48 -0,42 Ser14; functional homolog of S. cerevisiae Cdc37p; likely to be essential for growth; regulated by Gen2p and
Gendp

orf19.5534 -0,40 _Protein with a predicted role in mitotic spindle elongation, vesicle-mediated transport; flow model biofilm
induced

orf19.5539 -0,61 -0,41 Protein of unknown function

orf19.5544 SAC6 057 052 051 Flmlbrm; actin filament bundling protein; transcript regulated by Nrgl and Mig1; protein level decreases in
stationary phase

orf19.5550 MRT4 -0,40 0,64 0,35 Putative mRNA turnover protelp; l.-Iapr-mduced; mutation confers hypersensitivity to tubercidin (7-
deazaadenosine); rat catheter biofilm induced

orf19.5551 MIF2 0,44 -0,39 Centromere-associated protein; similar to CENP-C proteins; Cse4p and Mif2p colocalize at C. albicans
centromeres

orf19.5552 -0,50 -0,46 -0,43 Putative transcriptional regulator of ribonucleotide reductase genes; Spider biofilm induced

orf19.5553 -0,62 -0,58 -0,47 Protein of unknown function

; ; Ortholog of S. cerevisiae Ste23 metalloprotease; role in N-terminal processing of pro-a-factor to the mature

orf19.5561 STE23 045 0,39 form; Tn mutation affects filamentous growth; Spider biofilm induced
Ribonuclease H (RNAse H); hyphal-induced; flucytosine induced; similar to orf19.5564 (see Locus History);

orf19.5563 RNHI -063 -040 possibly essential (UAU1 method); rat catheter biofilm induced; flow model biofilm repressed

orf19.5564 -0,53 Protein of unknown function

orf19.5569 -0,39 -0,37 Protein of unknown function

orf19.5574 -0,55 -0,52 -0,46 Protein of unknown function

orf19.5580 TEL1 -0,45 -0,37 Protein of unknown function

orf19.5584 PEP3 -0,40 Peptldase; activity usefu_l for strain identification by multilocus enzyme electrophoresis (MLEE); clade-
associated gene expression
Secreted aspartyl proteinase; sap4,5,6 triple null defective in utilization of protein as N source; virulence role

orf19.5585 SAP5 -0,42 effected by URA3; expressed during infection; mRNA localized to hyphal tip via She3; rat catheter and Spider
biofilm induced

orf19.5586 -0,46 Protein of unknown function

orf19.5587 -053 Protglrf oflunknown function; transcript is upregulated in clinical isolates from HIV+ patients with oral
candidiasis
mRNA-binding protein that localizes specific mRNAs to daughter yeast cells and to hyphal tips; required for

orf19.5595 SHE3 -056 -059 -057 normal filamentation and host epithelial cell damage; ortholog of S. cerevisiae She3 but target mRNAs differs

orf19.5597 POLS -0,41 Putative DNA Polymerase phi; F-12/C02 early biofilm induced

orf19.5599 MDL2 -0,34 Putative mitochondrial, half-size MDR-subfamily ABC transporter

orf19.5601 -0,39 Protein of unknown function
Plasma membrane MDR/MFS multidrug efflux pump; methotrexate is preferred substrate; overexpression in

orf19.5604 MDR1 -0,55 drug-resistant clinical isolates confers fluconazole resistance; repressed in young biofilms; rat catheter biofilm
induced

orf19.5607 -0,48 Protein of unknown function
Beta-mannosyltransferase; for elongation of beta-mannose chains on the acid-labile fraction of cell wall

orf19.5612 BMT4 -0,45 -0,70 -0,63 phosphopeptidomannan; 9-gene family member; regulated by Tsal, TsalB; flow model biofilm induced; rat
catheter biofilm repressed

orfl9.5614 091 -0,83 073 Pluta}tlvg rlbonucleafe Hl:. ps)ss&)ly an essential gene, disruptants not obtained by UAU1 method; flow model
biofilm induced; Spider biofilm induced

orf19.5618 -0,63 -0,44 -0,47 Protein of unknown function

orf19.5619 -0,54 -0,46 Protein of unknown function; induced by alpha pheromone in SpiderM medium; Spider biofilm induced
Stationary phase enriched protein; Gen4-regulated; induced by amino acid starvation (3-AT), benomyl or in

orf19.5620 -0,82 -0,67 -0,53 azole-resistant strain that overexpresses MDR1; flow model biofilm induced; rat catheter biofilm repressed;
overlaps orf19.5621

orf19.5621 -0,56 042 Putative protein of unknown function; mutation confers hypersensitivity to amphotericin B; overlaps
orf19.5621

orf19.5622 GLC3 0,94 0,94 0,82 Putative 1.,4-glucan branchlmg enzyme; fluconazole-induced; colony morphology-related gene regulation by
Ssné; stationary phase enriched protein

orf19.5623 ARP4 -0,54 -0,51 -0,42 Subunit of the NuA4 histone acetyltransferase complex

orf19.5626 0,70 -045 -048 il’;(;)‘tl&éler::lofunknown function; Plc1-regulated; induced by Mnl1 under weak acid stress; flow model biofilm

orf19.5627 053 052 -0.44 S. cerevisiae ortholog Hek2/Khd1 is a putative RNA binding protein involved in the asymmetric localization of

ASH1 mRNA; Hap43-induced gene

orf19.5629 QCR7 -0,48 -0,45 Putative ubiquinol-cytochrome-c reductase, subunit 7; Hap43p-repressed gene

Putative ATP adenylyltransferase II; regulated by Gen4; repressed by amino acid starvation (3-AT); induced by

orf19.5630 APAZ -046 prostaglandins; Hap43-repressed; Spider biofilm repressed
Ferric reductase; alkaline-induced by Rim101; iron-chelation-induced by CCAAT-binding factor; fluconazole-
orf19.5634 FRP1 0,49 repressed; ciclopirox-, hypoxia-, Hap43-induced; colony morphology-related regulation by Ssné; Spider and
flow model biofilm induced
orf19.5686 -0,54 Protein of unknown function; Spider biofilm induced
orf19.5702 -0,41 Protein of unknown function
orf19.5713 YMX6 111 il’ﬂu;:?:; NADH dehydrogenase; macrophage-downregulated gene; induced by nitric oxide; rat catheter biofilm
orf19.5718 -0,55 -0,56 -0,58 Protein of unknown function
orf19.5723 POX1 0,35 Predicted acyl-CoA oxidase; regulated upon white-opaque switch; upregulated upon phagocytosis; Spider

biofilm induced

orf19.5728 0,62 Putative cytochrome P450; Spider biofilm induced

Putative DNA-binding transcription factor; has zinc cluster DNA-binding motif; lacks an ortholog in S.

orf19.5729 FGR17 -072 -058 -057 cerevisiae; transposon mutation affects filamentous growth; Hap43p-repressed gene
orf19.5734 POP2 0,53 -048 -045 Component ol_“ the Ccr4-Pop_2 mRNA deadenylase; heterozygous null mutant exhibits resistance to parnafungin
and cordycepin in the C. albicans fitness test
orf19.5735 CDC50 -0,39 Putative endosomal protein; induced by Mnl1p under weak acid stress
ALS family adhesin; highly variable; expression in S. cerevisiae causes adhesion to human epithelium,
orf19.5736 ALS5 -0,51 -0,36 endothelium or ECM, endothelial invasiveness by endocytosis and, at high abundance, ECM-induced
aggregation; can form amyloid fibrils
ALS family cell-surface glycoprotein; expressed during infection of human epithelial cells; confers laminin
orf19.5742 ALS9 -063 -046 adhesion i,o S. cerevisiag;);ligﬂly variabls; putative GPlg-anchor; Hap43-reprel:;sed
Alanyl-tRNA synthetase; translational regulation generates cytoplasmic and mitochondrial forms; Gen4p-
orf19.5746 ALA1 -0,38 -0,43 -0,38 regulated; repressed by amino acid starvation (3-AT); translation-related genes downregulated upon
phagocytosis by murine macrophages
orf19.5747 -0,43 Protein of unknown function
orf19.5749 SBAI 051 043 0,35 Similar to .co-cha_perones; induced in high iron; farnesol-, heavy metal (cadmium) stress-induced; protein level
decreases in stationary phase cultures; Hap43-repressed
Cytoplasmic serine hydroxymethyltransferase; complements glycine auxotrophy of S. cerevisiae shm1 shm2
orf19.5750 SHM2 -0,45 gly1-1 mutant; antigenic; farnesol-upregulated in biofilm; stationary-phase enriched protein; rat catheter and
Spider biofilm repressed
orf19.5752 -0,46 Protein of unknown function
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Putative membrane protein with a predicted role in zinc ion homeostasis; Hap43-induced; fluconazole-

orf19.5754 -048 induced; rat catheter and Spider biofilm induced
orf19.5757 -0,61 -0,51 -0,51 Protein of unknown function
GPI-anchored protein; alkaline, hypha-induced; regulated by Nrg1, Rfg1, Tup1 and Tsal, TsalB in minimal
orf19.5760 IHD1 0,43 media at 37; oralpharyngeal candidasis induced ; Spider biofilm induced; regulated in Spider biofilms by Tec1,
Efgl, Ndt80, Rob1, Brgl
orf19.5763 -0,63 -0,45 Protein of unknown function
orf19.5764 SKI8 -0,52 -0,63 -0,50 Protein of unknown function
Linker nucleoporin of the nuclear pore complex; role in mRNA andexport from nucleus, protein import into
orf19.5765 NUP82 -0,59 -0,57 -0,50 nucleus, ribosomal large subunit export from nucleus, ribosomal small subunit export from nucleus; rat
catheter biofilm repressed
orf19.5767 -0,57 -0,39 Protein of unknown function
orfl9.5768 SNF4 056 056 -0,50 "l?ranscript.ion factor; ortholog of S. cerevisiae Snf4; caspofungin repressed; transposon mutation affects
filamentation
orf19.5771 PBP2 -0,38 -0,46 -0,36 Putative RNA binding protein; transcript regulated by Nrg1, Mig1, and Tup1
orf19.5773 056 052 -0,47 Putativg dipeptidyl-peptidas_e III; protein detec_ted by mass spec in exponential and stationary phase cultures;
Hoglp-induced; clade-associated gene expression
orf19.5784 AMO1 0,69 Putative peroxisomal copper amine oxidase
orf19.5785 0,72 Protein of unknown function; upregulated in a cyr1 or ras1 null mutant; induced by nitric oxide
NAD-aldehyde dehydrogenase; decreased expression in fluconazole-resistant isolate, or in hyphae; biofilm
orf19.5806 ALD5 0,38 induced; fluconazole-downregulated; protein abundance is affected by URA3 expression in the CAI-4 strain;
stationary phase enriched
Two-component system response regulator; involved in stress response; Plc1-regulated; upregulated in cyrl
orf19.5843 SRRI -0,46 null mutagt; flow r);mdel bio})ilm indugced; Spider biofilm induced b ¢ pres Y
orf19.5863 -0,63 -0,41 Protein of unknown function
orf19.5867 wsci 046 Pgtafcivg cell wall component; transcript upregulated in cyrl mutant (yeast or hyphae); Spider and flow model
biofilm induced
orf19.5960 NCE102 041 Non classicz§l proFein ex;fort protein; localized to plasma membrane; Hap43-induced gene; flow model biofilm
induced; Spider biofilm induced
orf19.6003 0,55 0,72 0,50 Protein of unknown function; role in intracellular signal transduction; Spider biofilm induced
orf19.6073 HMX1 067 Heme oxygenase; utilization of hemin iron; transcript induced by heat, low iron, or hemin; repressed by Efg1;
. ! induced by low iron; upregulated by Rim101 at pH 8; Hap43-induced; Spider and flow model biofilm induced
orf19.6077 -0,37 Putative protein of unknown function; shows colony morphology-related gene regulation by Ssn6p
Predicted ORF in retrotransposon Tca8 with similarity to the Pol region of retrotransposons encoding reverse
orf19.6078 POL93 0,54 0,38 transcriptase, protease and integrase; downregulated in response to ciclopirox olamine; F-12/C02 early
biofilm induced
orf19.6079 047 036 Predicted ORF in retrotransposon Tca8 with similarity to the Gag region encoding nucleocapsid-like protein;
. ’ ” repressed by ciclopirox olamine; fil t induced; regulated by Rfgl, Tup1; overlaps orf19.6078.1
orf19.6081 PHR2 0,58 Glycosidase; role in vaginal not systemic infection (low pH not neutral); low pH, high iron, fluconazole, Hap43-
. ” induced; Rim101-repressed at pH8; rat catheter biofilm induced; Bcrl-repressed in RPMI a/a biofilms
orf19.6139 FRE7 071 Copp.er-regulgted cup_ric refiuctase; repressed py cicl.op.im)f olamine or 17-beta-estradiol; induced by alkaline
conditions or interaction with macrophage; Spider biofilm induced
Protein with similarity to ferric reductases; downregulated in response to amphotericin B, estradiol, or
orf19.6140 FRE30 0,59 ciclopirox olamine, and upregulated by interaction with macrophage; un-merged from orf19.6139 in a revision
of Assembly 21
orf19.6197 DHH1 0,41 Putative RNA helicase
Pry family protein; required for virulence in mouse systemic/rabbit corneal infections; not filamentation;
orf19.6202 RBT4 -0,91 -0,77 -0,68 mRNA binds She3, is localized to hyphal tips; Hap43-induced; in both yeast and hyphal culture supernatants;
Spider biofilm induced
Catalase; resistance to oxidative stress, neutrophils, peroxide; role in virulence; regulated by iron, ciclopirox,
orf19.6229 CAT1 -0,42 -0,46 fluconazole, carbon source, pH, Rim101, Ssn6, Hog1, Hap43, Sful, Sef1, farnesol, core stress response; Spider
biofilm induced
orf19.6245 0,40 _Protein ofunkr_lown function; regulated by 0§m0ti.c stress via\_ Hogl a_nd ox_idativg stress (Hog1- and Cap1-
’ independent); induced by alpha pheromone in SpiderM medium; Spider biofilm induced
orf19.6311 0,65 Protein of unknown function; Hap43-induced; rat catheter and Spider biofilm induced
orf19.6318 0,43 Protein of unknown function
D-arabitol dehydrogenase, NAD-dependent (ArDH); enzyme of D-arabitol and D-arabinose catabolism; D-
orf19.6322 ARD -0.42 -0,48 arabitol is a mayrkergfor active infec'l:ion in hLEmans;]rat c;’theter and Spider biofilm induced
orf19.6324 ViD27 -045 033 Protein sirrlillar toS. cerevisiae Vid27p; transposon mut.ation affects ﬁlamentgus growth; mutation confers
hypersensitivity to toxic ergosterol analog; fungal-specific (no human or murine homolog)
orf19.6327 HET1 046 056 -0.45 P.utative sphi.ngolip_id transfer protein; involved in localization of glucosylceramide which is important for
virulence; Spider biofilm repressed
Protein of unknown function; opaque-specific transcript; fluconazole-repressed; induced in cyrl mutant and in
orf19.6329 -0,43 o X . .
oralpharyngeal candidasis; Spider biofilm induced
orf19.6341 -0,35 Protein of unknown function
Formate dehydrogenase; oxidizes formate to CO2; Mig1 regulated; induced by macrophages; fluconazole-
orf19.638 FDH1 0,66 0,45 repressed; repressed by Efg1 in yeast, not hyphal conditions; stationary phase enriched; rat catheter and
Spider biofilm induced
Protein similar to S. cerevisiae pyrophosphate phosphatase Dpp1; required for farnesol biosynthesis;
orf19.6459 bep3 -048 repressed by 17-beta-estradiol?zth)?nyl eitradi%l; Sl;ider bioﬁll)li ind\?ced Y
Predicted membrane protein induced during mating; mutation confers hypersensitivity to toxic ergosterol
orf19.6489 FMP45 0,54 analog, to amphotericin B; alkaline repressed; repressed by alpha pheromone in SpiderM medium; rat
catheter, Spider biofilm induced
High-affinity phosphate transporter; transcript regulated by white-opaque switch; Hog1, ciclopirox olamine or
orf19.655 PHO84 0,58 0,42 alkaline induced; caspofungin, stress repressed; upregulated in RHE model; Spider and flow model biofilm
induced, Hap43-induced
Multidrug efflux pump of the plasma membrane; MDR family member of the MFS (major facilitator
orf19.6577 FLU1 0,63 i X S N . .
superfamily) of transporters; involved in histatin 5 efflux; fungal-specific (no human/murine homolog)
Trehalose-6-phosphate synthase; role in hyphal growth and virulence in mouse systemic infection; induced in
orf19.6640 TPS1 -0,55 presence of human neutrophils; macrophage/pseudohyphal-repressed after 16h; stationary phase enriched
protein; Hap43-repressed
Stationary phase enriched protein; predicted ORF from Assembly 19; removed from Assembly 20;
orf19.6658 -0,43 -0,41 X . X .
subsequently reinstated in Assembly 21 based on comparative genome analysis
Protein of unknown function; expression decreases by benomyl treatment or in an azole-resistant strain
orf19.6688 0,44 . . PR
overexpressing MDR1; Spider biofilm induced
Protein of unknown function; hypoxia, Hap43-repressed; ketoconazole induced; induced in oralpharyngeal
orf19.670.2 0,47 0,62 candidasis; 16h flow model biofilm repressed, late-stage flow model biofilm induced; rat catheter and Spider
biofilm induced
Putative guanyl nucleotide exchange factor with Sec7 domain; required for normal filamentous growth;
orf19.6705 0,51 regulated by yeast-hyphal switch; filament induced; regulated by Nrg1, Tup1, Mob2, Hap43; mRNA binds She3;
Spider biofilm induced
orf19.6816 -0,61 Putative xylose and arabinose reductase; flow model biofilm induced; Spider biofilm repressed
orf19.6824 TRY6 0.65 Hglix-loop-helix trans_cription factor; regu!ator ofyeast form adherence; required for yeas_t cell_ adherence_ to
’ silicone substrate; Spider and F-12/C02 biofilm induced; repressed by alpha pheromone in SpiderM medium
orf19.6834.10 TARI 0,63 -0,59 Ortholog of S. cerevisiae Tar1p; Transcript Antisense to Ribosomal RNA; encoded within the 255 rRNA gene on

the opposite strand; induced by Tbf1
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Isocitrate lyase; glyoxylate cycle enzyme; required for virulence in mice; induced upon phagocytosis by

orf19.6844 ICL1 0,45 macrophage; farnesol regulated; Pex5-dependent peroxisomal localization; stationary phase enriched; rat
catheter, Spider biofilm induced

orf19.686 -0,50 -0,45 -0,35 Protein of unknown function; regulated by Nrg1

orf19.687 -0,45 Protein of unknown function

Putative rRNA-binding ribosomal protein component of the 60S ribosomal subunit; Hap43-induced; colony

orf19.687.1 RPLZ5 -038 -054 morphology-related gene regulation by Ssn6
Putative flavoprotein subunit of fumarate reductase; soluble protein in hyphae; caspofungin repressed;
orf19.6882 osM1 -051 stationary phapse enriched protein; flow model biofilm inducelzi; Spider bi}:)?ilm reprsssed ¢ "
orf19.6888 -0,59 -0,52 0,61 Zn(I1)2Cys6 domain transcription factor; regulated by Mig1 and Tup1; rat catheter and Spider biofilm induced
orf19.692 -0,59 -0,60 Protein of unknown function; Hap43-repressed gene; rat catheter and Spider biofilm induced
orf19.6984 0,48 Protein of unknown function
orf19.7077 0,64 0,46 Putative ferric reductase; induced by Mac1 under copper starvation; Plc1-regulated; Rim101-repressed
Cytosolic manganese-containing superoxide dismutase; protects against oxidative stress; repressed by
orf19.7111.1 SoD3 0,42 ciclopirox olamine, induced during stationary phase when SOD1 expression is low; Hap43-repressed; Spider

and flow model biofilm induced

Heat shock protein; soluble in hyphae; regulated by Nrg1 and by iron; induced in high iron; heavy metal
orf19.717 HSP60 0,45 0,36 (cadmium) stress-induced; sumoylation target; protein present in exponential and stationary phase cells;
Hap43-repressed

Glucan 1,3-beta-glucosidase; regulated by Nrg1, Tup1 and possibly Tac1; induced by NO and during cell wall
orf19.7214 -0,72 -0,41 regeneration; stationary phase enriched; possibly essential (UAU1 method); F-12/C02 early biofilm induced;
flow biofilm repressed

Pry family cell wall protein; Rim101, Efg1, Ssné, alkaline repressed; O-glycosylation; no GPI anchor predicted;
orf19.7218 RBE1 0,38 ketoconazol induced; regulated by Sef1, Sful, Hap4; flow model biofilm induced; rat catheter and Spider
biofilm repressed

Adenylyl cyclase and stress responsive protein; induced in cyrl or ras1 mutant; stationary phase enriched

orf19.7284 ASRZ -0.88 -0.,50 -0.53 protein; Spider biofilm induced

orf19.7288 -0,49 Protein with predicted oxidoreductase and dehydrogenase domains; Hap43-repressed; Spider biofilm induced

Putative cation conductance protein; similar to stomatin mechanoreception protein; plasma-membrane

orf19.7296 -0.52 localized; induced by Rgt1; rat catheter and Spider biofilm induced
orf19.73 0,62 -0,46 0,44 il’nu;‘a;'zl:; metalloprotease; associates with ribosomes and is involved in ribosome biogenesis; Spider biofilm

Protein with a role in directing meiotic recombination events to homologous chromatids; induced by

orf19.7310 -0,51 ciclopirox olamine; positively regulated by Sful; Hog1, fluconazole-repressed; Hap43-induced; Spider biofilm
induced
Zinc-finger transcription factor; regulates alpha-glucosidase exression; complements S. cerevisiae suc2 for

orf19.7319 Suc1 -0,37 sucrose utilization and mal13 maltase defect; required for yeast cell adherence to silicone substrate; rat
catheter biofilm induced

orf19.7337 0,48 Protein with a nischarin related domain and leucine rich repeats; Spider biofilm induced

orf19.734 GLK1 -045 Putative glucokinase; transcript regulated upon yeast-hyphal switch; Efgl regulated; fluconazole-induced;

induced in core stress response; colony morphology-related gene regulation by Ssn6; GlcNAc-induced protein

orf19.74 SEC5 -0,49 -0,36 Predicted exocyst component; ortholog of S. cerevisiae Sec5p; merged with orf19.75 in Assembly 21

Putative Hap4-like transcription factor; Hap43-repressed; not required for response to low iron; induced by

orf19.740 HaPH 0,44 0,40 Mnl1 under weak acid stress; Spider biofilm induced

Possible regulatory protein; possible adhesin-like; Glu-rich domain; production in S. cerevisiae increases
orf19.7436 Adrt o4 endothelial cell adherence and flocculence; flow model biofilm, alkaline or caspofungin induced
orf19.7445 038 Ortholog of S.c. Vid24; a peripheral membrane protein located at Vid (vacuole import and degradation)

vesicles; regulated by Sef1, Sful, and Hap43; Spider biofilm induced

Phosphoenolpyruvate carboxykinase; glucose, C-source, yeast-hypha, Hap43 regulated; fluconazole,
orf19.7514 PCK1 0,48 phagocytosis, H202, oral candidasis, Spider/rat catheter/flow model biofilm induced; repressed in biofilm by
Bcrl, Tecl, Ndt80, Rob1, Brgl

Inositol-1-phosphate synthase; antigenic in human; repressed by farnesol in biofilm or by caspofungin;
orf19.7585 INO1 -0,46 upstream inositol/choline regulatory element; glycosylation predicted; rat catheter, flow model induced;
Spider biofilm repressed

Putative AdoMet-dependent methyltransferase; Hap43-induced; repressed by prostaglandins; possibly

orf19.76 SPB1 -039 -0.55 041 essential gene, disruptants not obtained by UAU1 method; Spider biofilm induced
orf19.802 UGA1 036 Putative GABA tranlsamiqase; trlanscription regulated by Mig1 and Tup1; stationary phase enriched protein;
rat catheter and Spider biofilm induced
Small heat shock protein; role in stress response and virulence; fluconazole-downregulated; induced in cyr1 or
orf19.822 HSP21 0,52 ras1 mutant; stationary phase enriched protein; detected in some, not all, biofilm extracts; Spider biofilm
induced
orf19.84 CAN3 -0,43 0,64 Predicted amino acid transmembrane transporter; transcript regulated by white-opaque switch; Hap43-
repressed gene
Similar to glutathione peroxidase; induced in high iron; alkaline induced by Rim101; induced by alpha factor
orf19.85 Gpx2 -065 -052 -065 or interact%on with malzrophage; regulated by Efggl; caspofungin repressed};]Spider biofilm indu)(;edp
orf19.868 ADAEC -0,44 Protein of unknown function; transcription is specific to white cell type
Ketol-acid reductoisomerase; antigenic; regulated by Gen4; GlcNAc, amino acid starvation (3-AT)-induced;
orf19.88 ILVS -0,55 macrophage-repressed protein; protein present in exponential and stationary phase; flow model and Spider
biofilm repressed
orf19.882 HSP78 0.42 Heat-shock proteil.l; regulated b_y macrophage response, Nrgl, Migl, Gen2, Gen4, l\/_lnllp;. hgavx metal
! (cadmium) stress-induced; stationary phase enriched protein; rat catheter and Spider biofilm induced
orf19.89 PEX7 -0,76 -0,55 Protein of unknown function
orf19.90 -0,66 -0,61 -0,58 Protein of unknown function
orf19.91 -0,50 -0,36 Protein of unknown function; flow model biofilm induced; Hap43-repressed
orf19.918 CDR11 0,51 Putative transporter of PDR subfamily of ABC family; Gen4-regulated; induced by Rim101 at pH 8; Spider

biofilm induced

orf19.92 -0,52 -0,49 -0,42 Protein with a predicted thioredoxin-like domain; Hap43-repressed; induced by prostaglandins

hLh domain Myc-type transcript factor; required for morphogenesis induced by elevated temperature or

orf19.921 HMs1 046 Hsp90 compromise; acts downstream of Pcl1; Spider biofilm induced

£19.932 048 048 Putative aminophospholipid translocase (flippase); merged with orf19.2226 in Assembly 21; possibly an
ort12. ’ ’ essential gene, disruptants not obtained by UAU1 method
orf19.938 0,60 Protein of unknown function
orf19.94 -0,59 -0,54 -0,56 Protein of unknown function; Spider biofilm induced

; ; DNA topoisomerase I; required for wild-type growth and for wild-type mouse virulence; sensitive to

orf19.96 ToP1 047 0,40 camptothecin; induced upon adherence to polystyrene; rat catheter biofilm induced
orf19.99 HAL21 0,63 0,82 0,57 Putative phosphoadenosine-5'-phosphate or 3'-phosphoadenosine 5'-phosphosulfate phosphatase; possible

role in sulfur recycling; ortholog of S. cerevisiae Met22; predicted Kex2 substrate; F-12/C02 biofilm induced
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