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ALTERNATIVE CARBON UTILIZATION
AS A VIRULENCE DETERMINANT FOR CANDIDA ALBICANS
Robert Bryan Williams, B.S.
Advisory Professor: Michael C Lorenz, Ph.D.
Candida albicans is a polymorphic unicellular fungus that has evolved to
proficiently colonize and infect mammals. A common constituent of the microbiome in
the GI tract, mouth, vagina, and skin, C. albicans is also an opportunistic pathogen
capable of causing a variety of mucosal infections and the life-threatening disseminated
candidiasis. Systemic C. albicans infections are a serious and growing issue; the
fungus is the fourth most common cause of nosocomial bloodstream infections which
has a mortality rate reaching 50%. As antifungal resistance continues to rise, it is
critical that I understand the molecular basis of disseminated fungal infections.
The phagocytes of the immune system are especially important for preventing
disseminated infection. Macrophages are employed to clear pathogens in the harsh
environment of a phagosome, but C. albicans, as an adaptable opportunist, is capable
of surviving macrophage attack to continue dissemination. The Lorenz Lab and other
leading labs in the field have identified that C. albicans rapidly adapts to the
macrophage phagosome by upregulating alternative carbon utilization processes. The
utilization of three alternative carbon sources particularly contribute to C. albicans
pathogenesis: carboxylic acids, amino acids, and N-acetylglucosamine. Studied
individually, utilization of each carbon source appears to equally contribute to
pathogenesis, although mutants defective in any one carbon utilization pathway display
only modest attenuation.
v

The strategy for my thesis research was to take a holistic approach to
understand the implications of alternative carbon utilization for both macrophage
interactions and disseminated candidiasis. Recent advancements in genetic
manipulation technologies allowed for the rapid generation of mutants with several
deletions, permitting for the study of multiple alternative carbon pathways
simultaneously. Indeed, each alternative carbon pathway is both genetically and
physiologically distinct; mutants defective in multiple alternative carbon pathways are
significantly attenuated compared to the single pathway mutants, suggesting that each
carbon pathway individually contributes to pathogenesis. Moreover, these carbon
sources are more than energy sources for the pathogen, serving as signals to its
microenvironments and benefiting C. albicans in distinct manners by promoting
resistance to host-relevant stressors and cell wall rearrangements that allow the fungus
to evade immune cells. Here, I argue that alternative carbon utilization is an essential
virulence regulator for C. albicans, required for the activation of several virulence
determinants that contribute to disseminated candidiasis.

vi

TABLE OF CONTENTS
Approval Sheet .............................................................................................................. i
Title Page ...................................................................................................................... ii
Dedication .................................................................................................................... iii
Acknowledgements ..................................................................................................... iv
Abstract ......................................................................................................................... v
Table of Contents ....................................................................................................... vii
List of Figures and Tables .......................................................................................... xi

Chapter 1: Background and Significance .................................................................. 1
Background ................................................................................................................ 2
Pathogenic Fungi of the CTG Clade .................................................................... 2
C. albicans is a diploid, polymorphic fungus ........................................................ 3
C. albicans is a human commensal ..................................................................... 4
C. albicans is an opportunistic pathogen ............................................................ 5
The innate immune system is key for combating C. albicans ............................. 8
Macrophage – C. albicans interactions ............................................................. 11
C. albicans virulence determinants ................................................................... 18
C. albicans transcriptional response to macrophage phagocytosis .................. 22
C. albicans metabolic flexibility ......................................................................... 26
Alternative carbon sources are more than energy sources ............................... 32
Nutrient sensing and host niche adaptation ...................................................... 34
Significance .............................................................................................................. 35
vii

Chapter 2: Materials and Methods ............................................................................ 37
Strains, media, and growth conditions...................................................................... 38
In vitro assays and genetic screens ......................................................................... 38
Ex vivo assays ......................................................................................................... 42
In vivo disseminated candidiasis .............................................................................. 44

Chapter 3: Peroxisomes and TOR Signalling Contribute to Amino Acid-Induced
pH Neutralization ........................................................................................................ 47
Introduction .............................................................................................................. 48
Results ..................................................................................................................... 52
Discussion ................................................................................................................ 80

Chapter 4: Multiple Alternative Carbon Pathways Combine To Promote Candida
albicans Stress Resistance, Immune Interactions, and Virulence ......................... 84
Introduction .............................................................................................................. 85
Results ..................................................................................................................... 88
Discussion .............................................................................................................. 119

Chapter 5: Mechanisms for Alternative Carbon-Induced Adaptations ................ 123
Introduction ............................................................................................................ 124
Results ................................................................................................................... 128
Discussion .............................................................................................................. 152
Chapter 6: Discussion and Future Directions ........................................................ 158
viii

Discussion .............................................................................................................. 159
C. albicans metabolic flexibility and virulence .................................................. 159
Studying metabolic flexibility in a new era of C. albicans genetics................... 159
Multiple host-relevant alternative carbon pathways independently promote
stress resistance and pathogenesis................................................................. 163
Understanding mechanisms for alternative-carbon induced adaptations........ 164
Potential additional regulators of alternative carbon-induced
adaptations ..................................................................................................... 166
Additional nutrients contribute to pathogenesis .............................................. 172
Carbon availability and infection kinetics ........................................................ 173
Retrograde transport connection to carbon metabolism warrants additional
investigation .................................................................................................... 176
Antifungal drug development and targeting alternative carbon
utilization ......................................................................................................... 177
“The Candida Diet” as an innovative non-drug therapy .................................. 177
Future Directions .................................................................................................... 179
High-resolution real-time macrophage interactions.......................................... 179
Improved genetic screening in the CRISPR era .............................................. 181
Studying uncharacterized genes will unveil novel virulence
determinants .................................................................................................... 182
Emerging pathogen Candida auris ................................................................. 182
Concluding remarks ............................................................................................... 183

Appendix ................................................................................................................... 185
ix

Bibliography ............................................................................................................. 190

Vita ............................................................................................................................. 220

x

List of Figures
Figure 1-1: C. albicans polymorphism allows for macrophage escape ......................... 16
Figure 1-2: C. albicans upregulated processes one hour after phagocytosis by bone
marrow-derived macrophages ...................................................................................... 24
Figure 1-3: Growth supported by alternative carbon sources results in rapid
extracellular pH alkalinisation and affects C. albicans morphology ............................. 30
Figure 1-4: Model of three alternative carbon pathways that contribute to C. albicans
pathogenesis ................................................................................................................ 31
Figure 3-1: Mutants identified by genetic screen with significant pH neutralization
defects in YNBA-CAA media ........................................................................................ 54
Figure 3-2: Regulation of peroxisomal and TOR-associated transcripts in minimal
amino acid medium and whthin BMDM phagosomes ................................................... 59
Figure 3-3: Rapid peroxisomal proliferation is observed in host-relevant conditions .... 60
Figure 3-4: Peroxisomal mutants are defective at pH neutralization in minimal amino
acid medium ................................................................................................................. 63
Figure 3-5: Peroxisomal mutants with amino acid utilization defects are significantly
attenuated in a macrophage survival assay ................................................................. 64
Figure 3-6: Assessment of carnitine acetyl transferases and catalase growth and pH in
YNBA-CAA medium ..................................................................................................... 67
Figure 3-7: TOR signaling inhibition by addition of sub-lethal concentrations of
rapamycin affects growth and pH neutralization in amino acid minimal medium .......... 70
Figure 3-8: TORC1 GTPases contribute to amino acid utilization ................................ 71
Figure 3-9: Rapamycin significantly affects rhb1∆ but not tsc2∆ pH neutralization in
amino acid medium ...................................................................................................... 72
xi

Figure 3-10: Direct comparison of parental strain inhibited with rapamycin to GTPase
mutants without rapamycin ........................................................................................... 73
Figure 3-11: TOR signalling mutants and peroxisomal-associated mutants are
attenuated in macrophages .......................................................................................... 76
Figure 3-12: TOR inhibition with rapamycin does not affect alternative carbon-induced
peroxisome proliferation ............................................................................................... 77
Figure 3-13: Uncharacterized ORF19.783 contributes to amino acid utilization, hyphal
morphogenesis, and pathogenesis ............................................................................... 79
Figure 4-1: Alternative carbon utilization promotes resistance to a diverse array of
stressors ....................................................................................................................... 89
Figure 4-2: Alternative carbon utilization promotes stress resistance ........................... 91
Figure 4-3: Fungal survival after challenge with high concentrations of stressors ........ 93
Figure 4-4: Alternative nutrients affect C. albicans interactions with macrophages ...... 97
Figure 4-5: Carbon source affects cell wall morphology ............................................... 99
Figure 4-6: Homann and Noble Library mutants identified via genetic screens display
growth defects on multiple carbon sources ................................................................ 103
Figure 4-7: Multiple genetic screen mutants are defective within macropahges......... 104
Figure 4-8: Genetically engineered alternative carbon mutant displays no pleiotropic
defects ........................................................................................................................ 108
Figure 4-9: ∆∆∆∆ does not grow or neutralize pH of minimal media containing
alternative carbon sources ......................................................................................... 109
Figure 4-10: Supplementing growth with glycerol does not rescue pH neutralization
phenotype with ∆∆∆∆.................................................................................................. 111
Figure 4-11: Alternative carbon mutants are defective upon macrophage
xii

phagocytosis .............................................................................................................. 115
Figure 4-12: Alternative carbon mutants are attenuated in both macrophage and mouse
models for disseminated candidiasis .......................................................................... 117
Figure 5-1: Preincubation in casamino acid minimal medium is required for oxidative
stress resistance......................................................................................................... 130
Figure 5-2: Oxidative stress resistance is promoted by specific amino acids ............. 133
Figure 5-3: Amino acid-specific oxidative stress resistance observed at high
concentration of hydrogen peroxide ........................................................................... 134
Figure 5-4: Amino acid-specific oxidative stress resistance is observed with tert-butyl
oxide as the oxidative stressor ................................................................................... 135
Figure 5-5: Oxidative stress resistance is affected by preincubation conditions and
amino acid utilization mutants .................................................................................... 139
Figure 5-6: Alternative carbon source incubation affects nitrosative stress
resistance ................................................................................................................... 142
Figure 5-7: The lactate sensor Gpr1 is dispensable for growth and pH
neutralization .............................................................................................................. 146
Figure 5-8: Cell wall stress resistance is affected by alternative carbon utilization
mutants....................................................................................................................... 150
Figure 5-9: Oxidative stress resistance is affected by alternative carbon utilization
mutants....................................................................................................................... 151
Figure A-1: Notable genes identified via genetic screens with significant pH defects in
carboxylic acid media ................................................................................................. 186
Figure A-2: Calcineurin transcription factors Crz1 and Crz2 are dispensable for lactateinduced pH neutralization ........................................................................................... 187
xiii

Figure A-3: Uncharacterized gene ORF19.5125 is not essential for fungal
survival ....................................................................................................................... 188
Figure A-4: Novel high-throughput assay designed to visualize kinetics of fungalmacrophage interactions ............................................................................................ 189

List of Tables
Table 1-1: Snapshot of alternative carbon utilization genes upregulated one hour after
phagocytosis by BMDM ................................................................................................ 25
Table 2-1: List of strains used in this thesis ................................................................. 47

xiv

Chapter 1: Background and Significance

1

Pathogenic Fungi of the CTG Clade
When one thinks about microbial pathogens, viruses and bacteria are typically
the first to come to mind. Although frequently overlooked, eukaryotic pathogens such
as parasites and fungi are serious threats to humans and often more difficult to treat
than prokaryotic pathogens. There are 611,000 fungal species accounting for
approximately 7% of all eukaryotes (1). Of all these fungi, only about 600 species are
human pathogens, which range in severity from mild skin infections to serious, lifethreatening infections caused by Aspergillus spp., Cryptococcus neoformans, or
Candida spp. (2). Billions are infected by fungi yearly, and millions are infected with
serious life-threatening fungi that are as deadly as malaria and tuberculosis. Despite
the high incidence of fungal infections, treatment options are limited compared to
antibacterials, mainly due to similarities in basic cellular processes between humans
and fungi (3). With increasing antifungal resistance severely limiting treatment options,
it is critical I understand the basis of fungal pathogenesis to drive innovation and the
development of novel therapies.
Budding yeasts, which belong to the Saccharomycotina subphylum, are found
throughout nature in a variety of habitats, ranging from grape vines to human GI tracts
(4, 5). Many of the human colonizers, including Candida albicans and related species,
use a non-standard genetic code for translation, identifying the codon CUG to translate
serine rather than leucine (6). Hence, the species with this non-standard translation
characteristic are clustered in the “CTG clade.” This is a notable clade, as it includes
opportunistic pathogens that have evolved to exclusively reside in humans and are
adaptable to a variety of host environments: C. albicans, C. tropicalis, and C.
parapsilosis, which account for 90% of all Candida infections (7–9). C. albicans is the
2

dominant pathogen in this clade, causing ~50% of all disseminated candidiasis
infections and even more mucosal infections. C. albicans is the most clinically relevant
fungal pathogen and has been described as the most virulent fungal species within this
clade (7, 10). Understanding the molecular basis of disseminated fungal infections is
the main focus of my thesis research.

C. albicans is a diploid, polymorphic fungus
C. albicans is distantly related to Saccharomyces cerevisiae, the extensivelystudied budding yeast with excellent genetic tractability, making it a powerful model
organism for studying fundamental eukaryotic cell biology (11). C. albicans is easily
cultured and maintained in a laboratory setting, has its entire 28Mb genome
sequenced, and with recent advances in genetic manipulation capabilities, C. albicans
is becoming an ideal model organism for studying fungal pathogenesis (12, 13). Since
nearly 70% of the C. albicans ~6,000 protein-encoding genes remain uncharacterized,
many genes are currently referenced to its S. cerevisiae homologs to infer protein
function. The two organisms differ greatly, however, so it is essential that I work to
characterize C. albicans genes without relying on S. cerevisae as a reference. Now that
CRISPR-Cas9 genetic manipulation technologies are optimized for the non-standard
CUG genetic code, I are in a new era of C. albicans genetic research (12, 14, 15). I will
certainly see an exponential increase in C. albicans research output in the coming
years.
C. albicans is primarily a diploid organism that resides in its ovoid yeast form,
dividing asexually. Environmental adaptability and phenotypic switching are what
differentiate C. albicans and S. cerevisiae (16). Polymorphism is a defining
3

characteristic of the pathogenic state. C. albicans can quickly shift from its yeast form
(3-5 microns long) to segmented pseudohyphae (5-10 microns long) or elongated
hyphae (10-100 microns long) depending on its environmental conditions (Figure 1-1)
(13, 17). Formation of the thick cell-walled chlamydospore allows the fungus to survive
extremely unfavorable conditions (18, 19). Epigenetic white/opaque switching and
white/GUT switching affect mating capabilities, pathogenesis, and gut commensalism
(20, 21). Together, these environmental adaptations allow C. albicans to colonize and
infect a wide variety of host niches.

C. albicans is a human commensal
Our understanding of the human microbiome and its connection to human health
is advancing with the increasing accessibility of next-generation sequencing (22). The
microbiota can have both positive and negative effects on human health depending on
the microbial makeup. The gut microbiome has implications for neurological diseases
and obesity, the oral microbiome can protect from caries-forming bacteria, and the skin
microbiome can prevent acne and train the immune system (23–28). Currently,
microbiome studies are mostly limited to bacterial constituents, overlooking the fungal
“mycobiome” and viral components that also contribute to the microbiome. C. albicans
is a common human commensal, capable of colonizing multiple host niches, including
the gastrointestinal tract, oral cavity, and the genitourinary tract as an ordinary member
of the microbiome (29). An estimated 80% of the population’s microbiome contain the
fungus, and 50% are colonized in more than one niche (30). This commensal
association is maintained throughout the host’s life, shown to be transferred from
mother to child (31). C. albicans commonly resides asymptomatically long-term in the
4

vagina in 70% of women, 40-60% in the gastrointestinal tract, and 50-60% in the oral
cavity (29, 30). The microenvironments of the host niches can differ drastically with
varying pH, nutrient availability, osmolarity, CO2 and oxygen levels, and temperatures,
highlighting the high degree of adaptability that is required from C. albicans for effective
colonization (16).

C. albicans is an opportunistic pathogen
Under certain circumstances (immunocompromised host, antibiotic usage,
genetic predisposition), C. albicans can cause mucosal and disseminated infections,
most commonly vulvovaginal candidiasis (yeast infection), oropharyngeal candidiasis
(oral thrush), and diaper rash (30). Most serious is systemic disseminated candidiasis,
which has mortality rates upwards of 60% and is becoming an increasingly problematic
nosocomial infection (7, 8, 32). The Lorenz Lab is interested in the specific fungal
mechanisms that drive the development of life-threatening systemic Candida infections.
As a common commensal, humans often contract C. albicans from themselves
rather than interpersonal or environmental transmission that is seen with influenza
virus, Mycobacterium tuberculosis, Salmonella enterica, and other notable pathogens
(33). High levels of commensal colonization is correlated with higher infection rates (30,
31, 34). C. albicans does not spontaneously shift from commensal to pathogen,
however. There are several genetic predispositions and iatrogenic interventions that
provide insights as to what drives C. albicans pathogenesis.
Oropharyngeal Candidiasis
Oral thrush, fungal overgrowth of the palate and tongue, is a common mucosal
infection in infants that occurs prior to establishment of a healthy microbiome or robust
5

immune system (35, 36). This infection is rare in healthy adults, but common in
HIV/AIDS positive individuals (37, 38). Thrush is diagnosed frequently with HIV/AIDS
patients and is described as an AIDS-defining illness, signifying to the physician to
have the patient tested for HIV (34, 37). HIV/AIDS patients have limited circulating
CD4+ lymphocytes and variations in Th1/Th2 responses, and infants do not have an
established adaptive immune system to prevent overgrowth in the mouth (37). Other
patients susceptible to oral thrush are elderly patients with dental implants, those
undergoing head and neck radiation and/or chemotherapy, and patients treated with
broad spectrum antibiotics (36, 39). Common attributes of these at-risk patients are a
disrupted microbiome and weakened immune system, permitting C. albicans to
overgrow in its oral niche to cause oral thrush.
Vulvovaginal Candidiasis
75% of women reportedly experience at least one vulvovaginal candidiasis
infection in their lifetime, with 45% of these women experiencing more than one
infection, and 5-10% experiencing recurrent infections (34, 40). Similar to oral thrush,
yeast infections occur when C. albicans overgrows in the host niche. Antibiotic usage,
pregnancy, and oral contraceptive usage are particular risk factors (30, 34). Epithelial
cell inflammation and neutrophil infiltration are characteristics of VVC infection,
suggesting innate and adaptive immune systems play roles in this mucosal infection.
Immune system defects are not required for the development of VVC, although VVC is
common among AIDS patients (34).
Disseminated Candidiasis
Disseminated candidiasis, unlike the mucosal infections, is a progressive and
fatal disease. As the fourth most common bloodstream infection and a mortality rate
6

that remains steady, disseminated candidiasis is the most medically relevant fungal
disease today (8, 9, 33). In the incident that C. albicans enters the bloodstream, either
by a disruption of the gut, translocation from a commensal niche, or horizontal
transmission in a hospital, it can effectively invade any host organ, including the
kidneys, the liver, the heart, and the central nervous system (8, 41–44). Once invasion
of deep tissue begins, it is difficult to treat, resulting in mortality rates of 25 – 60% due
to sepsis, meningitis, endocarditis, or organ failure (8, 41, 42, 45, 46). Disseminated
candidiasis is observed in immunocompromised patients, patients with prolonged
hospital stays, and/or undergoing broad spectrum antibiotic treatment (33). Nearly 20%
of patients with candidiasis are neutropenic, and those with disrupted mucosal barriers
and barrier immunity (often due to chemotherapy) are especially at risk of serious
infection (32). Patients with healthy neutrophil counts can still develop disseminated
infection, however. 65-90% of patients with candidemia had central venous catheters,
which are a hotbed for C. albicans biofilm development (8). Catheter placement
disrupts mucosal barriers, allowing C. albicans to enter the bloodstream and
subsequently invade deep tissues. Broad spectrum antibiotic usage frequently
correlates with candidiasis, suggesting that human bacterial colonizers contribute to
maintaining C. albicans levels and preventing candidiasis (47). Patients with chronic
granulomatous disease are susceptible to fungal pathogens Aspergillus spp. and
Candida spp. due to defects in NADPH oxidase activity in macrophages and
neutrophils (48). Mutations in human Dectin-1, the receptor on immune cells that
recognizes fungal Β-glucan, or in the downstream adaptor protein CARD9, result in
increased susceptibility to fungal infections (49).

7

The immune system plays a critical role in both mucosal and systemic C.
albicans infections. As such, the Lorenz Lab is interested in understanding the fungalimmune system relationship.

The innate immune system is key for combating C. albicans
A properly-functioning immune system is critical for constant protection from
potential pathogens such as C. albicans. The skin and mucosal barriers, in concerted
effort with the complement system, the phagocytes of the innate immune system, and
the curated response of the adaptive immune system all contribute to combating C.
albicans infections.
The innate immune system is first employed once a foreign entity enters the
body at the local site of infection and is of particular importance for preventing C.
albicans infections (50). Innate immunity is primarily responsible for recognition and
clearing of the entity before it can spread and cause additional harm to the host. The
innate response is triggered when an entity is recognized by pattern recognition
receptors (PRRs) on immune cells which signify that the microorganism is foreign and
must be cleared. PRRs are found on a variety of cell types, particularly epithelial cells
and phagocytes (dendritic cells, macrophages, and neutrophils). PRRs detect
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) and recognize pathogens in a non-specific fashion to signal
engulfment, clearance, and communication to the adaptive immune system about the
potential danger.
For C. albicans infections, the phagocytes of the innate immune system are of
particular importance for maintaining the fungus in its commensal niches and to prevent
8

the earliest stages of dissemination(50, 51). Generally speaking, the phagocytes
circulate the body or reside in various tissues to recognize and phagocytose microbes
with the intent of destroying the organism and signaling to adaptive immunity to mount
a more specific response to the recognized threat. After recognition by PRRs and
engulfment by the phagocytes, the organism is secured in the phagosome, an
intracellular vesicle designed to entrap and destroy pathogens. The specific functions
of phagocytes after engulfment vary depending on the cell type. There are three
phagocytic cell types that are responsible for combating C. albicans: neutrophils,
macrophages, and dendritic cells.
Neutrophils
Neutrophils are the most abundant phagocytes (accounting for ~50% of all
leukocytes) circulating the bloodstream in search of pathogens (52). Neutrophils are
typically the first cells recruited to a site of inflammation, signaled by epithelial cells, to
engulf and clear pathogens. After phagocytosis, neutrophils contain the pathogen
within the phagosome to destroy it by introducing granules, which contain large
quantities of reactive oxygen species, nitrogen species, and antimicrobial peptides (53).
Neutrophils prevent hyphal formation and phagosome escape, effectively killing C.
albicans. If C. albicans has formed hyphae and is too cumbersome to be
phagocytosed, neutrophil extracellular traps (NETs) are formed of neutrophil DNA to
trap the fungus extracellularly (54, 55). Antimicrobial proteins, such as calprotectin, are
introduced inside the pathogen-containing NET to chelate metal and starve the
pathogen. Neutrophils are effective C. albicans killers and are critical for preventing
candidiasis, as neutropenic patients are highly susceptible to disseminated infections.
Macrophages
9

Macrophages mature and reside in virtually every tissue throughout the body,
including commons sites of C. albicans infections such as the kidneys and the liver
(56–59). Macrophages are a versatile cell type, responsible for clearing local
pathogens, producing complement proteins, and signaling to the adaptive immune
system by serving as an antigen presenting cell and producing appropriate cytokines.
Macrophages antimicrobial mechanisms are distinct from neutrophils, clearing
pathogens in a phagolysosome, which is a vesicle formed by fusing a lysosome with
the pathogen-containing phagosome (60). This phagolysosome has high antimicrobial
activity, presenting the pathogen with reactive oxygen and nitrogen species, an acidic
pH, nutrient starvation, and hydrolytic enzymes. Despite this inhospitable environment,
C. albicans is capable of escaping the phagosome to continue dissemination. In the
event that C. albicans disrupts the phagosome, the macrophage will activate a proinflammatory cell death pathway known as pyroptosis (61–63). This lytic pathway
ultimately results in the release of pro-inflammatory cytokine IL-1b to recruit additional
phagocytes and the adaptive immune system. The macrophage - C. albicans
interactions are of particular interest to the Lorenz lab and will be discussed in greater
detail later in this chapter.
Dendritic Cells
Dendritic cells are important phagocytes that reside in tissues, but are not
effective fungal killers. After phagocytosis, the phagosome of a dendritic cell does not
reach harmfully acidic levels like macrophages, nor is there a large oxidative burst like
neutrophils (64, 65). Rather, dendritic cells primarily function as an antigen presenting
cell for T lymphocytes in lymph nodes. Dendritic cells are capable of distinguishing
yeast and hyphal cells, activating the adaptive immune system appropriately.
10

If the innate immune system is incapable of initially clearing the pathogen during
the early phases of inflammation, the adaptive immune system is activated to mount a
specific response to the pathogen. Depending on the stage of infection and signal
transduction, C. albicans can trigger a pro-inflammatory (Th1 activation) or antiinflammatory (Th2) response. For example, b-glucans in the fungal cell wall recognized
by the C-type lectin receptor Dectin-1 found on phagocytes elicit a pro-inflammatory
response during disseminated infection, resulting in the production of cytokines such as
IL-17, which activate and recruit additional T cells in attempt to clear the pathogen at
the site(s) of infection (66).
The innate and adaptive immune systems both play critical roles in combating C.
albicans infections, the interaction between phagocytes and C. albicans are of
particular interest in this research due to C. albicans’ notable ability to evade and
escape from macrophages in various tissues to continue disseminated infection. By
studying the relationship between the fungal pathogen and the phagocytes, I will gain
new insights to prevent and treat disseminated candidiasis.

Macrophage – C. albicans interactions
As mentioned, macrophages are a critical cell type for combating C. albicans
infections by recognizing, phagocytosing, killing, and signaling to the adaptive immune
system. C. albicans is capable of overcoming the phagocyte by employing many of its
virulence determinants (described in greater detail later in this chapter) to evade
phagocytosis and survive within the phagosome, resulting in the pathogen’s escape
from the immune cell. These macrophage-C. albicans interactions, described here, are
critical for disease progression and a main focus of the Lorenz lab.
11

The first step of a macrophage’s interaction with a C. albicans cell is recognition.
The C. albicans cell wall is 90% carbohydrate, and thus is the major component that is
recognized by macrophages (16, 67). There are three major carbohydrates that make
up the C. albicans cell wall: mannans, glucans, and chitin. The mannans create the
most external and exposed layer of the fungal cell wall, with glucans (b-1,3-glucan and
b-1,6-glucan) forming a layer closer to the cell membrane. Chitin polysaccharides are
the innermost component, immediately external of the cell membrane. All three of these
components contribute to C. albicans immune recognition. Mannan is a major PAMP
that is recognized by multiple Toll-Like Receptors (TLR) and C-type lectin PRRs,
including TLR4 and the mannose receptor protein Galectin-3 (68). b-1,3-glucan,
recognized by the C-type lectin Dectin-1 is the most pro-inflammatory component of the
Candida cell wall, activating the pyroptosis inflammasome and pro-inflammatory
cytokine IL-17 (69–71). Chitin, a polymer of N-acetylglucosamine, is also involved in
immune recognition, although its role in the immune response is less clear, inducing
both pro- and anti-inflammatory responses (72, 73).
In certain environments, such as hypoxia or exposure to the carboxylic acid
lactate, the pro-inflammatory PAMP b-1,3-glucan is actively masked by the pathogen,
reducing its recognition by immune cells like macrophages, thereby decreasing
phagocytosis rates and reducing the pro-inflammatory response (74–78). Bud scars on
yeast cells have an abundance of exposed b-glucan, but the invasive hyphal form, on
the contrary, does not have bud scars, reducing the amount of contact host cells have
with b-glucan and thus limiting the Dectin-1-mediated pro-inflammatory response
necessary to clear the pathogen during the early stages of disseminated candidiasis
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(71, 79). Environmental cues for glucan masking and immune evasion are major foci of
my research and will be described in detail throughout this thesis.
Once macrophages recognize and engulf the fungus, it is trapped within the
phagosomal compartment where the immune cell aims to destroy the pathogen via a
variety of mechanisms (Figure 1-1). Reactive oxygen and nitrogen species, such as
superoxide and nitric oxide, interfere with a variety of cellular functions (60). An
increasingly acidic environment upon phagosomal fusion with the lysosome (~pH 5
once phagolysosomal fusion is complete and vATPases are fully active) promotes
hydrolytic activity and presents an inhospitable environment for the enclosed pathogen.
Proteases and antimicrobial enzymes are introduced to tear apart the entrapped
pathogen. The phagosome is also hypothesized to be a nutrient poor environment,
designed to starve the pathogen and prevent it from sequestering the nutrients
necessary to escape (80–83).
Despite the inhospitable nature of the macrophage phagosome, C. albicans is
capable of surviving and subsequently escaping from this environment through a
multitude of mechanisms. Firstly, there is evidence that live C. albicans delays
phagolysosome maturation, preventing the macrophage from effectively acidifying the
compartment required for full hydrolase activity (84, 85). The mechanism by which C.
albicans delays phagosome maturation is not understood, but it appears to be a distinct
mechanism compared to other pathogens that interfere with Rab GTPase recruitment
like Mycobacterium tuberculosis and Listeria monocytogenes. Hyphal cells are
especially capable of delaying phagosome maturation, both by physical disruption of
the compartment and by preventing recruitment of Rab14, a major GTPase indicator for
phagolysosome fusion.
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Hyphal morphogenesis is an energetically expensive process that contributes to
macrophage escape but is inhibited at acidic pH. Since the phagosome is both
glucose-limiting and an acidic environment, this is not an ideal environment for C.
albicans to reside and shift from yeast to hypha. When in an acidic environment, both in
vitro and ex vivo, C. albicans rapidly alkalinizes its extracellular environment, creating a
more favorable situation for hyphal morphogenesis and phagosome escape (63).
C. albicans cannot neutralize its environment and form hyphae if it is not capable
of generating energy in the glucose-poor environment. Alternative carbon sources are
hypothesized to be available within the phagosome, providing C. albicans with its
nutrient needs in a pinch. Amino acids, fatty acids, carboxylic acids, and Nacetylglucosamine (GlcNAc), which are unfavorable carbon sources for many
microorganisms, are metabolized efficiently by C. albicans. Interestingly, amino acids,
carboxylic acids, and GlcNAc actively promote pH neutralization, and amino acids and
GlcNAc are also strong hyphal inducers (86–88). This alternative carbon utilization is
critical for phagosomal escape, and is the main focus of my research.
The phagosome is a stressful environment, bombarding resident pathogens with
ROS, RNS, antimicrobial peptides, and hydrolases. C. albicans has mechanisms to
resist many of these stressors, allowing for survival and subsequent escape. C.
albicans is capable of tolerating high levels of oxidative and nitrosative stressors,
largely in part by expression of secreted catalase and superoxide dismutases (89–91).
Additionally, the active pH neutralization inhibits macrophage hydrolase activity, and
the thick polysaccharide cell wall contributes to its tolerance for antimicrobial peptides
and enzymes (76).
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C. albicans can effectively escapes the phagosome either by physically
disrupting the compartment via hyphal morphogenesis or by induction of the proinflammatory cell death pathway pyroptosis. Ultimately, the fungus evades and
escapes the immune system to continue dissemination, and I seek to understand the
key regulators that are most advantageous for the pathogen.
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Figure 1-1: C. albicans polymorphism allows for macrophage escape. C. albicans
(red) polymorphism is a major virulence determinant, allowing the fungal pathogen to
rapidly form hyphal projections to escape macrophages (green actin, blue nuclei) and
invade deep tissues. Experiment and microscopy performed by R. Williams.
_____________________________________________________________________
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C. albicans virulence determinants
Every microbial pathogen is equipped with an array of virulence factors that
promote its ability to infect and harm the host. Bacillus anthracis secretes anthrax toxin,
which is engulfed by host cells and interferes with several cellular processes (92).
Anthrax toxin, in conjunction with other virulence determinants such as its waxy
capsule, allow B. anthracis to evade the immune system, resulting in proliferation and
ultimately severe tissue damage and death to the host. Several bacterial pathogens,
such as Helicobacter pylori and Bordatella pertussis, utilize secretion systems to inject
damaging effectors into host cells (93). Staphylococcus aureus develops biofilms and
adhere to implanted catheters or to host surfaces which can lead to tissue damage and
dissemination of the pathogen (94).
Any process by the infectious agent that results in damage to the host is
considered a virulence determinant. By this definition, C. albicans has a large and
diverse arsenal of virulence determinants that are utilized during macrophage
interactions and disseminated candidiasis (95, 96). These include: polymorphism,
adhesins/invasins, biofilm formation, contact sensing, secreted factors, pH sensing and
regulation, stress resistance, and metabolic adaptation.
C. albicans’ most notable virulence determinant is its ability to rapidly shift its
morphology from its ovoid yeast form, to its ellipsoid, elongated pseudohyphal and
hyphal forms (13, 97). This hyphal morphogenesis permits C. albicans to invade and
damage deep tissue, escape phagocytes, and form biofilms. There are several
physiologically-relevant environmental cues that induce hyphal morphogenesis,
including a neutral pH, serum, starvation, physiological temperature, certain carbon
sources (amino acids, N-acetylglucosamine), and physiological CO2 levels (98). C.
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albicans mutants that are incapable of forming hyphae are attenuated in virulence, but
regulation of hyphae is linked with several other virulence-associated factors, including
adhesins and secreted factors (99). Both yeast and hyphal morphologies are thought to
be important for pathogenesis, as the yeast form is more capable of dissemination,
while the hyphal form is more invasive (100). Therefore, C. albicans’ polymorphic
switching is critical for multiple aspects of disseminated infection.
Adhesion regulators, known as adhesins, allow C. albicans to strongly bind to
both abiotic (catheters, implants, dentures) and biotic (epithelial cells, other
microorganisms) surfaces (101, 102). The agglutinin-like sequence (ALS) protein
family, particularly the hypha-associated Als3, are GPI-anchored glycoproteins that
allow C. albicans to strongly adhere to many surfaces. Als3 is upregulated during
infection of oral epithelial cells and vaginal infections, and is reported to contribute to
pathogenesis (44, 103, 104). Another hypha-associated GPI-anchored protein is Hwp1,
which covalently links to host cells, enabling adhesion in various tissues and
contributes to virulence (103). Similarly, invasins are surface-expressed proteins
important for pathogenesis by inducing fungal endocytosis to the host cells, allowing
the pathogen to migrate to other host niches or the bloodstream disseminate. Als3
(considered both an invasin and an adhesin) and the heat shock protein Ssa1
(expressed on the cell surface) promote endocytosis by binding to host cell ligands
(104).
Adhesion to surfaces leads to biofilm formation, which is another notable
virulence determinant. Biofilm development on central venous catheters, surgical
implants, dentures, or mucosal surfaces allows for greater dispersion and
dissemination of fungal cells (105). Additionally, cells within a biofilm upregulate drug
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efflux pumps and are more resistant to antifungals and immune factors, and planktonic
cells that are dispersed from biofilms are more virulent. (106, 107).
C. albicans improves active tissue penetration and enhances nutrient acquisition
by expressing secreted hydrolases such as proteases, lipases, and phoshpholipases.
Secreted aspartyl proteases (SAP), particularly Sap1, Sap2, and Sap3, damage human
epithelium in vitro (108). The Sap family consists of multiple proteins, so there has
been no conclusive evidence of any one particular Sap solely contributing to C.
albicans virulence; rather mutants defective in Sap1-3 display attenuated virulence and
more Saps likely contribute to pathogenesis by damaging host tissue (109).
Phospholipases such as PLB1-5 can disrupt host cell membranes, similarly contributing
to cell damage and promoting C. albicans virulence. Indeed, plb1∆ and plb5∆ mutants
display attenuated virulence in mouse models for disseminated candidiasis(110, 111).
Lipases such as LIP8 have also been found to contribute to virulence in similar mouse
models(112).
Candidalysin is a recently-discovered secreted cytolytic toxin that has major
virulence implications (113). Candidalysin is critical for both mucosal and systemic
infections by activating and damaging epithelial cells, inducing pyroptosis in
macrophages and causing hyperinflammation that is harmful to the host (114).
Sensing of biotic surfaces is responsible for appropriate adaptation and
responses to the host environment. When in contact with mucosal surfaces or mucosallike surfaces such as agar, hyphal cells directionally invade, while contact with more
solid surfaces promotes biofilm formation (97, 98). Directional hyphal growth is
mediated by calcium channels and the polarisome, and this directed hyphal growth is
necessary for epithelial damage and virulence in a mouse model. Thus, proper contact
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sensing and response to its environment is critical for C. albicans invasion and
dissemination.
The host environments are often inhospitable for the pathogen. Depending on
the niche, C. albicans will encounter a variety of stressors, including a low pH, nutrient
starvation, oxidative and nitrosative stresses, antimicrobial peptides, hydrolytic
enzymes, and more. C. albicans has appropriate signaling pathways and mechanisms
to resist all of these host-relevant stressors. The Hog1 (High osmotic glycerol)
transcription factor is activated to increase glycerol accumulation to combat osmotic
stress and is also involved in regulating drug efflux pumps and oxidative stress
resistance (115, 116). Rim101 and calcineurin are activated in response to variable
environmental pH to protect cells from acidic pHs, and this activation results in cell wall
remodeling to evade immune cells (117–119). TOR (Target of Rapamycin) signaling is
activated in response to many host-relevant environemts, including nutrient starvation
and oxidative stress (120–125). These stress response pathways, in addition to several
more, are essential for surviving attacks from the innate immune cells and to effectively
cause disseminated candidiasis. As such, this host-relevant stress resistance is a
major focus of the Lorenz lab and my thesis research.
Another major focus of this thesis research, which I will argue throughout this
thesis is a virulence determinant, is C. albicans metabolic plasticity. As both a
commensal and a pathogen, C. albicans finds itself in various environments with
variable nutritional availabilities. In glucose-poor and nutrient-limiting environments, the
fungus can rapidly shift its metabolism to import and utilize uncommon carbon sources,
such as fatty acids, carboxylic acids, or amino acids(126, 127). Not only does this
metabolic plasticity allow C. albicans to generate energy, but alternative carbon
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sources provide additional unique benefits, such as hyphal induction, biofilm promotion,
cell wall remodeling and active pH neutralization. Metabolic flexibility activates several
virulence pathways, making this characteristic arguably the most important virulence
determinant.

C. albicans transcriptomics reveals response to macrophage phagocytosis
Although it is well-understood that C. albicans is capable of surviving within a
macrophage phagosome, I seek to understand the molecular basis for this interaction.
Historically, the macrophage model has been an accurate and robust reflection of C.
albicans pathogenesis; C. albicans mutants defective at surviving within and killing
macrophages are also attenuated in mouse models for disseminated candidiasis.
Because of this, several transcriptome analyses have been performed both by the
Lorenz lab and others to determine what C. albicans is up/downregulating immediately
after macrophage phagocytosis, and which of these genes or pathways are most
essential for its survival and escape from the phagosome (80, 82, 128–130).
Former members of the Lorenz lab performed RNA-sequencing experiments to
analyze both macrophage and fungal gene regulation one hour after phagocytosis by
bone marrow-derived macrophages (BMDM) (131). Several expected cellular
processes are upregulated by the fungus: oxidative stress response, hyphal
morphogenesis. What is striking, however, is the overwhelming metabolic
preprogramming (Figure 1-2). Within 1 hour, C. albicans recircuits its entire metabolism
by downregulating genes associated with glucose utilization in favor of several
alternative carbon pathways. Nearly 50% of the genes upregulated, and the majority of
the characterized genes, are involved in alternative carbon import, fatty acid b-oxidation
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and associated peroxisomal genes, glyoxylate cycle, and gluconeogenesis (Table 1-1).
There is a clear and sweeping prioritization of alternative carbon import at the earliest
phases of phagocytosis.
Alternative carbon sources can be defined as non-sugar carbon sources that are
generally not efficiently catabolized by organisms. As mentioned previously in this
chapter, three categories of alternative carbon sources are of particular interest: amino
acids, carboxylic acids, and GlcNAc. All three are reported to contribute to fungal
survival both within macrophages and during disseminated candidiasis and warrant
additional investigation.
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Figure 1-2: C.albicans upregulated processes one hour after phagocytosis by
bone marrow-derived macrophages. Upregulated pathways are either associated
with alternative carbon utilization, housekeeping pathways, or are currently of no known
function. Wild type C. albicans (SC5314) was incubated for 1 hour either with BMDM
macrophages or in culture medium (131). C. albicans transcripts significantly
upregulated within BMDMs compared to medium-only conditions were submitted for
GO term analysis. Percentage of transcripts associated with each pathway are
displayed in the pie chart. Transcriptomic experiment performed by S. Vylkova and J.
Collete; graph generated from this dataset by R. Williams.
_____________________________________________________________________________
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Gene

Process

Fold
Upregulation in
MΦ

GAP2

Amino acid import

106.2

FOX2

Fatty acid oxidation

25.8

ATO1

Ammonia export

8.9

NGT1

GlcNac import

10

JEN1

Carboxylic acid import

9.2

JEN2

Carboxylic acid import

81.6

ICL1

Glyoxylate cycle

52.3

PCK1

Gluconeogenesis

62.2

Table 1-1: Snapshot of alternative carbon utilization genes upregulated one hour
after phagocytosis by BMDM. Genes associated with alternative carbon import and
catabolism are highly upregulated within the phagosome. Wild type C. albicans
(SC5314) was incubated for 1 hour either with BMDM macrophages or in culture
medium then RNA was collected and subjected to sequencing analysis.
_____________________________________________________________________________
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C. albicans metabolic flexibility
C. albicans metabolic plasticity is a well-described process and a research
emphasis both in the Lorenz lab and other leading labs in the field. C. albicans is
capable of efficiently catabolizing a wide variety of carbon sources compared to other
organisms. Poly-unsaturated fatty acids, amino acids as a carbon source (rather than a
nitrogen source), carboxylic acids like acetate (that can be toxic to other organisms) are
catabolized efficiently by C. albicans (132). C. albicans is even capable of catabolizing
molecules that are commonly used as detergents such as Tween-20. This metabolic
plasticity is advantageous for an organism that finds itself in several host niches.
Many microorganisms have a strict hierarchical regulation for their metabolic
pathways. Most prefer glucose and will catabolize all the available glucose from the
environment before shifting its metabolism to less favorable carbon sources, especially
non-fermentable carbon sources (133–135). C. albicans has evolved to lose this strict
carbon catabolite repression, which allows it to utilize multiple carbon sources
simultaneously. This is especially beneficial for C. albicans in nutrient poor
environments like the phagosome, where it must sequester anything that is available
and quickly catabolize to generate energy (132). C. albicans theoretically can utilize
amino acids, carboxylic acids, and GlcNAc simultaneously within the phagosome to
drive energy generation and phagosome escape.
The glyoxylate cycle is a variation of the TCA cycle that is found in various
plants, bacteria, and fungi. This anabolic pathway allows these organisms to efficiently
convert acetyl-CoA to succinate without unbalancing NAD+/NADH. Several 2- or 3carbon alternative carbon molecules such as acetate are directed to the glyoxylate
cycle to satisfy energy requirements when larger sugars like glucose or fructose are not
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available (136). There are two enzymes in the glyoxylate cycle, malate synthase and
isocitrate lyase, which allow C. albicans to proficiently grow on multiple carbon sources,
and are essential for pathogenesis in macrophage and animal models for disseminated
candidiasis (136–138). Mutants lacking Icl1 (highly upregulated gene 1 hour after
phagocytosis) are incapable of utilizing many non-fermentable carbon sources and are
severely attenuated in multiple infection models.
b-oxidation is a catabolic process that is also critical for alternative carbon
utilization. b-oxidation, which occurs partially in peroxisomes and mitochondria, is the
pathway that allows organisms to break down large fatty acids into acetyl-CoA, which is
then fed into the TCA cycle to yield FADH2 and NADH, ultimately driving the electron
transport chain and energy generation for the organism (126, 138–140). C. albicans is
capable of oxidizing virtually any fatty acid; polyunsaturated, even- and odd-numbered
saturated fatty acids are all catabolized by the organism (139). Mutants incapable of
catabolizing fatty acids, such as fox2∆ (an upregulated gene within macrophages), are
similarly defective in mouse models for disseminated candidiasis, although more
modestly than the glyoxylate mutant icl1∆.
Amino acid import and utilization is also highly upregulated within macrophages
(Table 1-1). Most organisms utilize amino acids as a nitrogen source, but C. albicans
catabolizes amino acids almost as efficiently as glucose with similar log phase growth
rates (2-3 hour doubling time) (132). Most amino acids are similarly converted to acetylCoA and fed into the glyoxylate cycle and gluconeogenesis. C. albicans is equipped
with multiple amino acids transporters and catabolism is highly regulated via the SPS
amino acid sensing system and the downstream transcription factor Stp2 (63, 88, 141).
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The SPS system is required for utilization, and SPS mutants are modestly attenuated in
both macrophage and disseminated candidiasis mouse model.
Carboxylic acid utilization in the context of macrophages and disseminated
candidiasis had yet to be studied prior to this thesis research. The monocarboxylic acid
transporter Jen1 and dicarboxylic acid transporter Jen2, however, are reported to be
required for carboxylic acid utilization at environmental pHs (142). Many host-relevant
carboxylic acids are TCA cycle intermediates and are fed directly into the TCA cycle
after import and are efficiently catabolized by C. albicans. The Paiva lab reported that
jen1∆ and jen2∆ are not defective in a disseminated candidiasis mouse model, but they
did not investigate the essentiality for macrophage interactions (142).
N-acetylglucosamine (GlcNAc), as the name suggests is an acetylated
aminosugar abundant in nature (143). This molecule is typically an anabolic
intermediate formed from UDP-glucose, serving as a building block for chitin in fungal
cell walls and insect exoskeletons, and peptidoglycan cell walls in bacteria.
GlcNAcylation also occurs in mammalian cells to activate/deactivate transcription
factors, similar to phosphorylation (144). C. albicans is capable of catabolizing GlcNAc,
by deacetylating and deaminating the molecule to generate glucose-6-phosphate and
acetate, with G6P feeding into glycolysis and acetate directed to the glyoxylate shunt.
Our lab and the Konopka lab have both found the GlcNAc catabolic pathway
(hxk1nag1dac1∆; h-d∆) to contribute to macrophage interactions and pathogenesis (86,
145–147).
The fungal strategy within macrophages appears to be to initially downregulate
translation and focus on nutrient import and gluconeogenesis, then transition to active
translation and glycolysis to form hyphae, and invade. Overall, each of these alternative
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carbon metabolic pathways contribute to macrophage interactions and disseminated
candidiasis. Up to this point, every carbon utilization pathway had been studied
individually and with the exception of the glyoxylate cycle, which is essential for the
utilization of multiple alternative carbon pathways, the individual pathway mutants
resulted in modest attenuation (63, 86, 88, 127, 139). Considering that C. albicans is
incredibly adaptable to its environment, it is possible that C. albicans is utilizing several
of these carbon pathways simultaneously within the host to effectively cause infection,
leading me to my central hypothesis: C. albicans utilizes multiple carbon sources
simultaneously to appropriately adapt to its environment and gain advantages over the
host to cause infection.
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AA

α-kg

GlcNAc

lactate

Figure 1-3: Growth supported by alternative carbon sources results in rapid
extracellular pH alkalinization and affects C. albicans morphology. A) C. albicans
grown in minimal YNBA medium containing casamino acids, carboxylic acids (αketoglutarate shown), or GlcNAc results in pH neutralization. This pH neutralization is
not observed when glucose is the sole carbon source. B) Alternative carbon sources
are physiologically distinct signals, with amino acids and GlcNAc inducing hyphal
morphogenesis, while carboxylic acids such as α-kg and lactate promotes growth in the
yeast form.
_____________________________________________________________________
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Figure 1-4: Model of three alternative carbon pathways that contribute to C.
albicans pathogenesis. Import and catabolism of amino acids, mediated by the
transcription factor Stp2, results in ammonia release by various Ato proteins, which
increases the environmental pH and induces hyphal morphogenesis. Similarly, Nacetylglucosamine utilization, which requires catabolic enzymes Hxk1, Nag1, Dac1,
“H-D”, results in hyphal morphogenesis, ammonia release, and pH neutralization.
Carboxylic acids, imported by Jen1 and Jen2, induce pH neutralization without the
release of ammonia or inducing hyphal morphogenesis.
_____________________________________________________________________
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C. albicans metabolic regulation is also tissue-dependent, since each host niche
has a different nutrient profile (128). When C. albicans is residing in the GI tract, it likely
encounters oleic acid, acetate, lactate and other nonfermentable bacterial byproducts
(148). The kidneys and livers are reported to be more glucose and amino acid rich,
while the bloodstream is especially glucose-rich (143, 149). GlcNAc is one of the most
abundant amino sugars, and is likely found throughout the body. There are no
extensive studies examining the transcriptional and metabolite profiles in all of C.
albicans’ host niches and infection sites, but there is clearly a benefit to having a
flexible and tightly regulatable metabolic system.

Alternative carbon sources are more than energy sources
The ability to efficiently utilize multiple alternative carbon sources to generate
energy contributes to C. albicans pathogenesis. However, there are several lines of
evidence that suggest that these alternative carbon sources are more than energy
sources, serving as virulence regulators. I hypothesize that many of the host-relevant
carbon sources, particularly those that have been found to contribute to pathogenesis,
provide distinct benefits to the pathogen in addition to serving as energy sources in
nutrient-poor environments.
Amino acids have been described to provide several benefits to C. albicans; C.
albicans grown in minimal media containing amino acids as the sole carbon source
actively neutralize the extracellular pH. The fungus is hypothesized to deaminate the
amino acids upon import, and this amine group is extruded from the cell in the form of
ammonia by ammonia transport out (ATO) proteins (Figure 1-4) (150). This ammonia
extrusion is thought to contribute to the extracellular alkalinization. Amino acids are
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also a strong hyphal inducer. Mutants defective for amino acid catabolism, such as the
transcription factor mutant stp2∆, are incapable of growing with amino acids as the sole
carbon source and thus are incapable of neutralizing the pH and forming hyphae (63,
88, 150). stp2∆ is defective in several macrophage assays; the mutant is less capable
of neutralizing the pH of the phagosome, forms fewer hyphae within macrophages, kills
fewer macrophages, and has lower survival rates compared to wild type.
GlcNAc is one of the strongest hyphal inducers, and similarly promotes pH
neutralization in vitro (86, 151). GlcNAc is also deaminated after import, resulting in
ammonia extrusion, but the genetic requirements for catabolism and pH neutralization
are distinct from the amino acid. It is hypothesized that ATO proteins are responsible
for ammonia extrusion, but it is not the ATOs that are involved in the amino acid
mechanism (150).
The carboxylic acid lactate has been studied by multiple labs (87, 127, 133, 142,
152–156). This host-relevant carbon source that is likely available to C. albicans in the
GI tract or within the phagosome provides several fitness benefits. Carboxylic acids
also induce pH neutralization in vivo, however, the mechanism for pH neutralization
remains unknown (Figure 1-4). Carboxylic acid utilization does not result in ammonia
release nor does it induce hyphal morphogenesis, suggesting that C. albicans
responds in a distinct manner to this carbon source (Figure 1-3) (87). Growth in lactate
allows C. albicans to drastically alter its cell wall morphology (76, 155, 157, 158). bglucan is actively masked, resulting in an altered immune response and decreased
recognition by phagocytes. This cell wall restructuring correlates with increased cell
wall, osmotic, and antifungal stress resistance. Lactate strongly promotes biofilm
development in vitro.
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These three alternative carbon pathways are both genetically and physiologically
distinct, each promoting pathogenesis in a unique fashion. Additional virulence benefits
that I have discovered is described in the data chapters of this thesis. Here, I argue that
alternative carbon sources are virulence regulators, serving as signals to its
environment, resulting in activation of several of the recognized virulence determinants.

Nutrient sensing and host niche adaptation
I hypothesize that catabolism of alternative carbon sources is not essential for
many of the observed virulence benefits. C. albicans is equipped with sensory
machinery for each of these alternative carbon sources: Ssy1 for amino acids, Ngs1 for
GlcNAc, and Gpr1 for lactate (141, 155, 159, 160). Indeed, the Brown lab has reported
that Gpr1, and not Jen1, is the essential machinery for lactate-induced cell wall
remodeling (155). ssy1∆ phenocopies stp2∆ in macrophage models, and ngs1∆ does
not readily form hyphae in the presence of GlcNAc, similar to the catabolic mutant h-d∆
(141, 159). C. albicans is equipped with the tools to sense the nutrients in its current
environment to appropriately respond by altering its cell wall, forming hyphae, inducing
certain stress responses, and more. The benefits (or lack thereof) of nutrient sensing in
C. albicans is described in the final data chapter and the discussion of this thesis.
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Significance
C. albicans is the most medically relevant fungal pathogen causing both minor
mucosal infections and the life-threatening disseminated candidiasis. Since patients
often infect themselves, prophylactic measures are impractical, leaving antifungal drugs
as the only legitimate therapy for treating C. albicans infections. Only three classes of
antifungal drugs are currently in use for clinical applications and there is an increasing
number of reports of multidrug resistant Candida (7, 161, 162). This is a serious
concern, as novel antifungal drug development has proven difficult. Since Candida is a
eukaryote like its host, many of the last resort drugs are extremely toxic to humans.
Elucidation of novel virulence regulators and identification of novel drug targets is
imperative to improve treatment outcomes. This thesis research, which has a focus on
fungal pathogenesis and virulence-related pathways, will push the field closer to
developing novel and effective antifungal therapies.
In the past few years, an emerging fungal pathogen closely related to Candida
albicans, Candida auris, has become a serious concern (163). This organism has
quickly gone from an unstudied organism to a legitimate, multidrug resistant threat in
many hospitals across the world. C. auris is only recently the focus of research in
fungal pathogenesis laboratories, and its genetic intractability is proving to be a major
issue in understanding more about the emerging pathogen. Thus, it is imperative that I
continue to use C. albicans as a model organism for fungal pathogenesis to study the
molecular basis for fungal diseases. This thesis research, with a focus on basic
metabolic pathways and the connections to virulence, is especially pertinent as the
finding in C. albicans are likely applicable to related pathogens like C. auris.
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Most fungal pathogenesis labs focus on the more traditional virulence regulators;
hyphal morphogenesis, candidalysin, cell wall rearrangements are all extensively
researched. These are essential to study, but our research in the Lorenz lab is focused
on the molecular basis that drives all of these virulence determinants. Alternative
carbon pathways are heavily intertwined with all of these traditional virulence
regulators; inducing hyphal morphogenesis, altering immune interactions, increasing
stress resistance. My research has led to the discovery of novel virulence benefits for
utilizing alternative carbon sources, as well as identified new genes implicated in
carbon utilization and pathogenesis. The connection between these two is described in
great detail in the data chapters of this thesis.
The implications for this research have the potential to stretch beyond Candida
pathogenesis. Host niche adaptation, environmental sensing, and alternative carbon
utilization are the focus of research in several microbial pathogens across Kingdoms.
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Chapter 2: Materials and Methods

NOTE: Portions of this chapter are the result of work published January 2020: “Multiple
alternative carbon pathways combine to promote C. albicans stress resistance, immune
interactions, and virulence.” (132). I am the first author on this publication and was
responsible for preparing the original manuscript and conducting the experiments. I
have been granted permission by the American Society for Microbiology, publisher of
mBio, to reproduce any and all of this manuscript, in print or electronically, for the
purpose of my thesis.
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Strains, media, and growth conditions
All strains used in this thesis work are detailed in Table 1. For general growth
and propagation, C. albicans strains were grown in yeast peptone dextrose (YPD)
medium (1% yeast extract, 2% peptone, 2% glucose, 2% agar for solid medium) at
30°C. YPD + 200µg/mL nourseothricin (Werner Bioagents, Jena, Germany) was used
to select for deletion mutants, and YP maltose (YPM) induced flipping out of the
nourseothricin cassette as described (14).
Alternative carbon growth and pH experiments required the use of YNB medium
with allantoin as the nitrogen source (0.17% yeast nitrogen base without ammonium
sulfate and amino acids, 0.5% allantoin) and 1% of the indicated carbon source,
adjusted to the indicated pH using HCl and NaOH, similar to previous publications (86,
87). For the electron microscopy and stress resistance experiments, media was
buffered to pH 5.5 with 25mM HEPES.
Strain construction
All genetic deletions were generated using the CRISPR/Cas9 SAT-Flipper
method (12, 15). Mutants were verified via PCR and the maltose-inducible SAT
cassette was flipped out in order to generate subsequent deletions in the same strain.
Auxotrophic screen mutants from the Noble and Homann Libraries were transformed
via electroporation with the CIp30 plasmid digested with StuI restriction enzyme (164).

In vitro assays and genetic screens
Growth and pH neutralization assays
Growth and pH changes were assayed as described (63, 87). Briefly, strains
were grown overnight in YPD at 30°C, centrifuged, washed with YNBA media, and
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diluted into the YNBA media for a starting OD600 of 0.2. Samples were incubated with
aeration for 24hr at 37°C, with growth (OD600) and pH assayed every 2hr. Assays were
performed at least in triplicate.
Lactate screen
Homann and Noble library mutants were grown overnight in 96-well plates YPD
medium, then transferred to YNBA + 1% lactate, supplemented with 10mM Arg to
support growth of the auxotrophic mutants and pH indicator bromocresol purple,
adjusted to pH 4.5. Mutants were grown for 24 hours in 96 well plates shaking at 37°C
and assessed for pH defects at 12 and 24 hour time points. Mutants identified by this
screening method were complemented with cIp30 and growth and pH were measured
in YNBA + 1% lactate.
Transmission electron microscopy
C. albicans was grown overnight in YPD, then to mid-log phase in YNBA
medium + indicated carbon source in 50 mL flasks shaking at 37°C, pelleted by lowspeed centrifugation, fixed overnight in Karnovsky’s fixative, and stored at 4°C until
processed for electron microscopy (165). Cells were post-fixed in osmium tetroxide,
dehydrated in a graded series of ethanol and embedded in epoxy resin as described
(166). Sections 100nm thick were stained with uranyl acetate and lead citrate. Electron
micrographs were collected from randomly selected yeast cells with a JEOL JEM-1230
transmission electron microscope equipped with digital CCD camera.
All measurements were quantified with ImageJ. Thickness of the cell wall was
determined by averaging at least 15 measurements around the wall of each cell, and at
least 50 cells were analyzed per condition. Cell diameter was the average of two
measurements per cell for each cell analyzed for cell wall thickness. Unpaired student’s
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T-test was performed to determine statistical differences of all measurements. Electron
microscopy performed by Matthew Meyer, PhD at Rice University. Sample prep,
experimental design, and image analysis performed by Robert B Williams.
Stress Resistance Assays
C. albicans was pre-grown for 6 hours in the indicated YNBA medium rolling at
30°C, then transferred to a 96-well plate for a starting OD600 of 0.1. Growth in the
presence or absence of the indicated stressor was assayed via OD600 every 15 minutes
using a Cytation 5 Plate Reader (Biotek) with orbital shaking at 37°C. Growth
differences were quantitated as a ratio of the change in OD600 after 8 hours in the
stress condition to that in the no stress control (% of no stress =
DOD600[stress]/DOD600[control]*100). Assays were performed at least in triplicate and
data was compared using unpaired T-tests.
To analyze the benefits of nutrient sensing, assays were performed as
described, with slight variations depending on the experiment. To analyze the benefits
of pre-growth in alternative carbon sources, the 6 hour pregrowth was replaced with
YPD and YNBA-glucose, rather than alternative carbon media. To determine the
importance of alternative carbon in the presence of stress, YNBA + alternative carbon
media was replaced with YNBA-glucose and YPD plus the indicated stressor.
Peroxisome proliferation in vitro and upon macrophage phagocytosis
C. albicans cells expressing a PTS1-tagged GFP (yeast enhanced GFP with the
amino acid sequence DLSKL appended at the C-terminus, containing the canonical
PTS1 targeting sequence from S. cerevisiae Mls1), as described elsewhere (39) and
referred to here as C. albicans + GFP-SKL, were grown in a 30°C rolling incubator
overnight in YPD. Strains were sub- cultured at an optical density of 0.2 and grown until
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they reached an OD600 of 0.6-0.8. Cells were incubated at 37°C in a rolling incubator
for 1 hour in YNB + 1% glucose, YNB + 1% oleate, YNB + 1% casamino acids, and
RPMI + 10% fetal bovine serum (Seradigm). Fluorescence microscopy was performed
on an inverted Olympus IX-81 microscope, using deconvoluted Z-stacks for an
accurate GFP foci count, which represents the number of discrete peroxisomes per
cell. To assess peroxisomal biogenesis after macrophage phagocytosis, 2.5x105
macrophages per well were seeded in a 12-well tissue culture plate on 18mm round
glass coverslips. Cells were incubated in RPMI w/ phenol red + 10% fetal bovine serum
+ 5% penicillin/streptomycin overnight in a 37°C incubator supplemented with 5% CO2.
Macrophage media was changed to RPMI + 10% fetal bovine serum + 5%
penicillin/streptomycin lacking phenol red for the remainder of the assay. C. albicans +
GFP-SKL cells were washed 3 times with 1xPBS before adjusting to 5x106cells/mL,
100μL of cell suspension was added to macrophages for a final multiplicity of infection
(MOI) of 1:1 macrophages to Candida. Cells were incubated for 1 hour in a 37°C
incubator supplemented with 5% CO2, then stained with calcofluor white briefly to
differentiate internalized Candida cells before fixation with 2.7% paraformaldehyde, pH
7.4. Co-cultures were stored in 1xPBS at 4C until imaging. Experiment and sample
fixation performed by Elisa Vesely, PhD.
The effects of rapamycin on peroxisome proliferation was performed similarly to
description above. Cells were grown to mid-log phase in YNBA media with the
indicated carbon source + rapamycin or DMSO. After fixation, cultures were stored at
4C until imaging. Experiment and sample fixation performed by Robert B Williams.
Microscopy for GFP-SKL peroxisome proliferation analysis was performed on
the Olympus IX-80 fluorescent microscope. Z-stack images were captured to visualize
41

all fluorescent foci throughout each C. albicans cell. At least 30 cells were captured per
growth condition. Fluorescent foci were manually quantified. Images captured by
Robert B Williams. Foci quantification performed by Elisa Vesely, PhD (original growth
condition experiments) and Robert B Williams (rapamycin experiment).

Ex Vivo Assays
Cell line propagation
J774A.1 murine macrophages were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) + glutamate, 10% fetal bovine serum (FBS), supplemented with
penicillin and streptomycin, at 37°C in a 5% CO2 humidified environment. DMEM
without a pH indicator, penicillin/streptomycin, or FBS was used for the coculture
assays.
Germination within macrophages
FITC-stained C. albicans were coincubated with macrophages in phenol red-free
DMEM in 8 chamber slides (Ibidi) at an MOI of 1:1 for 2 hr. Subsequently, the medium
was aspirated and cocultures were fixed with 2.7% paraformaldehyde, counterstained
with calcofluor white (CFW), and maintained in PBS. Brightfield and fluorescent
microscopy was performed with Olympus IX81 microscope and germ tube lengths were
measured using SlideBook 6 software. Experiment performed in triplicate, with >30
cells measured per strain. Unpaired Student’s t-tests were performed using Prism 8.
Estimation of Phagosome Acidity
Phagosomal pH was estimated using LysoTracker Red, as described (88).
Briefly, C. albicans cells stained with FITC were coincubated (MOI 1:1) with
macrophages pre-loaded with the acidophilic Lysotracker Red dye for 1 hr in phenol
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red-free DMEM. Samples were fixed with 2.7% paraformaldehyde. Projections of Zstack fluorescent images were generated to quantify red fluorescent intensity of 20 total
pixels (10 pixels per side of fungal cell) immediately external to the phagocytosed C.
albicans cells. Area under curve for 20 pixels per cell is reflective of phagosome acidity.
>20 internalized cells were measured per strain. Experiment performed in triplicate.
Unpaired Student’s t-tests of AUC values were performed in Prism 8.
Macrophage-association assay
Scarlet-fluorescent C. albicans cells were pre-grown as described above, then
coincubated with J774A.1 macrophages stained with NucBlue and ActinGreen in
optimal conditions (37°C, 5% CO2) in an imaging plate reader (Cytation 5, Biotek).
Cocultures were briefly centrifuged to synchronize phagocytosis in each condition.
Macrophage association over several fields of view was automatically calculated by
quantifying the number of red C. albicans cells associated with the green macrophages
(Gen5 software). NucBlue was used for autofocus purposes. Unpaired Student’s t-test
were used for statistical analysis.
Phagocytosis assay
Scarlet-fluorescent C. albicans were pre-grown in alternative carbon sources,
coincubated with J774A.1 macrophages stained with nucBlue for 60 minutes, then fixed
with 2.7% paraformaldehyde and counterstained with FITC (membrane-impermeant).
Several fields of view were imaged using the Cytation 5 plate reader, and phagocytosis
rates were calculated automatically by Gen5 software with the formula: [(total red
cells)-(red+green fluorescent cells)/(total red cells)]*100.
Fungal survival assay
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Fungal survival during coincubation with macrophages was measured as
previously described (167). Macrophages were seeded at 2.5x105 cells/mL in a 96-well
plate 24hr prior to coincubation. C. albicans strains were added at 1x105 cells/mL in
wells with or without macrophages, followed by a series of six 1:5 serial dilutions.
Microcolonies of C. albicans were counted using an inverted microscope in wells with a
discernable number of colonies. Results are represented as a percentage of fungal
colonies surviving coculture (number of colonies in the presence of
macrophages/number of colonies without macrophages*100). N = 6, unpaired
Student’s T-tests were performed in Prism 8.
Macrophage survival assay
Macrophage survival was measured via detection of lactate dehydrogenase
(LDH) in culture supernatants using the CytoTox96 Nonradioactive cytotoxicity assay
(Promega). Log-phase C. albicans cells were added at MOI 1:1 with macrophages in a
96 well-plate and coincubated overnight in phenol red-free DMEM. LDH released by
infected macrophages was quantified as described by the manufacturer, corrected for
spontaneous LDH release, and compared to chemically lysed uninfected macrophages.
N = 6, unpaired Student’s T-tests were performed in Prism 8.

In vivo disseminated candidiasis
Disseminated C. albicans infection was performed as previously described
(138). Cells were grown to mid-log phase overnight, centrifuged, washed, counted, and
resuspended in PBS. 10 female 7-9 week old ICR mice per strain were infected via tail
vein injection with 5x106 cells/mL in 100uL PBS for a final concentration of 5x105 cells
injected. Mice were monitored 3x daily for signs of infection and euthanized when
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moribund. All animal experiments were conducted according to protocols approved by
the Animal Welfare Committee of the University of Texas Health Science Center at
Houston. Mantel-Cox test was performed to statistically compare survival curves.
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Table 1-1. Strains used in this thesis

Table 1. Candida albicans strains
Strain
Description
SC5314
Wild Type
SN250
Library control + Cip30
MG01
Cytosolic scarlet-fluorescent
RBW16
ali1∆ + CIp30
RBW17
cox4∆ + CIp30
RBW18
oar1∆ + CIp30
RBW19
sin3∆ + CIp30
C_emv14
pex13∆+ CIp30
RBW20
cph1∆ + CIp30
RBW21
kis1∆ + CIp30
RBW22
pep8∆ + CIp30
RBW23
swi4∆ + CIp30
RBW05
jen1∆jen2∆
RBW10
stp2∆
RBW11
hxk1∆nag1∆dac1∆
RBW12
stp2∆jen1∆jen2∆
RBW13
stp2∆hxk1∆nag1∆dac1∆
RBW14
jen1∆jen2∆hxk1∆nag1∆dac1∆
RBW15
jen1∆jen2∆stp2∆hxk1∆nag1∆dac1∆
RBW16
gpr1∆
RBW17
ngs1∆
RBW24
crz1∆ + Cip30
RBW25
crz2∆
RBW18
tsc2∆
C_emv31
rhb1∆
RBW19
cat1∆
C_MR
ctn1∆
C_MR
ctn2∆
C_MR
ctn3∆
C_MR
ctn1∆ctn3∆
MLC8
icl1∆
MLC22
fox2∆
RBW20
19.783∆ + Cip30
RBW21
ssy1∆
CaPM37
ssy1∆STP2 consitutive active truncated STP2
RBW22
19.5125∆
RBW23
jen1∆gpr1∆
Strain Background
SC5314
SN250
SC5314
SN250
SN250
SN250
SN250
SN250
SN250
SN250
SN250
SN250
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SN250
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SC5314
SN250
SC5314
SC5314
SC5314
SC5314

Complete genotype
Prototroph
his1∆::hisG/his1∆::hisD leu2∆::CdHis1/leu2∆::CMLeu2 arg4∆::hisG/arg4∆::hisG RPS10/rps10::CIp30-ARG4

ali1∆::HIS1/ali1∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
cox4∆::HIS1/cox4∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
oar1∆::HIS1/oar1∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
sin3∆::HIS1/sin3∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
pex13∆::HIS1/pex13∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
cph1∆::HIS1/cph1∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
kis1∆::HIS1/kis1∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
pep8∆::HIS1/pep8∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
swi4∆::HIS1/swi4∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
jen1∆::FRT/jen1∆::FRT jen2∆::FRT/jen2∆::FRT
stp2∆::FRT/stp2∆::FRT/stp2∆::FRT
hxk1∆nag1∆dac1∆::FRT/hxk1∆nag1∆dac1::FRT
stp2∆::FRT/stp2∆::FRT/stp2∆::FRT jen1∆::FRT/jen1∆::FRT jen2∆::FRT/jen2∆::FRT
stp2∆::FRT/stp2∆::FRT/stp2∆::FRT hxk1∆nag1∆dac1∆::FRT/hxk1∆nag1∆dac1::FRT
jen1∆::FRT/jen1∆::FRT jen2∆::FRT/jen2∆::FRT hxk1∆nag1∆dac1∆::FRT/hxk1∆nag1∆dac1::FRT
jen1∆::FRT/jen1∆::FRT jen2∆::FRT/jen2∆::FRT stp2∆::FRT/stp2∆::FRT/stp2∆::FRT hxk1∆nag1∆dac1∆::FRT/hxk1∆nag1∆dac1::FRT
gpr1∆::FRT/gpr1∆::FRT
ngs1∆::FRT/ngs1∆::FRT
crz11∆::HIS1/crz1∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
crz2∆::HIS1/crz2∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
tsc2∆::FRT/tsc2∆::FRT
rhb1∆::FRT/rhb12∆::FRT
cat1∆::FRT/cat1∆::FRT
cat1∆::FRT/cat1∆::FRT
cat1∆::FRT/cat1∆::FRT
cat1∆::FRT/cat1∆::FRT
cat1∆::FRT/cat1∆::FRT
∆icl1::hisG/∆icl1::hisG-URA3-hisG ura3::imm434/ura3::imm434
∆fox2::hisG:URA3-hisG/∆fox2::hisG ∆cph1::hisG/∆cph1::hisG ∆efg1::hisG/∆efg1::hisG ura3/ura3
swi4∆::HIS1/swi4∆::LEU2 his1/his1 leu2/leu2 arg4/arg4 RPS10/rps10::CIp30-URA3-HIS1-ARG4
ssy1∆::FRT/ssy1∆::FRT
ssy1∆::FRT/ssy1∆::FRT STP2/STP2∆100::SAT1
ORF19.5125∆::FRT/ORF19.5125∆::FRT
gpr1∆::FRT/gpr1∆::FRT jen1∆::FRT/jen11∆::FRT

Reference source

Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
Williams, Lorenz 2020
unpublished
unpublished
Zhou 2008
Zhou 2008
Zhou 2008
Zhou 2008
Lorenz 2001
Ramirez 2007
Williams, Lorenz 2020
Williams, Lorenz 2020
unpublished
unpublished
unpublished
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Chapter 3: Peroxisomes and TOR Signaling Contribute to
Amino Acid-Induced pH Neutralization
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Introduction
A key characteristic of C. albicans both as a commensal and during interactions
with the innate immune system is its metabolic flexibility. Nutritional immunity, one of
the host’s mechanism to starve potential pathogens in various host niches, is less
effective against C. albicans, because the pathogen is capable of generating energy in
nutrient-poor environments, making use of non-fermentable carboxylic acids, amino
acids, fatty acids, or N-acetylglucosamine. The macrophage phagosome is designed to
eliminate pathogens by introducing stressors (oxidative stress, nitrosative stress,
antimicrobial peptides, acidic pH) and starving the pathogen of nutrients. Despite being
entrapped in this glucose-poor environment, C. albicans makes use of alternative
carbon pathways to generate sufficient energy to neutralize the phagosome, induce
hyphal morphogenesis, and escape the phagocyte to continue disseminated infection
(86, 87, 131, 136, 138). Transcriptomic and proteomic data show a robust recircuiting
of C. albicans metabolism within macrophages; shifting away from glycolysis in favor of
pathways such as glyoxylate cycle, fatty acid b-oxidation, and amino acid import and
catabolism(80, 130, 138, 168). Based on these data, lactate, amino acids, GlcNAc, and
fatty acids all have been proposed to be available for use within the phagosome. This
metabolic flexibility is key for virulence, which has been observed both ex vivo and in
vivo in macrophage and mouse modes (63, 86, 87, 136). The glyoxylate cycle,
gluconeogenesis, fatty acid b-oxidation, and GlcNAc catabolism are all implicated in
virulence.
In addition to serving as an energy source, the amino sugar GlcNAc is a strong
hyphal inducer and promotes environmental pH neutralization, both of which directly
contribute to macrophage survival and escape (86, 147, 169). This pH neutralization
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occurs after GlcNAc deamination and ammonia export, hypothesized to delay
phagosome maturation and inhibit macrophage hydrolase activity, and promoting
hyphal morphogenesis which form more readily at a neutral pH (88, 150). The
carboxylic acid lactate similarly induces pH neutralization (although by a distinct
mechanism), and stimulates b-glucan masking in the cell wall that allows the fungus to
evade immune cells and resist host-relevant stressors (76, 87, 170). Fatty acid boxidation does not induce pH neutralization, but the energy generation is necessary for
full pathogenesis, as b-oxidation mutants are modestly attenuated in virulence models
(138, 139). Notably, C. albicans has evolved to lose the restrictions of carbon catabolite
repression, meaning that the pathogen is capable of utilizing all of these carbon
sources simultaneously within the host (133–135). It is clear that C. albicans prioritizes
alternative carbon utilization both for energy generation and for activation of a variety of
virulence determinants.
One process of particular importance within the phagosome is amino acid
catabolism (63, 87, 88, 141). Amino acid permeases, such as Gap2, are amongst the
most upregulated transcripts upon phagocytosis by macrophages. Not only does C.
albicans proliferate efficiently when amino acids are the sole carbon source in vitro, but
amino acid catabolism provides additional benefits to the pathogen that allow it to
survive macrophage attack. Similar to GlcNAc and carboxylic acids, amino acid
utilization results in rapid extracellular pH alkalinization, both in vitro and ex vivo, which
promotes hyphal morphogenesis and macrophage escape. This pH neutralization is
hypothesized to occur via the extrusion of ammonia after the amino acid has been
imported and deaminated (150) . Mutants incapable of amino acid utilization and pH
neutralization, such as the transcription factor stp2∆ or the sensor ssy1∆, are
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attenuated in both macrophage and disseminated candidiasis models (88, 141). Amino
acid utilization is a clear contributor to fungal pathogenesis and requires further
research to understand the molecular mechanisms connecting metabolism and
virulence. It is unclear whether amino acid catabolism and pH neutralization can be
decoupled, and whether there are additional regulators involved in the amino aciddriven pH neutralization.
To identify additional genes potentially involved in the amino acid pH
neutralization mechanism, a previous student (Elisa Vesely, PhD) performed a genetic
screen of over 850 mutants to identify mutants with significant pH defects without
growth defects in amino acids medium (171, 172). Here, I describe the notable cellular
processes identified in this screen with major implications for amino acid utilization and
pathogenesis: peroxisome function and TOR signaling.
Alternative carbon utilization is a multi-organelle effort, with catabolic processes
occurring in various compartments including the cytosol, vacuole, mitochondrion, and
peroxisome. The peroxisome is a small, oxidative organelle that plays a major role in boxidation of fatty acids, acetate metabolism, and the glyoxylate cycle. Functions that
occur within peroxisomes, specifically fatty acid oxidation and the glyoxylate shunt,
have been implicated in C. albicans virulence and are key factors in alternative carbon
utilization (136–138). Interestingly, the peroxisome is not described as an essential
organelle for amino acid catabolism and pH neutralization, a process which is
commonly attributed to amino acid storage vacuoles (173). In this chapter I will
describe the implications of peroxisomal import and peroxisomal proliferation for amino
acid pH neutralization and pathogenesis.
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The second cellular process identified in the genetic screen was TOR (Target of
Rapamycin) signaling. Multiple intracellular processes, including starvation signaling,
oxidative stress resistance, and amino acid storage, are mediated by the TOR signaling
pathway (121, 124, 174). Key components of the TOR pathway are localized to the
vacuolar membrane to monitor amino acid levels (124), but TOR signaling is not
reported to directly contribute to amino acid catabolism or pH neutralization. Rhb1, a
TOR activator, was identified via screen as another contributor to amino acid pH
neutralization. Therefore, I investigated the associations of peroxisomal function, TOR
signaling, and amino acid utilization.
In this chapter, I describe novel cellular processes and genetic requirements for
amino acid catabolism and pH neutralization. Peroxisomal import proteins, TOR
pathway regulators, and the uncharacterized protein orf19.783 all are involved in the
amino acid-induced pH neutralization mechanism and contribute to fungal survival
within macrophages. This work underlines the importance of pH neutralization and
alternative carbon utilization for C. albicans to maintain its competitive advantage over
the immune system.
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Results
Amino acids are a major contributor to fungal survival within the phagosome.
Import and catabolism genes are highly upregulated within a macrophage, allowing C.
albicans to quickly sequester amino acids from its environment. After import, the amino
acid is deaminated, and depending on the amino acid, the carbon backbone is fed into
the TCA or glyoxylate cycle to generate energy. Deamination yields ammonia, which at
high concentrations is toxic to the cell and is hypothesized to be extruded into the
environment in a process involving a family of membrane proteins known as ATO
(Ammonia Transport Out) proteins (150, 175). This ammonia extrusion contributes to
the active pH neutralization that is observed both in vitro and ex vivo during amino acid
utilization(150). Aside from the transcription factor Stp2 that regulates amino acid
permease expression and is required for both growth and pH neutralization, the
regulators of amino acid pH neutralization have not yet been identified.

Genetic screen identifies peroxisomes and TOR signaling as contributors to
amino acid-regulated pH neutralization
Previous work from our lab shows that the SPS amino acid sensing system,
which activates the major amino acid import and catabolism regulator STP2, and the
ATO proteins all contribute to the amino acid-induced pH neutralization mechanism
(63, 87, 88, 141, 150). STP2 was identified via genetic screen in a complex hyphalinducing medium M199, but a genetic screen in minimal medium with amino acids as
the sole carbon had not been performed. Therefore, previous lab member Elisa Vesely,
PhD, screened multiple C. albicans mutant libraries to detect mutants with no growth
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defects and significant pH neutralization defects (171, 172). Many of the processes
identified in the screen displayed both growth and pH defects: mitochondrial function,
cell division, and response to starvation being significant pathways identified by GO
term analysis. Unsurprisingly, statistically significant GO terms for electron transport
chain, cellular division, and starvation response were defective in amino acid utilization.
These processes are known to be critical for normal growth and were not further
investigated. I sought to investigate mutants with no obvious connection to amino acid
utilization that had minor growth defects and significant pH neutralization defects to
identify novel regulators of amino acid-induced adaptations. Three notable screen
mutants fit these criteria: pex13∆, rhb1∆, and 19.783∆. PEX13 encodes a component
of the peroxisomal protein import machinery, RHB1 encodes a small GTPase involved
in the activation of the TOR signaling pathway, and ORF19.783 is an uncharacterized
gene predicted to be involved in retrograde transport (120, 176, 177). To confirm the
screen data of limited growth defects and significant pH defects, pex13∆, rhb1∆, and
19.783∆ were grown in YNBA minimal medium with 1% CAA unbuffered at pH 4.0, and
growth and pH were measured (Figure 3-1). The pH neutralization defects observed
with these mutants were significant without a reduction in growth (rhb1∆ trends to a
slower growth rate, but this is not significant). Interestingly, PEX13 (as well as many
other peroxisomal genes) is highly upregulated in two transcriptional datasets (created
by previous lab members Slavena Vylkova, PhD and John Collette, PhD): in minimal
media containing amino acids (compared to glucose-grown cells) and within bone
marrow-derived macrophages, while RHB1 (and other TOR-related genes) and 19.783
are not (Figure 3-2).
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Figure 3-1: Mutants identified by genetic screen with significant pH neutralization
defects in YNBA-CAA media. Multiple C. albicans mutant libraries were screened for
mutants with mild growth defects and significant pH neutralization defects in minimal
media containing casamino acids as the sole carbon source (screen performed by Elisa
Vesely, PhD). Three notable deletion mutants were confirmed to have pH neutralization
defects: pex13∆, rhb1∆, and 19.783∆. Growth and pH curves N=5. Student’s T-test
performed for each individual time point, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001.
_____________________________________________________________________

55

Peroxisomes proliferate in host-relevant conditions and contribute to amino
acid-driven pH neutralization
Analysis of previous transcriptomic datasets shows an upregulation of
peroxisomal-associated genes both in amino acid minimal media and within BMDM
phagosomes (Figure 3-2). Indeed, GO term analysis of the most upregulated genes
during growth on amino acids reveals “peroxisome import and function” as one of the
most enriched processes. As peroxisomes are known to contribute to fatty acid and
carboxylic acid catabolism, and not amino acid catabolism, this transcriptional evidence
led us to further investigate the role of peroxisome function in host-relevant conditions
and amino acids specifically.
Peroxisome proliferation is observed during nutrient starvation conditions and boxidation (138, 178). I asked whether C. albicans peroxisome proliferation occurred
during additional host-relevant conditions. Peroxisomal proliferation can be visualized
with fluorescent microscopy using a C. albicans strain that expresses GFP modified
with a canonical PTS1 (peroxisomal targeting signal) (GFP-SKL), essentially
fluorescently tagging peroxisomes. This strain was grown overnight in rich YPD
medium, then transferred for 1 hour in minimal media containing either glucose, oleate,
amino acids, RPMI supplemented with fetal bovine serum, or coincubated with
RAW264.7 macrophages. Cultures were fixed with 2.7% paraformaldehyde, then Zstack images were captured via fluorescent microscopy to visualize peroxisomal foci.
Fluorescent peroxisomal foci were manually counted for each condition (Figure 3-3).
Few peroxisomal foci per cell were observed in glucose conditions, whereas the
alternative carbon-grown cells displayed a significant increase in fluorescent
peroxisomal foci. The RPMI + serum and macrophage conditions displayed an even
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more drastic increase in fluorescent foci, which is a surprising finding because RPMI
contains 0.2% glucose, which downregulates peroxisomal proliferation. Together, these
data indicate that peroxisomal proliferation is most highly promoted in host-relevant
infection conditions, including exposure to amino acids and macrophages.
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peroxisomes
gene CAA/Gluc Macs
Orf19.164(peroxisome matrix localization) -2.538639
1.620677
Orf.197539 (regulates peroxisome biogenesis) -0.575631
0.80336
orf19.6880 (peroxisomal degradation) -0.067107
-0.334
Orf19.22 (putative peroxisomal membrane protein) -0.026343
0.793843
Pex7 -0.021281
orf19.4440 (peroxisomal degradation) SEC34 -0.015367
CTN1 0
orf19.5322 (peroxisomal degradation) 0.346721
Orf19.2313 (sacch pex32 ortholog) 0.346776
POT1-2 0.573435
amo1 0.595064
ant1 0.866707
Pex2 0.934112
Pex8 1.005522
Pex17 1.019337
Pex19 1.076811
Orf19.5943 (orthologs involved in peroxisome organization) 1.122898
Pex1 1.197898
pex6 1.330662
ino4 1.401698
pex5 1.569608
Pex3 1.629721
SPS20 1.674269
Pex14 1.904579
Pex13 2.072911
pex12 2.241033
Pex22 2.557325
POT1 2.755842
pxa2 2.80426
fox3 2.913524
Pex4 2.996569
cat2 3.228296
pex11 3.311964
pxa1 3.729449
ICL1 4.184118
CAT1 5.387576
CTN3 6.660309
PXP2 8.678017
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TOR
gene CAA/Gluc Macs
rhb1 -0.517526
0.44
0.08 -0.5176771
19.783
gtr1 0.371839
-0.17
tor1
tsc2

0.376
0.588955

-0.12
-0.626

Figure 3-2: Regulation of peroxisomal and TOR-associated transcripts in minimal
amino acid medium and within BMDM phagosomes. A selection of peroxisomal and
TOR transcripts were analyzed from two datasets performed by previous lab members:
an in vitro experiment comparing casamino acid-grown cells to glucose-grown cells
(Slavena Vylkova, PhD), the second comparing cells phagocytosed by bone marrowderived macrophages (1 hour) to RPMI-grown cells (performed by John Collette, PhD).
Values displayed are log2-fold changes, and genes are sorted by their differential
regulation in the amino acid conditions.
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Figure 3-3: Rapid peroxisomal proliferation is observed in host-relevant
conditions. C. albicans with fluorescently-tagged peroxisomes (SKL-GFP) was
incubated for 1 hour in minimal media containing the indicated carbon source, RPMI +
Serum, or coincubated with RAW 264.7 macrophages. Cells were fixed with 2.7%
paraformaldehyde, then Z-stack images were captured via fluorescent microscopy. A)
Representative projection images of Z-stacks are displayed. B) Fluorescent foci per cell
per Z-stack were manually quantified for each condition. >20 images, >50 cells
quantified per condition. N=3, Student’s T-test * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001. Experiment and quantification performed by Elisa Vesely, PhD.
Representative images captured and experimental data re-confirmed by R. Williams.
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Since peroxisomes proliferate during amino acid utilization and macrophage
interactions, I investigated the essentiality of a functional peroxisome for amino acid
catabolism and pH neutralization. Three peroxisomal mutants were examined: pex5∆,
pex13∆, and pex3∆. PEX5 encodes for the PTS1 peroxisomal receptor required for
protein import, PEX13 is a major component of peroxisomal protein import machinery,
and PEX3 encodes a putative protein involved in targeting proteins to the peroxisome.
First, deletion mutants were investigated for pH neutralization and growth defects in
minimal media containing amino acids as the sole carbon source with pH adjusted to
4.0 (Figure 3-4). Notably, all of the peroxisomal mutants display a delayed or
decreased ability to neutralize the pH. Pex5∆ and pex13∆ trend towards modest growth
attenuation (not statistically significant), yet are significantly defective in pH
neutralization, suggesting that the peroxisomes play a major role in the pH regulation
process.
Peroxisomal mutants are significantly defective in macrophages
Amino acid mutants stp2∆ (transcription factor) and ssy1∆ (Stp2-activating
amino acid receptor), and mutants associated with peroxisomal functions (fox2∆, icl1∆)
are attenuated in infection models. Since the peroxisome contributes to amino acid pH
neutralization, and peroxisomal proliferation is induced by macrophages and amino
acids, I hypothesize that peroxisomal function is essential for macrophage interactions.
Peroxisomal mutants were assessed for fitness defects using a modified colony
forming unit assayed after overnight coincubation with RAW264.7 murine macrophages
(Figure 3-5). Indeed, each of the peroxisome mutants is significantly attenuated
compared to the parental strain. Pex13∆ and pex5∆ displayed attenuation similar to
that observed in the stp2∆ and ssy1∆ mutants. Strikingly, the pex3∆ mutant was not
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detected (0% survival) after coincubation with macrophages. PEX3 was previously
thought to be an essential gene, and as such is unsurprisingly defective in several
growth conditions (data not shown). Additionally, pex3∆ displayed significant hyphal
defects, seemingly incapable of forming more than initial germ tubes. These
macrophage defects highlight the importance of amino acid-driven pH neutralization
and fully functional peroxisomes for surviving macrophage attack.
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Figure 3-4: Peroxisomal mutants are defective at pH neutralization in minimal
amino acid medium. Three peroxisomal mutants were evaluated for growth and pH
neutralization defects in minimal YNBA medium with casamino acids as the sole
carbon source. Strains were grown overnight in YPD, washed, then diluted to OD 0.2 in
YNBA-CAA. Experiment performed in triplicate. Student’s T-tests performed to
compare mutant strains to parental strain SN250 or SC5314 at each individual time
point. Student’s T-test * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 3-5: Peroxisomal mutants with amino acid utilization defects are
significantly attenuated in a macrophage survival assay. Peroxisomal mutants
were assessed for fitness in a modified-CFU macrophage coculture assay. C. albicans
strains were subcultured in rich YPD medium for 6 hours, then coincubated with RAW
264.7 macrophages for 16 hours and assessed for survival by comparing CFU
formation to a control well without macrophages. Student’s T-test performed to
compare mutants to the appropriate parental strain (SC5314 vs pex3∆, SN250 vs
pex13∆ and pex5∆). N=5. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Carnitine acetyl transferases and Catalase are not required for amino acid
utilization
The Lorenz lab previously reported that carnitine acetyl transferases (Ctn1,
Ctn2, Ctn3) are required for growth on several non-fermentable carbon sources,
including acetate, ethanol, and citrate (179). Alternative carbon utilization processes
are segmented between several cellular compartments, making intracellular transport
of acetyl-CoA between compartments a critical process. The Ctn proteins facilitate the
conjugation of the acetyl group of acetyl-CoA to a carnitine molecule, allowing for
transport across membranes. Since the Ctn proteins are involved with peroxisomal
functions, I tested deletion mutants to identify potential roles in amino acid utilization
(Figure 3-6). Ctn1∆, ctn2∆, ctn3∆, and ctn1∆ctn3∆ showed no noticeable defects in
amino acid utilization, suggesting that the peroxisome’s role with this nutrient is not
affiliated with acetyl transfer. A triple mutant is synthetically lethal, suggesting that
Ctn1-3 combine to transfer acetyl-CoA, and that this process also potentially contribute
to the amino acid pH phenotype.
The peroxisome is the designated organelle for oxidative reactions, many of
which produce hydrogen peroxide. Thus, the peroxisome contains catalase (CAT1)
which catalyzes the breakdown of hydrogen peroxide into water and oxygen (89). If
hydrogen peroxide accumulates, oxidative balance is altered, potentially affecting
peroxisomal functions, mitochondrial activity, and amino acid utilization. I hypothesized
that C. albicans lacking catalase would have decreased growth rates on alternative
carbon sources such as amino acids. cat1∆, which was confirmed to be hypersensitive
to the oxidative stressor TBO (data not shown), was not significantly defective in
YNBA-CAA medium (Figure 3-6). The cat1∆ mutant also displayed no significant
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defects in macrophage assays (Figure 3-11). These are, on the surface, surprising
results. Since ROS generation is an important part of innate immune defenses, deletion
of catalase was expected to have notable phenotypes, yet no in vivo phenotypes were
observed. The ROS-regulatory transcription factor mutant cap1∆ similarly has no
notable defects in vivo, perhaps due to SOD proteins being the most significant
enzymes to combat ROS and maintain oxidative balance, which are reported to be
required for full virulence in vivo (91).
Ctn1, but not Ctn2, Ctn3, or Cat1 are required for full virulence in macrophages
Peroxisomal mutants, although not defective in amino acid utilization, were
assessed for fitness when coincubated with RAW264.7 macrophages. Ctn1∆ is the
only carnitine acetyl transferase with significant attenuation, showing similar survival
levels to the b-oxidation mutant fox2∆, glyoxylate mutant icl1∆, and peroxisomal mutant
pex5∆ (figure 3-11). Ctn2∆, ctn3∆, and cat1∆, were not attenuated in this model (figure
3-10, figure 3-11).

66

8

5

3

SC5314

7

ctn1Δ

6

pH

OD600

4

ctn2Δ

2

ctn3Δ

5

1

ctn1Δctn3Δ

4

0

3

0

4

8

12

16

20

24

0

4

8

6

16

20

24

8

SC5314

5

7

cat1Δ

4

SC5314
cat1Δ

6

pH

OD600

12

Time (hours)

Time (hours)

3

5

2

4

1

3

0
0

4

8

12

16

20

24

0

4

8

12

16

20

24

t (hr)

t (hr)

Figure 3-6: Assessment of carnitine acetyl transferases and catalase growth and
pH in YNBA-CAA medium. A) Carnitine acetyl transferase deletion mutants and B)
catalase mutant cat1∆ growth and pH were assessed in minimal media containing
casamino acids as the sole carbon source, similar to figures 3-1 and 3-4. Student’s Ttest performed at each individual time point. N=3. Student’s T-test * P < 0.05, ** P <
0.01, *** P < 0.001, **** P < 0.0001.
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TOR signaling pathway contributes to amino acid catabolism and pH
neutralization
Another notable screen mutant identified in the genetic screen was rhb1∆. RHB1
encodes one of the three major GTPases involved in the TORC1 signaling pathway
(120, 122, 123). The other two GTPases, Gtr1 and Gtr2, form a complex together.
Neither gtr1∆ nor gtr2∆ are included in the genetic mutant libraries tested by Elisa
Vesely. TORC1 signaling is a conserved pathway involved in nutrient signaling, serving
as a carbon and nitrogen starvation sensor (123). In C. albicans, in addition to serving
as a nutrient signaling pathway, TORC1 is also involved in regulating secreted aspartyl
proteases, adhesion, phosphate sensing, and hyphal morphogenesis (121, 122, 174).
TOR pathway had not yet been identified as a regulator of pH neutralization, so I
investigated the connection between amino acid utilization and TORC1 signaling. First,
I tested the effects of general TOR inhibition by adding increasing concentrations of
rapamycin (TOR inhibitor) to the YNBA-CAA medium (Figure 3-7). Indeed, sub-lethal
concentrations of rapamycin significantly decreased pH neutralization and growth
capabilities in YNBA-CAA. A higher concentration of rapamycin, 20ng/mL, resulted in
complete growth inhibition and pH neutralization (data not shown). These data suggest
that increased inhibition of the TOR pathway is detrimental to amino acid utilization and
pH neutralization.
Next, I investigated three TOR signaling mutants to elucidate the connection
between TOR regulation and amino acid pH neutralization and catabolism: rhb1∆
(TORC1 activating GTPase), gtr1∆ (TORC1 activating GTPase), and tsc2∆ (a putative
GTPase reported to function upstream of Rhb1) (Figure 3-8) (120). rhb1∆, which was
identified in the initial screen, was confirmed to have significant pH neutralization
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defects. TSC2 is hypothesized to be a RHB1 inhibitor, but here, tsc2∆ displays defects
similar to rhb1∆ with significant pH neutralization and significant growth defects on
YNBA-CAA. Interestingly, gtr1∆ did not display significant defects in amino acid
utilization, suggesting that RHB1 and TSC2 function independently of GTR1 to activate
TORC1 (gtr1∆ investigated by Elisa Vesely, PhD; personal communication).
If rhb1∆ and tsc2∆ function to inhibit TORC1 signaling required for full amino
acid utilization and pH neutralization, then the addition of rapamycin would not affect
growth or pH neutralization rates. To test this, growth and pH curves with rhb1∆ and
tsc2∆ mutants were performed with the sub-lethal concentrations of rapamycin (Figure
3-9, 3-10). Indeed, no significant decreases in growth or pH neutralization was
observed in either mutant when rapamycin was added to the medium. However, when
comparing SC5314 + rapamycin with TOR mutants + rapamycin, the rhb1∆ strain is
additionally attenuated in growth and pH, while tsc2∆ + DMSO phenocopies SC5314 +
rapamycin. These data align with previous reports that tsc2∆ is unaffected by
rapamycin, suggesting Tsc2 functions as strictly as TOR regulator, while Rhb1 may
have additional TOR-independent roles. Overall, these data suggest that TOR inhibition
with rapamycin affects amino acid utilization in a TSC2 and RHB1-dependent manner,
and that this pathway is distinct from GTR1 signaling which does not affect amino acid
utilization.
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Figure 3-7. TOR signaling inhibition by addition of sub-lethal concentrations of
rapamycin affects growth and pH neutralization in amino acid minimal medium.
C. albicans were cultured overnight in rich YPD medium and transferred to minimal
YNBA medium with 1% casamino acids + indicated sub-lethal concentration of
rapamycin suspended in DMSO to inhibit TOR signaling. DMSO without rapamycin
used as control. Fungal growth and medium pH were measured, Student’s T-test
compared conditions for each time point. N=3 * P < 0.05, ** P < 0.01, *** P < 0.001, ****
P < 0.0001.
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Figure 3-8 TORC1 GTPases contribute to amino acid utilization. Genetic deletion
of TORC1 GTPases rhb1∆ and tsc2∆ results in growth and pH neutralization defects.
Growth and pH curves measured similarly to figure 3-1. Strains were grown overnight
in YPD then transferred to YNBA-CAA at a starting OD of 0.2 to observe growth and
pH changes. N=3. Student’s T-test performed at each individual time point to compare
parental strain to mutant. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
_____________________________________________________________________

71

5
4

OD600

SC5314 + 4ng/mL Rapa
SC5314 + 8ng/mL Rapa

*
*
*

5

SC5314 + DMSO
rhb1Δ + 4ng/mL Rapa

3

**
*
**

2

rhb1Δ + 8ng/mL Rapa

1
0

SC5314 + DMSO

4

rhb1Δ + DMSO

OD600

SC5314 + DMSO

tsc2Δ + DMSO
tsc2Δ + 4ng/mL Rapa

3

tsc2Δ + 8ng/mL Rapa

2

*

1

0

4

8

12

16

20

0

24

*
0

4

8

Time (hours)

4ng/mL Rapa pH

tsc2Δ + DMSO

20

24

*

8

SC5314 + 4ng/mL Rapa
tsc2Δ + 4ng/mL Rapa

7

rhb1Δ + DMSO

16

8ng/mL Rapa pH
*

8

SC5314 + DMSO

12

Time (hours)

rhb1Δ + 4ng/mL Rapa

tsc2Δ + 8ng/mL Rapa

6

pH

pH

SC5314 + 8ng/mL Rapa
rhb1Δ + 8ng/mL Rapa

7

5

6
5

4

4
0

4

8

12

16

20

24

0

Time (hours)

4

8

12

16

20

24

Time (hours)

Figure 3-9. Rapamycin significantly affects rhb1∆ but not tsc2∆ pH neutralization
in amino acid medium. TORC1 mutants and SC5314 were grown in YPD overnight
then transferred to YNBA-CAA +DMSO or +indicated sub-lethal concentration of
rapamycin to assess for growth and pH neutralization defects. Growth (top row) and pH
(bottom row). N=3, Student’s T-test performed for each time point comparing parental
strain to mutant. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 3-10. Direct comparison of parental strain inhibited with rapamycin to
GTPase mutants without rapamycin. Displayed is the same experimental data as
Figure 3-9, but directly comparing SC5314 inhibited with 4ng/mL rapamycin to rhb1∆
and tsc2∆ +DMSO. Student’s T-test was used to compare SC5314 + rapamycin to the
TOR mutants + DMSO at each time point. N=3. * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001.
_____________________________________________________________________

73

TOR signaling mutants are attenuated in macrophage model
Similar to the peroxisome mutants, TOR signaling mutants defective in amino
acid utilization were tested in a macrophage coculture assay to assess for fungal
survival (Figure 3-10). rhb1∆ and tsc2∆ mutants are both significantly attenuated in
surviving macrophage attack. gtr1∆ was not attenuated in this model (data not shown,
experiment performed by Elisa Vesely). This macrophage data, together with the
amino acid in vitro data, suggest that Rhb1 and Tsc2 function separately from Gtr1 to
contribute to fungal survival within macrophages.
Peroxisomal proliferation is not regulated by TOR signaling
Since the two notable pathways implicated to be involved in amino acid
utilization were peroxisomal function and TOR signaling, which have some reported
overlaps (oxidative stress, starvation response), I hypothesized that the two pathways
act in concert in response to amino acids. To test this, I first attempted to visualize
colocalization of TOR proteins and peroxisomes by fluorescently tagging RHB1 in the
SKL-GFP background, but colocalization could not be visualized, likely due to RHB1
expression levels being too low or not forming strong foci visible by the fluorescent
microscope. Next, I investigated whether the peroxisome proliferation observed on
alternative carbon sources was affected by TOR inhibition. The GFP-SKL mutant was
incubated for 1 hour in alternative carbon sources with high concentrations of
rapamycin (20ng/mL) or DMSO (Figure 3-12). Cells were again fixed with
paraformaldehyde and Z-stack fluorescent images were captured. Fluorescent foci
were quantified manually, and cell size was calculated to accurately compare different
growth conditions, as high concentrations of rapamycin affects growth and may alter
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cell size. No significant defects in peroxisome proliferation was observed in these
conditions. These data suggest that there is no clear connection between alternative
carbon-induced peroxisome biogenesis and TOR signaling.
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Figure 3-11: TOR signaling mutants and peroxisomal-associated mutants are
attenuated in macrophages. Mutants were assessed for fitness in a modified CFU coculture assay similar to Figure 3-5. Mutants were subcultured in YPD to mid-log phase
then coincubated with RAW264.7 macrophages overnight and assessed for fungal
survival compared to parental strain. N=5, Student’s T-test performed to compare
mutant to parental strain. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Figure 3-12: TOR inhibition with rapamycin does not affect alternative carboninduced peroxisome proliferation. SKL-GFP cells were incubated in minimal media +
the indicated carbon source for one hour with a high concentration of rapamycin
(20ng/mL) or DMSO. Cultures were fixed with paraformaldehyde, then Z-stack images
were captured with a fluorescent microscope. Fluorescent foci and cell diameters were
manually quantified per cell to calculate foci per squared micron to account for cell size
differences. N=1, >30 cells per condition quantified.
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Uncharacterized gene ORF19.783 displays strong defects in amino acid pH
neutralization, hyphal morphogenesis, and macrophage survival
The last notable gene identified in the initial screen was ORF19.783, an
uncharacterized gene hypothesized to contribute to endocytosis, phospholipid
transport, and retrograde transport based on the S. cerevisiae ortholog NEO1 (177).
Retrograde vesicle transport is the process of membrane protein transport from the
endosome back to the Golgi. Retrograde transport is reported to contribute to
alternative carbon utilization and is required for full pathogenesis (87, 180, 181).
Interestingly, I observed significant pH neutralization defects in 19.783∆ that did not
strongly correlate with any detectable growth defects on amino acids (Figure 3-1, 3-13),
suggesting that this mutant has ammonia transport defects, but no catabolic defects,
perhaps due to improper trafficking of membrane ATO proteins required for pH
neutralization. Similar to the other mutants with amino acid utilization defects, 19.783∆
displayed significant fitness defects in the macrophage survival assay. Notably,
19.783∆ formed dense microcolonies compared to SC5314, suggesting that retrograde
transport is critical for both pH neutralization and proper hyphal formation. Additional
study of this mutant to confirm its role in retrograde transport is required.
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Figure 3-13: Uncharacterized ORF19.783 contributes to amino acid utilization,
hyphal morphogenesis, and pathogenesis. Genetic deletion mutant 19.783∆ was
assessed for A) amino acid growth and pH neutralization, similar to figure 3-1. N=3 B)
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0.001, **** P < 0.0001.
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Discussion
Two novel cellular functions that had not previously been implicated in the amino
acid pH neutralization process are described here: peroxisomal biogenesis and
function, and TOR signaling. These processes contribute to pH neutralization
independently and promote fungal survival within macrophages.
Peroxisomes are involved in multiple cellular processes. Fatty acid b-oxidation
and the glyoxylate shunt occur in the peroxisome, and peroxisomal catalase promotes
oxidative stress adaptation and maintains oxidative balance. C. albicans upregulates
these peroxisomal processes within macrophages, presumably to utilize available fatty
acids and non-fermentable carbon sources and combat the ROS bombardment from
the phagocyte. Here I report that peroxisomes, in addition to b-oxidation and glyoxylate
functions, are a major contributor to amino acid utilization, and that this organelle is
required for full virulence within macrophages. Peroxisome proliferation, which occurs
when the organelle’s functions are prioritized (starvation response, oxidative stress),
was observed under multiple host-relevant conditions, including amino acid media and
within the macrophage phagosome. Additionally, mutants defective in peroxisomal
protein import and peroxisome function, especially pex13∆, pex3∆, and pex5∆, are
defective in alkalinizing the extracellular pH during amino acid utilization and are
attenuated in surviving macrophage attack.
The mechanism(s) by which peroxisomes contribute to amino acid utilization and
fungal pathogenesis remain unclear, however. The carnitine acetyl transferases were
not defective in amino acid utilization, and only Ctn1 contributed to fungal interactions.
The Ctn proteins are reported to be involved in non-fermentable carbon catabolism
(eg., acetate, ethanol) but do not individually contribute to disseminated candidiasis
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(179). It remains possible that the Ctn proteins also contribute to amino acid pH
neutralization, but that their functions are overlapping and require all three to be absent
to observe defects. Similarly, the catalase mutant cat1∆, which was hypothesized to
affect peroxisomal redox balances and interfere with carbon utilization pathways, did
not display defects in amino acid medium or in macrophage models, suggesting that
SOD proteins can compensate for the loss of catalase. The peroxisomal import
machinery, which is required for a fully functional peroxisome, is critical for amino acid
pH neutralization and pathogenesis, suggesting that several peroxisomal functions,
rather than one, combine to contribute to amino acid utilization and macrophage
survival.
The peroxisome’s involvement in amino acid pH neutralization is a novel
discovery, but the specific metabolic contributions are unknown. Peroxisomes are
known to assimilate acetate, but only a fraction of amino acids are degraded into
acetyl-CoA, while the remaining amino acids in casamino acid media are incorporated
into the TCA cycle in the form of α-ketoglutarate, succinyl-CoA, fumarate or
oxaloacetate. Peroxisomal proliferation and pH neutralization will be investigated with
single amino acids that are catabolized differently to identify if the role of peroxisomes
is a specific response. PEX5, PEX13, and the peroxisomal-associated glyoxylate gene
ICL1 all contribute to this amino acid utilization pathway, but transcriptional analysis of
the peroxisomal mutants and investigation of redox balance and additional peroxisomal
mutants will reveal which functions directly contribute to amino acid pH neutralization.
The second novel process identified in this study was the TOR signaling
pathway. TOR signaling is a well-studied signaling pathway in several model
organisms. Dissimilar from many other organisms, C. albicans has lost components of
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the TOR signaling pathway, notably the TORC2 complex and the Rapamycininsensitive companion of mTOR (RICTOR) pathway. Signaling only results in activation
of the TORC1 pathway. TORC1 is reported to signal nutrient starvation and amino acid
availability, which aligns my data that TOR signaling is involve with amino acid pH
neutralization. However, my data suggest that the TORC1 pathway components have
divergent roles, as only two of the three TORC1 GTPases contributed to amino acid
utilization and macrophage survival. Rhb1∆ and tsc2∆, but not gtr1∆, displayed defects
in vitro and ex vivo in this study. The two defective mutants phenocopy inhibition of
TOR by adding rapamycin to the amino acid media, suggesting that the defects
observed in these mutants are due to TORC1 inhibition and reduced expression of
TORC1-regulated genes involved in amino acid utilization. It remains possible,
however, that tsc2∆ and rhb1∆ contribute to amino acid utilization in a TORindependent manner, as I was unable to directly measure TOR activation under both
the rapamycin conditions and in the deletion mutants.
Peroxisomal function and TOR signaling contribute to amino acid utilization in
independent manners. Inhibition of the TOR signaling pathway using high
concentrations of rapamycin did not affect peroxisomal proliferation, and colocalization
of peroxisomes and TOR proteins was unable to be visualized, perhaps due to a lack of
overlap between the proteins. This highlights the complexity of the regulation C.
albicans virulence mechanisms, which plays in the pathogen’s favor. The pathogen
never relies on one or a few virulence mechanisms or signaling pathways, but instead
employs multiple pathways regulated in several distinct manners to survive within
macrophages and invade the host.
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This study describes novel contributors to the amino acid utilization mechanism
that has virulence implications. There are several questions that remain unanswered,
however. For one, the relationship between the individual TOR regulators and amino
acid utilization is perplexing. Tsc2 is hypothesized to be an inhibitor of Rhb1, but my
data suggest that these proteins are redundant for amino acid utilization. Data from
Tsao et al showed that tsc2∆ and rhb1∆ respond to proline and urea differentially, with
rhb1∆ forming hyphae and tsc2∆ remaining in the yeast form (120). Additionally, tsc2∆
was not inhibited by the addition of rapamycin while rhb1∆ growth displayed additive
inhibition. The TOR pathway is complex and should be the focus of future studies to
gain a greater understanding of its connection with pH regulation in C. albicans.
Peroxisome function and TOR signaling have both been reported to be major
virulence contributors in several pathogens. Magnaporthe oryzae requires peroxisomal
import for full virulence, and Crytpococcus neoformans upregulates PEX5 and PEX7
import genes upon phagocytosis (182, 183). Peroxisomal import proteins are a viable
drug target in the parasitic pathogen Trypanosoma brucei (184). I aim to focus our
future studies on the peroxisomal import proteins and TOR signaling proteins that have
major implications for virulence, in hopes of ultimately identifying novel antifungal drug
targets to reduce C. albicans mortality rates.
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Introduction
Candida albicans is both a common human commensal and a serious clinical
problem, capable of causing an array of mucosal and invasive infections. The most
severe form of infection, disseminated candidiasis, is the most common fungal
nosocomial bloodstream infection (7, 8). C. albicans often infects the most vulnerable
patient populations; those undergoing chemotherapy, organ transplantations, or with
implanted medical devices are especially vulnerable to disseminated candidiasis due to
prolonged hospital stays and weakened immune systems (32). With mortality rates
reaching 40% and an increasing fear of antifungal resistance, it is critical that I
understand the basis of the many pathogenesis mechanisms C. albicans utilize during
disseminated infection.
The phagocytes of the innate immune system are one of the first defense
mechanisms deployed to combat a Candida infection (51). Neutrophils and
macrophages typically clear pathogens by bombarding the organism with a variety of
stressors such as oxidative stress, nitrosative stress, and hydrolytic enzymes, some of
which are potentiated by phagosome acidification (52, 185–188). C. albicans, however,
is proficient at surviving macrophage phagocytosis by resisting these stressors, actively
neutralizing the pH of the phagosome, and ultimately shifting its morphology to the
hyphal form. These stresses lead to the death of the macrophage via pyroptosis and
allow the fungal cell to escape the phagocyte and continue dissemination (63, 69, 76,
86–88, 150, 189). Thus, I and others have characterized the responses that allow C.
albicans to adapt and overcome the phagosomal environment. Transcriptomic studies
reveal that C. albicans rapidly adapts to the macrophage phagosome by initially shifting
its metabolism away from glycolysis in favor of alternative carbon sources such as
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carboxylic acids, amino acids, peptides, N-acetylglucosamine (GlcNAc), and fatty acids
(80, 87, 129, 136, 138, 139, 149, 168). These compounds are sources of energy and
biomass, and mutations that impair utilization of these nutrients are attenuated in
macrophage and mouse virulence models.
Beyond their role as nutrients, three of these carbon sources also directly
contribute to C. albicans-phagocyte interactions: carboxylic acids such as lactate,
amino acids, and GlcNAc. Catabolism of these alternative carbon sources results in a
significant increase in extracellular pH, both in vitro and within the phagososome, but
the physiological effects diverge from there (63, 86, 87). The presence of lactate
increases C. albicans resistance to a variety of host-relevant stressors, enhances
biofilm formation, and reduces recognition by macrophages (76, 154, 155, 158, 170).
These adaptations are mediated in part by alterations to the thickness and composition
of the cell wall (76, 155, 158). Amino acids and GlcNAc strongly induce hyphal
morphogenesis, contributing to fungal survival both within macrophages and during
disseminated candidiasis (87, 88, 150). How the presence of amino acids or GlcNAc
may affect stress resistance, cell wall morphology, or phagocyte recognition has not
previously been addressed.
The genetic requirements for the physiological changes on the different carbon
sources are also distinct, which has allowed for the dissection of the roles of the
individual alternative carbon pathways (63, 86, 87, 119, 155, 169). JEN1 and JEN2
encode carboxylic acid transporters that are strongly induced after phagocytosis by
macrophages or neutrophils at the protein and RNA level, but the double jen1∆ jen2∆
strain, which is incapable of importing carboxylic acids, has been reported to show no
defects in a disseminated candidiasis mouse model (80, 127, 142). Mutants lacking
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STP2, encoding a transcription factor that regulates amino acid uptake and utilization,
are unable to neutralize the environment and are modestly attenuated in both
macrophage and mouse models (87). Strains incapable of catabolizing GlcNAc, are
likewise modestly attenuated in macrophages and mice (86, 145).
The modest individual phenotypes led us to hypothesize that C. albicans
simultaneously utilizes all of these nutrients during infection, with each carbon source
providing unique benefits to the pathogen. Combining these effects through genetic
elimination of multiple carbon pathways would thus have synergistic effects on fitness
in macrophage interactions and disseminated infections. In support of this hypothesis, I
report here that alternative carbon sources serve as unique priming signals to the host
environments C. albicans may encounter. Each alternative carbon source induces a
unique pattern of protection from host-relevant stressors compared to glucose-grown
cells. Exposure to these nutrients also alters interactions with immune cells, likely as a
result of significant changes in the fungal cell wall. Additionally, mutant strains lacking
multiple carbon utilization pathways are significantly attenuated in macrophages and
mouse models. I conclude that C. albicans makes use of multiple alternative carbon
sources simultaneously and that these serve as more than energy sources for the
pathogen, each conferring unique benefits that allow it to adapt and cause infection in a
variety of host environments.
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Results
Alternative carbon sources affect C. albicans stress tolerance
Abundant evidence suggests that C. albicans utilizes multiple carbon sources in
vivo, including glucose, carboxylic acids (lactate, a-ketoglutarate), amino acids, and
GlcNAc, and the catabolism of these compounds has effects beyond generation of
energy and biomass (63, 80, 86, 87, 145, 149, 154, 155, 158). Lactate, in particular,
induces changes to C. albicans cell wall morphology, stress resistance, and immune
interactions that promote pathogenesis (76, 155, 158, 170). I asked whether these
physiological adaptations might be triggered by additional alternative carbon sources,
and if the responses were carbon source-specific.
C. albicans encounters multiple stressors during disseminated infection,
including oxidative, nitrosative, osmotic, cell wall, and antifungal stresses. To assess
how alternative carbon utilization affects host-relevant stress resistance, C. albicans
cells were pre-grown in media containing glucose plus one of the three alternative
sources, lactate, casamino acids (CAA), or GlcNAc, relative to glucose-grown cells.
Cells were then transferred to minimal YNBA media, containing one of the alternative
carbon sources (plus 1% glucose to equalize growth rates), with or without the
indicated stress. Growth was assessed in multi-well plates over time at 37°C in a
multifunctional plate reader and quantified by assessing the change in optical density
(OD600), relative to the no-stress control, after eight hours (Fig. 4-1, 4-2). In agreement
with previous reports (76, 158), lactate protected C. albicans from high concentrations
of the cell wall stressors calcofluor white (CFW) and Congo Red (Fig. 4-1A-B). In
contrast, lactate did not alter sensitivity to oxidative or nitrosative stresses (Fig. 4-1CE). Lactate induced protection
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Figure 4-1: Alternative carbon utilization promotes resistance to a diverse array
of stressors. A-H. SC5314 was grown for 6 hours in minimal media containing 1%
glucose + 1% of the indicated alternative carbon source, then transferred to the same
media with or without the indicated stressor in a 96 well plate and incubated at 37°C
with aeration in a plate reader for 16 hours. The data represent the difference in the
change in OD600 at the 8 hour timepoint, expressed as a ratio of with stress to without
stress. N≥5 for each stress condition.
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Figure 4-2: Alternative carbon utilization promotes stress resistance. SC5314 was
grown to mid-log phase in minimal media containing 1% glucose + 1% of the indicated
carbon source. Cultures were washed and transferred to a 96-well plate in the same
media +/- the indicated stressor. N>5, curves displayed are means.
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from the antifungal drug fluconazole, but not caspofungin (Fig. 4-1F-G). Similar to
previous reports, lactate also increased resistance to salt stress (Fig. 4-1H) (76).
Interestingly, amino acids and GlcNAc also induced resistance to some of these
stresses, but in distinct patterns: amino acids strongly protected from oxidative
stressors tert-butyl-hydroperoxide (TBO) and H2O2 (Fig. 4-1A-B, E), modestly induced
protection from nitrosative stress and CFW but not Congo Red (Fig. 4-1C-D), but had
no effect on osmotic stress (Fig. 4-1H). In contrast, GlcNAc enhanced resistance to
TBO and antifungal stress, but not nitrosative and salt stresses (Fig. 4-1C-H), while
sensitizing cells to CFW (but not Congo Red) compared to glucose (Fig. 4-1A-B). All
three alternative carbon sources promoted fluconazole resistance while amino acids
and GlcNAc, but not lactate, protected cells from caspofungin (Fig. 4-1C-D).
As a corollary, I also asked whether alternative carbon sources protected
against acute toxicity after shorter-term exposure to extreme stress concentrations. A
much greater proportion of cells grown in all three conditions survived exposure to 10
mM TBO, relative to glucose (Fig. 4-3). In contrast, only lactate protected against 2M
NaCl. Together, these data suggest that the changes in stress resistance are an active
response to the presence of these compounds and not a consequence of glucose
deprivation. Moreover, each alternative carbon pathway is physiologically distinct,
inducing different patterns of stress resistance, raising the possibility that nutritional
composition is a signal that may allow C. albicans to anticipate likely stresses in
specific host environments.

Alternative carbon sources alter interactions with macrophages
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Lactate exposure alters interactions with macrophages, but little is known about
the effects of amino acids and GlcNAc (158). C. albicans was again pre-grown to midlog phase in minimal media containing glucose with or without the alternative carbon
sources before assessing macrophage interactions. Media was buffered to pH 5.5 to
prevent cell wall changes that may occur upon pH changes (119). As previously
reported, lactate modestly decreased the rate at which cells associate with and are
phagocytosed by macrophages (Fig. 4-4 A-B). Interestingly, pre-growth in amino acids
increased phagocytosis rates compared to glucose-grown cells, while GlcNAc had no
significant effect. Despite the increased phagocytosis, the amino acid-grown cells
showed significantly improved fungal survival compared to lactate-exposed cells, but
the differences compared to glucose-grown cells were not statistically significant (Fig.
4-4). Together, these data show that alternative carbon sources, particularly lactate and
amino acids, distinctly affect the immune recognition of fungal cells.
C. albicans occupies a phagolysosome of significantly higher pH that would be
expected and I have associated this with utilization of alternative carbon sources (63,
84, 87, 190). I next asked whether prior exposure to these nutrients would affect the
ability to neutralize the pH of macrophage phagosome. To do so, I loaded
macrophages with the acidophilic dye lysotracker red prior to culturing with C. albicans
cells pre-grown as above in media containing lactate, amino acids, or GlcNAc.
Phagosome acidity immediately surrounding the fungal cell was calculated by
measuring lysotracker intensity immediately outside the fungal cell, as previously
described (86, 88). No discernable differences were observed in phagosome acidity
after exposure to alternative carbon sources (Data not shown).
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Alternative carbon sources alter cell wall structure
The changes observed in response to lactate were associated with alterations to cell
wall structure (76). To assess whether amino acids and GlcNAc had similar effects on
the cell wall, I visualized this organelle using transmission electron microscopy (Fig. 45). C. albicans was again grown to mid-log phase in minimal medium (YNBA) with 1%
of carbon source (glucose, casamino acids, lactate, GlcNAc) buffered to pH 5.5 before
fixing and processing. The diameter of yeast-phase cells grown on alternative carbon
sources was significantly reduced compared glucose-grown cells (Fig. 4-5 A). Growth
in alternative carbon sources reduced the overall thickness of the cell wall (Fig. 4-5B);
the inner glucan layer was markedly thinner while the outer mannan layer was mostly
unchanged (Fig. 4-5C). As a result, the ratio of the thickness of the glucan:mannan
layers was greatly reduced in cells grown in non-glucose conditions (Fig. 4-5D).
Notably, the glucan layer of both amino acid and GlcNAc-grown cells was more
electron dense compared to glucose and lactate-grown cells (Fig. 4-5E). Electrondense granules of 30-100 nm were frequently seen in the cell walls of glucose-grown
cells, but not the other conditions (Fig. 4-5E); I assume these are extracellular vesicles
transiting the wall. Thus, utilization of lactate, GlcNAc and amino acids results in
distinct decreases in cell size and cell wall thickness, shifts in the relative ratios of the
glucan and mannan layers, and alterations in cell wall density.
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macrophages. SC5314 was grown for 6 hours in minimal media containing 1% of the
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Figure 4-5: Carbon source affects cell wall morphology. Wild-type cells were grown
at 37°C to mid-log phase in minimal media containing 1% of the indicated carbon
source and buffered to pH 5.5. Cultures were fixed in Karnovsky’s fixative, then
processed to perform transmission electron microscopy. A. Yeast diameters were
measured twice per cell and averaged. N≥50 per condition. B. Cell wall thickness. ≥15
measurements per cell. N ≥50 per condition. C. Thickness of glucan and mannan
layers. D. Glucan:mannan ratio for each condition. E. Representative images of each
condition. Scale bar = 0.1um. * P <0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 via
unpaired T-tests.
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Strains unable to utilize alternative carbon sources are defective in multiple
fitness assays
Since exposing C. albicans to individual alternative carbon sources has
overlapping effects on cell wall morphology, stress resistance, and interactions with
macrophages, I next asked whether genetically interfering with alternative carbon
utilization would decrease fitness within the host. I conducted a genetic screen for
mutants that grow poorly on media containing lactate as the sole carbon source, using
available libraries of ~850 strains (the Noble and Homann libraries) (164, 172). The
libraries were grown in YPD and transferred to minimal medium containing 1% lactate
(plus 10 mM arginine, as the library strains are arginine auxotrophs) and assessed for
growth and pH neutralization using the pH indicator bromocresol purple. Hits from this
screen were combined with those from a previously reported screen for mutants
impaired on the same media with a-ketoglutarate (aKG) (87). Mutants with initial
growth defects were converted to prototrophy using CIp30 and doubling times were
assessed in multiple media (Figure 4-6).
These mutants had a spectrum of phenotypes (Fig. 4-6) with some strains
impaired in all carbon sources and others in a subset. A few strains (ali1∆, cox4∆,
sin3∆) also conferred significant growth defects in glucose-containing minimal media,
as has been reported (164, 191). Unsurprisingly, many of the mutants encoded
proteins associated with functions required for aerobic respiration. These include
Cox4, a subunit of cytochrome c, Ali1, a membrane-bound NADH-ubiquinone
oxidoreductase, and Oar1 a putative mitochondrial protein whose homologs have
NAHPH-dependent 3-oxoacyl reductase activity (171, 191). Two mutants have known
roles in other aspects of carbon metabolism, including the Snf1-complex protein Kis1
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and Pex13, which is required for protein import to the peroxisome (176, 192, 193).
Others had no clear connection to carbon utilization, including Pep8, a protein involved
in endosome-to-Golgi transport, Swi4, part of the SBF complex required for the G1/S
transition, and Sin3, a global transcriptional co-repressor (180, 194–196). The wellcharacterized morphology regulator Cph1 also has defects in growth on alternative
carbon sources, though this particular library mutant also grew more slowly when
glucose was present, which is not a phenotype previously associated with the cph1∆
mutation. Notably, cox4∆ was able to grow in GlcNAc but without forming hyphae.
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Doubling Time Relative to SN250
SN250
ali1∆
cox4∆
oar1∆
sin3∆
pex13∆
cph1∆
kis1∆
pep8∆
swi4∆

Glucose
100
14.6
35.4
82.1
71.8
97.5
41.3
87.8
94.6
88.5

Lactate
100
0.0
72.5
70.5
61.9
45.9
63.4
97.2
84.8
51.8

Amino Acids
100
0.0
64.6
80.6
60.8
65.5
110.3
74.8
68.0
85.7

GlcNAc
100
0.0
87.3
93.4
77.8
99.7
45.5
117.5
119.6
131.2

Function
Parental Strain
NADH-UBQ Oxidoreductase
Cyochrome C Oxidase
Role in aerobic respiration
Transcriptional Corepressor
Peroxisomal Import
Morphology Regulator
Snf1 Complex
Retrograde Vesicular Transport
Cell Cycle Progression

Figure 4-6: Homann and Noble Library mutants identified via genetic screens
display growth defects on multiple carbon sources. Mutants identified via genetic
screens were grown in minimal media + 1% alternative carbon source. Mid-log phase
doubling times were calculated and expressed as a percentage of the parental strain
(SN250) in the same media.
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Figure 4-7: Multiple genetic screen mutants are defective within macrophages. A.
Phagosomal pH was estimated using Lysotracker Red staining as previously described
(Vylkova et al. 2014). In short, macrophages preloaded with acidophilic dye were
coincubated with C. albicans for 1 hour, fixed, and fluorescent microscopy was
performed. Red fluorescence intensity is reflective of an acidics phagosome. B. Fungal
survival quantified via modified CFU assay as in Figure 3, N=4. C. Macrophage survival
was quantified via lactate dehydrogenase release after 16hr coincubation with indicated
C. albicans strain. Killing is compared to chemically-lysed macrophages. N=4. * P <
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 via unpaired T-tests.
_____________________________________________________________________
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These mutants were evaluated for fitness defects in multiple macrophage
assays (Figure 4-7). Since alternative carbon sources promote extracellular pH
neutralization, I assessed the ability of the mutants to neutralize the phagosome.
Several mutants occupied significantly more acidic phagosomes within J774A.1 cells,
indicative of pH neutralization defects (Fig. 4-7 A). A failure to neutralize the
phagosome has been previously associated with impaired fungal survival in
macrophages and, indeed, all screen mutants, with the exception of kis1∆, survived a
16-hour coincubation less readily than the control strain (Fig. 4-7 B). Of these mutants,
ali1∆, cox4∆, and oar1∆ also had notable hyphal defects within the macrophage. The
cox4∆ mutant appeared to be entirely incapable of forming hyphae, as it was found in
the yeast and pseudohyphal form in strong hyphal-inducing conditions (RPMI + Serum,
5% CO2, 37°C, data not shown). I also tested macrophage survival, using release of
cytosolic LDH as a proxy for membrane damage, and found that all mutants, with the
exception of pex13∆ and swi4∆, caused less damage to macrophages (Fig. 4-7 C).
Thus, amongst multiple mutants with defects in utilization of alternative carbon sources,
nearly all were attenuated in multiple aspects of interactions with macrophage, further
implicating the importance of alternative carbon utilization during infection.

Engineered carbon deficient mutants are impaired in multiple virulence models
As a second and more direct approach to address this question, I employed the
CRISPR-Cas9 system to generate strains lacking one or more of the genes that have
been previously shown to directly contribute to nutrient import and catabolism, STP2,
JEN1, JEN2, HXK1, NAG1, and DAG1 (88, 142, 169). Stp2 is a transcription factor that
controls amino acid import and catabolism. Jen1 and Jen2 are the mono- and di106

carboxylic acid transporters, respectively. Hxk1, Nag1, Dac1 are three enzymes
essential for GlcNAc catabolism and are encoded by a cluster of adjacent genes on
Chromosome 6 such that they could be knocked out in tandem (“h-d∆”) (145).
Individually these mutants have modest impacts on fungal survival in macrophages and
virulence in a disseminated mouse model (63, 86, 142). I hypothesized that these
phenotypes would be additive, such that elimination of multiple carbon pathways would
result in markedly increased attenuation. I thus constructed the stp2∆, jen1∆ jen2∆, and
h-d∆ mutant strains, and all possible combinations, including the quadruple mutant,
termed “∆∆∆∆.” This strain was unable to grow on YNBA media containing lactate
(monocarboxylic acid), a-kg (dicarboxylic acid), casamino acids, or GlcNAc, nor did it
neutralize the pH of this media (4-8). The quadruple mutant grew at wild-type rates in
YNBA-glucose or YPD media, and germinated normally in strong hyphal-inducing
conditions (Fig. 4-8). Additionally, supplementing the media with glycerol partially
rescued growth but not pH changes, suggesting that the neutralization is dependent on
alternative carbon catabolism (Fig. 4-10). Thus, I successfully generated a strain
incapable of using multiple alternative carbon sources, but that appears not to have
pleiotropic phenotypes.

107

6

8

5

7

4

6

pH

OD600

YNB Glucose

3
2

4

1
0

5

3

0

4

8

12

16

20

24

0

4

8

t (hr)

12

16

20

24

16

20

24

t (hr)

Hyphal-inducing conditions
5% CO2, 37C, RPMI + Serum
8

6
5

7

pH

OD600

4
3
2

5

1
0

6

4

0

4

8

12

SC5314
t (hr)

16

20

24

0

4

8

12

∆∆∆∆
t (hr)

Figure 4-8: Genetically engineered alternative carbon mutant displays no
1.5

8

pleiotropic defects. A) Growth (left) and pH (right) of C. albicans parental strain
7

1.0

pH

OD600

SC5314 (black) and ∆∆∆∆ (red) was measured in minimal
media containing glucose as
6
0.5
5
the sole
carbon source. No significant differences were
observed. B) SC5314 and
4
∆∆∆∆ were incubated in strong hyphal-inducing conditions
for 5 hours, with images

0.0

0

4

8

12

16

20

24

0

4

8

12

16

20

24

captured every hour.t (hr)
No observable hyphal defects were observedt (hr)
in these conditions.
_____________________________________________________________________
8

1.5

7

pH

OD600

1.0
6
5

0.5

4

0.0

0

4

8

12

16

20

0

24

4

8

12

t (hr)

t (hr)

108

16

20

24

Growth

pH

6

8

5

7

4

6

pH

OD600

Glucose

A

3
2

5
4

1

3

0

0

4

8

12

16

20

24

0

4

8

t (hr)

B

2.0

16

20

24

16

20

24

16

20

24

16

20

24

16

20

24

9
8

1.5

7

pH

OD600

Lactate

12

t (hr)

1.0

6
5

0.5

4

0.0

0

4

8

12

16

20

24

0

4

8

t (hr)

C

12

t (hr)

8

1.5

pH

OD600

α-kg

7
1.0

6
5

0.5

4
0.0

0

4

8

12

16

20

0

24

4

8

6

8

5

7

4

pH

OD600

Amino Acids

D

3
2

5

1
0

6

4

0

4

8

12

16

20

24

0

4

8

t (hr)

E

12

t (hr)

8

1.5

7
1.0

pH

OD600

GlcNAc

12

t (hr)

t (hr)

6
5

0.5

4
0.0

0

4

8

12

16

20

24

0

4

8

12

t (hr)

t (hr)

109

Figure 4-9: ∆∆∆∆ does not grow or neutralize the pH of minimal media containing
alternative carbon sources. Growth (left) and media pH (right) of wild type C. albicans
(SC5314, black) and ∆∆∆∆ (red) in YNBA plus glucose or an alternative carbon source.
A. glucose, B. lactate, C. α-kg, D. casamino acids, E. GlcNAc). Growth curves
performed in triplicate. The inset mage in (E) are of GlcNAc-grown cells after 6 hours.
Cell clumping prevents accurate measurement of OD600.
_____________________________________________________________________
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Figure 4-10: Supplementing growth with glycerol does not rescue pH
neutralization phenotype with ∆∆∆∆. SC5314 (black) and ∆∆∆∆ (red) grown in YNBA
medium + 1% alternative carbon source and 1% glycerol unbuffered to pH 4.0.
_____________________________________________________________________
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Using strains defective in one, two, and three carbon pathways (∆∆∆∆ and all
intermediate strains), I assayed fitness after phagocytosis by macrophages to
determine if the multiple mutants had additive defects (Figure 4-11). After two hours of
coculture, each single mutant trended towards reduced hyphal lengths, while the
multiple mutants significantly reduced hyphal elongation (Fig. 4-11A and 4-11B). Each
carbon pathway has been associated with a reduced ability to neutralize the
phagolysosome, and strains impaired in two or all three pathways are found in even
more acidic phagosomes (Fig. 4-11 C). Hyphal length and phagosomal pH are
correlated, though it is not clear whether neutral pH induces germination or hyphal
growth neutralizes the phagosome through membrane disruption(63, 197). These data
suggest that C. albicans utilizes multiple alternative carbon sources simultaneously
within a macrophage phagosome such that these pathways are partially redundant in
supporting both energy generation and the substantial biomass addition necessary for
hyphal growth and escape.
I next evaluated whether the alternative carbon mutants compromise fitness in
the macrophage model, assessing both fungal and macrophage survival after 16-hour
co-incubation (Fig. 4-12A and 4-12B). In alignment with the hyphal and phagosome
acidity phenotypes, alternative carbon mutants were increasingly attenuated as more
carbon pathways were eliminated, with the quadruple mutant most severely impaired.
This again suggests C. albicans utilized many different nutrient sources upon
phagocytosis, a departure from the general paradigm of carbon metabolism in fungi.
I lastly assessed virulence of the single and quadruple mutant strains in the mouse
intravenous model of disseminated candidiasis. In this model, the quadruple mutant
was the most severely attenuated compared to the parental strain, and this difference
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was significantly different from the stp2∆ and h-d∆ strains. In this model, the jen1∆
jen2∆ strain showed an intermediate phenotype, both slightly more attenuated than the
wild-type, but less so than the quadruple (though the latter comparison nearly achieved
statistical significance (∆∆∆∆ vs jen1∆jen2∆ P=0.054). This contrasts with the
macrophage model in which the jen1∆ jen2∆ strain was the least affected, again
pointing to niche-specific differences in carbon availability and importance. Altogether,
these data show that C. albicans actively utilizes multiple carbon sources during
disseminated infection, which changes fungal morphology, alters stress resistance and
immune interactions, and ultimately is essential for pathogenesis.
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Figure 4-11: Alternative carbon mutants are defective upon macrophage
phagocytosis. A-B. FITC-labelled strains were cocultured with J774 macrophages in
DMEM medium for 2 hours. Cells were fixed, stained with calcofluor white, and germ
tube lengths were quantified (Triplicate experiments, N>40 per strain per replicate).
Scale bar = 10μm C. Lysotracker Red assay similar to Figure 5. * P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001 via unpaired T-tests.
_____________________________________________________________________
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Figure 4-12: Alternative carbon mutants are attenuated in both macrophage and
mouse models for disseminated candidiasis. A. Fungal survival was assessed after
16hr coincubation with J774 macrophages using a modified CFU assay. N=7. B.
Macrophage survival was quantified via LDH release after 16hr coincubation with the
indicated C. albicans strain. Survival is relative to chemically-lysed macrophages. MOI
1:1, N=4. C. Outbred ICR mice were injected via tail vein with 5x105 cells/mL of
indicated strains resuspended in phosphate buffered saline.10 mice per strain. * P <
0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 via unpaired T-tests, for (A) and (B).
Survival curves were compared with the log-rank (Mantel-Cox) test.
_____________________________________________________________________
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Discussion
Several lines of evidence demonstrate that the metabolism of non-glucose
carbon sources is critical during interactions of C. albicans with phagocytes and in
animal models. Many transcriptomic data sets confirm a wholesale metabolic change
upon phagocytosis, with the cell switching from glycolysis to gluconeogenesis(80, 129,
198). This is true of other fungal pathogens as well, including Cryptococcus
neoformans, Aspergillus fumigatus, Penicillium marneffei, and Paracoccidioides
brasiliensis (183, 199–201). Gluconeogenic genes are also induced in (168, 202).
Metabolic plasticity as a virulence regulator is not specific to C. albicans. Several
microbial pathogens gain advantages over the host upon exposure to various nutrients.
Alternative carbon-induced stress resistance is observed in other Candida species,
including C. glabrata and emerging pathogen C. auris (157, 203). Numerous examples
exist in bacterial pathogens as well: Staphylococcus aureus, a facultative intracellular
pathogen, alters its central carbon metabolism to promote its escape from the
phagosome, similar to what I observe with C. albicans (204, 205). Short-chain fatty
acids are required for full virulence of Campylobacter jejuni (206), and Mycobacterium
tuberculosis requires the glyoxylate shunt for survival in macrophages and mice (207,
208).
Mutants impaired in central carbon catabolism via the TCA/glyoxylate cycle
(icl1∆) or gluconeogenesis (pck1∆, fbp1∆) are also attenuated in macrophage and
mouse models (138, 168). Understanding which specific nutrients are most relevant in
vivo may identify candidate drug targets, as many of these pathways do not exist in
mammals. To this end, mutants have been generated in specific uptake or catabolic
pathways, such as those for fatty acids (fox2∆), amino acids (stp2∆), GlcNAc (h-d∆),
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oligopeptides (opt∆ ptr∆), or carboxylic acids (jen1∆ jen2∆), and these have modest or
no in vivo phenotypes (136, 138, 140, 142, 145, 209). In contrast, the severe
attenuation of ∆∆∆∆ (stp2∆ jen1∆ jen2∆ h-d∆) in macrophage and mouse models
affirms that alternative carbon utilization directly contributes to fungal pathogenesis,
and the additive effects observed suggest C. albicans utilizes multiple carbon sources
simultaneously within the macrophage phagosome and during disseminated infection.
In addition to the energy generation that is provided by utilizing alternative
carbon sources, the presence of carboxylic acids, amino acids, and GlcNAc serve as
unique signals for C. albicans, modulating stress resistance and macrophage
interactions. This was first recognized with lactate, where drug and stress resistance
correlated with alterations in the cell wall (154, 158, 170). Amino acids and GlcNAc also
induce cell wall alterations and promote stress resistance. Surprisingly, each carbon
source confers a unique pattern of resistance: amino acids to oxidative and nitrosative
stresses, lactate to cell wall and osmotic stresses, and GlcNAc to oxidative stress.
Transcriptomic data provides some basis for these patterns: amino acid-grown cells
upregulate several oxidative and nitrosative stress resistance genes, including SOD4
and YHB1 (87), and SOD5 is upregulated by GlcNAc(145). Antifungal resistance is also
enhanced, to fluconazole by all three classes of compounds, and to caspofungin by
GlcNAc and amino acids. The abundance of these nutrients in the host differs from
site-to-site, as does the spectrum of immune cells and microbial competition(149). This
raises the possibility that C. albicans uses nutrient availability as a signal of its
anatomical niche, priming the cell for a different array of encounters depending on
location.
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Indeed, C. albicans is equipped with sensors for all three alternative carbon
pathways. Lactate sensing with Gpr1 is required for b-glucan masking and immune
evasion, while import and catabolism are dispensable (155). The plasma membrane
SPS amino acid sensor (Ssy1, Ptr3, Ssy5), regulates Stp2 and has very similar
macrophage phenotypes (141), but it is not clear whether sensing and metabolism can
be decoupled. GlcNac sensing (by Ngs1) and import (through Ngt1) are required for
hyphal induction (169), suggesting that catabolism may also be dispensable for
GlcNAc-induced stress resistance. Separating nutrient sensing and catabolism for
pathogenesis and stress resistance will provide new insights as to how pathogenic
fungi interact, detect, and adapt to various host environments.
In addition to the carbon sources studied here, there are likely several other
carbon sources that promote fungal survival within the host. b-oxidation is highly
upregulated within macrophages, suggesting that fatty acids such as oleic acid are
utilized within the host, although disruption of b-oxidation (fox2∆) has a minor impact on
pathogenesis (126, 138, 139). I mainly focused on the carboxylic acid lactate in this
study, based on precedents but preliminary data suggests C. albicans responds
differentially to additional host-relevant carboxylic acids such as a-kg and acetate (76,
158, 170). Host-associated sugars besides GlcNAc may be recognized as well (sialic
acid, galactosamine), as well as other lipids (e.g., sphingolipids).
In conclusion, this study highlights the importance of nutrient flexibility for fungal
pathogenesis. In addition to serving as an energy source, alternative carbon sources
prime C. albicans to tolerate challenging host environments, ultimately allowing the
fungal pathogen to inhabit, survive and effectively infect a variety of host niches. I
argue that metabolic plasticity is indeed a virulence factor, and that this plasticity
121

enables C. albicans to employ additional virulence factors such as candidalysin and
hyphal morphogenesis. Together, these host-relevant carbon sources serve as both an
energy source and a signal, enabling C. albicans to undergo the virulence adaptations
required for pathogenesis.
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Chapter 5: Mechanisms for
Alternative Carbon-Induced Adaptations
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Introduction
As evidenced by the previous data chapters in this thesis, alternative carbon
utilization has major implications for C. albicans pathogenesis. Amino acids, carboxylic
acids, and GlcNAc allow C. albicans to reside in various host niches as a commensal
and survive macrophage attack to cause disseminated candidiasis. These alternative
carbon pathways are highly upregulated within macrophages, suggesting that utilization
of these carbon sources is paramount for fungal survival. In nutrient-poor environments
such as the macrophage phagosome, C. albicans prioritizes alternative carbon
utilization to generate energy in nutrient poor environments, which drives energetically
expensive processes that are essential for fungal survival within the host and disease
progression. Stress resistance, pH neutralization, and hyphal morphogenesis are
energetically expensive, yet essential, virulence determinants.
There is an increasing amount of evidence, much of which is included in this
thesis, that suggests that alternative carbon utilization provides more than energy for
the pathogen. Extracellular pH neutralization is induced only by host-relevant
alternative carbon sources, contrary to glucose catabolism, which results in
extracellular acidification (Figure 1-3). Amino acids and GlcNAc – apparently present in
the phagosome - induce hyphal morphogenesis to promote macrophage escape.
Additionally, each alternative carbon source provides distinct benefits for the pathogen.
Exposure to the host-relevant carboxylic acid lactate alters immune recognition and
phagocytosis rates by triggering C. albcians to undergo drastic cell wall alterations to
mask the immunogenic cell wall component b-glucan (Figure 4-4) (154, 158, 170).
These cell wall alterations are hypothesized to contribute to the increased cell wall,
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osmotic, and fluconazole stress resistance that is observed in the presence of lactate.
C. albicans uniquely responds to amino acids by promoting resistance to several
stressors that are not induced by lactate or GlcNAc (Figure 4-1). Amino acid utilization
provides increased protection to oxidative, nitrosative, and caspofungin stress, while
lactate does not. The cell wall alterations induced by amino acids are also distinct,
resulting in differential macrophage uptake rates and fungal survival rates compared to
lactate (figure 4-4). GlcNAc is another distinct signal, strongly promoting hyphal
morphogenesis, inducing resistance to a unique profile of stressors and promoting
distinct changes to the cell wall that affects how fungi interact with immune cells.
One major question that remains largely unanswered: is catabolism of these
alternative carbon sources essential for the stress resistance phenotypes observed? Up
to this point, I have investigated alternative carbon pathways by deleting import and
catabolism genes. Jen1∆ and jen2∆ are incapable of import and growth of mono- and
dicarboxylic acids (142). H-d∆ (deletion of three GlcNAc catabolic enzymes) and ngt1∆
(GlcNAc importer) do not grow or filament in GlcNAc media (147). The amino acid sensor
mutant ssy1∆ and the downstream transcription factor mutant stp2∆ are limited in growth
and pH neutralization on amino acids as the sole carbon sources (63). As discussed in
this thesis, these alternative carbon mutants are attenuated in macrophage and mouse
models and independently contribute to pathogenesis. I hypothesize that each
alternative carbon source, in addition to providing energy, serves as a signal to its
environment, allowing C. albicans to appropriately respond by promoting stress
resistance, cell wall alterations, or filamentation.
Interestingly, C. albicans is reportedly equipped with surface-exposed receptors
for several nutrients, including the three alternative carbon sources investigated in this
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thesis: the G-couple protein receptor Gpr1 for lactate sensing, Ssy1 for amino acid
sensing, and Ngs1 for GlcNAc sensing (141, 155, 159, 210). The import/catabolism
mutants are attenuated in virulence models, but since these mutants are incapable of
growing, I cannot conclude whether the fitness benefits of alternative carbon utilization
are due to energy generation, stress adaptation, or both. I can dissociate signaling and
sensing from import and catabolism to investigate essentiality of carbon sensing for
stress resistance.
Lactate sensing and utilization is the best described of the three alternative carbon
pathways. The Brown lab describes lactate as a critical signal for various virulence
determinants, including biofilm formation, cell wall alterations, stress resistance, and
immune evasion (76, 155, 157, 158, 170). Recently, the Brown lab reported that lactate
sensing via Gpr1, rather than transport through Jen1 and subsequent catabolism, is the
required machinery for cell wall rearrangements and immune evasion (155). gpr1∆ in the
presence of media containing glucose and lactate was incapable of masking b-glucan,
while jen1∆ (with growth supported by the glucose), remained capable of masking bglucan, suggesting that lactate sensing via Gpr1, rather than import via Jen1, is essential
environmental adaptations. This glucan masking was lactate-specific with the exception
of pyruvate, a similarly-structured monocarboxylic acid that is also recognized by Gpr1.
This was a major finding in the field, implicating alternative carbon sources as
environmental signals rather than strictly energy sources. Gpr1 is also reported to detect
the amino acid methionine to signal for a yeast-to-hyphal transition on solid medium, and
contributes to trehalose-mediated heat stress resistance (160, 211).
Although the amino acid and GlcNAc sensing mechanisms are not wellcharacterized, I know that sensing and catabolism are linked, unlike the lactate
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mechanism (141). Ssy1 is required for Stp2 activation, the major regulator of many amino
acid permeases and catabolic enzymes. ssy1∆ phenocopies stp2∆, displaying significant
growth and pH defects in vitro, and macrophage killing and pathogenic defects ex vivo
and in vivo. Similarly, GlcNAc sensor Ngs1 is responsible for activating GlcNAc
permeases and catabolic enzymes (159). However, GlcNac import, and not catabolism,
is reported to be required for filamentation induction, suggesting that intracellular
signaling is required for GlcNAc adaptations(147, 212).
In this data chapter, I expand on the novel alternative carbon-induced stress
resistance phenotypes described in chapter 4 to elucidate the mechanism(s) driving
these adaptations. Deciphering the roles of sensing, import, and catabolism is critical for
understanding how the fungus adapts to the host and will get us closer to developing
novel antifungals, as extracellular nutrient importers and sensors are viable targets that
do not have human orthologs (213).
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Results
The previous chapter highlighted the importance of alternative carbon utilization
for pathogenesis. Many of these pathways are upregulated within the phagosome and
contribute to fungal survival by serving both as an energy source and promoting distinct
adaptations that promote pathogenesis. Some adaptations are induced by all three
carbon sources, while others are carbon source-specific. Amino acids, lactate, and
GlcNAc all induce pH neutralization and antifungal stress resistance, while amino acids
and GlcNAc induce hyphal morphogenesis. Lactate promotes biofilm formation and
immune evasion, CAA provides increased oxidative and nitrosative stress resistance,
and GlcNAc protects from oxidative stress. What remains unknown are the
mechanism(s) for these distinct stress resistance phenotypes and whether these
adaptations are induced by extracellular sensing or catabolism of the nutrients.

Oxidative stress resistance is induced by pre-exposure to amino acids
C. albicans is strongly protected from oxidative stress when exposed to amino
acid medium (Figure 4-1). In the chapter 4 stress experiments, C. albicans was grown
in the presence of amino acids both before and during exposure to the stress. It is
unclear whether the increased resistance is due to pre-incubation with amino acids or
exposure when challenged with the stress. To test this, SC5314 was subcultured for 6
hours in minimal media buffered to pH 5.5 containing either glucose as the sole carbon
source, or both glucose + CAA. Subcultures were washed in sterile water then
transferred to experimental conditions in YNBA glucose or YNBA glucose + CAA plus
TBO or vehicle control (Figure 5-1). Growth curves were quantitatively analyzed by
calculating % OD compared to no stress conditions at the 10 hour time point, similar to
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figure 4-1. As observed in chapter 4, CAA-incubated C. albicans (CAA -> CAA)
displays increased oxidative stress resistance compared to glucose-only conditions
(Glu -> Glu). Notably, CAA preincubation is the major contributor for stress resistance,
as cultures pre-grown in CAA then transferred to glucose-only media (CAA -> Glu)
during stress conditions maintain its oxidative stress resistance. This suggests that C.
albicans preemptively prepares for oxidative stress when incubated with amino acids,
and that this stress preparation is more critical than the presence of CAA during the
encounter with the stressor. A concern was that amino acid-rich media, which includes
amino acids that can be easily oxidized (Cys, His, Lys), could dampen the oxidative
burden that C. albicans encounters by serving as an oxidative sponge. It is possible the
amino acid media was chemically reacting with TBO, rather than C. albicans actively
responding to CAA to increase oxidative stress resistance. These data suggest that the
oxidative stress response is an active, biological response, rather than a chemical
reaction of TBO with the amino acid media.
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Figure 5-1: Preincubation in casamino acid minimal medium is required for
oxidative stress resistance. A) SC5314 cultures were incubated overnight in rich
YPD medium then subcultured in minimal YNBA medium + 1% Glucose, or 1% glucose
+ 1% CAA for 6 hours. Subcultures were washed and diluted into YNBA Glucose +
CAA + 1.5mM TBO or PBS and assessed for growth in a microplate reader, similar to
experiments in Chapter 4 (Figure 4-1, 4-2). B) OD measurements at 10hr time point
comparing stressed cells to vehicle control. N=6, Student’s T-test to compare
conditions. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Oxidative stress resistance is a specific response to STP2-activating amino acids
Amino acid catabolism differs depending on the molecule, with each amino acid
feeding into the TCA or glyoxylate cycle at various points. Additionally, only certain
amino acids activate the SPS amino acid sensing system and the downstream
transcription factor Stp2. To determine if the oxidative stress response is specific to
certain amino acids and whether this response was specific to Stp2-activating amino
acids, I repeated the oxidative stress experiment with media containing 1% glucose +
1% CAA, glutamine (Stp2 activator), aspartate (Stp2 activator), glycine (Stp2
independent), or alanine (Stp2 independent) (Figure 5-2,5-3,5-4) (214). Indeed, the
oxidative stress resistance is variable and amino acid-dependent. Glutamine and
aspartate significantly protect C. albicans from oxidative stress to similar levels as CAA,
while proline and alanine are non-protective compared to glucose-grown cultures.
Therefore, oxidative stress resistance is a tightly regulated process, induced by specific
amino acids that activate Stp2. Additionally, none of the specific amino acids tested are
easily oxidized, again suggesting that this response is biological rather than a side
effect of oxidizable amino acids in the media.
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Figure 5-2: Oxidative stress resistance is promoted by specific amino acids.
Similar to figure 5-1, SC5314 was subcultured in minimal medium containing 1% of
glucose + 1% of the indicated amino acid, then transferred to the same media + 1mM
H2O2 and assessed for growth in a microplate reader. A) growth curves for each
experimental condition, B) T10hr OD values compared to the no stress control
condition. N=7 * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001
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Figure 5-3: Amino acid-specific oxidative stress resistance observed at high
concentration of hydrogen peroxide. Similar to 5-2, SC5314 was subcultured in
YNBA glucose then assessed for growth in minimal YNBA media containing glucose or
glucose + the indicated amino acid in the presence of 2mM H2O2 or PBS control. A)
growth curves depicting average of 7 replicates, B) T10hr time point OD of stressed
condition displayed as a % of the no stress control for each condition. N=7, Student’s
T-test comparing various conditions in B). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P
< 0.0001.
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Figure 5-4: Amino acid-specific oxidative stress resistance is observed with tertbutyl oxide as the oxidative stressor. Similar pattern of amino acid-specific stress
resistance is observed when SC5314 is grown in the presence of 1mM TBO. A) growth
curves depicting average of 7 replicates, B) T10hr time point OD of stressed condition
displayed as a % of the no stress control for each condition. N=7, Student’s T-test
comparing various conditions in B). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001.
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Amino acid sensing and catabolism contribute to, but are not exclusively
responsible for oxidative stress resistance
Amino acids induce a stress response that results in oxidative stress protection.
What remains unclear is the role amino acid sensing and catabolism in this oxidative
stress resistance mechanism. Since Stp2-activating amino acids induce stress
resistance, I directly investigated the role of Stp2 and the SPS system. The SPS
system, which includes the transmembrane sensor Ssy1, the membrane-associated
protein Ptr3, and the protease Ssy5, activates the transcription factor Stp2 to regulate a
variety of genes associated with amino acid catabolism, such as amino acid permeases
and secreted proteases. Deletion mutants ssy1∆ and stp2∆ are incapable of growth, pH
neutralization, or hyphal morphogenesis in media containing amino acids as the sole
carbon source. Therefore, I hypothesized that amino acid sensing via Ssy1 and
signaling via Stp2 are required for oxidative stress resistance. Three mutant strains
were compared to parental SC5314 in various conditions to test this hypothesis: stp2∆,
ssy1∆, and ssy1∆STP2 (constitutively active STP2 allele in which the inhibitory nuclear
exclusion domain has been deleted) to determine if nutrient sensing played an
independent role to catabolism. Similar to previous experiments, strains were preincubated in YNBA glucose or glucose + CAA (pH buffered to 5.5), then transferred to
either glucose or glucose + CAA media with varying concentrations of TBO. Growth
was compared to a control well with no stressor, and OD at 10 hour timepoints were
compared to vehicle controls. Mutants and growth conditions were compared using
Student’s T-test (Figure 5-5). In glucose-only conditions (Glu -> Glu), the amino acid
utilization-defective strains stp2∆ and ssy1∆ perform similarly to SC5314, but the
constitutively active ssy1∆STP2 strain is significantly more resistant to all
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concentrations of TBO, suggesting that Stp2 activation, rather than the presence of
amino acids, is the critical step for oxidative stress resistance. When strains are preincubated in CAA and transferred to CAA media (CAA -> CAA), ssy1∆STP2 performs
similarly to SC5314, while ssy1∆ is significantly defective. Stp2∆, although not
significantly defective compared SC5314, trends to decreased stress resistance
capabilities, suggesting that oxidative stress adaptations are dependent on SPS
sensing and signaling, but ultimately require the activation of Stp2. When strains are
pre-incubated in glucose then transferred to CAA (Glu -> CAA), and thus not given the
opportunity to activate Stp2, stp2∆ and ssy1∆ trend towards decreased growth rates,
while the constitutively active ssy1∆STP2 strain performs similar to parental strain.
Similar to figure 5-1, these data suggest that pre-exposure to CAA to activate Stp2 is
critical for oxidative stress resistance. This is especially appreciated when all strains
are pre-incubated in CAA and transferred to glucose-only media (CAA -> Glu), which is
the condition that promotes the strongest stress resistance. The constitutively active
ssy1∆STP2 strain is significantly improved compared to SC5314. ssy1∆ and stp2∆,
although not significantly defective compared to SC5314, trend towards decreased
stress resistance in these media conditions. Together, these data suggest that
activation of the transcription factor Stp2 is the major contributor for amino acid-induced
oxidative stress resistance.
Mutant strains were also statistically compared across the different media
conditions to determine if the CAA pre-exposure is entirely Stp2-dependent (Figure 55). Similar to previous observations, the CAA to Glucose only condition significantly
improves stress resistance for all strains compared to other growth conditions,
including stp2∆ and ssy1∆, suggesting that there remains some oxidative stress
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resistance signaling induced by amino acids that is independent of the SPS system and
Stp2. CAA to CAA growth, however, does not improve resistance in stp2∆ and ssy1∆
compared to glucose only conditions, suggesting that amino acid sensing and
metabolism indeed contribute to stress resistance. The constitutively active STP2 strain
is also affected by growth conditions, showing statistically significant improvement in
CAA to glucose conditions, but decreased growth in CAA to CAA conditions compared
to glucose only conditions. Interestingly, the presence of CAA during the oxidative
stress assay inhibits C. albicans ability to resist oxidative stress compared to glucoseonly, suggesting that the presence of CAA during the TBO exposure is detrimental for
stress resistance.
Together, these data suggest that Stp2-regulated amino acid utilization is a major
contributor to oxidative stress resistance, but is not the exclusive requirement for CAAinduced oxidative stress resistance, with additional signaling pathways, potentially
TORC1 which is involved in both oxidative stress resistance and amino acid utilzation,
signaling for amino acid-induced stress resistance.
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Figure 5-5: Oxidative stress resistance is affected by preincubation conditions
and amino acid utilization mutants. Amino acid utilization is controlled by the
transmembrane amino acid sensor Ssy1 and the transcription factor Stp2. Deletion
mutants and a mutant with a constitutively active Stp2 lacking the sensor Ssy1
(ssy1∆STP2) were compared to parental strain SC5314 under various experimental
conditions. Strains were subcultured in either YNBA + Glucose or YNBA + Glucose +
CAA, then transferred to either glucose or glucose + CAA media to assess for growth in
varying concentrations of the oxidative stressor TBO. Student’s T-test performed to
compare strains and various conditions. N ³ 4. * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001.
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Alternative carbon pre-incubation contributes to nitrosative stress sensitivities
I reported in Chapter 4 that amino acid medium improves nitrosative stress
resistance, but similarly, it is unclear whether pre-incubation, and thus carbon sourceinduced adaptation, improves stress resistance. SC5314 was pre-grown in YNBA
glucose or YNBA glucose + alternative carbon source (CAA, lactate, or GlcNAc), then
transferred to the alternative carbon media + 3.75mM of the nitrosative stressor
NONOate (Figure 5-6). Similar to previous experiments, growth conditions were
compared by analyzing OD values at 10hr time point and compared to no-stress
conditions. Similar to oxidative stress, CAA pre-incubation (CAA -> Glu, CAA -> CAA)
significantly improves nitrosative stress resistance when compared both to glucoseonly conditions (Glu -> Glu) and cells pre-incubated in glucose and transferred to CAA
medium + nitrosative stress (Glu -> CAA). The contrary is observed for both lactate and
GlcNAc. Glucose-grown cells transferred to media containing lactate (Glu -> Lac) are
significantly defective compared glucose-only conditions (Glu -> Glu). Although not
statistically significant, lactate-pregrown (Lac -> Glu, Lac -> Lac) cells trend towards
decreased growth compared to glucose-grown cultures (Glu -> Glu). Likewise, GlcNAc
(GlcNAc -> Glu, GlcNAc -> GlcNAc) attenuates nitrosative stress resistance compared
to glucose-grown cells (Glu -> Glu). These data strongly suggest that alternative
carbon sources distinctly signal for specific adaptations, with CAA signaling promoting
nitrosative stress resistance and lactate and GlcNAc attenuating stress resistance.
Lactate and GlcNAc phenotypes, however, are not dependent on pre-incubation with
the carbon source, suggesting signaling mechanisms differ depending on the carbon
source.
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Figure 5-6: Alternative carbon source incubation affects nitrosative stress
resistance. Similar to Figure 5-1, SC5314 was preincubated in minimal medium
containing either glucose, or glucose + the indicated alternative carbon source and
assessed for growth in the presence vs absence of 3.75mM NONOate. Left, growth
curves average of 10 replicates, right T10hr time point OD % of no stress condition. A)
Glucose + Amino acids, B) Glucose + Lactate, C) Glucose + GlcNAc. N=10, Student’s
T-test * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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Lactate sensor Gpr1 does not contribute to growth or pH neutralization
Amino acid catabolism and sensing are interconnected; the SPS system is
required for growth because it activates Stp2, which regulates amino acid import and
metabolism. The alternative carbon source lactate also contains an external sensor
component, but unlike amino acids, the sensing mechanism is reportedly independent of
catabolism (155). The G protein-coupled receptor protein Gpr1 is a lactate and pyruvate
sensor that contributes to the cell wall remodeling phenotype described by the Brown
Lab. This cell wall remodeling is independent of lactate catabolism, as jen1∆ mutants
remain capable of remodeling despite not being able of importing the carboxylic acid. I
have observed that cells exposed to lactate actively neutralize the environmental pH and
are more resistant to cell wall stressors, but the mechanisms for these observed
phenotypes remain unknown. The genetic screen performed in Chapter 4 did not identify
any mutants that decoupled lactate catabolism and pH neutralization, but the mutant
libraries did not include gpr1∆. I hypothesized that lactate sensing via Gpr1 contributes
both to the pH neutralization phenotype and to the stress resistance phenotypes
observed. Growth and media pH of gpr1∆ and gpr1∆jen1∆ mutants were measured in
YNBA medium containing lactate as the sole carbon source (Figure 5-7). Contrary to
amino acid sensing, lactate sensing is entirely independent of import and growth. Gpr1∆
grows similar to parental strain in lactate media, suggesting that the pH neutralization
phenotype requires import and catabolism, and sensing is not required.
Gpr1 is reportedly involved in the calcineurin signaling pathway, ultimately
activating the transcription factor Crz1 to induce expression of cell wall remodeling
genes(118, 155, 215). Crz1∆ and crz2∆ (another calcineurin-regulated transcription
factor) were assessed for pH neutralization defects in YNBA-lactate medium (Figure A144

2). Similarly, no defects were observed, suggesting that pH neutralization is independent
of lactate sensing via Gpr1 and signaling via the calcineurin pathway. These data
suggest that lactate has multiple signaling mechanisms, some of which are Gpr1
(sensing) dependent, and others which are Jen1 (import and catabolism) dependent.
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GlcNAc sensor Ngs1 is required for growth and pH neutralization
GlcNAc utilization also includes a sensory mechanism via the reported Gcn5related N-acetyltransferase Ngs1(159). GlcNAc import, but not catabolism or external
sensing, is reported to be essential for GlcNAc-induced filamentation (147). I
hypothesized that GlcNAc sensing via Ngs1 remains capable of pH alkalinization in
minimal media containing GlcNAc. However, the ngs1∆ displays minimal growth and no
pH neutralization, suggesting that GlcNAc sensing regulates the catabolic machinery
required for GlcNAC catabolism and pH neutralization (data not shown).
The role of nutrient catabolism and sensing in stress resistance
Alternative carbon utilization induces differential stress resistance, with certain
carbon sources promoting resistance to some stressors and increasing sensitivities to
others. Activation of Stp2 through the SPS system contributes to amino acid-induced
oxidative stress resistance (Figures 5-2, 5-3, 5-4), but the role of lactate and GlcNAc
catabolism for stress resistance has yet to be investigated. Lactate promotes
resistance to cell wall stressors, including calcofluor white and Congo Red, while
glcNAc promotes oxidative stress resistance. Similar to experiments earlier in this
chapter, C. albicans catabolic and sensor mutants were pre-incubated in glucose-only
medium or glucose plus the appropriate alternative carbon source (lactate for jen1∆
and gpr1∆, GlcNAc for h-d∆ and ngs1∆) then transferred to the same medium
containing CFW (Figure 5-8). OD values were compared to vehicle-only controls at the
10hr time point to compare mutant strains and growth conditions. All mutants displayed
similar growth rates in glucose-only medium. Lactate-grown gpr1∆ is resistant to CFW
similar to parental strain. jen1∆, although not significantly defective, displays reduced
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stress resistance more reflective of glucose-only conditions, suggesting that lactate
import, and not Gpr1-mediated lactate sensing, contributes to lactate-induced cell wall
resistance. CAA exposure does not affect CFW sensitivity compared to glucose.
However, both ssy1∆ and stp2∆ are significantly more sensitive to CFW compared to
parental strain, and are more defective in CAA conditions than in glucose-only medium,
suggesting that an abnormal or dampened response to CAA sensitizes cells to this
stress. GlcNAc-grown cells are significantly more sensitive to CFW than glucose-grown
cells; the catabolic mutant h-d∆ displayed no changes in sensitivity, but the sensor
mutant ngs1∆ displayed a trend towards greater cell wall stress resistance. Taken
together, these data highlight the distinct nature of each alternative carbon pathway
and the intracellular signaling that is required for each. Amino acid sensing and
catabolism are required for stress resistance. Lactate import, but not sensing,
contributes to CFW resistance, while contrarily GlcNAc sensing, but not catabolism, is
required.
This same experiment was performed with oxidative stressor TBO rather than
CFW to observe potential differential responses between carbon sources and mutant
strains (Figure 5-9). Lactate mutants were not significantly different than parental strain
in lactate growth conditions, suggesting that lactate import and signaling do not play
roles, negative or positive, in oxidative stress resistance. GlcNAc was reported in
Chapter 4 to mildly promote oxidative stress resistance, which was again observed
here. Notably, the catabolic mutant h-d∆ responds similarly to glucose-only conditions,
while the sensor mutant ngs1∆ maintains its ability to resist oxidative stress.
These data suggest that both nutrient catabolism and sensing play major roles in
many stress resistance pathways, but that each nutrient is a distinct signal with distinct
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signaling mechanisms. CAA induction and pre-exposure primes cells for oxidative
stress in a Stp2-dependent manner, while lactate and GlcNAc mechanisms do not
require pre-exposure for stress resistance. Lactate adaptations are import and
catabolic-dependent rather than sensing dependent, and GlcNAc adaptations require
both the sensor and the catabolic genes.
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Figure 5-8: Cell wall stress resistance is affected by alternative carbon utilization
mutants. Indicated mutants were assessed for growth in the presence of the cell wall
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Discussion
Nutritional sensing is observed in both Eukaryotes and Prokaryotes. Nutrient
sensing and signaling primarily regulate nutrient metabolism pathways, but this sensing
can also provide additional benefits to the organism. In cancer cells, nutrient sensing
regulates epigenetic machinery during glucose limitations to shift its metabolism. The
AMPK sensor in mammalian cells mediates histone methylation to increase autophagy
activity (216). Additionally, GlcNAc transporter in cancer cells is reported to detect
glucose availability and appropriately activate/inhibit the epigenetic chromatin regulator
TET3. Mammalian cells sense intracellular and extracellular amino acids, resulting in
translation initiation, TORC1 activation, or taste bud neurotransmission, depending on
the cell type (217). The most notable example of nutrient sensing in mammalian cells is
glucose sensing by the GLUT2 transporter on pancreatic b-cells, responsible for
maintaining blood glucose levels and appropriately releasing insulin (217). Many of these
sensing pathways require nutrient catabolism for the signaling to fully occur. Nitrogen is
a vital nutrient for plant survival. This nutrient is often imported in the form of ammonia,
which can be toxic to the organism at high levels. Therefore, nitrogen and ammonia
sensing are essential for regulating ammonia transporters and nitrogen utilization
pathways (218). The nitrate transporter and receptor CHL1 senses varying
concentrations of nitrate in the soil and regulates several metabolic pathways. This
sensing is independent of metabolism, as mutants incapable of metabolizing nitrate
remain capable of altering its regulation based on varying environmental nitrate
concentrations.
Environmental nutrient sensing is observed in microbial pathogens as well.
Campylobacter jejuni is a leading cause of diarrheal disease in humans and a
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commensal in chicken GI tracts. C. jejuni detects microbiota-derived lactate and shortchain fatty acids to discriminate different segments of avian and human gastrointestinal
tracts, accordingly regulating commensal growth or pathogenic-pathways depending on
its environment (206). Intestinal pathogen EHEC (Enterohemorrhagic E. coli) controls
expression of its virulence-associated type-3 secretion system by sensing its glycolytic
environment (219).
C. albicans is similarly capable of detecting nutrients to promote virulence. Hostrelevant alternative carbon sources elicit distinct fungal responses. Amino acids
promote oxidative and nitrosative stress resistance, lactate induces b-glucan masking
and cell wall resistance, and GlcNAc promotes oxidative stress resistance and is a
strong hyphal inducer. I hypothesized that alternative carbon sources serve as distinct
signals to its environment, with this signaling being induced by nutrient catabolism or
extracellular sensing. As mentioned, C. albicans is equipped with an extracellular
sensor for each relevant alternative carbon source, but the roles these sensors play in
stress resistance remain unstudied. Here, I report that each alternative carbon pathway
has distinct signaling mechanisms for stress adaptations.
Amino acids strongly promote oxidative stress resistance. Pre-exposure to
amino acids is the most critical step for this observed resistance, suggesting that
nutrient sensing is critical for amino acid-induced stress resistance. This is a biological
response and not a result of the media neutralizing the oxidative stressors, as cultures
stressed in glucose-only media remain resistant as long as cultures are pre-exposed to
CAA. Additionally, only glutamine and aspartate, which are not readily oxidized and
activate Stp2, contribute to this stress resistance, suggesting that the media is not
acting as an oxidative sponge and that the stress resistance is a tightly regulated
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biological response to specific amino acids. Casamino acids contain approximately
equal amounts of each amino acid, so the fungal response to CAA media is possibly a
more specific response to only specific amino acids such as glutamine and aspartate.
This oxidative stress phenotype is Stp2-mediated, which is a novel role for this
transcription factor. However, stp2∆ and ssy1∆, despite being incapable of robustly
catabolizing amino acids in vitro, remain resistant to oxidative stress when pre-exposed
to CAA before challenged with oxidative stress, suggesting that additional signaling
pathways contribute to amino acid-induced oxidative stress resistance. The TORC1
pathway possibly plays a role, and that this is intertwined with the glyoxylate cycle that
is required for glutamine and aspartate catabolism. Investigating TOR and glyoxylate
mutants (rhb1∆, icl1∆) will lead to a greater understanding of the intracellular pathways
involved in this stress resistance. In conclusion, the mechanism for amino acid-induced
oxidative stress resistance is primarily regulated by the transcription factor Stp2, but
other signaling pathways independent of the SPS system and Stp2 are possibly
involved.
Exposure to CAA prior to nitrosative stress exposure similarly promotes
resistance, while the presence of CAA during the course of the experiment is
dispensable. This again suggests that stress resistance is a biological, adaptive
response by the pathogen. The role of Stp2 was not investigated, and should be the
focus in future studies. Interestingly, while CAA promotes nitrosative stress resistance,
lactate and GlcNAc are detrimental, sensitizing the fungus to nitrosative stress
conditions compared to glucose-grown cells. In support of my central hypothesis, this
experiment highlights that each alternative carbon pathway is detected in distinct
manners, each contributing to its host response in various ways. The physiological
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benefits for this variable response to nitrosative stress remains unclear, however. The
pathogen likely encounters nitrosative stress within the phagosome, where C. albicans
is in contact with multiple carbon sources. Future experiments should focus on which
downstream pathways each alternative carbon source regulates, and whether
exposure to multiple carbon sources simultaneously (such as CAA + lactate) alters
stress resistance capabilities or if there is a dominant phenotype (CAA resistance vs
lactate sensitivity).
Lactate contributes to host adaptation and pathogenesis in a distinct manner
compared to amino acids and GlcNAc. For one, growth on lactate results in
environmental pH neutralization, but the mechanism remains unclear. The genetic
screen performed in Chapter 4 was designed to identify novel regulators of carboxylic
acid pH neutralization that are partially or entirely independent of catabolism (similar to
ATO proteins for the CAA mechanism). No mutants identified in this screen decoupled
lactate catabolism and pH neutralization (Figure A-1). The Brown lab recently identified
Gpr1 as a lactate sensor, which is essential for cell wall remodeling and functions
separately from lactate import and catabolism. Contrary to the amino acid and GlcNAc
sensing mechanisms, the lactate sensing mechanism is entirely distinct from import
and catabolism, as mutants with Gpr1 or Crz1 deleted are not defective in growth on
carboxylic acids. My data suggests Gpr1 is not essential for cell wall resistance, while
lactate import via Jen1 is required. With reports of Gpr1 contributing to trehalosemediated stress resistance and virulence, future work should be focused on the role of
lactate sensing for trehalose-associated phenotypes, such as osmotic and heat stress
resistance (211). These data suggest that C. albicans has multiple lactate signaling
pathways, some of which are tied to catabolism and are Gpr1 and calcineurin155

independent (cell wall resistance, pH neutralization), while others are importindependent (cell wall remodeling, immune evasion). Both gpr1∆ and jen1∆ are modest
contributors to pathogenesis, so investigation of gpr1∆jen1∆ will identify additive or
redundant benefits. GlcNAc import and sensing are connected similar to amino acids,
as the ngs1∆ sensor mutant does not catabolize GlcNAc. To understand the most
critical step for GlcNAc-induced stress resistance, constitutive active sensor or import
mutants in a catabolic mutant h-d∆ background will need to be generated (h-d∆NGS1,
h-d∆NGT1, h-d∆ngs1∆NGT1, h-d∆ngt1∆NGS1). Current data suggests adaptation
induced by catabolism and import of GlcNAc is the major contributor to stress
resistance/sensitivity. Pre-exposure to GlcNAc results in nitrosative stress sensitivity,
while the catabolic mutant h-d∆ is incapable of resisting oxidative stress. Interestingly,
the ngs1∆ mutant resists oxidative stress to similar levels as SC5314, suggesting that
intracellular processing by Hkx1, Nag1, and Dac1 is critical for signaling particular
pathways that induce oxidative stress resistance. Filamentation induced by GlcNAc
only requires import, however, suggesting that GlcNAc signaling involves multiple
signaling pathways similar to lactate.
C. albicans employs multiple pathways to rapidly adapt to its environment, such
as the PKA, TORC1, Mkc1, Hog1, and Rim101 pathways (115, 117, 124, 174, 213,
214). Previous reports show that lactate and amino acids do not induce Hog1 or
Rim101 pathways, but it is possible that GlcNAc activates one or many of these stress
resistance pathways. Lactate and amino acid activate the cAMP-PKA intracellular
signaling pathway required for filamentation and full virulence, implicating this pathway
as an important carbon source-mediated intracellular stress signaling (160, 214). TOR
signaling is reported to contribute to oxidative stress resistance, suggesting that amino
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acids activate TOR and Stp2 to resist oxidative stress(121). Investigating the activation
of all stress resistance signaling pathways in various alternative carbon sources will
provide insights as to how alternative carbon sources signal for stress resistance.
In addition to in vitro stress resistance, nutrient sensing possibly contributes to
tissue invasion and immune interactions. This has already been observed with Gpr1,
which induces b-glucan masking and immune evasion, but this mutant is not
significantly attenuated in macrophage models (211). Similarly, the GlcNAc sensor
mutant is mildly attenuated in macrophage models (Figure A-4), and ssy1∆ displays
modest attenuation similar to stp2∆. If I can decouple nutrient catabolism and sensing
by generating the suggested constitutively active strains, I will be able to decipher the
role of nutrient signaling for immune evasion and stress resistance.
In summary, this work suggests that pre-exposure to alternative carbon sources
prior to encountering stressors is a major contributor to stress resistance. Nutrient
sensing and signaling induce appropriate adaptations that allows C. albicans to survive
within several host niches, ultimately contributing to pathogenesis. The role of nutrient
sensing and the specific signaling pathways involved warrant further investigation, as
many of these are potentially viable antifungal targets (213).
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Chapter 6: Discussion and Future Directions
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C. albicans metabolic flexibility and virulence
The majority of fungal pathogenesis research is focused on identifying novel
drug targets or investigating the major virulence determinants. Secreted proteases,
adhesins, candidalysin, and hyphal morphogenesis are extensively studied – and for
good reason; these virulence determinants are critical for pathogenesis (95, 97, 98,
104, 108, 113). Rather than targeting specific virulence factors, the majority of effective
antibiotics target central process such as translation, DNA replication, or cell wall or
membrane synthesis. If I are to develop effective novel antifungals, I must understand
the underlying drivers critical for fungal survival within the host (220–224). Here, I argue
that C. albicans is both a commensal and a capable pathogen because of its
adaptability. The fungus responds to its environment by regulating the appropriate
pathways: hypha vs yeast, b-glucan exposure vs masking, glycolysis vs
gluconeogenesis (149, 168). Without this adaptability, the virulence determinants would
not have the opportunity to be expressed, and C. albicans would not be one of the most
prevalent nosocomial infections with a 20-60% mortality rate. The work described in
this thesis is focused on understanding the underlying mechanisms for pathogenesis:
how C. albicans utilizes its metabolic capabilities to adapt, and how this adaptability
and nutrient utilization contribute to its interactions with macrophages and the host
during infection. I have discovered that multiple alternative carbon utilization pathways
play critical, distinct roles during infection.

Studying metabolic flexibility in a new era of C. albicans genetics
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Previous members of the Lorenz lab and other leading labs in the field have
identified nutritional pathways that contribute to C. albicans fitness within the host (76,
86, 126, 127, 129, 131, 136, 138, 214). The Brown lab has focused on the role of the
carboxylic acid lactate, a common carbon source in the gut, the vagina, the
phagosome, and various organs that C. albicans will find itself in during the course of
disseminated infection (76, 155, 158, 170). Lactate provides various benefits to the
pathogen, but mutants that contribute to carboxylic acid utilization, such as the
importers Jen1 and Jen2, are only modestly attenuated in macrophage models and are
not notably defective in causing disseminated candidiasis (Figure 4-11, 4-12) (142).
The same is true for the amino acid utilization pathway. Amino acids, available
to the pathogen in various tissues and within the macrophage phagosome, are known
for inducing pH neutralization and hyphal morphogenesis and contribute to
pathogenesis, but mutants with major amino acid utilization defects, such as stp2∆, are
modestly attenuated in multiple virulence models (63, 87, 88, 143, 149).
GlcNAc is one of the most abundant aminosugars found throughout the host and
is a strong hyphal inducer. This carbon source is a clear signal for tissue invasion and
macrophage escape, and the catabolic mutant h-d∆ and import mutant ngt1∆ do not
form hyphae in the presence of GlcNAc and thus are less capable of escaping
macrophages (86, 147). Similar to lactate and amino acid pathways, elimination of the
GlcNAc pathway is mostly dispensable for disseminated infection (Figure 4-12).
Up to this point, there remains a perplexing dichotomy between carbon
utilization and pathogenesis. These alternative carbon pathways are amongst the
highest upregulated in macrophages and allow for the pathogen to generate energy
and adapt to its environment, but the virulence implications have been far from severe.
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Only mutants convergent for multiple carbon utilization pathways, such as the
glyoxylate mutant icl1∆ or mitochondrial mutants cox4∆, oar1∆ and ali1∆ are severely
attenuated in virulence assays (136, 137, 191) (Figure 4-7). Based on these previous
studies and what I know about C. albicans’ striking adaptability, I hypothesize that each
host-relevant alternative carbon utilization pathway simultaneously contributes to
pathogenesis in distinct manners.
Previous studies have only focused on single pathways because the genetic
toolkit for C. albicans was limited. Generating a single deletion mutant could take over
a month, so the idea of generating several deletion mutants with upwards of 6 genes
deleted in one strain was never entertained, but genetic manipulation is no longer the
rate-limiting step for C. albicans research. Simultaneous study of multiple alternative
carbon pathways is only recently a reality with the engineering of a recyclable
selectable marker and adaptation of the CRISPR-Cas9 system for CTG-clade
organisms (12, 14, 225). I started this thesis work as CRISPR was fully optimized in the
Lorenz lab, and took advantage of this novel system to investigate multiple carbon
pathways simultaneously, which previously would have been a nearly impossible
undertaking.

Multiple alternative carbon pathways independently contribute to pathogenesis
C. albicans has evolved to lose the constraints of carbon catabolite repression, a
feature that differentiates the pathogen from many related organisms such as S.
cerevisiae (133). This allows C. albicans to utilize multiple carbon sources
simultaneously, which is advantageous both for commensalism and pathogenesis. In
the gut, C. albicans maintains its standing as a commensal by catabolizing bacterial
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metabolites such as lactate and butyrate (168, 226). During infection, the pathogen
must generate energy to escape macrophages and invade deep tissue, making use of
several uncommon carbon sources, including those that are the primary focus of this
thesis work: amino acids, carboxylic acids, and GlcNAc (149).
I took multiple approaches to investigate metabolic flexibility and pathogenesis.
Carbon utilization was studied directly by generating several mutants with multiple
alternative carbon pathways eliminated, ultimately resulting in ∆∆∆∆
(stp2∆jen1∆jen2∆hxk1∆nag1∆dac1∆), which is incapable of utilizing amino acids,
carboxylic acids, and GlcNAc. In support of the central hypothesis, mutants incapable
of utilizing multiple carbon sources are significantly attenuated within macrophages and
the host compared to the single mutants (Figure 4-11, 4-12) . These mutants reside in
a more acidic phagosome and form hyphae less readily within macrophages, resulting
in decreased fungal survival rates and decreased macrophage killing. These hyphal
and pH defects, in addition to the lack of energy generation, ultimately results in a
significantly attenuated strain in a disseminated candidiasis mouse model. ∆∆∆∆, which
displays no pleiotropic defects, maintains its ability to express its virulence
determinants such as candidalysin, SAPs, and hyphal projections, but is unable to
effectively form hyphae, kill macrophages, and cause disease due to its inability to
adapt its metabolism within the host.
Two genetic screens described in this thesis also identified novel regulators of
alternative carbon utilization that are critical for macrophage interactions (Figure A-1).
Peroxisome biogenesis and TORC1 signaling are involved in amino acid pH
neutralization and contribute to macrophage interactions (Chapter 3). Retrograde
vesicle transport is involved in multiple alternative carbon pathways, including
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carboxylic acid and amino acid pH neutralization, and is required for hyphal
morphogenesis and fungal survival (Figure 3-13, 4-6, 4-7). Mitochondrial genes are
required for utilizing multiple alternative carbon sources and are significantly attenuated
in macrophage and mouse models, further supporting my central hypothesis that
multiple carbon utilization pathways are required for full virulence (Figure 4-7). The
novel regulators of alternative carbon utilization identified in this thesis will be the basis
of future studies to further understand the cellular pathways connecting carbon
utilization and pathogenesis.

Multiple host-relevant alternative carbon pathways independently promote stress
resistance and pathogenesis
The genetic approach of eliminating alternative carbon utilization revealed the
essentiality of metabolic flexibility as a virulence determinant. The opposite approach of
exposing C. albicans to these alternative carbon sources also shows the importance of
metabolic flexibility. Exposure to amino acids, lactate, or GlcNAc provides the pathogen
with unique benefits that promote pathogenesis (compared to glucose) (Figure 4-1).
Amino acids exposure strongly promotes oxidative and nitrosative stress resistance.
Lactate exposure results in osmotic and cell wall stress resistance (76). GlcNAc
promotes oxidative stress resistance. Strikingly, all three carbon sources promote
antifungal resistance. Carbon exposure does not always provide benefits, as lactate and
GlcNAc sensitize the fungus to nitrosative stress, and only specific, Stp2-activating
amino acids promote oxidative stress resistance. This stress resistance is observed even
in media containing glucose to control for variable growth rates, suggesting that these
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nutrients serve as signals to the microenvironment and that catabolism may be
unnecessary for adaptations to occur.
Together, the deletion mutant experiments and the stress resistance data strongly
suggest that each alternative carbon utilization pathway serves as a distinct signal to its
environment, and that the combination of amino acid, carboxylic acid, and GlcNAc
utilization is essential for pathogenesis, both by providing the pathogen with energy in
nutrient poor environments and by promoting immune evasion and stress resistance.

Understanding mechanisms for alternative-carbon induced adaptations
The major outstanding question related to my central hypothesis is the importance
of extracellular nutrient sensing compared to nutrient import and catabolism. As
mentioned, these nutrients serve as energy sources in glucose-poor environments, but
the additional benefits (cell wall rearrangements, stress resistance) of alternative carbon
exposure is possibly independent of catabolism.
Oxidative stress resistance is a biological response regulated by Stp2, evidenced
by the loss of oxidative stress resistance in the stp2∆ and ssy1∆ mutants that is restored
in the constitutively active ssy1∆STP2 strain. However, additional signaling and cellular
pathways, such as peroxisomal proliferation, TORC1, or PKA signaling (all of which have
been reported to contribute to oxidative stress resistance) may also be involved in amino
acid-induced oxidative stress resistance, as stp2∆ and ssy1∆ maintain some oxidative
stress resistance when incubated with amino acids (89, 121, 214).
Cell wall stress resistance is differentially regulated by alternative carbon sources.
Lactate protects cells from CFW, which partially requires import via Jen1. Amino acid
mutants stp2∆ and ssy1∆ are sensitized to CFW in the presence of amino acids,
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suggesting that Stp2 regulation is again required for cell wall stress resistance. GlcNAcinduced CFW resistance is not significantly affected by catabolism or sensing, although
the sensory mutant ngs1∆ trends towards increased resistance, suggesting the GlcNAc
signaling is detrimental for cell wall protection.
Nitrosative stress resistance is induced by pre-incubation with amino acids,
suggesting that stress signaling is an active process similar to that observed with
oxidative stress. Interestingly, not every alternative carbon source provided stress
resistance. Pre-incubation with lactate and GlcNAc sensitized cells to nitrosative stress,
supporting my central hypothesis that each carbon source is a distinct signal.
Lactate sensing and signaling mechanisms function differently than amino acid
and GlcNAc mechanisms. Genetic deletion of the lactate sensor component does not
affect catabolism, pH neutralization, or stress resistance, but is essential for cell wall
remodeling and immune evasion. Conversely, lactate import is required for pH
neutralization and stress resistance, but dispensable for cell wall alterations. Lactate
import and sensing interestingly result in at least two separate intracellular signaling
pathways that distinctly promote adaptation to various host niches.
GlcNAc sensing and catabolism, similar to amino acids, are interdependent, as
GlcNAc sensing via Ngs1 regulates importers and catabolic genes. Current data
suggests that GlcNAc sensing is critical for certain host-relevant adaptations, while
import and catabolism are required for others. Pre-incubation with GlcNAc promotes
nitrosative stress and CFW sensitivity, suggesting GlcNAc sensing, rather than import
regulates stress resistance pathways. Oxidative stress resistance is reduced when C.
albicans is incapable of catabolizing GlcNAc (h-d∆), and remains resistant without the
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sensory component (ngs1∆), suggesting that both import and catabolism are required for
oxidative stress resistance.
Together, these data suggest that each alternative carbon source regulates
multiple distinct downstream regulators. Depending on the circumstances, only
catabolism or sensing are required while the other is dispensable. This complex
regulation of multiple pathways simultaneously is a primary reason for C. albicans’ ability
to rapidly adapt to various tissues to effectively invade and cause disease. Even with
nutrient starvation or attacks from the host’s immune system, C. albicans will
appropriately activate various stress resistance and carbon pathways to continue
infection. Additional investigation of the specific downstream regulators of carboninduced adaptations will provide new insights into how C. albicans recognizes nutrients
to adapt to its microenvironment.

Potential additional regulators of alternative carbon-induced adaptations
Many downstream regulators of carbon utilization that signal for the pathogen to
undergo certain biological adaptations remain uncertain. C. albicans is equipped with
several tightly regulated pathways that permit its rapid changes to morphology, carbon
utilization, cell wall rearrangements, and stress resistance based on its current
environment. Investigating the specific downstream regulators will be a major focus of
future work.
One of the most notable alternative carbon-induced phenotypes is
environmental pH manipulation, with alternative carbon sources promoting pH
neutralization (Figure 1-3). Two transcription factors have been reported to respond to
environmental pH: Rim101 and Mnl1 (117, 118, 227). The Rim101 pathway is required
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for growth at high pH, while the Mnl1 pathway is activated by weak acids. However,
former lab members reported that the amino acid pH neutralization phenomenon is not
affected by disruption of either the Rim101 or the Mnl1 pathways, suggesting that there
are independent pathways that may be involved (131). In Chapter 3, I report that
peroxisomes and the TORC1 signaling pathway are involved in amino acid catabolism,
pH neutralization, and pathogenesis. Inhibition of the TOR pathway, both genetically
and by addition of rapamycin, decreases but does not entirely abolish growth and pH
neutralization on amino acids. TOR (specifically Rhb1-regulated TOR) is reported to
regulate multiple amino acid-related factors, including the transcription factor Stp1,
PKA-dependent hyphal regulators (Efg1, Bcr1, and Nrg1), and many SAP proteins
(120–122, 174). Transcriptional profiling comparing amino acid grown cells with TORinhibited cells could reveal the specific regulators that contribute to amino acid
catabolism and pH neutralization. Although TOR signaling contributes to pH
neutralization, it is not the sole regulator of this phenotype, as TOR mutants do not
completely abolish pH neutralization induced by amino acids. Additional mediators can
be potentially identified with improved screening methods, described in future
directions.
Carboxylic acids such as lactate also strongly induce pH neutralization through
an unknown mechanism. The Brown lab reported that lactate-induced cell wall
remodeling is regulated by Gpr1 signaling to the Crz1 transcription factor through the
calcineurin pathway (118, 155). The Crz1 pathway is implicated in Rim101-mediated
pH adaptation and retrograde vesicle transport (which I have discovered to be involved
in alternative carbon metabolism) (118, 180). However, the pH neutralization
phenotype is independent of Gpr1 (Figure 5-7) and Crz1 (Figure A-2), suggesting that
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Rim101 is not the signaling pathway regulating pH neutralization. The lactate screen
reported in Chapter 4 revealed a cell cycle regulator (Swi4), mitochondrial genes (Oar1,
Ali1, Cox4) and a transcriptional regulator (Sin3), but these mutants have pleiotropic
defects and are likely not directly regulating pH neutralization. It is possible that the
stress response pathway Hog1, and/or the cell wall regulation pathways Mkc1 or Cek1
contribute to this process, but these pathways reportedly do not regulate the other
lactate-induced adaptations (76, 170). Another mystery regarding lactate-induced pH
neutralization is the mechanism for pH changes. GlcNAc and amino acids are
deaminated which is extruded outside of the cells in the form of ammonia to contribute
to pH neutralization (86, 150). Many carboxylic acids are essentially deaminated amino
acids (eg. α-kg vs glutamate), so there is no ammonia to be released after catabolism.
Tartaric acid is reportedly abundant in spent lactate medium (153). This is not a logical
byproduct of lactate metabolism that would contribute to pH neutralization, as tartaric
acid is a 4-carbon dicarboxylic acid and lactate is a 3-carbon monocarboxylic acid. The
jen1∆ mutant is incapable of growth and pH neutralization in lactate medium, and
supporting growth with the addition of glycerol to the media does not allow for pH
neutralization (Figure 4-10). Catabolism appears to be required for pH neutralization,
but it remains possible that lactate import into the cell via the Jen1 proton symporter is
the major contributor to pH neutralization by actively removing protons from the
medium. This hypothesis can be tested by deletion of lactate catabolic genes in a
background strain with a constitutively active JEN1, or by placing JEN1 under the
control of an inducible promoter and measuring differences in pH neutralization rates
based on import expression.
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GlcNAc induces pH neutralization likely via the extrusion of ammonia, although
the downstream regulators for this pH mechanism are also unknown. GlcNAc is a
strong hyphal inducer, requiring import and catabolism to activate the hyphal
morphogenesis-regulating transcription factor Brg1(210). The aforementioned
pathways (TOR, Rim101), in addition to the Brg1 hyphal morphogenesis pathway, all
possibly contribute to pH neutralization and will need to be directly investigated to
understand this mechanism.
The mechanisms for the various stress resistance phenotypes reported in this
thesis also require additional study. Amino acid induces a strong oxidative stress
response, partially regulated by Stp2. Our transcriptional data comparing growth
conditions and stp2∆ to SC5314 supports these data, with many oxidative stressrelated genes being upregulated in CAA medium (CAT1 5.3 log-fold increase, several
SODs upregulated) compared to glucose medium. This upregulation is not seen when
stp2∆ is grown in CAA, suggesting that much of this oxidative stress resistance is via
the SPS system and Stp2. TOR signaling is reported to be involved in oxidative stress
resistance, and is identified in Chapter 3 to be involved in the amino acid pH
neutralization mechanism (121). The connection between TOR signaling, amino acid
utilization, and stress resistance is the most obvious contributor for Stp2-independent
stress resistance, but this has not been directly tested and should be the focus of future
experiments.
Lactate osmotic and cell wall stress resistance has been previously reported by
the Brown lab and confirmed in this thesis. The Brown lab reports that lactate stress
resistance is independent of Hog1, Mkc1, and Cek1 and is instead a result of structural
cell wall changes. A more flexible cell wall and upregulation of cell wall remodeling
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enzymes allows C. albicans to resist higher concentrations of osmotic, cell wall, and
antifungal stresses. The stress resistance observed in Chapters 4 and 5 (osmotic, cell
wall) are Gpr1-independent, suggesting that the calcineurin pathway is also not
involved. Additionally, although mutants with a defective cell wall integrity pathway
(RLM1) are sensitive to cell wall stress, lactate growth rescues this sensitivity,
suggesting that lactate-induced cell wall resistance is also independent of the Rlm1
pathway (153). Transcriptional analysis of lactate-grown cells (SC5314 vs jen1∆) will
reveal which import-dependent pathways are upregulated that contribute to these
stress resistance and pH neutralization phenotypes.
Lastly, preincubation in alternative carbon sources alters interactions with
immune cells. Amino acid-grown cells are recognized by macrophages more frequently
than lactate-grown cells, yet display higher survival rates compared to lactate-grown
cells. I hypothesize that amino acids induce a more virulence-driven response (hyphal
morphogenesis, oxidative stress response) while lactate-grown cells induce more of an
early-stage virulence or a virulence-prepared commensal state, promoting immune
evasion and pH neutralization but not macrophage-relevant stress resistance or hyphal
morphogenesis. One simple explanation for the changes in macrophage survival rates
could be due to changes in growth rates. C. albicans catabolizes amino acids more
rapidly than lactate. Amino acid-grown cells might have greater energy stores and/or
glutathione stores (for oxidative stress resistance) and are more capable of rapid
adaptation and hyphal morphogenesis within the macrophage, while lactate-grown cells
are not as capable of rapidly inducing the required changes to survive macrophage
attack.
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In summary, there are many potential downstream regulators involved in the
many alternative carbon-induced phenotypes that have been observed. Future studies
can focus on identifying which specific regulators are involved to understand how the
carbon pathways directly contribute to pathogenesis.

Additional nutrients contribute to pathogenesis
∆∆∆∆, a mutant with only a few alternative carbon pathways eliminated (and no
pleiotropic defects), is strikingly attenuated in infection models. However, this mutant is
not completely avirulent in macrophage and mouse models, suggesting that C. albicans
utilizes additional nutrients to generate energy and cause infection. There are several
possible nutrients that contribute to C. albicans survival within the host and deserve to
be studied more extensively.
First, this thesis work mainly focused on the monocarboxylic acid lactate due to
historical precedence. Lactate is known to be available and utilized by C. albicans both
as a commensal and in its pathogenic state (47, 154). However, there are several
additional mono- and dicarboxylic acids, all of which are catabolized in a unique manner,
that may provide unique benefits distinct from those observed with lactate. For example,
pyruvate is another monocarboxylic acid similar in structure to lactate that promotes pH
neutralization similar to lactate and is partially recognized by Gpr1 to promote cell wall
rearrangements (155). The stress resistance benefits that additional monocarboxylic
acids like pyruvate or malate provide are currently unknown and potentially distinct
signals compared to lactate. Dicarboxylic acids like α -ketoglutarate and succinate, which
are directly fed into the TCA cycle, also promote pH neutralization. α-ketoglutarate
exposure is distinct from lactate, as it does not promote stress resistance or alter
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macrophage recognition (data not shown). These additional carboxylic acids likely serve
as additional carbon sources within the host, but all carboxylic acids are imported by
Jen1 and Jen2 (mutants modestly attenuated), suggesting that utilization of all or many
of these carboxylic acids only modestly combine to contribute to pathogenesis (data not
shown).
Fatty acids are another notable class of carboxylic acids, most of which are not
imported by Jen1 and Jen2. C. albicans is capable of catabolizing a wide array of hostrelevant fatty acids. Fatty acids undergo b-oxidation in peroxisomes and are metabolized
two carbons at a time to generate acetyl-CoA (178, 228). This b-oxidation pathway
requires FOX2, one of the most upregulated fungal genes within macrophages(80, 82).
Mutants incapable of b-oxidation, such as fox2∆ and many of the peroxisomal mutants
(pex3∆, pex5∆, pex13∆) studied in Chapter 3, are significantly attenuated in macrophage
and mouse models. ∆∆∆∆ remains capable of catabolizing many fatty acids via boxidation, suggesting that this is an additional pathway that contributes to fungal survival
within the host, though the specific fitness benefits of fatty acid utilization remain
unknown. However, fatty acids do not promote oxidative or osmotic stress resistance, do
not induce hyphal morphogenesis, and does not promote pH neutralization (126, 139). It
remains unclear whether fatty acids serve as environmental signals or are simply a
source of energy for the pathogen. Future studies will determine whether deletion of
fox2∆ results in increased attenuation in a ∆∆∆∆ background, and if fatty acid exposure
is beneficial for macrophage interactions and stress resistance.
Alcohols, particularly ethanol and sorbitol, are additional potential carbon sources
that C. albicans is capable of metabolizing. Many of these alcohols require the glyoxylate
cycle, thus contributing to the icl1∆ mutant’s severe attenuationEthanol does not protect
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C. albicans from oxidative or osmotic stress, nor has it been reported to induce stress
signaling pathways such as Hog1(138, 179). Nonetheless, alcohols such as sorbitol are
available for C. albicans to metabolize in multiple host organs, including the kidneys, liver
and bladder (143).
Lastly, despite the downregulation of glycolysis immediately after phagocytosis,
glucose and other sugars are certainly available for C. albicans within many host niches.
Glucose metabolism is reported to be critical for pathogenesis, especially at later stages
of macrophage interactions and disseminated infection (129, 229). Low glucose
concentrations promote pH neutralization similar to alternative carbon utilization, so
glucose, although often limited, potentially contribute to macrophage survival and energy
generation to form hyphae, escape macrophages and invade tissue at later time points
(131).
In summary, C. albicans makes use of multiple carbon sources within the host,
both to generate energy and/or to promote pathogenesis. Here, I report that amino acids,
lactate, and GlcNAc serve as both energy sources and environmental signals to promote
host adaptation, but additional carboxylic acids, fatty acids, alcohols, and glucose are
available throughout the host for C. albicans to catabolize during infection.

Carbon availability and infection kinetics
From the earliest stages of infection when C. albicans shifts from a commensal to
a pathogen, to the latest stages as C. albicans invades the liver, the heart, and the brain,
the environments that C. albicans encounter and the kinetics of infection are highly
variable. With the limited technical capabilities and data from the disseminated
candidiasis mouse model, I were not capable of drawing any conclusions about temporal
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kinetics or tissue-specific alternative carbon contributions. Existing data suggests that
alternative carbon utilization contributes to each phase of infection.
The first event that initiates disseminated infection is the activation of its
pathogenic form, sometimes transitioning from its commensal form when opportunity
arises (immunocompromised, physical barrier disruption, vaginal inflammation). In the
GI tract or the vagina, C. albicans is exposed to lactate produced by Lactobacillus spp.,
a common commensal in both niches. This lactate exposure is hypothesized to promote
immune evasion and stress resistance in these niches, which are critical for the next
phase of infection. Therefore, I hypothesize that lactate primes C. albicans for
dissemination before infections begin.
After the shift from commensal to pathogen by physical disruption of barriers, C.
albicans overgrowth, biofilm formation on a catheter, or the host becoming
immunocompromised, the pathogen can find its way into the bloodstream to circulate the
body to enter various organs. C. albicans is not found in the bloodstream for long, but
the high concentrations of glucose presumably allow for energy generation ahead of
invading organs such as the kidneys or the liver. C. albicans high affinity glucose
transporters within macrophages are upregulated at various timepoints throughout
disseminated infections, suggesting that low concentrations of glucose are utilized by the
pathogen during dissemination.
The microenvironment of the kidneys, the liver, and other organs that C. albicans
infects is drastically different than that of the bloodstream or the gut, with various
concentrations of amino acids, GlcNAc, fats, and sugars being available to the
pathogen(143, 149). C. albicans interfaces with resident macrophages and other
immune cells in these compartments, but is capable of both surviving immune attack and
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promoting hyphal morphogenesis to deeply invade tissue. C. albicans likely makes use
of alternative carbon sources upon entry into the deep tissues to promote stress
resistance and shift its morphology, then shifts to glycolysis at later timepoints to
generate energy and damage tissue.
These infection kinetic assumptions are based on known characteristics of these
microenvironments, but future work can take advantage of innovative technologies to
understand exactly what the pathogen is prioritizing at each stage of infection in each
tissue. In vivo imaging has already been developed to track fungal dissemination
throughout the course of infection. Using bioluminescent C. albicans strains, one can
analyze fungal burden in various organs without sacrificing the mice and plating tissue
for CFUs (230). This tool is powerful for investigating the fungi’s use of alternative carbon
sources in various host niches to identify which nutrients are prioritized in various host
niches. Additionally, intravital microscopy of macrophages and fungi within various tissue
can now be observed at single cell resolution, allowing for in vivo analysis of various C.
albicans mutants within the mouse during infection (231). Together, these technologies
will allow us to understand what permits certain mice to survive, and which tissues C.
albicans infects (and by which mutants) when mice succumb to candidiasis.
Additionally, single cell tissue sequencing, such as FISSEQ (fluorescent in situ
sequencing) is another cutting-edge technology that would provide major insights for
tissue-C. albicans dynamics (232). In short, tissue sequencing could allow for single-cell
next generation sequencing of every host cell during infection while the cells remain in
tissue. This could be coupled with fungal RNA-seq to reveal which pathways are
prioritized for both the fungi and the host cells challenged with infection.
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Retrograde transport connection to carbon metabolism warrants additional
investigation
Two genetic screens to identify novel regulators of the alternative carbon pH
neutralization mechanism were described in this thesis. Of the handful of notable genes
that were identified in these screens, two are described to play a role in retrograde
vesicle transport: PEP8 and ORF19.783. ORF19.783 is homologous to the S.
cerevisiae gene NEO1, which is a phospholipid flippase involved in vesicle-mediated
transport. PEP8 forms a multiplex with several Vps proteins to contribute to the
endosome-to-Golgi transport system required for proper membrane protein
recycling(180). Both 19.783∆ and pep8∆ are significantly defective at utilizing multiple
carbon sources and attenuate in macrophage models, implicating retrograde transport
as an important virulence regulator. The connection to alternative carbon metabolism
remains unclear, however. Carboxylic acids and amino acids are imported into the cell
via dedicated transporters, and S. cerevisiae data suggests that these transporters
(Jen1 and Gap1) are endocytosed and recycled frequently(233). Improper recycling of
the transporters in the retrograde mutants could explain the alternative carbon growth
and pH defects. This retrograde transport system is reported to be affected by
rapamycin, again implicating TOR signaling as a mediaTOR of carbon utilization and
pH neutralization, perhaps by affecting membrane transporter recycling. Additionally,
retrograde transport has implications for various stress resistance, potentially by
activation of the calcineurin/Crz1 pathways(180). This connection between retrograde
vesicle transport, TOR signaling, stress resistance, alternative carbon utilization, and
pathogenesis is intriguing and warrants further investigation.
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Antifungal drug development and targeting alternative carbon utilization
Antifungal development must be made a priority, but many novel antifungals fail
during development due to severe side effects or ineffective delivery. Unfortunately, the
three commonly used classes antifungals, polyenes, azoles, and echinocandins, share
these problems. Amphotericin B (a polyene) has severe side effects, including
potentially lethal renal failure (234). Azoles can also have side effects, but are more
tolerable than polyenes. Increasing rates of azole-resistant Candida species often
leaves echinocandins as the only viable treatment option(224, 235, 236). If the patient
reacts poorly to the echinocandin, or the fungus is resistant to the drug, then there are
virtually no other options that won’t severely harm the patient(161). Innovative drug
therapy is essential, especially as more cases of multidrug resistant Candida spp. are
appearing globally (162, 237, 238).
Many of the basic cellular functions are conserved between fungi and humans,
so the amount of viable drug prospects that would not adversely affect humans is slim
compared to potential antibacterials. Notably, many alternative carbon pathways are
fungal-specific, making them ideal drug targets. The glyoxylate cycle, which is critical
for disseminated infection, is not found in humans. The alternative carbon importer
Jen1 share no known orthology with human importers, and the sensors Ssy1 and Ngs1
are specific to fungal species. These importers and sensors are especially viable
targets since drugs can inhibit these extracellularly. Performing targeting drug
discovery screens that affect alternative carbon metabolism is a promising strategy to
identify antifungals with minimal side effects.

“The Candida Diet” as an innovative non-drug therapy
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In the information era where everyone has instant access to the Internet, one
can encounter copious amounts of disinformation. If one enters “Candida” in an Internet
search engine, the results do not always lead the user to reliable information. Many of
the top search results include “home remedies for yeast infections,” “signs you’re
suffering from Candida overgrowth,” and “Candida cleansing.” An interesting common
search result is focused on “The Candida diet,” which is centered around the idea that
much of the population is suffering from Candida overgrowth in the gut, and that those
suffering should alter their diets to combat this overgrowth to prevent infections and
improve wellbeing. The Candida diet is essentially a high protein, low glucose diet to
starve the fungus and decrease the amount of commensal fungi in the human gut.
Although these diet recommendations are not based on peer-reviewed research and
are in direct conflict with this thesis work on metabolic flexibility, the basis of the
Candida diet to limit fungal overgrowth without using pharmaceuticals is innovative and
could be the focus of therapeutic research. As antifungal resistance becomes an
increasing concern, I must think of alternative methods of proactively combating
infections. There are a few fungal vaccines in development, but another possible
solution is alteration of the host’s gut microbiome to limit fungal overgrowth and
possibly prevent infections. The gut microbiome can either be manipulated by diet or by
administration of probiotics (47). Although consuming a high protein, low glucose diet
likely won’t directly alter C. albicans concentration in the gut (as described in this
thesis, C. albicans can catabolize virtually any carbon source), this could alter its
bacterial neighbors, some of which may be antagonistic to C. albicans gut
commensalism, effectively preventing future C. albicans overgrowth and infections.
Indeed, a recent study has reported that altering mouse diets can alter C. albicans
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commensal colonization in the GI tract (239). A diet containing low sugar, and high fatty
acid (specifically coconut oil) concentrations reduces C. albicans commensalism in the
gut. Reducing C. albicans commensal levels in the GI tract has been shown to
correlate with decreased incidences of system infection (240, 241). Therefore, diet
alterations as a non-drug prophylactic treatment, rather than long-term prophylactic
fluconazole usage, should be considered to protect high-risk patients from potential
systemic infections of multi-drug resistant Candida infections.

Future directions
High-resolution real-time macrophage interactions
There are many outstanding questions that must be pursued to push the field of
fungal pathogenesis forward. The kinetics of fungal phagosomal escape remain a
major point of contention. It is well-described that C. albicans is phagocytosed and
survives within the phagosome before eventual phagosomal disruption, fungal escape,
and death of the macrophage. However, the kinetics of these fungal-macrophage
interactions are not well-understood. Hyphal morphogenesis was assumed to occur
subsequently after pH neutralization to contribute to phagosome escape, but recent
evidence reports that yeast cells remain capable of escape by activating the
inflammatory cell death pathway pyroptosis and by forming hyphae before the pH is
neutralized(61, 69, 88, 189). Hyphal morphogenesis certainly contributes to
macrophage escape, but the sequence of events that leads to hyphal formation are
unclear. Recent evidence suggests that hyphal morphogenesis occurs prior to the pH
alterations (rather than subsequently), and that the hyphal formation disrupts the
phagosomal barrier to cause drastic fluctuations in phagosomal pH(197). I hypothesize
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that fungal escape from the phagosome requires multiple mechanisms, with hyphal
morphogenesis, active pH neutralization, and candidalysin secretion occurring
simultaneously rather than subsequently or one mechanism predominating the others.
Current experimental methods have disallowed for investigation of this
hypothesis. Lysotracker red assays performed in this thesis measure the relative acidity
of the phagosome at a single time point. More accurate pH measurements and high
resolution, real-time infection assays are required to investigate the dynamics of
macrophage interactions. Novel technologies, including pH-sensitive fluorescent C.
albicans strains and confocal microscopy with finely-tuned environmental controls will
allow for this hypothesis to be tested (242). Accurate pH measurements over time
within the phagosome with various mutants such as ∆∆∆∆ that are defective at pH
neutralization and hyphal morphogenesis within the phagosome will allow us to
differentiate between phagosomal disruption or active pH neutralization by the
pathogen. Fluorescent transcriptional reporter strains coupled with lysotracker red and
fluorescent macrophage pyroptosis indicators will allow for tracking of the dynamics of
pH neutralization, hyphal morphogenesis, and pyroptosis induction simultaneously.
With the exciting cutting-edge technologies available to researchers, I can begin to
move away from single timepoint and proxy measurements to direct pH and
phagosomal disruption analysis during real-time experiments to elucidate current
unresolved mysteries regarding fungal-pathogen interactions.
Similarly, the fitness assays in this thesis to determine fungal survival and
macrophage survival are also single time point measurements. Although these assays
historically have accurately identified defective mutants, novel technologies will allow
for refined real-time infection assays to identify mutants with more nuanced defects
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within macrophages. Microplate readers equipped with fluorescent microscopy and
environmental controls allow for high-throughput, real-time, dynamic analysis of
macrophage infections. I have initiated development of this assay in the Lorenz lab,
which is adopted from the innovative work by the Traven lab(129). This assay
theoretically can analyze 96 unique conditions simultaneously to track fungal uptake,
hyphal morphogenesis and macrophage death, both quantitatively and qualitatively,
throughout the course of infections (Figure A-4).

Improved genetic screening in the CRISPR era
The C. albicans genetic mutant libraries have been a monumental tool for the
Lorenz Lab, but the libraries are incomplete (only 10-15% of C. albicans genome is
covered in these libraries), containing several inaccuracies and lacking small open
reading frames and various genes throughout the genome. These libraries were
laborious to create and were generated with auxotrophic markers that are not
recyclable(171, 172). Now that there are modern genetic tools optimized for C.
albicans, I can more rapidly generate updated and more exhaustive deletion libraries
with recyclable markers.
There are several unanswered questions in this thesis that could benefit from
screening complete deletion libraries. Carbon source-induced stress resistance
regulators, carboxylic acid and GlcNAc pH neutralization machinery, and novel TOR
regulators could be identified by genetic screens. Additionally, mutant libraries can be
coupled with powerful, high-throughput screening tools such as the environmentally
controlled microplate readers (described above) to track fungal-macrophage
interactions over time.
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Studying uncharacterized genes will unveil novel virulence determinants
C. albicans responds to macrophage phagocytosis by rapidly shifting its
metabolism in favor of alternative carbon utilization. Carbon metabolism is the most
upregulated process one hour after phagocytosis, with nearly 50% of all upregulated
genes being related to alternative carbon metabolism. It is well-understood that these
upregulated pathways are major contributors for macrophage interactions and
pathogenesis, and that upregulated transcripts within macrophages are associated with
its pathogenic state. The other nearly 50% of upregulated genes are uncharacterized,
with no attributable function in C. albicans. This is a largely unstudied area with
enormous potential for identifying novel virulence determinants. With rapid genetic
manipulation technologies, I can begin to generate several deletions of promising
uncharacterized genes that may be critical for macrophage interactions. This work is
already underway, as I have deleted a few of the most upregulated uncharacterized
genes and assessed for survival defects in macrophage assays (Figure A-3). Although
these mutants were not significantly defective in macrophages, a systematic screening
approach for deleting upregulated uncharacterized genes will be an efficient method for
identifying novel virulence regulators.

Emerging pathogen Candida auris
C. albicans remains the most medically revelant nosocomial fungal pathogen
today, but this may not be the case in the near future. C. auris was first described in
2009, after isolation from an ear canal in Tokyo (243). Since this first isolation, the
pathogen has spread across Asia to Europe, now with 4 distinct C. auris populations
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appearing across the globe(244, 245). This is a serious concern, because C. auris can
cause candidiasis in humans similar to C. albicans, and is more complicated to treat
due to misidentification and multidrug resistance. ~90% of isolates are resistant to
fluconazole, upwards of 70% to voriconazole, and 15-30% to amphotericin B(163, 246).
This leaves echinocandins as the only effective drug to combat C. auris infections, but
echinocandin-resistant strains are now appearing. C. auris has mortality rates between
30-60% and an increasing incidence, making this a priority of clinical and basic
research before C. auris becomes a more serious worldwide concern (163). C. auris
genetics have proven to be difficult to optimize, however, stagnating research output.
C. albicans is well-studied and becoming a model organism for fungal
pathogenesis. As such, investigating pathways that are common between C. albicans
and C. auris can result in discoveries that can be applied to both pathogens. RNA-seq
of several Candida spp. within macrophages (although this dataset does not include C.
auris) shows that upregulation of alternative carbon pathways is not a response unique
to C. albicans. Every fungus tested displayed similar carbon regulation within a
macrophage, and one can assume that C. auris similarly upregulates alternative carbon
pathways. The research in this thesis, especially the alternative carbon-induced drug
resistance, is applicable to the multi-drug resistant C. auris and can serve as a starting
point for C. auris research as it ramps up.

Concluding remarks
Overall, this thesis work is the natural progression from much of the hard work
done by previous lab members and colleagues in the field. Metabolic plasticity is a wellunderstood concept, but prior to this work each pathway was studied individually. My
183

work provides strong evidence that C. albicans recognizes each host-relevant carbon
source as a unique signal, providing several fitness benefits in addition to serving as an
energy source. This research both ties together much of the previous work in the lab
and lays the foundation for exciting future studies that can take advantage of cutting
edge technology now available for use in the Lorenz lab. Metabolic plasticity is one of
the pathogen’s most important virulence determinants and warrants the attention of
future researchers with modern tools to understand host-pathogen interactions at a
higher resolution.

184

Appendix

185

•
•
•
•

αkg
Pep8
Sin3
Cwt1
Cph1

• Ali1
• Cox4

Lactate
• Pex13
• Swi4
• Oar1

Danhof and Vylkova 2016

Figure A-1: Notable genes identified via genetic screens with significant pH
defects in carboxylic acid media. A) Mutant libraries were screened in minimal YNBA
medium + 1% of the dicarboxylic acid α-kg or the monocarboxylic acid lacate and the
pH indicator bromocresol purple (α-kg screen performed by Elisa Vesely, PhD (87)). B)
Mutants with pH neutralization defects are similarly defective in growth on minimal
media containing lactate as the sole carbon source. Mutants identified via genetic
screens complemented with Cip30 were grown overnight in YPD and transferred to
YNBA medium + 1% lactate at a pH of 5 to confirm screen mutants and investigate the
correlation between growth rates and pH neutralization rates.
_____________________________________________________________________
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Figure A-2: Calcineurin transcription factors Crz1 and Crz2 are dispensable for
lactate-induced pH neutralization. Crz1 is reported to be downstream of the lactate
sensor Gpr1, contributing to cell wall remodeling phenotypes induced by lactate.
Transcription factor mutants crz1∆ and crz2∆ were assessed for growth and pH in
minimal media containing lactate as the sole carbon source and growth and pH rates
were compared to parental strain. One experimental replicate, each strain tested in
duplicate.
_____________________________________________________________________
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Figure A-3. Uncharacterized gene ORF19.5125 is not essential for fungal survival.
Independent deletion mutants of the uncharacterized gene ORF19.5125 were
assessed for fungal survival compared to parental strain when coincubated with
RAW264.7 murine macrophages. N=3, no statistically significant defects observed
(Student’s T test).
_____________________________________________________________________
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Figure A-4: Novel high-throughput assay designed to visualize kinetics of fungalmacrophage interactions. Macrophages were seeded overnight in a 96-well plate,
then loaded with propidium iodide and NucBlue stain before infecting with the indicated
FITC-labelled C. albicans mutants at a 3:1 MOI. A multiplate reader with microscopy
and environmental control capabilities was programmed to image several fields of view
for each well every 15 minutes, capturing red fluorescence (propidium iodide to quantify
dead macrophages), blue fluorescence (to quantify total macrophages), green
fluorescence (to visualize fungal cells), and brightfield images. Macrophage killing was
calculated for each timepoint and plotted as % macrophage death over time. This novel
methodology can be used to screen uncharacterized mutants and analyze fungalmacrophage interactions in greater detail, both qualitatively and quantitatively.
_____________________________________________________________________
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