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The heritability of cell fate decisions in Candida albicans

by

Morgan Mitchell Quail
Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2022

Professor Aaron D. Hernday

Biological switches control cell-fate decisions across biological kingdoms. Many of these
cell-fate decisions are controlled by complex transcriptional networks, consisting of
unique combinations of transcriptional regulators and their respective cis-regulatory
targets. An example of such a network is that which controls the white-opaque
phenotypic switch in the human fungal pathogen, Candida albicans. The white-opaque
switch gives rise to two distinct cell types — white and opaque — which differ in their
mating competence, adaptation to distinct environmental niches, host immune cell
evasion, and morphological characteristics at the single-cell and colony level. Each cell
type can be heritably maintained through many generations and stochastic or
environmentally induced switching can lead to a transition between these two phenotypic
states. Switching between these two heritably maintained transcriptional programs occurs
without any changes to the primary sequence of the genome, and thus fits the classic
definition of an epigenetic switch. The ability of C. albicans to readily switch between
the white and opaque phenotypes is controlled by a “core” circuit of eight transcription
factors (TFs) that is centered around the opaque-specific master regulator Worl (White-
Opaque Regulator 1), however, recent work has identified a set of nineteen new
regulators that impinge upon the switch. In this work, we characterize these newly
identified TFs and their interactions with the previously defined “core” regulators as well
as determine how these new regulators affect the establishment and maintenance of the
white-opaque switch.
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Candida albicans is a commensal member of the human microbiota that colonizes
multiple niches in the body including the skin, oral cavity, and gastrointestinal and
genitourinary tracts of healthy individuals. It is also the most common human fungal
pathogen isolated from patients in clinical settings. C. albicans can cause a number of
superficial and invasive infections, especially in immunocompromised individuals. The
ability of C. albicans to succeed as both a commensal and a pathogen, and to thrive in a
wide range of environmental niches within the host, requires sophisticated transcriptional
regulatory programs that can integrate and respond to host specific environmental
signals. Identifying and characterizing the transcriptional regulatory networks that
control important developmental processes in C. albicans will shed new light on the
strategies used by C. albicans to colonize and infect its host. Here, we discuss the
transcriptional regulatory circuits controlling three major developmental processes in C.
albicans: biofim formation, the white-opaque phenotypic switch, and the commensal-
pathogen transition. Each of these three circuits are tightly knit and, through our analyses,
we show that they are integrated together by extensive regulatory crosstalk between the
core regulators that comprise each circuit.

Key : Candida i iofil I { r transcriptional regulation, transcriptional
networks, transcriptional rewiring, white-opaque switching, transcriptional circuits

INTRODUCTION

C. albicans is a common human commensal that asymptomatically colonizes the skin, oral cavity,
and gastrointestinal and genitourinary tracts of healthy individuals (Kennedy and Volz, 1985;
Kumamoto, 2002; Achkar and Fries, 2010; Spiliopoulou et al., 2010; Kumamoto, 2011; Nobile and
Johnson, 2015; Kan et al., 2020). It is also an opportunistic pathogen that is capable of causing
superficial mucosal and life-threatening disseminated infections, especially in
immunocompromised individuals (Wenzel, 1995; Calderone and Fonzi, 2001; Hube, 2004;
Pappas et al., 2004; Mayer et al., 2013), such as in AIDS, chemotherapy and organ transplant
patients, as well as in individuals with implanted medical devices (Wenzel, 1995; Nobile and
Johnson, 2015). Multiple regulatory pathways controlling important C. albicans developmental
processes allow this opportunistic fungal pathogen to adapt to and proliferate in distinct
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environmental niches in the host. In this review, we discuss the
“core” transcriptional circuits controlling three major
developmental processes in C. albicans: biofilm formation, the
white-opaque phenotypic switch, and the commensal-pathogen
transition. The core circuitry is defined as the direct physical
interactions between transcriptional regulators that control these
developmental processes and their respective upstream
intergenic regions, where at least one direct binding interaction
with other members of the circuit has been experimentally
observed. These three circuits were chosen because they
regulate persistent phenotypic changes in C. albicans that have
been characterized using genome-wide transcriptional profiling
(RNA-sequencing and/or microarray) and binding (chromatin
immunoprecipitation) approaches. In our discussion of these
circuits we focus largely on transcription factors (TFs) that bind
to DNA in a sequence-specific manner; however, we also include
some discussion of important cofactors for which genome-wide
transcriptional profiling and binding data are available. In
addition, we include information on “auxiliary” transcriptional
regulators of these three developmental processes that we define
as those that are known to regulate these processes, but that lack
direct binding interactions with the core transcriptional
regulators or binding data is not available for these
transcriptional regulators under the growth condition of interest.

REGULATION OF BIOFILM FORMATION

Biofilms are communities of adherent microbial cells encased in
protective extracellular matrices (Kolter and Greenberg, 2006;
Nobile and Johnson, 2015; Gulati and Nobile, 2016). Biofilms are
ubiquitous in nature and are typically associated with interfaces,
such as solid-liquid, liquid-gas, and liquid-liquid interfaces
(Davey and O’toole, 2000; Kolter and Greenberg, 2006;
Wilking et al., 2011; Desai and Ardekani, 2020). They are
problematic when they form in industrial settings, such as in
water distribution systems and on food preparation settings, and
even more so when they form inside a host on tissues and on
implanted medical devices. C. albicans biofilms are composed of
several cell types, including round budding yeast-form cells, oval
pseudohyphal cells, and elongated hyphal cells, encased in a
protective extracellular matrix (Chandra et al., 2001; Desai and
Mitchell, 2015). C. albicans biofilm formation occurs in four
basic temporal stages: i) adherence of yeast-form cells to a
surface; ii) growth and proliferation of yeast-form cells forming
a basal layer of anchoring cells; iii) differentiation of a proportion
of yeast-form cells into hyphal cells and production of the
extracellular matrix; and iv) dispersion of yeast-form cells out
of the biofilm to cause bloodstream infections or to colonize new
sites for biofilm formation (Figure 1) (Desai and Mitchell, 2015;
Nobile and Johnson, 2015; Gulati and Nobile, 2016). Indeed, C.
albicans is a common cause of bloodstream infections
worldwide, which often originate from biofilms (Edmond et al.,
1999; Richards et al., 1999; Pfaller and Diekema, 2007). Given
that cells within C. albicans biofilms are inherently resistant and

Transcriptional Circuits in C. albicans

tolerant to most antifungal drug treatments compared to
planktonic (free-floating) cells, biofilm infections are
particularly challenging to treat in the clinic. Understanding
the genetic regulatory mechanisms that control C. albicans
biofilm formation could lead to the development of novel
therapeutic strategies effective in treating biofilm infections.
The C. albicans transcriptional network controlling biofilm
formation was first described eight years ago (Nobile et al., 2012).
Six “master” biofilm transcriptional regulators (Bcrl, Tecl, Efgl,
Ndt80, Rob1, and Brgl) were identified by screening alibrary of 165
transcription factor (TF) mutant strains (Homann et al., 2009) for
defects in biofilm formation under standard in vitro biofilm growth
conditions (Nobile et al., 2012). Here, we define a master biofilm
transcriptional regulator as one whose deletion impairs biofilm
formation throughout a 48-h period of biofilm growth under these
standard conditions. All six TF mutant strains identified
additionally had clear defects in biofilm formation in at least one
of two in vivo animal models for biofilm formation (Nobile et al.,
2012). Using genome-wide transcriptional profiling and chromatin
immunoprecipitation techniques to study mature 48-h biofilms, a
complex interconnected transcriptional network was discovered
consisting of those six master transcriptional regulators, along with
1,061 downstream “target” genes (Nobile et al., 2012). These six
master transcriptional regulators directly bound to the upstream
intergenic regions and positively regulated the expression of each
other, forming a tightly knit core biofilm circuit (Fox and Nobile,
2012; Nobile et al,, 2012). Additionally, with the exception of Tecl,
all of the six master biofilm transcriptional regulators acted as both
repressors and activators of their directly bound biofilm target
genes; Tecl, on the other hand, primarily acted as an activator
(Nobile et al., 2012). Each of the six master biofilm transcriptional
regulators controlled target genes that were in common with the
other core transcriptional regulators in the circuit, as well as target
genes that were unique to each transcriptional regulator. These
findings suggest that each master biofilm transcriptional regulator
in the circuit controls certain elements of biofilm formation
independently, but that they also work together to coordinate
concerted efforts important for biofilm formation. For example,
Ndt80 regulates the expression of drug transporters independent of
the other master biofilm transcriptional regulators in the circuit
(such as, CDR4), and some in common with several of the other
master biofilm transcriptional regulators in the circuit (such as,
CDR3) (Nobile et al,, 2012). Additionally, each master biofilm
transcriptional regulator likely responds to unique environmental
inputs, such as oxygen and nutrient availability, pH, temperature,
and waste products. How different environmental inputs influence
the biofilm transcriptional circuit is an intriguing area of future
research. For example, we know that the six master biofilm
transcriptional regulators discovered using in vitro biofilm assays
are still required for in vivo biofilm formation in at least one of two
in vivo biofilm models (Nobile et al., 2012). The majority (four) of
the master biofilm transcriptional regulators discovered in this
study were essential for biofilm formation in both in vivo biofilm
models used; however, two of the master biofilm transcriptional
regulators played different roles depending on the in vivo biofilm
model (Nobile et al., 2012). Specifically, Berl was essential for
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formation.

biofilm formation in a rat catheter biofilm model but was
dispensable in a rat denture biofilm model (Nobile et al., 2012).
Similarly, Brgl was essential for biofilm formation in a rat denture
biofilm model but was dispensable in a rat catheter biofilm model
(Nobile et al., 2012). Future work on these master transcriptional
regulators will determine their unique influences on biofilm
formation dependent on the environmental inputs present.

In a subsequent study, three additional transcriptional regulators,
Gal4, Rfx2, and Flo8, were added to the core biofilm transcriptional
circuit (Fox et al,, 2015). Gal4, Rfx2, and Flo8 were found to directly
bind to the upstream intergenic regions of one or more of the
previously identified six master biofilm transcriptional regulators
and vice versa during biofilm development (Nobile et al., 2012; Fox
etal,, 2015). Gal4, Rfx2, and Flo8 were identified (in addition to the six
previously identified transcriptional regulators) by screening a TF
mutant library containing 192 TF mutant strains (Fox et al., 2015).
This TF library contained the same 165 TF mutants (Homann et al,,
2009) from the Nobile et al., 2012 study (Nobile et al., 2012) plus 27
additional newly constructed TF mutant strains. The TF mutants in
this larger library were screened for their abilities to form biofilms
over time at 90 min, 8, 24, and 48 h of biofilm growth (Fox et al., 2015).
Flo8, like the other six previously identified master biofilm
transcriptional regulators, was required for biofilm formation

FIGURE 1 | Stages of C. albicans biofilm formation. C. albicans biofilm formation occurs in four basic temporal stages: 1) adherence of yeast-form cells to a surface;
2) growth and proliferation of yeast-form cells forming a basal layer of anchoring cells; 3) differentiation of a proportion of yeast-form cells into hyphal cells and
production of the extracellular matrix; and 4) dispersion of yeast-form cells out of the biofilm to cause bloodstream infections or to colonize new sites for biofilm

O

N
/

throughout a 48-h course of biofilm growth, and thus was deemed
to be a master biofilm transcriptional regulator; Gal4 and Rfx2 were
only required for normal biofilm formation at specific intermediate
time points (Fox et al., 2015). Given that the initial biofilm circuit
consisting of six master transcriptional regulators was discovered by
assessing biofilm formation at a single mature time point (48 h)
(Nobile et al., 2012), performing the genetic screen as a biofilm
develops over time, with the additional TF mutant strains,
contributed to the expansion of the core biofilm circuit (Fox et al,
2015). Genome-wide binding data was not performed for Gal4, Rfx2,
and Flo8 as part of this study; however, directed chromatin
immunoprecipitation followed by quantitative PCR was performed
to determine that these three new transcriptional regulators are
integrated into the core biofilm circuit, which now consists of nine
core transcriptional regulators, seven of which are considered to be
master biofilm transcriptional regulators (Figure 2) (Nobile et al,
2012; Fox et al,, 2015). We note that although genome-wide binding
experiments have been performed for Gal4 and Flo8 (Askew et al,,
2009; Polvi etal., 2019), these experiments were not performed under
biofilm conditions and thus the resulting data cannot be integrated
into the biofilm transcriptional circuit. Overall, although the logic of
the biofilm transcriptional circuit (defined as how each
transcriptional regulator contributes to the regulatory dynamics of
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FIGURE 2 | Transcriptional circuit controlling C. albicans biofim formation. Ovals indicate each of the core biofilm transcriptional regulators with their respective
names. Arrows indicate direct binding events. See Data Sheet S$1, Tab4 for binding interactions. Data were derived from (Nobile et al., 2012; Fox et al., 2015).

Figure was generated using Cytoscape (Shannon et al., 2003).

the circuit) has yet to be fully elucidated, the high degree of
interconnectivity between the core biofilm transcriptional
regulators likely contributes to the robustness, yet reversibility, of
the biofilm state.

Although the nine core biofilm transcriptional regulators are
known to be important for biofilm formation, how each one
specifically contributes to biofilm processes (e.g. adhesion,
filamentation, antifungal drug resistance, etc.), through detailed
analyses of their mutant strains, has not been systematically
determined. Table 1 summarizes the current knowledge of the
roles of all known transcriptional regulators in known biofilm-
related processes. Eight of the nine core biofilm transcriptional
regulators (Bcrl, Brgl, Efgl, Flo8, Ndt80, Rfx2, Robl, and Tecl)
have been implicated in regulating filamentation (Schweizer
et al.,, 2000; Bockmiih and Ernst, 2001; Cao et al., 2006; Elson
et al,, 2009; Hao et al., 2009; Sellam et al., 2010; Vandeputte et al.,
2011; Du et al., 2012b; Nobile et al., 2012), which is a critical
process necessary for maintaining the architectural stability of
the biofilm structure. Four of the nine core biofilm
transcriptional regulators (Berl, Efgl, Rfx2, and Tecl) have
been implicated in regulating adhesion (Dieterich et al., 2002;
Hao et al., 2009; Sahni et al., 2010; Finkel et al., 2012), including

both cell-cell and cell-substrate adhesion, which is an essential
process for both the initiation of biofilm formation as well as for
the maintenance of a mature biofilm. Three of the nine core
biofilm transcriptional regulators (Bcrl, Efgl, and Ndt80) are
known to be involved in the regulation of antifungal drug
resistance and/or tolerance (Chen et al., 2004; Sellam et al.,
2009; Prasad et al., 2010; Desai et al., 2013), an important feature
that contributes to the overall recalcitrance of established
biofilms to antimicrobial compounds. Of the nine core biofilm
transcriptional regulators, we know the least about the biofilm
specific roles of Gal4, and only that it contributes to the structure
of a biofilm at intermediate stages of biofilm development (Fox
et al., 2015). In the future, additional roles of the nine core
biofilm transcriptional regulators during biofilm formation will
certainly be elucidated. For example, it seems likely that some of
the core biofilm transcriptional regulators would be involved in
the formation of the extracellular matrix; however, this role has
not been examined to date in the mutant strains of the core
biofilm transcriptional regulators. In addition, the ability of cells
within biofilms to communicate with one another, called
quorum sensing, is an important process for coordinating
biofilm formation of many microorganisms; however, this role
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TABLE 1 | Known transcriptional regulators with roles in C. albicans biofilm formation.

Core Biofilm Transcriptional Regulators

Orf19# Name Known biofill lated pi Gene up intergenic region References
affected in mutant strain bound by one or more of the core
biofilm regulators?

Orf19.723 Bert Adhesion, Filamentation, Drug Resistance/ Yes (Nobile and Mitchell, 2005; Elson et al., 2009; Homann

Tolerance et al., 2009; Fanning et al., 2012; Finkel et al., 2012;
Desai et al., 2013)

0Orf19.4056  Brg1l Filamentation Yes (Du et al., 2012b; Nobile et al., 2012)

0Orf19.610 Efg1 Adhesion, Filamentation, Drug Resistance/ Yes (Bockmiih and Ernst, 2001; Dieterich et al., 2002;
Tolerance Ramage et al., 2002; Li and Palecek, 2003; Prasad

et al., 2010; Nobile et al., 2012)

Orf19.1093  Flo8 Filamentation Yes (Cao et al., 2006; Fox et al., 2015)

Orf19.5338  Gal4 Unknown Yes (Fox et al., 2015)

Orf19.2119  Ndt80 Filamentation, Drug Resistance Yes (Chen et al., 2004; Sellam et al., 2009; Sellam et al.,

2010; Nobile et al., 2012)

Orf19.4590  Rix2 Adhesion, Filamentation Yes (Hao et al., 2009; Fox et al., 2015)

Orf19.4998  Rob1 Filamentation Yes (Vandepuitte et al., 2011)

Orf19.5908  Tecl Adhesion, Filamentation Yes (Schweizer et al., 2000; Staib et al., 2004; Nobile and

Mitchell, 2005; Sahni et al., 2010)
Aucxiliary Biofilm T

Orf19.6124 Ace2  Adhesion, Filamentation, Drug Resistance/ No (Kelly et al., 2004; Mulhern et al., 2006; Finkel et al.,
Tolerance 2012)

Orf19.2331 Ada2  Adhesion, Filamentation, Drug Resistance/ No (Bruno et al., 2006; Pukkila-Worley et al., 2009; Finkel
Tolerance etal., 2012)

Orf19.7381  Ahrt Adhesion, Filamentation, Drug Resistance/ Yes (Homann et al., 2009; Askew et al., 2011)
Tolerance

Orf19.4766 Arg81  Adhesion, Filamentation, Drug Resistance/ No (Homann et al., 2009; Finkel et al., 2012)
Tolerance

0rf19.6874  Bpri Unknown Yes (Fox et al., 2015)

Orf19.4670  Casb5 Adhesion, Drug Resistance/Tolerance Yes (Finkel et al., 2012; Vasicek et al., 2014)

0Orf19.2356  Crz2 Adhesion, Drug Resistance/Tolerance Yes (Homann et al., 2009; Finkel et al., 2012)

0rf19.3127  Czf1 Adhesion, Filamentation, Drug Resistance/ Yes (Brown et al., 1999; Finkel et al., 2012; Langford et al.,
Tolerance 2013)

Orf19.3252  Dalg1 Adhesion No (Finkel et al., 2012)

Orf19.3193  For3 Adhesion Yes (Finkel et al., 2012)

Orf19.6680 Fgr27 Adhesion, Filamentation No (Uhl et al., 2008; Finkel et al., 2012)

Orf19.1358  Gen4 Filamentation Yes (Garcia-Sanchez et al., 2004; Kamthan et al., 2012)

Orf19.4000  Grf10 Adhesion, Filamentation Yes (Ghosh et al., 2015)

Orf19.2842  Gzf3 Adhesion, Drug Resistance/Tolerance Yes (Homann et al., 2009; Fox et al., 2015)

0Orf19.4225  Leu3 Adhesion No (Finkel et al., 2012)

Orf19.5312  Met4 Adhesion No (Finkel et al., 2012)

Orf19.4318  Mig1 Filamentation, Drug Resistance/Tolerance Yes (Homann et al., 2009; Lagree et al., 2020)

Orf19.56326  Mig2 Filamentation No (Lagree et al., 2020)

Orf19.6309 Mss11 Adhesion, Filamentation Yes (Tsai et al., 2014)

Orf19.2012  Not3 Adhesion, Filamentation No (Cheng et al., 2003; Finkel et al., 2012)

Orf19.7150  Nrg1 Filamentation, Drug Resistance/Tolerance, Yes (Wheeler et al., 2008; Uppuluri et al., 2010b)
Dispersion

Orf19.4093  Pesi Filamentation, Drug Resistance/Tolerance, No (Xu et al., 2007; Shen et al., 2008; Uppuluri et al.,
Dispersion 2010a)

0Orf19.2823  Rfg1 Adhesion, Filamentation Yes (Kadosh and Johnson, 2001; Fox et al., 2015)

Orf19.1604  Rhat Filamentation Yes (Omran et al., 2020)

0Orf19.7247 Rim101 Adhesion, Filamentation, Drug Resistance/ Yes (Cornet et al., 2006; Fox et al., 2015)
Tolerance

Orf19.4662  RIm1 Drug Resistance/Tolerance, Extracellular No (Nett et al., 2011; Delgado-Silva et al., 2014)

Matrix Production

Orf19.5953  Sfp1 Adhesion Yes (Chen and Lan, 2015)

Orf19.5871  Snf5 Adhesion No (Finkel et al., 2012)

Orf19.4961  Stp2 Adhesion, Filamentation Yes (Bottcher et al., 2020)

Orf19.7319  Suct Adhesion No (Finkel et al., 2012)

Orf19.798 Taf14 Adhesion, Filamentation No (Finkel et al., 2012; Wang et al., 2020)

Orf19.4062  Try2 Adhesion No (Finkel et al., 2012)

0rf19.1971  Try3 Adhesion No (Finkel et al., 2012)

(Continued)
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TABLE 1 | Continued

Core Biofilm Transcriptional Regulators

Orf19#

Name Known biofilm-related pi Gene up:

affected in mutant strain

bound by one or more of the core

biofilm regulators?

Orf19.5975  Try4 Adhesion
Orf19.3434  Try5 Adhesion
Orf19.6824  Try6 Adhesion
Orf19.4941  Tye7 Filamentation
0Orf19.7317  Uga33 Adhesion
0Orf19.1822  Ume6 Filamentation, Dispersion

Orf19.391 Upc2 Adhesion, Drug Resistance/Tolerance

Orf19.1035  War1 Adhesion

Orf19.3794  Zapi Filamentation, Extracellular Matrix
Production

Orf19.1718  Zcfg Adhesion

Orf19.4767  Zcf28 Adhesion

Orf19.5924  Zcf31 Adhesion

Orf19.5940  Zcf32 Adhesion, Filamentation

Orf19.6182  Zcf34 Adhesion, Drug Resistance/Tolerance

Orf19.7583  Zcf39 Adhesion

Orf19.6781  Zfu2 Adhesion, Drug Resistance/Tolerance

Orf19.3187  Znct Adhesion

has yet to be examined in the mutant strains of the core biofilm
transcriptional regulators. In fact, little is known in general on
the regulation of quorum sensing during C. albicans
biofilm development.

In addition to these nine transcriptional regulators that make up
the core biofilm circuit, there are 50 “auxiliary” transcriptional
regulators that have been implicated in biofilm formation (Table 1).
The majority of these auxiliary biofilm transcriptional regulators are
also bound in their upstream intergenic regions by atleast one of the
initial six master biofilm transcriptional regulators (Becrl, Tecl,
Efgl, Ndt80, Rob1, or Brgl; note that of the nine core biofilm
transcriptional regulators, there is not genome-wide chromatin
immunoprecipitation data available for Gal4, Rfx2, and Flo8, and
thus we do not know whether they bind to the auxiliary biofilm
transcriptional regulators) (Table 1) (Nobile et al,, 2012). As such,
several of the 50 auxiliary transcriptional regulators are integrated
into the larger biofilm network that includes the core nine
transcriptional regulators and all of their directly bound target
genes (Nobile et al,, 2012). Based on existing phenotypic analyses of
the mutant strains of the auxiliary biofilm transcriptional
regulators, the majority (48) are implicated in the regulation of
adhesion and/or filamentation (Brown et al., 1999; Kadosh and
Johnson, 2001; Cheng et al., 2003; Uhl et al., 2003; Garcia-Sanchez
etal., 2004; Kelly et al., 2004; Mulhern et al., 2006; Kim et al., 2008b;
Shen et al., 2008; Wheeler et al., 2008; Homann et al., 2009; Nobile
et al,, 2009; Pukkila-Worley et al., 2009; Uppuluri et al,, 2010a;
Uppuluri et al,, 2010b; Askew et al,, 2011; Bonhomme et al., 2011;
Ganguly et al., 2011; Finkel et al, 2012; Kamthan et al,, 2012;
Langford et al., 2013; Delgado-Silva et al., 2014; Tsai et al., 2014;
Chen and Lan, 2015; Fox et al., 2015; Ghosh et al., 2015; Kakade
et al,, 2016; Kakade et al,, 2019; Bottcher et al.,, 2020; Lagree et al,,
2020; Omran et al., 2020; Wang et al., 2020); 16 are implicated in

intergenic region References
Yes (Finkel et al., 2012)
Yes (Finkel et al., 2012)
Yes (Finkel et al., 2012)
Yes (Bonhomme et al., 2011)
No (Finkel et al., 2012)
Yes (Uppuluri et al., 2010a; Uppuluri et al., 2010b)
No (Silver et al., 2004; Dunkel et al., 2008; Kakade et al.,
2019)
No (Finkel et al., 2012)
Yes (Kim et al., 2008b; Nobile et al., 2009; Ganguly et al.,
2011; Finkel et al., 2012)
Yes (Finkel et al., 2012)
No (Finkel et al., 2012)
Yes (Finkel et al., 2012)
No (Kakade et al., 2016; Kakade et al., 2019)
No (Homann et al., 2009; Oh et al., 2010; Finkel et al.,
2012)
No (Finkel et al., 2012)
No (Finkel et al., 2012; Vandeputte et al., 2012)
No (Finkel et al., 2012)

drug resistance and/or tolerance (Bruno et al., 2006; Cornet et al.,
2006; Mulhern et al., 2006; Xu et al., 2007; Dunkel et al., 2008;
Wheeler et al., 2008; Homann et al., 2009; Prasad et al., 2010; Nett
et al, 2011; Vandeputte et al., 2012; Langford et al., 2013; Vasicek
etal., 2014); two are implicated in the production of the extracellular
matrix (Finkel et al.,, 2012; Delgado-Silva et al., 2014); and two are
implicated in dispersion (Uppuluri et al, 2010b; Uppuluri et al.,
2010a). Similar to the core biofilm transcriptional regulators, detailed
analyses of the mutant strains of the auxiliary biofilm transcriptional
regulators have not been systemically studied for known biofilm
processes. Rather, most of their roles in biofilm processes have been
determined through large-scale genetic screens. Of the auxiliary
biofilm transcriptional regulators, we understand the least about
the biofilm specific roles of Bpr1/Orf19.6874, which is only known to
contribute to biofilm biomass throughout biofilm development (Fox
et al, 2015). Future detailed phenotypic analyses of the auxiliary
transcriptional regulator mutant strains in biofilm specific processes
will certainly reveal new and additional roles for these transcriptional
regulators in biofilm development.

REGULATION OF THE WHITE-OPAQUE
PHENOTYPIC SWITCH

The white-opaque switch in C. albicans is a form of phenotypic
switching that gives rise to two distinct cell types called “white”
and “opaque” that display distinct phenotypic characteristics at
the single cell and colony levels (Anderson and Soll, 1987; Slutsky
et al., 1987; Rikkerink et al., 1988; Bergen et al., 1990; Soll, 1992;
Soll et al,, 1993). White cells represent the standard budding
yeast form of C. albicans, forming shiny, white, dome-shaped
colonies on solid media plates, while opaque cells are larger and
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more elongated than white cells and form dull, off-white,
flattened colonies on solid media plates (Slutsky et al., 1987;
Soll et al., 1993; Lohse and Johnson, 2009; Noble et al., 2017).
White and opaque cells differ in their virulence characteristics,
metabolic preferences, mating competencies, interactions with
the host innate immune system, and responses to environmental
stimuli (Kolotila and Diamond, 1990; Lan et al., 2002; Lockhart
et al,, 2002; Miller and Johnson, 2002; Bennett et al., 2003; Geiger
et al., 2004; Dumitru et al., 2007; Lohse and Johnson, 2008;
Ramirez-Zavala et al,, 2008; Huang et al.,, 2009; Huang et al,
2010; Lohse et al., 2013; Xie et al., 2013; Lohse et al., 2016; Du and
Huang, 2016; Ene et al., 2016; Dalal et al., 2019). In total, nearly
20% of the transcriptome is differentially expressed, by at least
twofold, between the two cell types, highlighting that the white-
opaque switch involves major transcriptional rewiring (Tuch
et al,, 2010; Hernday et al., 2013). Under standard switch
permissive growth conditions, switching between the white cell
type, considered the “ground” state, and the opaque cell type,
considered the “excited” state, occurs stochastically at a
frequency of roughly one switch event per 1,000-10,000 cell
divisions (Rikkerink et al., 1988; Bergen et al., 1990; Ramirez-
Zavala et al., 2008; Alby and Bennett, 2009b). Each cell type is
heritably maintained without any change to the primary
sequence of the genome, thus fitting the classic definition of an
epigenetic switch (Slutsky et al., 1987; Soll et al., 1993; Zordan
et al,, 2006; Zordan et al., 2007). The switch is responsive to the
combined effects of environmental signals, such as carbon
source, pH, CO, levels, and temperature, which can
differentially bias the cell population towards one of the two
cell types (Dumitru et al., 2007; Ramirez-Zavala et al., 2008; Alby
and Bennett, 2009a; Huang et al., 2009; Huang, 2012; Lohse et al.,
2013; Du and Huang, 2016; Ene et al., 2016; Dalal et al., 2019).
Mating type can also influence the ability of the cells to undergo
white-opaque switching, where MTL heterozygous (a/a) cells are
typically “locked” in the white state, while MTL hemizygous (a/A,
a/A), homozygous (a/a, or o/at), and haploid (a or o) cells are
capable of undergoing stochastic white-opaque switching (Hull
and Johnson, 1999; Lockhart et al., 2002; Miller and Johnson,
2002). This mating type dependency, however, is not exclusive to
all strains; in fact, a significant fraction of MTL heterozygous
clinical isolates can be induced to form opaque cells under
specific growth conditions that promote white to opaque
switching in MTL hemizygous, homozygous, or haploid cells
(Xie et al.,, 2013).

Through a combination of forward and reverse genetic
approaches, a total of 112 transcriptional regulators and one
protein binding cofactor (Ssn6) have been identified which, when
deleted, significantly impact the frequency of white-opaque
switching (Table 2) (Huang et al., 2006; Srikantha et al., 2006;
Zordan et al.,, 2006; Zordan et al., 2007; Hernday et al., 2013;
Lohse et al,, 2013; Du et al., 2015; Hernday et al., 2016; Lohse
et al, 2016; Lohse and Johnson, 2016). Of these 113 switch
regulating proteins, eight (Worl, Wor2, Wor3, Wor4, Czfl, Efgl,
Ahrl, and Ssn6) are considered to be core switch regulators, and
have been extensively characterized by genome-wide
transcriptional profiling and chromatin immunoprecipitation

approaches in white and opaque cell types; the remaining 105
switch regulating proteins are considered to be auxiliary switch
regulators (Table 2) (Sonneborn et al,, 1999; Srikantha et al.,
2000; Huang et al., 2006; Zordan et al., 2006; Zordan et al., 2007;
Vinces and Kumamoto, 2007; Lohse and Johnson, 2010; Wang
et al,, 2011; Hernday et al,, 2013; Lohse et al., 2013; Lohse and
Johnson, 2016; Hernday et al., 2016). Together, these eight core
switch regulators form complex cell type specific networks, with
203 bound target genes in white cells and 756 bound target genes
in opaque cells (Hernday et al., 2013; Lohse et al., 2013; Hernday
et al., 2016; Lohse and Johnson, 2016). At the center of the white
and opaque specific regulatory networks are two distinct
transcriptional circuits (see Figure 3A for the white circuit,
Figure 3B for the opaque circuit, and Figure 3C for the
combined white and opaque overlayed circuits) that consist of
interconnected positive and negative feedback loops that govern
the cell fate and heritable maintenance of the white and opaque
cell types (Vinces et al,, 2006; Vinces and Kumamoto, 2007;
Zordan et al., 2007; Hernday et al.,, 2013; Hernday et al., 2016;
Lohse and Johnson, 2016). Although several groups have
identified kinases, chromatin modifiers, and other proteins that
also affect white-opaque switching (Hnisz et al., 2009; Noble
et al,, 2017; Rai et al., 2018); here, we focus on the eight core
switch regulators (TFs: Worl, Wor2, Wor3, Wor4, Czfl, Efgl,
Ahrl; and cofactor: Ssn6) for which genome-wide transcriptional
profiling and chromatin immunoprecipitation data are available.

Worl is considered to be the master regulator of the white-
opaque switch, as it is the only switch regulator that is known to
be required for both the transition to, and heritable maintenance
of, the opaque cell type (Huang et al., 2006; Srikantha et al., 2006;
Zordan et al., 2006; Zordan et al.,, 2007; Hernday et al., 2013;
Lohse et al,, 2013; Hernday et al., 2016; Lohse and Johnson,
2016). Furthermore, ectopic WORI expression can rescue
opaque cell formation in all known mutant backgrounds that
fail to spontaneously switch to the opaque cell type (Zordan et al,,
2007; Du et al., 2012a; Lohse and Johnson, 2016). WORI
expression is repressed in white cells, where Worl protein
levels have been found to be nearly undetectable (Huang et al,
2006; Srikantha et al., 2006; Zordan et al., 2006; Zordan et al.,
2007; Lohse and Johnson, 2010). In opaque cells, WORI is highly
transcribed, and Worl protein levels have been found to
accumulate to elevated levels (Huang et al., 2006; Srikantha
et al.,, 2006; Zordan et al., 2006; Zordan et al., 2007; Lohse and
Johnson, 2010). Stochastic white to opaque switching is thought
to be the result of transcriptional noise within the white cell
circuit that occasionally allows Worl levels to surpass a critical
threshold necessary to induce the transition to the opaque state
(Srikantha et al., 2006; Hernday et al., 2010; Lohse and Johnson,
2010; Nobile et al., 2012; Guan and Liu, 2015; Horwitz et al.,
2015; Lohse and Johnson, 2016; Lohse et al., 2016a; Tandonnet
and Torres, 2017). Once established, the excited opaque cell
circuit is stably maintained by a series of nested feedback loops,
including a positive autoregulatory feedback loop generated by
Worl binding to the upstream intergenic region of WORI
(Zordan et al., 2007; Hernday et al., 2013). This Worl-induced
positive feedback loop, along with other opaque specific binding
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TABLE 2 | Known transcriptional regulators and a protein cofactor with roles in TABLE 2 | Continued
the C. albicans white-opaque swwtchi,

Auxiliary White-Opaque Transcriptional Regulators

Core White-Opaque Transcriptional Regulators and a Protein C

Orf19# Name Known effect on white- Gene upstream
Orf19# Name Known effect on white- Gene upstream opaque switch in mutant intergenic bound
opaque switch in mutant intergenic bound strain* by one or more of
strain* by one or more of ~_  thecore white-
the core white- White to Opaque to opaque
White to Opaque to opaque Opaque White regulators?
Opaque White regulators? Orf19.1973  Hap5 7 30 Yes
Orf19.7381  Ahr1 2.0 7.8 Yes 0rf19.4853  Hemt 18.3 3.7 Yes
Orf19.3127 Czf1 -21.9 -16.8 Yes 0Orf19.3063 Hfl1 -21.0 2.1 Yes
0Orf19.610 Efgl 24.0 -62.7 Yes Orf19.7539  Ino2 -235 -3.6 Yes
Orf19.6798  Ssn6 N/A N/A Yes 0Orf19.837.1  Ino4 -3.0 1.2 Yes
Orf19.4884  Wort -20.8 N/A Yes Orf19.7401  Isw2 34 2.9 Yes
Orf19.5992  Wor2 -32.9 N/A Yes 0Orf19.3736  Kar4 2.0 1.2 Yes
Orf19.467  Wor3 24 -39 Yes Orf19.4776  Lys143 7.3 -1 Yes
Orf19.6713  Wor4 -133 N/A Yes Orf19.5380 Lys144 1.3 2.4 Yes
Auxiliary White-Opaque Transcriptional Regulators Orf19.7068  Mact 194 6 Yes
Orf19.4318  Migi -29.7 1.4 Yes
Orf19.7436  Aaft -1.1 2.7 Yes 0Orf19.5326  Mig2 16 16 Yes
Orf19.2272  Aft2 28 17 Yes Orf19.4752  Msné 1.9 4.7 Yes
Orf19.4766  Arg81 1.8 23 Yes 0rf19.2119  Ndt80 -10.1 1.9 Yes
Orf19.166 Asgl -21.6 -22.1 Yes 0rf19.5910  Ntot 28 15 Yes
0Orf19.6343  Ash1 -1.2 -26.9 Yes Orf19.1543  Opit 4.0 2.4 Yes
Orf19.6874  Bas1 -1.5 25 Yes 0Orf19.4231 Pth2 3.0 -4 Yes
Orf19.723 Bert 22 N/A Yes 0rf19.1773  Rapi 16.0 16 Yes
Orf19.4056  Brg1 19 -1.5 Yes 0Orf19.5558  Rbf1 N/A -32.4 Yes
0rf19.1623 ~ Cap1 -1.5 4.4 Yes 0rf19.6102  Rcal 9.1 1.9 Yes
Orf19.4670  Cas5 1.4 -2.3 Yes 0rf19.7521  Rep1 15 24 Yes
Orf19.4433  Cpht 22 -26 Yes 0Orf19.2823  Rfg1 1.1 2.1 Yes
Orf19.1187  Cph2 2.3 -1.4 No Orf19.3865  Rix1 1.8 1.7 Yes
0rf19.7359  Crz1 1.9 5.6 Yes 0rf19.4590  Rfx2 1.5 1.7 Yes
Orf19.3794  Csrt 1.0 26 Yes 0Orf19.1604  Rhat 1.0 2.7 Yes
Orf19.7374  Ctad -1.1 -5.9 Yes Orf19.4438  Rmel 2.1 1.8 Yes
Orf19.4288  Cta7 24 -21 Yes 0Orf19.513  Ront 12 17 Yes
Orf19.5001  Cup2 12 -16 Yes Orf19.1069  Rpnd 18.2 15 No
0rf19.6514  Cup9 47 -15.4 Yes Orf19.4722  Rigl -2.4 2.9 Yes
Orf19.3252  Dalg1 6.1 -18 Yes 0rf19.2315  Rtg3 2.8 2.2 Yes
0Orf19.2088  Dpb4 -3.1 2.4 Yes 0rf19.1926  Sef2 1.1 -3.3 Yes
Orf19.2623 Ecm22 1.3 22 Yes Orf19.454 S 1.1 2.0 Yes
Orf19.56498  Efht 1.7 -1.6 Yes 0Orf19.971 Skn7 1.1 -1.5 Yes
Orf19.6817  Fert -1.9 -1.6 Yes 0Orf19.1032  Skol 1.8 2.4 No
0rf19.2054  Fgr15 -17.7 4.8 Yes 0Orf19.4961  Stp2 9.2 6.9 Yes
Orf19.1093  Flo8 -27.8 N/A No Orf19.909  Stp4 3.3 2.2 Yes
Orf19.5338  Gal4 -23.9 -1.3 Yes Orf19.4545  Swid -45 1.0 Yes
0Orf19.3182  Gis2 -1.2 -9.4 Yes 0Orf19.4941 Tye? 2.0 -1.0 Yes
Orf19.4000  Grf10 14 -6.9 Yes 0rf19.7317  Uga33 -1.0 17 Yes
Orf19.2842  Gzf3 -12.3 17 Yes 0Orf19.1822  Ume6 -16 2.0 Yes
Orf19.1228  Hap2 -28.6 -16 No 0rf19.2745  Ume7 -2.0 1.4 Yes
Orf19.4647  Hap3 -3.0 13 Yes 0rf19.391 Upc2 1.1 3.1 Yes
Orf19.517 Hap31 -22.7 -1.3 Yes 0rf19.1035  Wart 3.2 1.1 No
0Orf19.740 Hap41 -9.6 1.1 Yes 0Orf19.5210  Xbp1 6.4 1.2 Yes
Orf19.1481  Hap42 20 -1.9 No Orf19.2808  Zcf16 1.5 1.2 Yes
(Continued) (Continued)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 December 2020 | Volume 10 | Article 605711



Rodriguez et al.

Transcriptional Circuits in C. albicans

TABLE 2 | Continued

Auxiliary White-Opaque Transcriptional Regulators

Orf194# Name Known effect on white- Gene upstream
opaque switch in mutant intergenic bound
strain* by one or more of
the core white-
White to Opaque to opaque
Opaque White regulators?
Orf19.3305  Zcf17 1.3 22 Yes
Orf19.431 Zcf2 -1.7 28 Yes
Orf19.4145  Zcf20 -1.5 22 Yes
Orf19.4166  Zcf21 -4.1 -40.4 Yes
Orf19.4251  Zcf22 1.8 -1.1 Yes
Orf19.4524  Zcf24 -1.0 -3.2 Yes
Orf19.4568  Zcf2s 8.5 29 Yes
Orf19.4649  Zcf27 -1.9 1.5 Yes
Orf19.6251  Zcf30 11 -1.7 Yes
Orf19.5924  Zcf31 -2.4 32 Yes
Orf19.6182  Zcf34 -29 -4.6 Yes
Orf19.1685  Zcf7 4.7 =27 Yes
0Orf19.1718  Zcf8 -2.1 22 Yes
Orf19.6781 Zfu2 -1.9 23 Yes
Orf19.6888  Zfu3 -5.0 -16.2 Yes
Orf19.5026  Zms1 -28 -1.2 Yes
Orf19.1150 1.2 -1.3 No
0Orf19.1274 -1.4 1.2 No
Orf19.1577 -1.1 -1.5 No
Orf19.1757 1.0 -1.6 Yes
Orf19.217 -1.7 -1.7 Yes
0rf19.2476 1.9 25 Yes
0Orf19.2612 24 1.4 Yes
Orf19.2961 7.0 20 Yes
Orf19.3928 5.7 -4.4 Yes
Orf19.7098 7.8 1.1 Yes

#Data derived from (Zordan et al., 2007; Hernday et al., 2013; Lohse et al., 2013; Hernday
et al, 2016; Lohse et al, 2016; Lohse and Johnson, 2016). *Fold change in switch
frequency is relative to a wildtype reference strain.

interactions between the white and opaque regulators and their
respective upstream intergenic regions, is proposed to be a
central mechanism that mediates the epigenetic heritability of
the opaque cell type (Huang et al., 2006; Srikantha et al., 2006;
Zordan et al., 2006; Zordan et al., 2007; Lohse and Johnson, 2010;
Wang et al., 2011; Hernday et al., 2013; Lohse et al., 2013; Lohse
and Johnson, 2016; Hernday et al., 2016). Stochastic opaque to
white switching is believed to occur when transcriptional noise
causes Worl levels to drop below a critical threshold, thus
leading to a collapse of the excited opaque cell transcriptional
program and a return to the ground white cell transcriptional
program (Srikantha et al., 2006; Zordan et al., 2006; Lohse and
Johnson, 2010).

The core transcriptional circuit in white cells consists of a
series of feed-forward loops that ultimately repress the
expression of WORI and WOR2, both of which are key players

in the establishment and/or maintenance of the opaque cell type
(Zordan et al., 2007). Efgl, Ahrl, and Ssn6 all contribute to the
stability of the white cell circuit and are believed to directly or
indirectly repress the expression of WORI and WOR2 (Zordan
etal., 2007; Tuch et al., 2010; Hernday et al., 2013; Hernday et al.,
2016). Deletion of EFG1, AHRI, or SSN6 destabilizes the white
cell circuit such that most, if not all, of the cells in the population
transition to the opaque state (Sonneborn et al., 1999; Srikantha
et al., 2000; Vinces et al., 2006; Vinces and Kumamoto, 2007;
Zordan et al., 2007; Wang et al., 2011; Hernday et al., 2016). Czfl,
Wor3, and Wor4 are capable of destabilizing the white cell
circuit, and induced expression of CZF1, WOR3, or WOR4 in
white cells can promote white to opaque switching in a Worl
dependent manner (Zordan et al., 2007; Hernday et al., 2013;
Lohse et al,, 2013; Lohse and Johnson, 2016). Interestingly,
neither Czfl nor Wor3 is required for the heritable
maintenance of the opaque state once switching has occurred
(Zordan et al., 2007; Lohse et al., 2013). Based on these results
and the structure of the white cell regulatory circuit (Figure 3A),
Czfl and Wor4 are thought to destabilize the white cell type by
directly and indirectly antagonizing the white cell stabilizing
activities of Ssn6é, Ahrl, and Efgl, and by inducing opaque
promoting factors such as WOR3, thus introducing the
transcriptional noise that leads to the stochastic activation of
the WORI positive feedback loop and the transition to the
opaque state. In addition to repression of WORI and WOR2,
the white cell transcriptional program results in repression of
opaque enriched transcripts (e.g. WOR3 and CZF1I) as well as the
activation of white enriched transcripts (e.g. EFGI), thus creating
a series of feed-forward loops that act to stabilize the white cell
circuit and prevent activation of the opaque state (Zordan et al.,
2007; Hernday et al., 2013; Lohse et al., 2013).

In contrast to the core transcriptional circuit of the white cell
type (Figure 3A), the core transcriptional circuit of the opaque
cell type is extensively intertwined (Figure 3B). All of the core
switch regulators are active in opaque cells, and they are each
found to bind to their own upstream intergenic regions, along
with the upstream intergenic regions of most, if not all, of the
other core switch regulators (Figure 3B) (Huang et al., 2006;
Srikantha et al., 2006; Zordan et al., 2006; Zordan et al., 2007;
Wang et al, 2011; Hernday et al, 2013; Lohse et al., 2013;
Hernday et al., 2016; Lohse and Johnson, 2016). To highlight this
point, 58 of the 64 possible binding interactions between the core
switch regulators and their respective upstream intergenic
regions are observed in opaque cells (Data Sheet S1, Tabl).
Although the logic of the opaque transcriptional circuit has yet to
be fully elucidated, the high degree of interconnectivity between
the core opaque regulators likely contributes to the robustness,
yet reversibility, of the opaque cell state. Similar to the white cell
circuit, Worl is a critical player in the opaque cell circuit;
however, it is the sustained high levels of WORI expression,
rather than its repression, that is required for the formation and
stable maintenance of the opaque cell type (Huang et al., 2006;
Srikantha et al., 2006; Zordan et al., 2006). Although not strictly
required for the formation of an opaque cell, Wor2 and Wor4
also play important roles in the heritable maintenance of the
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WOR1

WOR2

FIGURE 3 | Transcriptional circuits controlling the C. albicans white-opaque phenotypic switch. (A) Transcriptional circuit of the white state. (B) Transcriptional
circuit of the opaque state. (C) Overlayed transcriptional circuits regulating the white and opaque states. Ovals indicate each of the core regulators with their

respective names. Arrows indicate direct binding events. See Data Sheet S$1, Tab4 for binding interactions. Data were derived from (Zordan et al
1d Johnson, 2016). Figure was generated using Cytoscape (Shannon et al., 2003).

etal., 2013; Lohse et al., 2013; Hernday et al., 2016; Lohse

opaque transcriptional program (Zordan et al., 2007; Lohse and
Johnson, 2016). Strains lacking WOR2 or WOR4 are locked in
the white cell type and fail to undergo spontaneous white to opaque
switching, yet can be induced to form opaque cells by ectopic
expression of WORI (Frazer et al., 2020). These induced opaque
cells, however, are unstable, and quickly revert to the white cell type
when ectopic WORI expression is repressed, indicating that Wor2
and Wor4 play essential roles in the heritability of opaque cells
(Zordan et al,, 2007). Interestingly, with the exception of Ahrl, all
switch regulators discovered to date have been found to contain
prion-like domains that enable liquid-liquid demixing and the
formation of phase-separated condensates (Frazer et al., 2020).
Several of the switch regulators, including Worl and Wor4, have
been shown to undergo phase separation in vitro, and to form
condensates at genomic loci in vivo, in a manner similar to the
formation of mammalian super-enhancers (Frazer et al., 2020).
Combined with the observation that many of the target genes bound
by the switch regulators are flanked by unusually large upstream

2007; Hernday

intergenic regions (Zordan etal., 2007; Hernday etal., 2013),and the
discovery that specific residues within the Worl prion-like domain
are required for condensate formation and white to opaque
switching, it seems likely that these phase-separated condensates
formed by the core switch regulators in opaque cells are critical
factors that contribute to the formation and heritable maintenance
of the opaque cell type.

REGULATION OF THE COMMENSAL-
PATHOGEN TRANSITION

C. albicans typically exists as a commensal member of the healthy
human microbiota. It can also transition into a pathogen in
response to specific host environmental cues. In its pathogenic
state, C. albicans can cause a wide range of infections, from acute to
chronic superficial mucosal infections to severe and life-threatening
disseminated bloodstream infections (Wenzel, 1995; Hube, 2004;

Frontiers in Cellular and Infection Microbiology frontiersin.org

11

December 2020 | Volume 10 | Article 605711



Rodriguez et al

Pappas et al., 2004). Although immunocompetent individuals with
healthy and balanced microbiota are typically not adversely affected
by C. albicans, immunocompromised individuals can suffer severe
infections with significant morbidity and mortality (Wenzel, 1995;
Nobile and Johnson, 2015). Understanding the genetic regulatory
mechanisms that control the C. albicans commensal-pathogen
transition has the potential to lead to the development of targeted
therapeutic strategies against C. albicans in its pathogenic state,
without affecting its commensal state and the delicate balance of
the microbiota.

Two distinct C. albicans transcriptional networks controlling the
commensal-pathogen transition were described in 2011 and 2013,
one governing iron homeostasis, and the other governing
proliferation in the host, respectively (see Figure 4A for the iron
homeostasis circuit, Figure 4B for the proliferation in the host
circuit, and Figure 4C for the combined commensal-pathogen
overlayed circuits) (Chen et al, 2011; Péerez et al,, 2013). As a
commensal of the gastrointestinal (GI) tract, C. albicans is exposed
to varying and often abundant levels of iron from food, and thus a
tightly regulated transcriptional response is important for C.

Transcriptional Circuits in C. albicans

albicans to control iron assimilation and to avoid iron toxicity in
the GI tract (McCance and Widdowson, 1938; Martin et al., 1987;
Miret et al., 2003). On the other hand, when C. albicans causes a
disseminated bloodstream infection, iron is extremely limiting, and
to survive, C. albicans must conserve and scavenge iron from the
bloodstream. Three transcriptional regulators, Sefl, Sful, and
Hap43, were found to form a tightly knit transcriptional network,
encompassing 214 downstream target genes (Chen et al., 2011).
These three transcriptional regulators control iron homeostasis and
were found to be essential for C. albicans to survive as both a
commensal and as a pathogen within the mammalian host (Chen
etal, 2011). Iron homeostasis in many other fungi (such as in other
ascomycetes and the basidiomycete, Cryptococcus neoformans) is
commonly regulated by a bipartite regulatory circuit composed of
orthologs of Sful and Hap43, where Sful orthologs repress iron
acquisition genes and HAP43 orthologs, while Hap43 orthologs
repress nonessential iron utilization genes and SFU1 orthologs. This
mutually repressive regulatory interaction between orthologs of
Sful and Hap43 in other fungi is significantly altered in C. albicans
by the intercalation of Sefl as a third player within this circuit

HMS1 <—RTG1/3

SEF1 <—  SFU1

\

ZCF21

HMS1 <—RTG1/3

N\

FIGURE 4 | Transcriptional circuits controlling the C. albicans commensal-pathogen transition. (A) Transcriptional circuit controlling iron homeostasis. (B) Transcriptional
circuit controlling proliferation in the host. (C) Overlayed transcriptional circuits controliing the commensal-pathogen transition. Ovals indicate each of the core regulators with
their respective names. Arrows indicate direct binding events. Note that since Rtg1 and Rtg3 function as a heterodimer, and do not appear to bind DNA independently, they

Frontiers in Cellular and Infection Microbiology frontiersin

org

12

December 2020 | Volume 10 | Article 605711



Rodriguez et al.

(Figure 4A) (Chen et al, 2011). In C. albicans, Sful directly
represses SEFI and iron acquisition genes under iron replete
conditions (Chen et al., 2011). In response to iron limitation, Sefl
serves to directly activate HAP43 and iron uptake genes, while
Hap43 directly represses SFUI and iron utilization genes (Chen
etal, 2011). Although the roles for Hap43 in C. albicans are similar
to those of other fungi, the reciprocal interaction between Sful and
HAP43isaltered in C. albicans by the inclusion of Sefl, which serves
as an intermediary between Sful and HAP43. C. albicans SEF1 and
SFUI are differentially expressed between growth in the GI tract
versus growth in the bloodstream (Chen et al., 2011), thus providing
dual inputs into the circuit controlling iron acquisition and
utilization. While both Sefl and Sful serve to promote
commensalism in a mouse GI commensal model, only Sefl is
required for virulence in a mouse disseminated infection model
(Chen et al,, 2011). Interestingly, deletion of SFUI conferred a
significant competitive advantage over wildtype cells in the
disseminated infection model (Chen et al,, 2011), indicating that
Sful serves not only to promote commensalism in the GI tract, but
also to attenuate virulence in the bloodstream. (See Table 3 for
information on these three core transcriptional regulators in the
commensal-pathogen transition.) Ultimately the C. albicans iron
homeostasis circuit produces a well conserved transcriptional
output consisting of increased iron uptake and reduced iron
utilization in iron limited environments, and decreased iron
uptake and increased iron utilization in iron replete conditions.
Despite being well conserved in its transcriptional output, the iron
homeostasis circuit appears to be uniquely evolved in C. albicans to
control the delicate balance between its commensal and pathogenic
growth states.

A subsequent study identified eight transcriptional regulators
(Tye7, Orf19.3625, Lys144, Zcf21, Lys14, Hsml, Rtgl, and Rtg3)
that influence C. albicans proliferation in the commensal and/or
pathogenic growth states (Pérez et al.,, 2013). These regulators were
identified by screening a subset of the commonly used C. albicans

Transcriptional Circuits in C. albicans

TF mutant library (Homann et al., 2009) for defects in a commensal
(GI colonization) mouse model and a pathogenic (disseminated
infection) mouse model. This subset of the TF mutant library
consisted of those mutant strains that revealed no phenotypes in
a diverse panel of in vitro growth conditions, and was screened to
identify transcriptional regulators that were specifically required for
normal (wildtype) levels of growth in either of the two mouse
models (Homann et al, 2009; Pérez et al,, 2013). Of the eight
regulators that were identified, six (Rtgl, Rtg3, Tye7, Hmsl,
Orf19.3625, and Lys144) were required for GI colonization, while
five (Rtgl, Rtg3, Hmsl, Lys14, and Zcf21) were required for robust
growth in the disseminated infection model (Pérez et al., 2013).
Overall, Tye7, Orf19.3625, and Lys144 were found to be specific to
commensal colonization of the GI tract; Zcf21 and Lys14 were
found to be specific to disseminated infections; and Rtgl, Rtg3, and
Hms1 were found to be associated generally with growth in the host
(Pérez etal.,, 2013). Based on genome-wide transcriptional profiling
and chromatin immunoprecipitation data, seven of these regulators
(Tye7, Lys144, Zcf21, Lys14, Hsm1, Rtgl, and Rtg3) were found to
form a transcriptional network consisting of 808 directly bound
target genes. Significant overlap was observed between the bound
target genes of this network and those genes that were upregulated
in the mouse GI model compared to growth in vitro. Orf19.3625 was
excluded from this analysis as it is a predicted subunit of a histone
remodeling complex, and thus was not considered to be a specific
regulator within the commensal-pathogen network. In contrast to
the transcriptional network defined by Sefl, Sful, and Hap43, which
is primarily responsible for regulating genes involved in iron
homeostasis (Chen et al.,, 2011), the transcriptional network
defined by Tye7, Lysl44, Zcf21, Lys14, Hsml, Rtgl, and Rtg3
appears to primarily regulate genes involved in the acquisition
and metabolism of carbon and nitrogen, as well as genes that encode
transporters and cell surface proteins (Pérez et al, 2013). The
binding profiles for Rtgl and Rtg3 were observed to be identical,
and thus they likely function as a heterodimer to bind DNA (Pérez

TABLE 3 | Known transcriptional regulators with roles in the C. albicans commensal-pathogen transition.

Core Iron Homeostasis Transcriptional Regulators

Orf19# Name Known gel lated process in Gene upstream References
mutant strain intergenic region bound
by one or more of the
core regulators?
Orf19.681  Hap43 Iron Utilization Yes (Baek et al., 2008; Chen et al., 2011; Hsu
etal., 2011)
Orf19.3753  Sefl Iron Uptake Yes (Chen et al., 2011)
Orf19.4869  Sfut Iron Acquisition Yes (Lan et al., 2004; Chen et al., 2011)
Core Host Proliferation Transcriptional Regulators
Orf194# Name Known lated process in Gene upstream References
mutant strain intergenic region bound
by one or more of the
core biofilm regulators?
Orf19.921 Hms1 Gl Colonization, Disseminated Infection Yes (Shapiro et al., 2012; Pérez et al., 2013)
0Orf19.4722  Rtgl Gl Colonization, Disseminated Infection Yes (Jia et al., 1997; Pérez et al., 2013)
0Orf19.2315  Rtg3 Gl Colonization, Disseminated Infection Yes (Jia et al., 1997; Pérez et al., 2013)
Orf19.4941  Tye? Gl Colonization Yes (Perez et al., 2013)
Orf19.4166 Zcf21 Disseminated Infection Yes (Pérez et al., 2013)
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et al., 2013), which is consistent with their orthologs in
Saccharomyces cerevisiae (Liu and Butow, 2006). Of the 153 direct
target genes in this network that are upregulated during GI
colonization and disseminated infection, 108 of them are bound
by the Rtgl/3 heterodimer (Pérez et al,, 2013), highlighting the
central role that Rtgl/3 plays in this network. We note that a
subsequent study by the same group identified five transcriptional
regulators that influence fitness in an oropharyngeal candidiasis
model (Cup9, Zcf8, Zcf21, Zcf27, and Orf19.217), and identified a
set of genes that are differentially regulated in response to deletion of
CUPY (Meir et al., 2018). We did not include these data in our
analyses since binding experiments that would be necessary to
integrate these additional regulators into the commensal-pathogen
transcriptional circuit have not been performed.

Atthe core of this commensal-pathogen transcriptional network
lies a tightly interwoven regulatory circuit defined by the binding
interactions between five of these transcriptional regulators (Hmsl,
Zcf21, Tye7, Rtgl, and Rtg3) and their respective upstream
intergenic regions (Figure 4B). While Lys14 and Lys144 are
clearly important for pathogenic and commensal growth,
respectively, they are not integrated into the core transcriptional
circuit and instead appear to function as auxiliary regulators.
Interestingly, RTGI and RTG3 are not regulated at the
transcriptional level in response to growth in the GI tract and are
not direct targets of any of the members of this commensal-
pathogen transcriptional circuit (Pérez et al., 2013). Instead, Rtgl/
3 seems to function as a major regulatory input into, rather than
target of, this commensal-pathogen circuit. In S. cerevisiae, the
Rtg1/3 heterodimer is known to be post-translationally modified
and translocated into the nucleus in response to growth on poor
nitrogen sources or mitochondrial dysfunction, suggesting that
nitrogen assimilation and metabolic adaptation could be critical
factors for the proliferation of C. albicans in the host (Liao and
Butow, 1993; Jia et al., 1997; Liu and Butow, 2006). Hms1, which is
also required for both commensal and pathogenic growth in the
host, is known to be activated in response to elevated temperatures
(Shapiro et al., 2012), indicating that temperature, along with
nitrogen source(s), represent two critical environmental signals
that influence the commensal and pathogenic growth programs of
C. albicans. Zcf21 represses a variety of genes that encode key
virulence factors, and plays a major role in pathogenesis by
balancing the positive effects of these virulence factors during
disseminated infection against the increased susceptibility to host
immune system recognition and clearance that is correlated with
their expression (Bohm et al., 2016). Finally, Tye7 has been
implicated in the metabolism of carbohydrates, such as
oligosaccharides and polysaccharides, as well as in the regulation
of hyphal growth and biofilm formation (Askew et al., 2009;
Bonhomme et al.,, 2011). (See Table 3 for information on these
five core transcriptional regulators in the commensal-pathogen
transition.) Although both the iron homeostasis and the host
proliferation transcriptional networks are critical to the ability of
C. albicans to grow as a commensal and as a pathogen, there is
limited interconnectivity between these networks at the level of the
core regulators of each circuit (Figure 4C). SFUI serves as the sole
point of integration between the two circuits, being bound by Rtg1/3

Transcriptional Circuits in C. albicans

and Tye7. There are no binding interactions observed between the
iron homeostasis regulators (Sefl, Sful, and Hap43) and the genes
encoding the host proliferation regulators, suggesting that under
certain growth conditions which alter the binding of Rtg1/3 and/or
Tye7, the iron homeostasis circuit may function as a sub-circuit of
the host proliferation circuit. Together, the transcriptional
regulators involved in iron homeostasis and acquisition, and host
proliferation, confer C. albicans with the ability to proliferate in
different niches of the host as well as to transition between
commensal and pathogenic states in response to changes in the
host environment.

INTEGRATION OF NETWORKS

In total, the three larger regulatory networks, consisting of the core
regulators and all of their directly bound target genes involved in
biofilm formation, the white-opaque phenotypic switch, and the
commensal-pathogen transition in C. albicans encompass at least
1657 directly bound individual target genes, making up a little over
25% of genes in the entire genome (note that Flo8, Gal4, and Rfx2
were excluded from this analysis since there is not genome-wide
chromatin immunoprecipitation data available for them) (Data
Sheet S1, Tab2) (Zordan et al., 2007; Chen et al., 2011; Nobile et al.,
2012; Hernday et al., 2013; Lohse et al., 2013; Pérez et al., 2013; Fox
et al,, 2015; Hernday et al., 2016; Lohse and Johnson, 2016). These
three networks are highly intertwined, with 40% (667/1657) of the
target genes shared between at least two of the networks, and 11%
(188/1657) of the target genes shared between all three networks
(Data Sheet S1, Tab2). This high degree of interconnectivity is even
more pronounced at the level of the core transcriptional circuits that
control these three networks, as is evident by the extensive binding
interactions present between the core regulators themselves (Figure
5 and Data Sheet S1, Tabl). Together, the twenty transcriptional
regulators for which we have genome-wide chromatin
immunoprecipitation data available form a total of 225 binding
interactions within and between their core circuits, distributed
roughly evenly between intra-circuit (49%) and inter-circuit
(51%) interactions (note that the Rtgl/3 heterodimer is counted
as a single regulator since neither subunit is known to bind
independently) (Data Sheet S1, Tab3). The commensal-pathogen
circuit and the biofilm circuit are highly intertwined with the
regulators in the other circuits, with 66% and 59% inter-circuit
interactions, respectively, while the opaque cell circuit appears to be
much more isolated, with the majority (64%) of its interactions
being intra-circuit (Data Sheet S1, Tab3). Perhaps the most striking
example of integration between the circuits is exemplified by Ndt80
in the biofilm circuit, which binds to the upstream intergenic
regions of 22 out of 24 of the core regulators (all but the upstream
intergenic regions of RTGI and RTG3) (Data Sheet S1, Tabl). The
percentage of inter-circuit binding events is highest for Tye7 (79%),
Zcf21 (75%), Berl (71%), Brgl (67%), and Rtgl/3 (67%),
accounting for at least two out of three binding events for each of
these regulators within the three core circuits (Data Sheet S1,
Tab3). At the opposite end of the spectrum, Hap43, Hms1, and Sful
are exclusive to the commensal-pathogen circuit. In addition, at
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(HM$1 <+ RTG1/3

FIGURE 5 | Integrated transcriptional circuits of C. albicans biofilm formation, the white-opaque switch and the commensal-pathogen transition. Ovals indicate each
of the core regulators with their respective names. Arrows indicate direct binding events. See Data Sheet S1, Tab4 for binding interactions. Data were derived from

(Zordan et al., 2007; Chen et al., 2011;

and Johnson, 2016). Figure was generated using Cytoscape (Shannon et al., 2003).

Nobile et al., 2012; Hernday et al., 2013; Lohse et al., 2013; Pérez et al., 2013; Fox et al., 2015; Hernday et al., 2016; Lohse

least two thirds of the binding events observed for Wor3 (88%), Czf1
(75%), Rob1 (71%), Ahrl (70%), and Wor4 (70%) within the three
core circuits occur within their respective core circuits (Data Sheet
S1, Tab3). Interestingly, the degree of Efgl inter-circuit interaction
is unique to the circuit within which it lies, where 61% inter-circuit
interactions are observed for Efgl in the biofilm circuit, while only
42% inter-circuit interactions are observed for Efgl in the white-
opaque circuit (Data Sheet S1, Tab3). BRGI is the most highly
integrated target within the three circuits, where it is bound by
seventeen of the twenty core regulators evaluated (leaving out Gal4,
Rfx2, and Flo8, and considering Rtg1 and Rtg3 as a single regulator)
(Data Sheet S1, Tabl). Overall, more than half (thirteen out of
twenty-four) of the regulators that make up the three core circuits
are bound by at least half (eleven or more) of the twenty core
regulators evaluated (Data Sheet S1, Tabl). These rather striking
numbers highlight the degree to which these circuits are
intertwined, and these numbers are only likely to increase as
additional core regulators are identified and incorporated into the
three transcriptional circuits.

The extensive integration between these core transcriptional
circuits appears to have significant functional relevance. For
example, 14 of the 24 regulator genes discussed (AHRI, BCRI,
BRGI, CZF1, GAL4, HAP43, HMS1, RFX2, SEF1, SFU1, TECI,

WORI, WOR3, ZCF21) are differentially expressed by at least
twofold between planktonic and biofilm growth conditions; of
these fourteen genes, all but GAL4 are upregulated in biofilms
(Data Sheet S1, Tabl) (Nobile et al., 2012). A similar trend is
observed during white-opaque switching, where eleven of the
twenty-four regulator genes (BRG1, CZF1, EFG1, GAL4, HMSI,
RFX2, ROBI, TYE7, WORI, WOR2, WOR3) are differentially
expressed by at least twofold between white and opaque cell types
(Data Sheet S1, Tabl) (Tuch et al, 2010). The interactions
between the biofilm circuit and the white-opaque circuit are
particularly striking. All eight of the core white-opaque regulator
genes are bound by at least four of the six core biofilm regulators,
and six of the eight white-opaque regulator genes (all but EFG1
and WOR4) are differentially expressed by twofold or more
between planktonic and biofilm conditions (WORI, AHRI,
CZF1, and WOR3 are upregulated by 3-, 5-, 8-, and 32-fold,
respectively, while WOR2 and SSN6 are both downregulated by
2-fold) (Data Sheet S1, Tab1). Conversely, five of the nine core
biofilm regulator genes are bound by at least four of the eight
white-opaque regulators in opaque cells (EFGI, BRGI, BCRI,
TECI, and RFX2 are bound by eight, eight, five, five, and four
white-opaque regulators, respectively), and five of the nine
biofilm regulator genes are differentially expressed by at least
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2-fold between white and opaque cells (BRGI and RFX2 are
upregulated in opaque cells, while EFG1, GAL4, and ROBI are
upregulated in white cells) (Data Sheet S1, Tabl). The
commensal-pathogen circuit regulators are closely intertwined
with the biofilm circuit; however, there is relatively little overlap
between the overlayed white-opaque circuit and the overlayed
commensal-pathogen circuit. Six of the eight commensal-
pathogen regulator genes (all but RTGI and RTG3) are bound
by at least one biofilm core regulator, half of which (SFU1, TYE7,
and ZCF21) are bound by at least four of the biofilm regulators
(Data Sheet S1, Tabl). All six of the commensal-pathogen
regulator genes that are bound by biofilm regulators are
differentially expressed by twofold or more between planktonic
and biofilm conditions, with all but TYE7 being upregulated in
biofilms (Data Sheet S1, Tab1). In contrast to the high degree of
functional interaction between the biofilm circuit and the
overlayed commensal-pathogen circuit, only three of the eight
commensal-pathogen regulator genes (SFUI, TYE7, and ZCF21)
are bound by any of the white-opaque regulators, and of the three
target genes, only TYE? is differentially expressed between white
and opaque cells (upregulated twentyfold in opaque cells). The
effect of growth under conditions relevant to the overlayed
commensal-pathogen circuit (i.e. low iron or growth in the GI
tract) is relatively limited when compared to the effects of biofilm
formation and white-opaque switching. Upon growth in low
iron, only the three regulator genes involved in iron homeostasis
(HAP43, SEF1, SFUI) are differentially expressed (Data Sheet
S1, Tabl) (Chen et al., 2011). While growth in the GI tract does
affect the expression of core regulator genes in the other circuits,
the impact of this expression is relatively limited, where AHRI
and TECI are upregulated and ROBI is downregulated in the GI
tract versus growth in vitro (Rosenbach et al,, 2010).

PERSPECTIVES

The C. albicans transcriptional regulatory circuits controlling the
developmental processes of biofilm formation, the white-opaque
phenotypic switch, and the commensal-pathogen transition are
individually tightly knit and we show that they are integrated
together by extensive regulatory crosstalk between the core
regulators that comprise each circuit. If we take into
consideration all of the target genes in each of the larger
transcriptional networks, each regulator controls individual
subsets of target genes regulating distinct functions as well as
subsets of target genes with functions in common with the other
core regulators in each network. Strikingly, these three major
transcriptional networks, together, encompass a little over 25% of
genes in the entire genome, indicating that there is a high degree of
functional redundancy across the networks. The complexity and
functional redundancy of these network structures often make
dissecting the logic of each network extremely challenging. The
networks we discuss here in this review are overall structurally very
similar to networks controlling complex transcriptional
developmental processes in higher eukaryotes, such as the
mammalian embryonic stem cell state (pluripotency) network
(Boyer et al., 2005; Kim et al., 2008a). Given that mammals and

Transcriptional Circuits in C. albicans

C. albicans diverged from a common ancestor around 1.5 million
years ago (Wang etal., 1999), itis notable that the structures of these
independently evolved transcriptional networks are so similar.
There are a couple hypotheses as to how these transcriptional
networks could appear so structurally similar (Sorrells and Johnson,
2015). The first hypothesis is that these complex transcriptional
networks represent the optimal solutions for organizing the
biological processes they control (Francois and Hakim, 2004; Prill
et al,, 2005). The second hypothesis is that these transcriptional
networks are not optimal solutions but are rather non-adaptive
structures that have been retained over evolutionary time scales by
purifying selection and are thus the result of high-probability
evolutionary trajectories (Sorrells and Johnson, 2015). As we
begin to discover and deconvolute complex transcriptional
networks, we will begin to test these hypotheses and shed new
light on the logic of these complex network structures.
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SUPPLEMENTARY DATA SHEET 1 | Compilation and analysis of regulator
binding interactions and target gene expression. Tab1 labeled “Tab1_Combined Core
Circuits” contains compiled genome-wide chromatin immunoprecipitation (ChIP-seq or
ChlP-chip) and expression profiling (RNA-seq or microarray) data for the core circuit
regulators and their respective target genes. ChIP data and RNA-seq data values are in
log, format. Biofilm regulators ChiIP data and differential gene expression data were
derived from (Nobile etal., 2012). White-opaque regulators ChIP data were derived from
(Zordan et al., 2007; Hernday et al., 2013; Lohse et al., 2013; Hernday et al., 2016;
LLohse and Johnson, 2016). White-opaque differential gene expression data were
derived from (Tuch et al., 2010). Iron homeostasis regulators ChiP data and differential
gene expression data were derived from (Chen et al., 2011). Host proliferation ChIP data
were derived from (Pérez et al., 2013). Host proliferation differential gene expression
data were derived from (Rosenbach et al., 2010). Tab2 labeled “Tab2_Combined
Networks” contains compiled genome-wide chromatinimmunoprecipitation (ChIP-seq
or ChiP-chip) and expression profiing (RNAseq or microarray) data for the core circuit
regulators and all possible target genes in the C. albicans genome. ChIP data and RNA-
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The TFs that comprise these three circuits have been largely characterized
through genome-wide approaches to assess DNA binding patterns under growth
conditions that support the distinct developmental programs which are controlled by
these circuits and transcriptional profiling of strains that lack one or more of these key
regulators. Furthermore, significant work has been performed to understand the genetic
and regulatory interactions between the regulators within the biofilm and white-opaque
regulatory circuits. However, 34 of the new white-opaque switch regulatory TFs that
were recently identified by Lohse et al. have yet to be characterized by genome-wide
DNA binding analysis, transcriptional profiling of deletion strains, or genetic interaction
analysis®. In this dissertation, I have focused on developing a more complete
understanding of the genetic regulatory interactions and transcriptional regulatory
network structures that underlie the white-opaque switch in Candida albicans. In
particular, I have systematically addressed how all eight of the known “switch critical”
regulators, which are required for stochastic switching between the two cell types,
interact with each other at the genetic level. | have also determined how four of the newly
identified switch critical regulators (Fgrl5, Flo8, Hfl1, and Rbfl), which have not
previously been characterized via genome-wide DNA binding analyses, integrate into the
larger white-opaque switch regulatory network. | have also explored the extent to which
these newly uncovered regulatory connections further integrate the white-opaque, biofilm,
and commensal-pathogenic networks.

To elucidate the genetic, physical, and transcriptional regulatory interactions that
govern switching and heritability within the white-opaque switch circuit, | applied a
combination of genetic epistasis experiments (chapter two), cleavage under targets and
release using nuclease (CUT&RUN) (chapter three), and genome-wide transcriptional
profiling (chapter three). To determine the epistatic relationship between each of the
critical switch regulators, we generated all possible pairwise combinations of the white-
versus opague-locked transcription factor knock-out strains (double-deletion mutants).
These experiments revealed that the “core” of the white-opaque switch consists largely of
a series of mutually antagonistic genetic interactions that compete for the relative stability
of the white and opaque cell types. Surprisingly, the majority of these double deletion
strains restored stochastic switching, rather than revealing clear epistatic interactions,
suggesting that these TFs all compete for control of the switch at a common level, and
that the relative stability of the white and opaque cell types is in part determined by
integrating the regulatory inputs from each of the switch critical regulators. To determine
the direct physical regulatory targets of each critical white-opaque regulatory TF we
performed CUT&RUN on each of the four newly identified critical regulators in white
and opaque cell types (Fgrl5, Hfl1, Flo8, and Rbfl); this data was then integrated with
the previously published ChIP data sets to further expand the switch regulatory network.

To comprehensively assess the genes that are regulated, either directly or
indirectly, by the most impactful regulatory TFs that control white-opaque switching, we
perform genome-wide transcriptional profiling (RNA-seq) on a set of 28 TF deletion
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strains (including all 8 known switch critical regulators, and 20 of the most impactful
switch modulating regulators) in white and opaque cell types (chapter 3). We also
compare relative transcript levels for all of the known switch regulators in each of the 28
TF deletion backgrounds to uncover potential direct and indirect regulatory interactions
between each of the switch regulators. By integrating the differential expression analysis
with the preexisting ChIP and recently produced CUT&RUN data for each of the 12
characterized TFs, we will be able to identify putative direct regulatory interactions
between each of the “core” regulators and the newly identified TF genes. Furthermore,
by quantifying the degree of variance for each white and opaque-enriched gene across my
mutant datasets, we have started to uncover a core set of genes that are strictly correlated
with the white or opaque phenotype; these genes collectively define the “foundational”
elements of the white- and opaque-specific transcriptomes. Together, by utilizing my
differential expression analysis and the combined sets of genome-wide binding data, we
have elucidated novel TF-TF regulatory interactions and foundational white or opaque
transcriptomes, providing an excellent platform to identify potential mechanisms of how
these TFs control the white-opaque switch.

The completion of this work has furthered our understanding of eukaryotic cell
fate decisions through use of the biphasic, reversible, and stochastic white-opaque switch
of C. albicans as a model system. We have unveiled novel TF-target interactions and
provide valuable insight into the regulatory mechanisms that govern the formation and
heritable maintenance of each cell type. We have begun to identify those “foundational”
cell type-specific genes that are most closely linked to each of the two cell types. By
developing a complete transcriptional profile of all known major white-opaque switch
regulator deletion strains, we have expanded the scope of the characterized transcriptional
network by 3-fold and generated essential data for detailed mathematical modeling of the
switch. Epistatic interaction experiments uncovered potential mechanisms, such as
recruitment of opposing chromatin modifiers or remodelers, that may contribute to the
heritability of the white and opaque cell types. Finally, I have laid the groundwork for
future studies that will further elucidate the detailed molecular mechanisms and dynamics
of this complex epigenetic switch.
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CHAPTER 2: Worl is not required to establish opaque cell fate through removal of
the potent repressor RBF1 in Candida albicans

Introduction

Understanding how cells establish and maintain cellular identity through
successive cell divisions is a fundamental problem in cell biology and has important
implications in our understanding of transcriptional regulation, developmental biology,
microbiology, and pathogenesis. Heritable transcriptional programs are found throughout
the tree of life and are often controlled by complex transcriptional regulatory circuits. At
their core, these circuits are comprised of sequence-specific regulatory transcription
factors (TFs) and their respective regulatory target genes and can range in complexity
from a few TFs and a single multi-cistronic operon in bacteria, to highly interwoven
transcriptional circuits comprised of dozens of TFs and tens of thousands of target genes
in higher eukaryotes®. These transcriptional circuits are important not only for induced
cellular responses to transient environmental signals, but they are also capable of
controlling heritable changes in gene expression patterns that can be stably maintained
through hundreds or even thousands of successive cell divisions 2. The sheer scale and
complexity of heritable transcriptional circuits in higher eukaryotes, combined with the
high degree of regulatory crosstalk between distinct cells and developmental programs,
make these circuits daunting to study at a detailed molecular level. In contrast, unicellular
fungi represent attractive model systems for understanding transcriptional regulatory
mechanisms in eukaryotes thanks to high genetic tractability, a small number of genes,
and relatively few heritable transcriptional programs.

The white-opaque phenotypic switch in Candida albicans, an opportunistic fungal
pathogen of humans, represents a particularly attractive model system for investigating
the transcriptional regulatory mechanisms that control cell fate decisions and epigenetic
heritability in a “simple” eukaryotic organism. This switch controls heritable
differentiation between two distinct cell types named “white” and “opaque” due to their
distinct colony morphologies on semi-solid agar growth medium. These white and
opaque cells differ in the expression of one out of every six genes in the organism,
leading to distinct metabolic preferences, mating abilities, cellular morphologies,
responses to environmental signals, and host interactions; essentially, this phenotypic
switch generates two distinct pathogens from a single genome ', White cells are more
pathogenic in disseminated bloodstream infection models, while opaque cells cause
increased tissue damage in a skin model of infection'®2°. White cells are preferentially
phagocytosed over opaque cells ¢, indicating that white to opaque switching may serve
as a mechanism for immune evasion. Numerous environmental factors, including
temperature, carbon source, and CO> concentration, can bias switching towards white or
opaque cell types, further indicating that each phenotype is adapted to unique niches in
the host environment®%. However, switching remains stochastic under a wide range of
growth conditions, indicating that the white-opaque switch may also represent a bet-
hedging mechanism for C. albicans. Under standard switch permissive laboratory growth
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conditions, each cell type is stably maintained for hundreds of generations and switching
between the two cell types occurs stochastically in a cell-autonomous manner 42122,
Each cell type is heritably maintained without any change in the primary sequence of the
genome, thus fitting the classical definition of an epigenetic switch. Many of the
transcriptional regulators that control the switch under these growth conditions are known,
and an equivalent program is not found in other yeasts like Saccharomyces cerevisiae,
thus making C. albicans an attractive “simple” eukaryotic organism to study how cellular
memory is regulated and inherited from generation to generation.

The white-opaque switch is regulated by a complex transcriptional regulatory network
that controls the frequency of switching between the two cell types 82332, Eight of these
white-opaque switch regulators, all but one of which are known to bind DNA directly,
have been characterized extensively through a combination of transcriptional profiling
and/or genome-wide chromatin immunoprecipitation approaches to identify their direct
and indirect regulatory targets 8232628313337 Together these data led to the identification
of the core switch circuits, defined by the direct binding interactions between each of the
eight regulators and their respective 5’ intergenic regions, as well as the larger switch
networks, which include all the direct targets of these core switch regulators in both white
and opaque cell types. The structure and transcriptional output of the core switch
regulatory circuitry differs significantly between the two cell types (Figure 2-1). In white
cells, this circuit is relatively compact, consisting of a series of nested feed forward loops
that ultimately impinge upon the WOR1 and WOR?2 genes, which are both actively
repressed in white cells and are critical to the establishment and heritable maintenance of
the opaque cell type. In contrast, the opaque circuit is highly intertwined, with over 90%
of the possible binding interactions between each of the regulatory TFs and their
respective coding genes being observed. This high-dimensional interwoven architecture
of the opaque cell circuit (Figure 2-1, bottom right) bears a striking similarity to the
transcriptional circuits that govern biofilm formation in C. albicans and stem cell
maintenance and differentiation in humans®. For example, the core stem cell regulatory
circuit contains a minimum of 20 transcriptional regulators that are connected via at least
156 mutual regulator to promoter interactions, thus supporting the idea that the white-
opaque switch may represent an attractive “simple” model system which could yield
biological insights into the transcriptional regulation of complex cell fate circuits
throughout eukaryotes®. A recent study investigating the role of the intrinsically
disordered prion-like domains found on most of the white-opaque regulators revealed that
Worl, Wor4, Efgl, and Czf1 prion-like domains can form phase separated condensates in
solution or associated with DNA in vitro and in vivo, suggesting a potential mechanism
for the formation of these apparent multivalent regulatory complexes at the core of the
opaque regulatory network.®® These observations again highlight similarities between the
opaque regulatory network and the more complex regulatory networks that control cell
fate decisions in higher eukaryotes.
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Worl is the master regulator of the opaque cell type and repression or activation
of WORL1 expression is a key component of establishing the white or opaque cell types,
respectively®2-2° In white cells, WOR1 expression is repressed in an EFG1, AHR1, and
SSN6-dependent manner, and deletion of any one of these three genes will destabilize the
white cell type or, in the case of SSN6 deletion, result in an opaque-locked phenotype.
Czfl and Wor4 act to promote white-to-opaque switching and, in the case of Wor4,
directly promote WORL1 expression in both white and opaque cell types. In opaque cells,
WORL expression is upregulated 32-fold relative to white cells and is maintained in part
due to a positive autoregulatory feedback loop of Worl binding upstream of WORL. This
positive feedback loop, and thus the opaque transcriptional program, is heritably
maintained in a WOR2-dependent manner; while the white-to-opaque transition and
WORL autoregulatory feedback loop can be stimulated by ectopic expression of WORL in
A/4 wor?2 strains, the resulting opaque cells are not heritably maintained in the absence of
ectopic WOR1 expression and rapidly revert en masse to the white cell type 4. Similarly,
WOR4 expression is required for stable heritable maintenance of WOR1 expression and
the opaque cell type?®. WOR3, which is normally expressed only in the opaque cell type,
can drive white-to-opaque switching en masse when ectopically expressed in white cells,
and appears to destabilize opaque cells in a temperature and carbon source-dependent
manner, but is otherwise dispensable for normal white-opaque switching under standard
switch permissive growth conditions®2°. Stochastic white-to-opaque switching is believed
to occur when transcriptional noise within the white-cell regulatory network allows Worl
levels to surpass a minimum threshold necessary to induce the WOR1 positive feedback
loop, while opaque-to-white switching is believed to occur once Worl levels drop below
a critical threshold, estimated at approximately 20% of normal opaque levels, that is
required to maintain the opaque transcriptional program?273’, Although the role of Worl
in switching is well established, and prior work has elucidated many of the physical and
genetic regulatory interactions between WOR1, WOR2, WOR3, WOR4, CZF1, EFG1,
SSN6, and AHR1, many additional regulators have since been identified and have yet to
be incorporated into a more comprehensive understanding of the white-opaque switch
regulatory network.

A systematic screen of 196 unique homozygous C. albicans TF deletion strains
identified 33 additional switch regulators that, when deleted, significantly impact the
frequency of switching between the white and opaque cell types under standard switch
permissive laboratory growth conditions (synthetic minimal media with dextrose,
supplemental amino acids, and incubated at 25°C)*°. Nineteen of these TF deletions
resulted in at least 10-fold changes in the frequency of switching in either the white to
opaque or opaque to white direction, while an additional fourteen regulators had more
subtle yet significant impacts on switching when deleted®. In addition to WOR1, WOR2,
WOR4, SSN6 and FLO8, which had previously been shown to be “critical” regulators of
the white-opaque switch, FGR15, HFL1, and RBF1 deletion strains were also found to be
locked in, or heavily biased towards, either the white or opaque cell type?32426:27.28,29,37.40
WOR1, WOR2, WOR4, FLO8, FGR15 and HFL1 are required for white to opaque
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switching or heritable maintenance of the opaque state, while cells lacking SSN6 or RBF1
fail to switch to the white cell type and produce only opaque cells. While Worl, Wor2,
Wor4 and Ssn6 have previously been incorporated into the white-opaque switch
regulatory networks through genetic interaction analyses, transcriptional profiling of
deletion strains, and genome-wide chromatin immunoprecipitation (ChlP) approaches,
and Flo8 has been shown to bind directly upstream of WOR1 via locus-specific ChlIP, the
genetic interactions between FLO8, FGR15, HFL1, and RBF1 with the other more
extensively characterized switch critical regulators (WOR1, WOR2, WOR4, and SSNG6)
remains largely unexplored.

In addition to their roles in controlling the white-opaque switch, all four of the
more recently identified switch critical TFs (Flo8, Fgrl5, Hfl1, and Rbfl) have been
previously shown to play important roles in controlling the yeast to hyphal switch in C.
albicans. Flo8 promotes hyphal development and expression of hyphal-specific genes in
liquid cultures but suppresses hyphal development under imbedded growth conditions.
Flo8 contains a LisH domain that is known to be involved in protein:protein interactions
with Mss11 and Efgl, which are also involved in the transcriptional activation of hyphal-
specific genes**2. In Saccharomyces cerevisiae, Flo8 is required for flocculation, diploid
filamentous growth, and haploid invasive growth, and has been shown to form a
heterodimer with Mss11 which interacts with the Swi/Snf chromatin remodeling complex
during transcriptional activation of specific target genes. Fgrl5 lacks a direct ortholog in
S. cerevisiae, but it is annotated as a putative transcription factor in C. albicans based on
the presence of a zinc finger DNA-binding domain and was identified as a regulator of
filamentous growth in a haploinsufficiency screen®. Rbf1 also lacks a clear ortholog in S.
cerevisiae but is known to bind RPG-box DNA sequences and repress the yeast to hyphal
transition in C. albicans**¢, HFL1 is annotated as a homologue of DPB3 in S. cerevisiae,
which encodes the third-largest subunit of DNA polymerase 11, however this homology is
relatively weak (32% identity) and is restricted to a stretch of 98 amino acids that lie at
the core of the Dpb3 DNA binding domain. HFL1 has similar levels of homology to a
variety of known and putative transcriptional regulators, found throughout eukaryotes,
that contain histone-like DNA binding domains, suggesting that Hfl1 may in fact be a
sequence specific DNA binding protein*®47. While these and several other yeast-hyphal
switch regulators are shared with the white-opaque switch, and thus what is learned about
these them in the context of one switch may inform their function in the other, it is worth
noting that these two switches behave very differently. Hyphal development is regulated
in a deterministic manner in response to environmental variables that either promote or
suppress hyphal development, however hyphal cells readily revert to yeast form cells in
the absence of hyphal-inducing culture conditions. In contrast, while the white-opaque
switch can be biased in one direction or another by environmental inputs, the switch
ultimately behaves in a stochastic manner and both cell type can be heritably maintained
for hundreds of generations in the same growth medium.
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In this study, we performed a comprehensive genetic epistasis interaction analysis
to determine how those genes which are critical for white to opaque switching (WOR1,
WOR2, WOR4, FLO8, FGR15 and HFL1), interact with those which are critical for
opaque to white switching (SSN6 and RBF1). Surprisingly, while we observed that some
of the switch critical regulators are clearly epistatic to each other, as previously reported
for the interaction between WOR1 and SSNG6, several of the pairwise combinations of
white- and opaque-locked mutants restored stochastic switching between the white and
opaque cell types?. These results suggest that many of the switch critical regulators are
likely impinging upon the switch through overlapping, mutually antagonistic regulatory
mechanisms, and that the stochastic nature of the switch may be a function of which
regulator(s) wins out in any given cell. These findings significantly increase our
understanding of the genetic regulatory interactions that are critical to stochastic
switching between, and heritable maintenance of, the differentiated white and opaque cell
types of C. albicans.
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Materials and Methods

Media

Synthetic Defined with amino acids and Uridine (SD+aa+Uri) was used to grow
strains and maintain the white and opaque states at 25°C. For ectopic expression
experiments using the MET3 promoter, cells were induced in SD+aa+Uri-Met-Cys or
repressed in SD+aa+Uri +Met+Cys, as previously described'#2454,

Strain construction

All yeast strains in this study were constructed using the previously described
CRISPR/Cas9 mediated genome editing protocol and verified by colony PCR.

All plasmids were assembled by in vivo gap repair cloning into Escherichia coli
that were derived from DHS5alpha and cultured at 37°C in LB medium supplemented with
100ug/mL carbenicillin. The previously reported plasmid pADH98 was used as the base
plasmid used in this research as it is an E. coli plasmid that contains a Multiple Cloning
Site (MCS) digestible with Hind3 and BamH1 to make a clean entry vector (EV) *°.

Construction of pADH322 (NEUTSL integration plasmid): The insert fragment
(IF) was ordered as a GeneArt synthetic fragment from ThermoFisher containing the 5’
Linker sequence of pADH98 followed by 220bp of 300bp of the 5° segment of NEUT5L
followed by a MCS that contains digestion sites for Hind3, Not1, Bgl2, and Pst1 which
was then followed by with 147bp of 250 of the NEUTS5L 3’ segment, and lastly followed
by the 3’ linker sequence of pADH98%. This IF was amplified with AHO1096 and
AHO1097, purified, and assembled by in vivo cloned into pADH98 to generate the
plasmid pADH322.

Construction of pADH323 (pMETS3 driving WOR1 orf expression vector integratable at
the NEUT5L sequence): pADH322 was used to make the EV for pADH323 by digesting
the MCS with Hind3 and Pst1.The IF containing the promoter for MET3 driving
expression of the WORL1 orf was PCR amplified from the previously reported pADH35
using oligos AHO1041 and AHO2495, and then assembled by in vivo cloned into
pADH322-EV to generate pADH323.

White to opaque and Opaque to white switch assays

The white to opaque and opague to white switch assays were a variation of the
previously reported in Miller and Johnson 2002. Strains were streaked from freezer
stocks on plate media (SD+aa+Uri at 25°C) and grown for 7-10 days. A single colony
isolate (SCI) was resuspended in 750uL of liquid media (SD+AA+Uri at 25°C), serially
diluted, and plated at a density of 100-200 colony-forming units per 100mm plate of
media (SD+aa+Uri+Phloxin B at 25°C) across 10 plates. After 7-10 days of growth at
25°C, the colonies were examined and counted for the number of switch events (either as
sectors or full colonies). This was performed at least three times per strain and
phenotypic state across all mutants.
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Microscopy

Cells used for microscopy were taken from solid media cultures (SD+aa+Uri at
25°C) that were grown for 7-10 days and placed in liquid media (SD-+aa+Uri at 25°C).
Cells were resuspended in liquid media (SD+aa+Uri at 25°C). Multiple images of each
strain in either the white or opague state were taken within 30 minutes of resuspension on
the EVOS FL microscope with a 40x objective using BF and/or the GFP filter.

Colonies used for microscopy were examined on solid media
(SD+aa+Uri+Phloxin B at 25°C) that had grown for 7-10 days. Multiple images of each
strain in either the white or opaque state on the National DC4-456H microscope with
3.0MP camera.
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Results

To systematically investigate the genetic interactions between the eight switch
critical regulators (FGR15, FLO8, HFL1, RBF1, SSN6, WOR1, WOR2 and WOR4), we
generated a series of double homozygous deletion strains where the open reading frames
for each of the individual Opaque-Critical TFs (OCTFs) (FGR15, FLO8, HFL1, WOR1,
WOR2, and WOR4) were deleted in combination with one of the White-Critical TFs
(WCTFs) (RBF1 or SSN6) (Table 2-1). To determine how each pairwise combination of
deletions impacted the dynamics of white-opaque switching, each of the double gene
deletion strains, along with their wild-type and single gene deletion reference strains,
were subjected to switch frequency analysis using standard switch permissive conditions
(synthetic minimal media with dextrose, supplemental amino acids and Phloxine B,
incubated at 25°C) (See Table 2-2, 2-3, and 2-4). Phloxine B is commonly used to
facilitate distinguishing between white and opaque cell types at a colony level, with the
white colonies appearing light pink to white in color and the opaque colonies appearing
dark pink to magenta in color417404849 To further validate the results of our colony
switching assay, we also assessed the cellular morphology and WOR1 expression patterns
of white and/or opaque isolates for each of the double deletion strains. To enable
assessment of WOR1 expression, we introduced a C. albicans optimized mNeonGreen
coding sequence either in-frame with the C-terminus of the Worl coding sequence
(translational fusion), or in place of the deleted WOR1 open reading frame
(transcriptional fusion). As expected, we observed that the majority of cells isolated from
apparent white colonies displayed typical yeast-form cellular morphologies and no
detectable WOR1 expression, while the majority of cells isolated from apparent opaque
colonies displayed elongated cell morphologies and detectable fluorescence from the
WORL reporter, indicating that they are likely bona fide white and opaque cells,
respectively. We note that tagging Worl with a C-terminal mNeonGreen fusion increased
the frequency of white to opaque switching in our wild-type reference strain as well as in
several of our single and double gene deletion strains (Table 2-5). A similar effect has
been observed with C-terminal GFP tagged forms of Worl, but introduction of mutations
that reduce the propensity of GFP to dimerize reduces this impact on white to opaque
switching®. This suggests that perhaps our mNeonGreen tag may be helping to increase
protein:protein interactions between tagged copies of Worl, possibly promoting the
liquid-liquid phase separation of Worl which has been shown to be required for white-to-
opaque switching®. Regardless, we still observe cell type specific expression of Worl in
our wild-type strain and we believe that this reporter fusion is still a valid indicator of
whether WORL transcription is activated or repressed. This increased switch frequency is
not only seen in multiple isolates of the wildtype reference strain but was also observed
in two other single deletion strains as well, 4/4fgri15 and 4/4hf11. This result was perhaps
to be expected in the 4/4 fgrl5 background since this deletion has been reported to
switch to opaque at a very low but measurable frequency *°. However, this impact of
Worl tagging was not expected in the 4/4hf11 strain background, which is otherwise
locked in the white cell type*°. We do not believe this is an artifact of using
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CRISPR/Cas9 to delete HFL1, since white to opaque switching was not observed in our
CRISPR-generated 4/4hf11 base strains that lack the tagged version of Worl (Table 2-2).
Furthermore, we note that deleting HFL1 in the wild-type strain harboring Wor1 tagged
with mNeonGreen did result in a substantial decrease in white to opaque switching
compared to the wild-type strain harboring the tagged Wor1(34-fold), with no full opaque
colonies observed and only a small percentage of colonies displaying opaque sectors
(0.5%). Also, the observed opaque sectors were extremely unstable and reverted to the
white cell type when restreaked (data not shown). Together these results suggest that the
observed switch events were likely due to the tagging of Worl which increases the
propensity of cells to switch to the opaque state, and not a side effect of deleting HFL1
with CRISPR/Cas9 (Table 2-2 and Table 2-5).

Genetic interactions between SSN6 and the opaque-critical regulators

Deletion of SSN6 (WCTF) from strains lacking WOR1, FLOS8, or FGR15 (OCTF)
resulted in white or opaque-locked phenotypes, indicating clear epistatic interactions
between SSN6 and these three opaque-promoting regulators (Table 2-3). Consistent with
previously published results using traditional gene deletion strategies, our CRISPR-
generated 4/4 worl A4/4 ssn6 strain was locked in the white cell type, indicating that
Worl expression is essential for activation of the opaque transcriptional program, even in
the absence of Ssn628. In contrast, deletion of SSN6 in either the 4/4 flo8 or 4/4 fgrl5
(OCTF) strain backgrounds resulted in opaque-locked phenotypes, indicating that SSN6
is epistatic to FLO8 and FGR15, and that neither Flo8 nor Fgrl5 is required to establish
the opaque cell type in the absence of Ssn6. We note that although phloxine B staining
was relatively low in the 4/4 flo8 4/4 ssn6 colonies, we consider this genotype to be
opaque locked based on the characteristic elongated cell morphology and elevated Worl
levels observed at the single cell level (Figure 2-2). Surprisingly, deletion of SSN6 in the
A/4 wor2, 4/4 word, and 4/4 hfll strain backgrounds (OCTF) restored reversible
phenotypic switching to these otherwise white-locked genotypes, indicating that the loss
of stochastic opaque to white switching observed in the 4/4 ssn6 background can be
restored by removal of these opaque-promoting regulators. The observation of reversible
switching in the 4/4 wor2 4/4 ssn6 and 4/4 word A/4 ssn6 strains is particularly
remarkable, as both WOR2 and WOR4 have previously been shown to be essential for, or
contribute substantially to, the heritable maintenance of the opaque cell type,
respectively?*?, Deletion of SSN6 from the 4/4 wor2 background not only enables
relatively high frequency white-to-opaque switching in this otherwise white-locked
background, but the resulting opaque cells are also highly stable, with a 7-fold reduction
in opaque-to-white switching relative to wild-type cells (Table 2-3). This observation
suggests that unlike the clear epistatic interaction between WOR1 and SSN6, which is
consistent with Worl functioning downstream of Ssn6, Wor2 and Ssn6 may instead
function as directly opposing factors within the same “level” of the core switch circuitry.
Unlike the 4/4 wor2 A/4 ssn6 opaque cells, 4/4word A4/4ssn6 opaque cells are highly
unstable and revert to the white cell type at a threefold higher frequency than wild-type
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opaque cells (Table 2-3), indicating that Wor4 plays a role in stabilizing the opaque cell
type that is at least partially distinct from overcoming the opaque-destabilizing impact of
Ssn6. Conversely, the 4/4 hfl1l 4/4 ssn6 strain is highly biased toward the opaque cell
type, with more than 90% of cells isolated from white colonies giving rise to opaque
colonies, and nearly a sixfold reduction in opaque-to-white switching, relative to wild-
type (Table 2-3). This result indicates that while loss of SSN6 is largely dominant to loss
of HFL1, HfI1 still plays an important role in stabilizing the opaque cell type, even in the
absence of Ssn6.

Genetic interactions between RBF1 and the opaque-critical regulators

Rbf1, which is best known as a repressor of filamentous growth in C. albicans,
also plays a critical role in suppressing the opaque phenotypic state. Homozygous RBF1
deletion strains appear to be locked in the opaque phenotype at the colony level, and
regularly display a filamentous opaque phenotype at the single-cell level (Figure 2-3).
When RBF1 was deleted in conjunction with each of the six opaque-critical regulators,
only one combination revealed a clearly epistatic genetic interaction; the 4/4 fgrl5 4/4
rbfl strain was locked in the opaque cell type (Figure 2-4), indicating that RBF1 is fully
epistatic to FGR15 with regard to control of the white-opaque switch. Remarkably, each
of the other five strains that paired opaque-critical regulator deletions with the deletion of
RBF1 displayed measurable switching between apparent white and opaque colony
phenotypes (Table 2-4).

The observation of apparent white-opaque switching in the 4/4 worl 4/4 rbfl
strain is particularly striking, as WORL is considered to be the master regulator of the
opaque cell type and has previously been shown to be essential for white-to-opaque
phenotypic switching under the growth conditions used in our assay. At the colony level,
the 4/4 worl A/4 rbfl “white” and “opaque” colonies can be differentiated based on
phloxine B staining, with light vs dark staining respectively (Figure 2-4). At the single-
cell level we observe activation of the pWOR1-mNeonGreen transcriptional fusion in a
substantial subset of the cells isolated from “opaque” colonies (Figure 2-4), indicating
that the native WOR1 promoter is being activated independent of Worl expression in the
A/4 worl A/4 rbfl strain. Although mNeonGreen expression was not observed in all cells
obtained from “opaque” 4/4 worl A4/4 rbfl colonies, we note that this is consistent with
the relatively high opaque-to-white switching frequency of this genotype (Table 2-4). We
also note that the observed fluorescence in these strains is lower than that observed for
opaque cells isolated from strains which carry the Worl-mNeonGreen translational
fusion construct (Figure 2-4 and 2-5). While it is possible that transcription from the
native WOR1 promoter is reduced in 4/4 worl 4/4 rbfl opaque cells, relative to their
counterparts which express Worl, we believe this is more likely a function of the
pWOR1-mNeonGreen transcriptional fusion, as similar expression levels are observed
from this same construct even when Worl is expressed from an inducible pMET3>WOR1
construct (Figure 2-4 and 2-5). Although we have not yet assessed relative transcript
levels for other white/opaque regulators or classic white vs opaque marker genes in the
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A/Aworl  A/Arbf1 strain background, the differential phloxine B staining between
apparent “white” and “opaque” colonies indicates that at least a portion of the opaque
transcriptional program is being activated despite the absence of WOR1. Furthermore, the
corresponding cell type specific WOR1 promoter expression patterns suggest that at least
the core circuitry that controls WOR1 expression, and thus the establishment and
maintenance of the opaque transcriptional program, can undergo stochastic, heritable
switching in the absence of WOR1 when RBF1 is also removed from the circuit.

Deletion of RBF1 in the A4/4 wor2, A/4 word, A/A4 flo8, and A/4 hfll strain
backgrounds also restored switching to these otherwise white-locked genotypes.
Remarkably, each of these double deletion strains display increased white to opaque
switch frequencies (2 to 10-fold) and decreased opaque to white switch frequencies (2 to
4-fold) relative to wild-type cells (Table 2-4). These switching frequencies are also
similar to the 4/4 worl 4/4 rbfl strain (Table 2-4), suggesting that Rbfl may play a
foundational role in stabilizing the white cell type and/or destabilizing the opaque cell
type, and that Worl, Wor2, Wor4, Flo8, and Hfl1 all contribute complementary
regulatory forces to counteract Rbf1.

We note that a filamentous phenotype was observed for several of the double
deletion strains that lack RBF1 (See Figure 2-4). In particular, both 4/4 flo8 4/4 rbfl and
A/4 hfll 4/4 rbfl strains exhibit filamentous growth in both the white and opaque cell
types which can be observed at both the cellular and colony level. The remaining four TF
double deletions in this set (4/4 worl A4/4 rbfl, A/4 wor2 4/4 rbfl, and A4/4 wor4 A/4
rbfl) exhibited filamentous growth in the opaque state, but not in the white state.

Discussion

The gene regulatory network responsible for establishment and maintenance of
the white-opaque switch in C. albicans is a highly interwoven complex network that
gives rise to two distinct cell types that can be heritably maintained for thousands of
generations. In this study, we systematically tested the genetic interactions between each
of the white and opaque-critical TF coding genes which, when deleted, result in opaque
or white locked phenotypes, respectively. Of the twelve genotypic combinations tested,
only four resulted in white locked (4/4 worl 4/4 ssn6) or opaque locked (4/4 flo8 4/4
ssn6, 4/4 fgrl5 A/4 ssn6, and A/4 fgrl5 4/4 rbfl) phenotypes. The complete epistasis of
one gene over another suggests a hierarchical regulatory relationship between the two
deleted genes, with Ssn6 working upstream of Worl, Fgr15 working upstream of both
SSN6 and RBF1, and Flo8 working upstream of SSN6. In contrast, the remaining eight
double deletion genotypes (4/4 worl A/4 rbfl, A/4 wor2 A/4 ssn6, A4/4 wor2 A/4 rbfl,
A/4 word A/4 ssn6, A/4 word A/4 rbfl, A4/4 flo8 A/4 rbfl, A/4 hfll A/4 ssn6, and A/A4 hill
A/4 rbfl) displayed reversible phenotypic switching between apparent white and opaque
cell types. Rather than revealing clear epistatic relationships between these regulators,
these results suggest more complicated genetic relationships that are consistent with
opposing TFs impinging upon the white-opaque switch at the same level. The
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observation that deletion of either SSN6 or RBF1 restored reversible switching to white-
locked strains lacking WOR2, WOR4, or HFL1 suggests that these three opaque-critical
regulators may promote the stability of the opaque cell type by directly counteracting the
opaque-destabilizing forces of both Ssn6 and Rbf1. This also raises the question of
whether strains that lack both SSN6 and RBF1 might be completely independent of
WOR2, WOR4, or HFL1 and thus would be locked in the opaque state even in the
absence of any one of these three opaque-promoting TFs.

Of the twelve genotypic combinations tested, only the 4/4 worl 4/4 ssn6
genotype was locked in the white cell type. This indicates that while Worl is essential to
promote the opaque transcriptional program even in the absence of Ssn6, none of the
other opaque-promoting TFs are strictly necessary to form opaque cells under the
conditions and genotypic combinations tested. Perhaps most surprisingly, we observed
that WORL itself is dispensable for phenotypic switching between white-like and opaque-
like phenotypic states when RBF1 is also deleted. We observed two distinct heritably
maintained phenotypic states in the 4/4 worl 4/4 rbfl genotype, with the phloxine B-
stained colonies containing a significant number of cells which expressed a
pWOR1>mNeonGreen transcriptional reporter, indicating Worl-independent activation
of transcription at the native WOR1 promoter. Although Park et al. previously found that
strains lacking both EFG1 and WOR1 can be induced to switch en masse to an opaque-
like phenotype by growth in the presence of GICNAc and 5% CO; at 37°C, and Alkafeef
et al found that cells lacking WOR1 can activate expression of several opaque-activated
promoters, including WORL, in response to transient depletion of Tupl, to our knowledge
this is the first report of bistable switching between apparent white and opaque cell types
under standard switch permissive conditions in the absence of WOR1%1°2, Park et al.
propose that removal of the opaque-repressing regulator Efgl, along with growth under
specific opague-promoting conditions, triggers Worl-independent activation of an
alternative opaque pathway. Since Rbfl is known to suppress activation of the
filamentous growth program in an environmentally-regulated manner**4¢, and deletion of
RBF1 restored apparent white to opaque switching to our 4/4worl strain, it is tempting to
consider the possibility that the switch-inducing conditions used by Park et al. may have
resulted in Worl-independent switching by alleviating Rbf1-mediated repression of the
opaque transcriptional program. These results suggest that different environmental cues
may promote white to opaque switching through the “traditional” opaque program by
impacting the function of opaque-promoting regulators, or through an “alternate” opaque
program through inactivation of opaque-destabilizing regulators such as Rbf1. This may
explain the ability of C. albians to flourish in a wide range of environmental niches in
and on the host. White cells have been shown to more readily colonize organs such as the
kidney and gut, while opaque cells tend to colonize the skin, heart, and spleen®3, These
differential colonization preferences is likely due to the fact that opaque cells are less
susceptible to phagocytosis by macrophages®® as well as why the opaque program has
been conserved. The next challenge will be to determine how Rbf1 represses the
“traditional” opaque transcriptional program, how various environmental cues may
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alleviate Rbfl-mediated repression to enable the “alternate” opaque program, and what
differentiates the mechanisms by which Ssn6 and Rbf1 suppress the formation and/or
stability of the opaque transcriptional program. Further studies will also be needed to
determine the mechanisms by which opaque promoting factors directly or indirectly
overcome the competing forces of Rbfl and Ssn6, and how these opposing forces
contribute to the stochastic nature of the white-opaque switch.
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FIGURES AND FIGURE LEGENDS

White Opaque

A) B) A)
e -

Figure 2-1: White and opaque cells, colonies, and transcriptional circuits are
distinct. Visual representation of the (A) colony, (B) cell, and (C) transcriptional circuit
of the white (left) and the opaque (right) cell types of Candida albicans?®. Each node of
the transcriptional circuit represent a given transcription factor and the edges are given
directionality to represent each binding event of a given TF in the 5’ intergenic regin of
another TF (i.e. Ahrl binds in the 5’ intergenic region of both EFG1 and WOR?2 in the

white state).
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White AHY1481 (4/Afgr15 A/Assn6) Opagque

N/A

White AHY 1485 (4/Ahfl1 A/Assn6)

Figure 2-2: Visual representation of deletion of each OCTF paired with sequential
deletion of SSN6. Representation of the white (left) and opaque (right) cellular
phenotype as well as a colony morphology (middle) for deletion of each of the OCTFs
paired with the deletion of 4/4 ssn6. N/A indicates ‘not assayed’ as the strain produced
no observable white or opaque colonies. Green fluorescence observed in opague cells
indicates expression of Worl-GFP fusion protein.
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White AHY1532 (4/4rbf1)

N/A

Figure 2-3: Visual representation of all switch critical knockouts. Representation of
the white (left) and opaque (right) cellular phenotype as well as a colony morphology
(middle) for each of the single switch critical TF knockouts. N/A indicates ‘not assayed’
as the strain produced no observable white or opaque colonies for that given state. Green
fluorescence observed in opaque cells indicates expression of Worl-GFP fusion protein.
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N/A
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Figure 2-4: Visual representation of deletion of each OCTF paired with sequential
deletion of RBF1. Representation of the white (left) and opaque (right) cellular
phenotype as well as a colony morphology (middle) for deletion of each of the OCTFs
paired with the deletion of 4/4 rbfl. N/A indicates ‘not assayed’ as the strain produced no
observable white or opaque colonies for that given state. Green fluorescence observed in
opaque cells indicates expression of Wor1-GFP fusion protein in strains that contain an
intact copy of WORL1 gene or expression of cytosolic GFP in 4/4worl strains that contain
a WORL transcriptional fusion.
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A) AHY135 (WT)
White Opaque
B) AHY1585 (Worl-mNeonGreen pMET3>WOR1)
White Opaque

C) AHY1491 (4/Aworl A/Arbfl)
White Opaque

D) AHY 1574 (4/Aworl::mNeonGreen 4/4Arbf1 pMET3>WOR1)

White (SD+AA -Met -Cys) Opague (SD+AA +Met +Cys)

Figure 2-5: Visual representation controls. Representation of the white (left) and
opaque (right) cellular phenotype for each control. (A) AHY 135 untagged control (base
strain) (B) Worl c-terminally tagged with mNeonGreen with pMET3 driving WOR1
expression in NEUTSL locus. (C) 4/4worl A/Arbf1 untagged control (D) WOR1-mNeonGreen
transcriptional fusion with pMET3 driving WORL1 expression in NEUT5L locus.



TABLES

Table 2-1: Paired switch critical transcription factors. A list of the pairs of
transcription factors that were deleted in this study.

worl & ssn6

worl & rbfl

wor2 & ssnb

wor2 & rbfl

wor4 & ssnb

word & rbfl

flo8 & ssn6

flo8 & rbfl

fgrl5 & ssn6

fgrls & rbfl

hfll & ssn6

hfll & rbfl

Table 2-2: Switch frequencies of single deletion mutants. Switch frequency results for
all single deletion mutants. % Wh and % Op represent the percentage of total colonies
assayed that were in the white or opaque state, respectively. % Sect indicates the
percentage of total colonies assayed that contained one or more sector of the opposite
phenotype from the starting colony phenotype. % Switch indicates the total percentage of
colonies assayed which switched to the opposite phenotype from the starting phenotype
or contained sectors of the opposite phenotype. Standard deviation is not reported as a
single biological replicate was used to confirm that the switching behavior of each
genotype is representative of previously published results.

AHY TF Starting | Total | o\ | 06 0p | 96 Sect | % Switch
Phenotype | colonies
1513 | A4 worl Wh 1184 | 100 0 0 0
1515 | /4 wor2 Wh 1,069 100 0 0 0
1517 | 44 worh Wh 1,083 100 0 0 0
1519 | /4 flo8 Wh 1,081 100 0 0 0
1521 | A/41fgri5 Wh 1,101 | 998 0 0.2 0.2
1523 | /4 hfll Wh 1,017 100 0 0 0
1526 A/4 5sn6 Op 1,100 0 100 0 0
1527 | A/Arbfl Op 1,005 0 100 0 0
135 WT Wh 1,028 | 991 0 0.9 0.9
135 WT Op 871 212 78 08 212
1433 | WT Worl- Wh 971 83.0 05 165 17
mNG
WT Worl-
1558 NG Op 192 0.0 100 0.0 0
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Table 2-3: Switch frequencies of deletion of each OCTF paired with sequential
deletion of SSN6. Switch frequencies for all OCTFs deletion strains paired with the
deletion of 4/4 ssn6. % Wh and % Op represent the percentage of total colonies assayed
that were in the white or opaque state, respectively. % Sect indicates the percentage of
total colonies assayed that contained one or more sector of the opposite phenotype from
the starting colony phenotype. % Switch indicates the total percentage of colonies
assayed which switched to the opposite phenotype from the starting phenotype or
contained sectors of the opposite phenotype. STD indicates the standard deviation in
reported % Switch data across three or more biological replicates.

AHY TF Starting | Total | o\ | 05 0p | 96 Sect | % Switch | STD
Phenotype | colonies
A/Aworl
1489 | 6 Wh 4,160 100 0 0 0 0
A/AWor2 Wh 3,640 86.7 9.9 3.4 13.3 3.2
1493
4/4ssn6 Op 3,121 0.1 96.5 3.4 35 0.51
A/Aword Wh 3,220 95.9 0.5 3.6 4.1 0.6
1497
4/4ssn6 Op 3,215 46.6 12.4 38.0 87.6 2.6
A/4f108
1501 | eng Op 3,961 0 100 0 0 0
A/Afgrl5
1505 | 7 cne Op 3,208 0 100 0 0 0
A/hfl1 Wh 9,868 3.7 92.1 4.1 96.3 3.3
1509
A/4ssn6 Op 7,492 2.8 95.6 1.5 4.4 1.5
135 WT Wh 4,861 99.7 0.1 0.3 0.3 0.1
136 WT Op 6,327 24.3 73.9 1.8 26.1 33
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Table 2-4: Switch frequencies of deletion of each OCTF paired with sequential
deletion of RBF1. Switch frequencies for all OCTFs deletion strains paired with the
deletion of 4/4 rbfl. % Wh and % Op represent the percentage of total colonies assayed
that were in the white or opaque state, respectively. % Sect indicates the percentage of
total colonies assayed that contained one or more sector of the opposite phenotype from
the starting colony phenotype. % Switch indicates the total percentage of colonies
assayed which switched to the opposite phenotype from the starting phenotype or
contained sectors of the opposite phenotype. STD indicates the standard deviation in
reported % Switch data across three or more biological replicates.

AHY | TF starting | Total | o/ \\h 05 0n | 96 Sect | 9% Switch | STD
Phenotype | colonies
Adworl Wh 3,215 92.0 35 45 8.0 6.7
1491
A/Arbf1 Op 5,832 3.3 94.9 1.8 5.1 1.2
AAwor2 Wh 4,792 92.0 4.9 3.1 8.0 6.8
1495
A/Arbf1 Op 4,878 1.9 94.9 3.3 5.1 1.3
N Aword Wh 3,648 91.8 3.9 43 8.2 1.6
1499 '
A/Arbf1 Op 3,698 1.2 94.9 3.9 5.1 1.8
A/Aflo8 Wh 3,161 96.0 2.0 2.0 4.0 2.4
1503 '
A/4rbf1 Op 3,541 4.7 93.3 2.0 6.7 3.7
A/4 fgrls
1507 | 7 bl Op 3,321 0 100 0 0 0
A/ARfl] Wh 3,297 80.7 12.7 6.6 19.3 14
1511 :
A/4rbf1 Op 5,047 1.6 90.8 7.6 9.2 2.1
135 WT Wh 2,787 97.7 0.3 2.0 2.3 4.4
136 WT Op 1,884 20.4 77.8 1.9 22.2 0.9
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Table 2-5: Switch frequencies of each single deletion mutants with Wor1-
mNeonGreen. Representation of switch frequency among all single deletion mutants
with either a transcriptional or translation Worl-mNeonGreen reporter. % Wh and % Op
represent the percentage of total colonies assayed that were in the white or opaque state,
respectively. % Sect indicates the percentage of total colonies assayed that contained one
or more sector of the opposite phenotype from the starting colony phenotype. % Switch
indicates the total percentage of colonies assayed which switched to the opposite
phenotype from the starting phenotype or contained sectors of the opposite phenotype.
Standard deviation is not reported as a single biological replicate was used to confirm that
the switching behavior of each mNeonGreen reporter strain is comparable to the
corresponding untagged genotypes in.Table 2-2.

AHY TF Pizanré'tgge C;gtﬁgs %Wh | %O0p | % Sect | % Switch
1435 | Aworl Wh 1,318 100 0 0 0
1437 | Awor2 Wh 1,279 100 0 0 0
1439 Awor4 Wh 1,161 100 0 0 0
1441 | Aflo8 Wh 1,262 100 0 0 0
1443 | 4fgris Wh 1117 | 786 | 101 | 113 21.4
1445 | nfil Wh 1041 | 995 0 05 0.5
1529 |  Jssné Op 175 0 100 0 0
1531 | Arfi Op 102 0 100 0 0
1433 | WT Worl- Wh 971 83.0 0.5 16.5 17
mMNG
1558 WTn‘,’\Yg”' op 192 0.0 100 0.0 0
135 WT Wh 1,028 | 99.1 0 0.9 0.9
135 WT op 871 212 78 0.8 21.2
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CHAPTER 3: Conclusions and Future Directions

The white-opaque phenotypic switch is controlled by multiple transcriptional
regulators which form a complex network of interconnected positive and negative
feedback loops (Figure 3-1)1. A combination of genome-wide transcriptional profiling
and ChIP experiments identified the direct and indirect transcriptional regulatory
interactions involved in cell-type specification and maintenance of the white and opaque
cell types and revealed that the structures of these cell-type-specific regulatory networks
are quite distinct. In white cells, the network is relatively compact, with a moderate level
of overlapping regulatory targets. In contrast, the opaque network encompasses over 2-
fold more regulatory target genes, with extensive overlap between direct regulatory
targets?. At the center of the opaque-specific regulatory network lies a set of regulatory
targets that are bound by most, if not all, of the currently characterized switch regulators.
This “core” switch circuit, as defined by the interactions between each of the individual
switch regulators and their respective promoters, mirrors the unique attributes of each
cell-type-specific network (Figure 3-1). This “core” circuit has also been probed by
genetic epistasis and ectopic expression experiments that have begun to reveal the
regulatory dynamics and logic of this circuit’~". The most essential component of the
white and opaque-specific regulatory circuits is a gene named White Opaque Regulator 1
(WORL), which is the master regulator of the opaque cell type' 6, Transcription of
WOR1 is actively repressed in white cells, while expression of WORL1 is essential for the
formation and heritable maintenance of opaque cells. WOR1 expression is positively
regulated by Worl protein binding to the WOR1 promoter, thus creating a positive
transcriptional feedback loop that is hypothesized to contribute to heritable maintenance
of the opaque cell type®#2-1°, The transition from white-to-opaque can be prevented by
deletion of WORL or stimulated by induced expression of WOR1; for this reason, the
white cell type is considered to be the “ground state” of the switch regulatory network,
while the opaque cell type is considered to be the “excited state” of the network.
Stochastic white-to-opaque switching is believed to occur when transcriptional noise
within the ground-state white-cell regulatory network allows Wor1 levels to surpass a
critical threshold required to induce transition to the opaque state. Once established, the
excited opaque-cell transcriptional network is stably maintained by a series of nested
feedback loops, including the positive auto regulatory feedback loop generated by Wor1%
4910 Although the role of Worl in switching is well established, many outstanding
questions remain regarding the logic and dynamics of the interactions between Worl and
the other known switch regulators.

In addition to Worl, several additional regulatory TFs play critical roles in the
establishment and heritable maintenance of the opaque cell type. For example, cells that
lack WOR2 fail to undergo white to opaque switching unless WORL1 is induced via
ectopic Worl expression, and also fail to sustain WORL1 expression at the native locus
when ectopic Worl expression is terminated®. These results indicate that Wor2
contributes to the heritable maintenance of the opaque state by stabilizing the Worl-
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dependent positive feedback loop that is central to the opaque transcriptional network.
Wor4, Flo8, Fgrl5, and Hfl1 have also been shown to play important roles in white to
opague switching and, when deleted, result in phenotypically white-locked strains’%12,
Cells lacking WOR4 fail to switch to the opaque state, while induced expression of
WOR4 in wild-type white cells results in mass conversion of the population to the opaque
state. Since induced expression of WOR1 in a 4/4 wor4 mutant rescues opaque cell
formation, it is proposed that WOR4 functions upstream of WORL. In fact, Wor4 is bound
to the WORL1 promoter in both white and opaque cells, suggesting that Wor4 destabilizes
the white cell type and stabilizes the opaque cell type through direct positive regulation of
WOR1’. Though Wor2 and Wor4 have been integrated into the white-opaque
transcriptional circuit through genome-wide chromatin immunoprecipitation studies and
their role in regulating the switch has been explored through targeted genetic interaction
analyses, the other three opaque-critical TFs (Flo8, Fgrl5, and Hfl1) remain relatively
unexplored.

In white cells, the core switch circuit consists of several feed-forward loops that
contribute to the stabilization or maintenance of the white cell type. Efgl, Ahrl and Ssn6
each contribute to the stability of the white cell type, and deletion of any one of these
regulatory genes destabilizes the white cell circuit such that most, if not all, of the cells in
the population will transition to the opaque cell state’*>3-16_Cells lacking either EFG1
or AHR1 switch from white to opaque at a much higher frequency than wild-type cells
yet retain the ability to form white colonies. In contrast, cells lacking SSN6 do not form
white colonies and are locked in the opaque state''?. The importance of Ssn6 is defined
by its interactions with other TFs and how it helps maintain the current state of the cell.
In white cells, Ssn6 prevents the opaque phenotype by inhibiting excitation of the
transcriptional network that leads to increased Worl in the cell'. Recently, RBF1 was
also identified as being critical for heritable maintenance of the white cell type, with 4/4
rbfl strains exhibiting a similar opaque-locked phenotype as 4/4 ssn6 strains, however
prior to the work presented in this dissertation, the mechanism by which Rbfl impacts
white-opaque switching was entirely uncharacterized*?.

To determine the genetic interactions between the eight switch critical regulators, we
performed a systematic genetic epistasis analysis as presented in Chapter 2. All possible
pairwise combinations of white- vs opaque-locked switch critical regulator deletions were
generated as seen in Table 2-1 of Chapter 2, and the resulting twelve strains were
subjected to switch frequency analysis to determine the regulatory hierarchy of these TFs
in the genetic circuits that control white-opaque switching. Much to our surprise, only
four of the twelve strains from this set revealed complete epistatic interactions, where one
TF deletion dominated the observed phenotype and blocked the phenotypic expression of
the other TF deletion. The remaining eight strains exhibited bistable switching at both the
cellular and colony level. This provides evidence that many of these TFs oppose each
other at the same level within the switch regulatory hierarchy and that there is a tug-of-
war between them to establish either the white or the opaque state. Most remarkably, we
observed white-opaque switching in the strain lacking both RBF1 and WORL1. To our
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knowledge, this is the first example of reversible, stochastic switching between heritable
white and opaque cell types under standard “switch permissive” growth conditions in the
absence of Worl and highlights a critical regulatory competition between Worl (opaque-
promoting) and Rbf1 (white-promoting or opaque-repressing) at the heart of the white-
opaque switch.

Work in Progress

To further investigate the regulatory connections between these “switch critical”
regulators, we performed genome-wide protein-DNA binding analysis (CUT&RUN) to
uncover the direct regulatory targets of these switch critical regulators®’. We identified
bound target genes for each of the recently identified switch-critical TFs by performing
CUT&RUN on Fgr15, Hfl1, Flo8, and Rbfl in white and opaque cell types (Table 3-1
and Figure 3-2, yellow) and combined it with previously published ChIP data (Figure 3-2,
gray) for the remaining switch critical regulators (Worl, Wor2, Wor4, and Ssn6) and
previously characterized switch modulating regulators (Ahrl, Czf1, Efgl, and Wor3).
The CUT&RUN data revealed that most of the new switch critical TFs appear to function
in a “top-down” manner by binding to many of the other regulatory TF coding genes
without reciprocal binding interactions. This suggests that rather than being integrated
into the circuit and thus under direct regulatory control of the white-opaque switch, these
new switch critical regulators represent foundational components which support, or
impinge upon, the formation and regulatory function of the white- and/or opaque-specific
transcriptional regulatory complexes that are ultimately responsible for establishing and
maintaining these two distinct heritable cell types. Rbfl and Hfl1 appear to have more of
a cell type-specific binding pattern within this core circuit, with most of the Rbf1-bound
targets observed in white cells and the majority of Hfl1-bound targets observed in the
opaque cell type. Rbf1 binds to the 5 intergenic region of most switch regulatory TF
genes in the white state, with the exception of itself and HFL1, yet is only observed to
bind upstream of WOR1 and CZF1 in the opaque state. In contrast, Hfl1 is bound
upstream of RBF1 but none of the other switch regulators in white cells and is found
upstream of four key switch regulatory TF coding genes in the opaque circuit (WOR1,
WORS3, EFG1, and CZF1). Although Rbfl and Hfl1 seem to be largely cell type specific,
Flo8 and Fgrl5 seem to be integral components of both the white and opaque circuits,
binding in the upstream 5’ intergenic regions of most of the key regulatory genes in both
cell types. Flo8 and Fgr15 bind to all the same TFs in the white state (FLO8, WOR1,
WOR2, CZF1, SSN6, AHR1, and EFG1) and nearly all the same TFs in the opaque state;
only the absence of Fgr15 binding upstream of FLOS8 in the opaque state differentiates
the binding patterns of these two regulators. This data suggests Fgr15, Hfl1, Flo8, and
Rbf1 are tightly integrated components of the white — opaque switch and further analysis
of each TF transcription profile will be critical to understanding what each of these
connections means in terms of regulation within the circuit and greater network.

In addition to identifying the four new switch-critical regulators discussed
above, the genetic screen performed by Lohse et al also led to the identification of an
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additional 20 new “switch modulating” TFs that, when deleted, alter the frequency of
white-opaque switching by at least 10-fold, but do not result in white- or opaque-locked
phenotypes!?. While these regulators are shown to have significant effects on the switch,
the mechanisms by which they affect switching are unknown. To begin exploring this
question, we first examined the regulons for each of the 28 known switch-modulating
TFs, including those that had been previously characterized by microarray analysis, by
using 3 RNA-sequencing and differential gene expression analysis. Total RNA was
isolated from both white and opaque cell populations of wild-type and TF deletion strains
grown under standard switch permissive liquid culture conditions (25 °C, synthetic
dextrose + amino acids + uridine), and RNA sequencing libraries were prepared using
Lexogen 3’ Quant Seq kits. Sequencing was performed using Lexogen’s QuantSeq 3'
MRNA-Seq Library Prep Kit to generate Illumina-ready sequencing libraries. The Quant
Seq kit generates a single cDNA molecule from the 3’ end of each mRNA, thus
producing a library of 3° cDNAs that represent a 1:1 relationship to the number of mRNA
molecules for each transcribed gene'®. Each library was uniquely barcoded and combined
with 95 other libraries on a single lane of an Illumina HiSeq4000 instrument. The RNA-
seq reads were then processed using our lab’s own bioinformatics pipeline that utilizes
the most up to date R packages for differential expression analysis. Our pipeline is
modeled after a web-based platform that was created in collaboration by Lexogen and the
bioinformatics company Bluebee and utilizes Spliced Transcripts Alignment to a
Reference (STAR) to align the sequencing results to C. albicans SC5314 assembly 21
version 2.7.4a reference genome and DEseq?2 for pairwise differential expression analysis.
The fold changes in gene expression resulting from deletion of each individual switch
critical or switch modulating regulator, relative to a wild-type reference strain, is
presented in Figure 3-3. Genes that are upregulated in each TF deletion strain, relative to
a wild-type reference of the same cell type, are indicated in blue, while downregulated
genes are indicated in yellow. Dysregulated genes in the null background are either
directly or indirectly regulated by the TF that has been removed, thus providing insight
into the potential regulatory interactions between each of the TFs being examined.

Taking a broad look at the transcriptional profiles depicted in Figure 3-3, we expected to
observe patterns of dysregulation upon deletion of specific switch regulatory TF genes
which might indicate regulatory cascades that ultimately explain the resulting alterations
in switch frequency. In other words, clues as to how each of the TFs ultimately impact
the relative stability of the white and opaque cell types could be gleaned from observing
patterns of dysregulation in the data. More specifically, elevated levels of WOR1 and
WOR?2 expression are associated with the opaque cell type, while elevated EFG1
expression is associated with the white cell type. This tracks with our wild type reference
(column one of Figure 3-3) where we see WOR1 and WOR?2 are highly upregulated in the
opaque state and EFG1 is highly downregulated in opaque cells, relative to white cells.
Surprisingly, we found that many of the null mutants have irregular impacts on these
three genes and other regulatory TFs within the network that are normally differentially
expressed between the white and opaque cell types. For example, we observe that WOR2
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is downregulated in nearly every opaque TF null mutant, even those that have increased
opaque stability relative to wild type. This is surprising, given that deletion of WOR2 in
an otherwise wild-type background results in loss of opaque heritability. Although many
of the TF knockouts have a surprising level of dysregulation amongst many of the cell
type specific genes, the 4/4 flo8 deletion strain perhaps displays the most unexpected
expression profile; the 4/4 flo8 white-locked mutant has increased expression of WOR1
and decreased expression of EFG1 when compared to wild-type white cells. These types
of transcriptional responses indicate that the functional regulatory interactions between
these TFs and their respective coding genes are highly complex and often counterintuitive
(Figure 3). Previously, many of the switch regulatory TFs were identified through
differential expression data when comparing the transcriptional profiles of white and
opaque cells. This data shows that not all TFs follow these trends. This indicates that the
white-opaque regulatory circuit is highly intertwined at a functional level, well beyond
the original eight core TFs that were characterized, and that control of switching involves
the combined regulatory inputs from several dozen TFs acting across a wide array of
mutually interconnected regulatory pathways.

Discussion

The work completed in this thesis has increased our understanding of the
transcriptional regulatory network controlling white-opaque switching in Candida
albicans. We comprehensively identified the regulatory targets for all of the known
regulatory TFs that control white-opaque switching though genome-wide transcriptional
profiling (RNA-seq) on the 28 most impactful TF deletion strains (including the “core”
eight) in white and opaque cell types (Figure 3-3). Beyond the RNA differential
expression analysis, we examined the relationship between each of the critical
components of this regulatory network through the identification of the epistatic
relationships between all of the switch-critical TFs (Chapter 2 Table 2-3, 2-4), as well as
identified genome-wide DNA binding sites for those switch critical regulators that had
not been previously assayed via ChIP-chip or ChIP-seq (Flo8, Fgrl5, Hfl1, and Rbfl; See
Figure 3-2.) This work is foundational in the overall understanding of how these TFs
regulate the establishment and heritable maintenance of the white and opaque cell types.

Based on the CUT&RUN data, we suggested that Flo8, Fgrl5, Hfl1, and Rbfl
work in a top-down manner and seem to be foundational components that support the
formation and regulatory functions of the switch. Both Flo8 and Fgr15 seem to be
integral members of both the white and opaque circuits, binding upstream of most of the
key regulatory genes in both cell types, whereas Rbfl and, to a lesser extent Hfl1, appear
to have more of a cell type-specific binding pattern within this newly defined core circuit.
One possibility is that Flo8 and Fgr15 may potentiate the white-to-opaque transition by
marking specific regulatory targets in white cells for subsequent assembly of Worl-
dependent transcriptional regulatory complexes in opaque cells. This idea is supported by
the recent observation (Richard Bennett, personal communication) that FIo8 has an
extremely high propensity to undergo liquid-liquid phase separation, a process that has
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been shown to be essential for Worl-mediated white-to-opaque switching?. In contrast,
Rbfl may act in opposition to this transition in white cells but appears to be largely
excluded from binding at these same target genes in opaque cells. We provided
supporting evidence of this through epistasis experiments (Chapter 2) where RBFL1 is
deleted in white-locked single deletion strains and all of the newly created double
deletion mutants formed bonified opaque cells, or apparent opaque-like cells with
corresponding activation of the WOR1 promoter, even in a A/Aworl A/Arbf1 strain. This
suggests that eviction of Rbf1 from key regulatory target loci may be a crucial element of
the white to opaque switch, requiring the coordinated impacts of Worl and other opaque-
promoting switch critical regulators. This hypothesis could explain why strains that lack
RBF1 are locked in the opaque cell type and no longer require the function of Worl,
Wor2, Wor4, Flo8, or Hfl1 to activate part or all of the opaque-specific transcriptional
program.

The RNA differential expression data (Figure 3), genome wide biding data
(Figure 2), and epistatic interaction analysis (Chapter 2) presented in this dissertation
together provide a comprehensive foundation upon which to develop a detailed genetic
model of the transcriptional regulatory interactions that control the frequency of
switching between, and heritable maintenance of, the white and opaque cell types in
Candida albicans. Essentially, the RNA-seq data will be utilized to identify 1) the
complete set of genes that are controlled, either directly or indirectly, by each of the
known switch regulators in each cell type, 2) putative direct or indirect regulatory
interactions between each of the known switch regulatory TFs, and 3) the “foundational”
white- and opaque-specific transcriptomes that are robustly expressed in each cell type,
independent of the different switch regulatory mutant backgrounds. Beyond differential
expression analysis of each TF, this work is also being applied to mathematical modeling
of the white-opaque transcriptional network to infer the detailed regulatory logic of the
core switch circuit. Briefly, in collaboration with Ruihao Li (a graduate student in the
Hernday lab) a computational model that utilizes machine learning has been created to
determine the structure and logic of gene regulatory networks using transcriptional
profiles of null mutants, such as the RNA-seq data presented in this thesis, as input data.
Understanding the logic of the white-opaque switch regulatory circuit based on RNA-seq
data can complement our experimental process by providing possible TF circuit
architecture, thus simplifying the process by providing a small set of predicted mutants to
investigate instead of creating a large unwieldly set of mutants and screening them. By
combining the expression, CUT&RUN, and epistatic interaction data produced in this
dissertation along with data from previous studies, it should be possible to create a
comprehensive, detailed mathematical model of the white-opaque switch.

Future directions

While this work has identified the direct and indirect regulatory targets of the
remaining "switch critical” regulators, there are many switch modulating TFs for which
we do not yet know their direct regulatory targets. Complete characterization of all the
switch modulating TFs would further define the structure of the white-opaque regulatory
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network as well as further strengthen our labs work on computationally modeling the
switch. With the recent developments in experimental infrastructure in C. albicans as
well as the advancements in Next-Gen sequencing, it would be reasonable to expand on
the current genome wide binding data through performing CUT&RUN on each of the
remaining 20 TFs that affect white-opaque switching by 10-fold or more in both the
white and opaque state. Adding this new data set to our existing genome wide binding
data and the RNA-seq differential expression data presented in this dissertation would
provide a more complete dataset from which to develop a comprehensive model of this
complex transcriptional circuit. Furthermore, given the amount of information from these
combined data sets, this work would more accurately represent the entirety of the switch
network and its dynamics.

It is worth noting that many of the white-opaque regulatory TFs are also integral
of other transcriptional networks that control distinct “developmental” programs in C.
albicans. More than 54% of the TFs known to regulate biofilm-related processes have
also been shown to affect white-opaque switching by at least 3-fold when deleted and, of
these, 28% of them affect white-opaque switching by 10-fold or more (Table 3-2).
Similarly, 50% of the TFs identified in the commensal-pathogenic network have been
shown to affect switching, when deleted, by at least 3-fold or higher and 25% of them are
known to affect switching by 10-fold or more (Table 3-2). This high level of
interconnectedness between these networks suggests there is likely significant crosstalk
between these networks, and that the decision to undergo white to opaque switching is
highly influenced by a balance between myriad intrinsic and extrinsic regulatory inputs
that impinge upon multiple distinct developmental programs in C. albicans. While
currently outside of the scope and capacity of our computational modeling endeavors, it
would be fascinating to model how the constellation of regulatory TFs that are shared
between, and unique to, each of these three developmental programs ultimately produce
these distinct stable, yet reversible, transcriptional outputs.

Our analysis of the genetic interactions between the white- and opaque-critical
switch regulatory TFs suggests that the stochastic nature of white-opaque switching may
be governed through competition at the epigenetic level of chromatin modification or
remodeling. Perhaps the most compelling indication of this is provided by the genetic
interaction between WOR2 and SSN6. Strains that lack WOR?2 are locked in the white cell
type unless WORL is ectopically expressed, which then forces expression of the native
WOR1 gene and activation of the opaque transcriptional profile. However, these “induced”
opaque cells are unstable and collapse to the white cell type when ectopic WOR1
expression is removed, indicating that while the phenotypic switch from white to opaque
can be activated in the absence of WORZ2, the epigenetic switch to a heritable opaque cell
type requires the presence of Wor2 within the Worl-induced regulatory complexes found
upstream of WOR1 and many other target genes in opaque cells. This suggests a
functional link between Wor2 and the epigenetic switch to a heritable opaque
transcriptional program. Conversely, deletion of SSN6 results in a Worl-dependent
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opaque-locked phenotype, indicating that Ssn6 is essential for destabilizing the Worl-
dependent maintenance of the opaque transcriptional program. Our epistatic interaction
studies revealed that removal of SSN6 from strains that lack WOR?2 restores reversible
stochastic switching between heritable white and opaque cell types, thus suggesting that
these two opposing players may directly or indirectly impinge upon a common epigenetic
regulatory mechanism that lies within the heart of the white-opaque switch. Since the
ortholog of Ssn6 in S. cerevisiae (also known as Cyc8) controls target genes through
recruitment of chromatin modifiers and remodelers, including the SWI/SNF and SAGA
complexes, it is tempting to consider the possibility that Ssn6 may destabilize the
epigenetic maintenance of the opaque state through recruitment of one or more such
factors. This hypothesis is further supported by recent work in the Hernday lab revealing
that strains lacking SNF2, the catalytic subunit of SWI/SNF, are also locked in the
opaque state and thus phenocopy deletion of SSN6. While it remains to be determined
whether a WOR2/SNF2 deletion strain would also restore stochastic switching, our
WORZ2/SSNG epistasis result does suggests that Wor2 may be actively recruiting
competing factors that act to support heritable maintenance of the opaque state. Exploring
how the epigenetic landscape is altered between white and opaque cell states, and how
Wor2, Ssn6, and other switch-critical regulators impinge upon this epigenetic layer of the
switch, provides an intriguing avenue for future research. Such work could provide
valuable insights into the epigenetic mechanisms that maintain each of these distinct
transcriptional programs from one generation to the next, and further the establishment of
the white-opaque switch as a valuable model system for understanding heritable
transcriptional programs in a relatively “simple” eukaryotic organism.
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FIGURES AND FIGURE LEGENDS

- WOR4

Figure 3-1: Core white and opaque transcriptional circuits. Representation of the core
transcriptional circuits controlling the white (top) and the opaque (bottom) state. Nodes
represent a given transcription factor and edges have directionality to represent a binding
event of a given TF in the 5’ intergenic region of another TF (i.e. Ssn6 binds in the 5’
intergenic region of AHR1 in the white state).

68



White
RBF1 ,

FLO8 *
EFGY

FGR15

AHR1

WOR2 ,

CZF1

HFL1

FLO8

FGR15

RBF1

-
e

Figure 3-2: New white and opaque transcriptional circuits. All known genome wide
biding data combine to give rise to newly developed white and opaque transcription
circuits. Yellow nodes represent the newly characterized critical transcription factors
through CUT&RUN and the gray nodes represent the previously characterized
transcription factors through ChiP.
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Figure 3-3: RNA-sequencing data Heat map. Heat map indicating fold changes in gene
expression for 28 switch critical and switch modulating TF coding genes upon deletion of
each individual TF coding gene. Mutant vs. wild-type fold change in expression is
indicated based on RNA-seq analysis of the 28 TF mutants in both white (left section)
and opaque (right section) cell types. TF coding genes are indicated on the y-axis label
and TF gene deletion genotypes and cell type are indicated on the x-axis. Fold changes in
gene expression between wild-type opaque and white cells are indicated for reference
(first column on the left). Yellow indicates genes that are down regulated in the mutant
relative to wild type, while blue indicates genes that are upregulated in the mutant
relative to wild type. Genes that show the same level of expression in wild-type vs
deletion strains are indicated in white. Grey squares indicate that it is not feasible to
accurately determine the impact of deleting a particular TF coding gene upon expression
of the same gene. All data is in log2 format and the corresponding fold changes for
different color intensities is indicated in the color key at the lower left of the figure. An *
on the x-axis represents strains that have a secondary deletion of WORL1, a + on the x-axis
indicates strains that have WORL ectopically expressed, and an O on the y-axis represent
genes that are often correlated with the opaque phenotype.
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TABLES

Table 3-1: CUT&RUN data: (Top) Each TF that was examined (Left) Each 5'

intergenic region of the genes within the white-opaque switch circuit. Black filled cells
reflect binding of each of the examined TFs.

Fgrl5
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Table 3-2: TFs shared among the white-opaque, biofilm, and commensal-pathogenic
networks: List of all known TFs to affect the white - opaque switch. An “X” in the
column titled White - Opaque refers to how the TF affects switching by 3-fold or more, a
single asterisk indicates the TF affects switching by 5-fold or more, and ** signifies the
TF affect switching by 10-fold or more. An “X” has also been used to indicate TFs that
are known to influence Biofilm development and the Commensal — Pathogenic circuits in
their respective columns.

Orf19# TF White- Biofilm Commens?l-
Name | Opaque Pathogenic
Orf19.7381 | Ahrl X* X
0rf19.3127 Czfl ¥k X
0rf19.610 Efgl X* X

0rf19.6798 Ssn6 ¥**

0rf19.4884 | Worl X**

0rf19.5992 | Wor2 X**

0rf19.467 | Wor3 X

Orf19.6713 | Wor4 X**

0rf19.7436 Aafl

0rf19.2272 Aft2

Orf19.4766 | Argsl X

Orf19.166 Asgl ¥**

0rf19.5343 | Ashl X**

0Orf19.6874 Basl X
Orf19.723 Bcrl X
0rf19.4056 | Brgl X
0rf19.1623 | Capl X

0rf19.4670 | Cas5 X

Orf19.4433 | Cphil

Orf19.1187 | Cph2

0rf19.7359 Crzl X*
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0rf19.3794 Csrl
0Orf19.7374 Ctad X*
Orf19.4288 | Cta7
0rf19.5001 | Cup2
Orf19.6514 | Cup9 XE*
0rf19.3252 | Dal81 X*
0rf19.2088 | Dpb4 X
0Orf19.2623 | Ecm22
0rf19.5498 Efhl
0rf19.6817 Ferl
Orf19.2054 | Fgrl5 XE*
0rf19.1093 Flo8 XE*
Orf19.5338 | Gal4 X**
0rf19.3182 Gis2 X*
Orf19.4000 | Grfl0 X*
0rf19.2842 | Gzf3 X**
0rf19.1228 | Hap2 X**
0Orf19.4647 Hap3
0rf19.517 | Hap31 X**
0rf19.740 | Hap41l X*
Orf19.1481 | Hap42
0rf19.1973 | Hap5 X*
0rf19.4853 | Hcml X**
0rf19.3063 Hfl1 X**
0rf19.7539 Ino2 X**
0Orf19.837.1 | Ino4 X
0rf19.7401 Isw2 X
0rf19.3736 | Kard
0rf19.4776 | Lys143 X*
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0rf19.5380 | Lys144
0Orf19.7068 | Macl X**
0rf19.4318 | Migl X**
0rf19.5326 | Mig2
Orf19.4752 | Msn4 X
0rf19.2119 | Ndt80 X**
0Orf19.5910 | Ntol
0rf19.1543 | Opil X
0Orf19.4231 Pth2 X
0rf19.1773 | Rapl X**
Orf19.5558 | Rbfl X**
0rf19.6102 Rcal X*
0rf19.7521 | Repl
0rf19.2823 Rfgl
0Orf19.3865 Rfx1
0rf19.4590 Rfx2
0rf19.1604 | Rhal
0Orf19.4438 | Rmel
0rf19.513 Ronl
0Orf19.1069 | Rpn4 X*
0rf19.4722 Rtgl
0rf19.2315 | Rtg3
0rf19.1926 | Sef2 X
Orf19.454 Sfl1
0rf19.971 Skn7
0rf19.1032 | Skol
Orf19.4961 | Stp2 X*
0rf19.909 Stp4 X
0Orf19.4545 Swid X
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0rf19.4941 Tye7
Orf19.7317 | Uga33
0rf19.1822 | Umeb
0rf19.2745 | Ume7
Orf19.391 Upc2 X
0rf19.1035 | Warl X
0rf19.5210 | Xbp1l X*
Orf19.2808 | Zcfl6
Orf19.3305 | Zcf17
0rf19.431 Zcf2
0Orf19.4145 | Zcf20
Orf19.4166 | Zcf21 XE*
0rf19.4251 | Zcf22
0rf19.4524 | Zcf24 X
0Orf19.4568 | Zcf25 X*
0rf19.4649 | Zcf27
0rf19.5251 | Zcf30
0rf19.5924 | Zcf31 X
0Orf19.6182 | Zcf34 X
0rf19.1685 Zcf7 X
0rf19.1718 Zcf8
0rf19.6781 Zfu2
0Orf19.6888 | Zfu3 X**
0rf19.5026 | Zmsl
Orf19.1150
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0rf19.1757
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