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Abstract

Candida albicans is both a fungal commensal as well as an opportunistic pathogen of
humans. This fungus does not have a known environmental niche and exists primarily as a
commensal of the human skin, gastrointestinal tract and genitourinary tract. It has been
established that the same strains that are found in commensal niches are the ones that cause
diseases. This suggests a model of infection whereby the commensal strains are triggered to
become pathogenic by the host environment. C. albicans can adopt many different cell
morphologies and each is accompanied by a distinct expression profile. Through a series of
genetic screens and candidate based approaches, | explore the role for regulators of fungal
morphology in the commensal fithess of C. albicans in the gastrointestinal tract. First, | developed
a method for screening large numbers of C. albicans mutants in a single infection that led to the
role of transcription factors that are activators of the yeast-to-hyphal transition as inhibitors of
commensal fithess. RNA expression profiling of a mutant of one of these hypha-activating
transcription factors, Ume6, led to the establishment of a role for a secreted effector, Sap6, in
modulating the commensal fitness of C. albicans, likely through a host-mediated response to the
fungus. Next, | established a role for regulators of the white-opaque switch in commensal fitness.
Interestingly, the direction of commensal regulation did not always line up with the predicted role
for these transcription factors based on their role in regulation of the white-to-opaque switch. To
explore how these transcription factors control the commensal program, | developed a method,
Calling Card-seq, for determining in vivo binding events of these regulators in the mammalian Gl
tract. Together with mRNA-seq, this technique shows promise for defining the regulatory targets
of transcription factors in vivo that modulate the commensal and virulent properties of this

important human pathogen.
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Chapter 1. Introduction: C. albicans morphological plasticity in health and disease

First described ~150 years ago, Candida albicans is now recognized as the most
prominent fungal commensal and pathogen of humans. As a commensal, C. albicans colonizes
the gastrointestinal tract (1,2), mouth (3), skin (4,5), and female reproductive tract (6,7) of at least
70% of healthy adults (8). Human hosts are usually colonized in infancy (9) and longitudinal
molecular typing studies indicate that strains persist clonally for many years, with little evidence
for strain replacement (10). These observations, coupled with the failure to identify an
environmental reservoir, suggest that C. albicans is exquisitely adapted to healthy mammalian
hosts. However, benign commensal colonization can become pathogenic if hosts develop
immune deficits, epithelial damage, or microbial dysbiosis (11). Ironically, the pool of vulnerable
patients has increased with the availability of modern medical treatments such as antibiotics,
cancer chemotherapy, and solid organ transplantation, and Candida species now rank as the 3™
or 4" most common cause of invasive bloodstream infections in hospitals in the United States
(12-14). In this context, it is notable that fundamental questions regarding the mechanisms by
which C. albicans thrives during its commensal and pathogenic lifestyles remain to be answered.
For example, how is commensal colonization first established, and how does C. albicans persist
for extended periods despite host immunity and bacterial competition? What controls the
transition from commensalism to pathogenesis in vulnerable hosts? How does C. albicans
succeed in the wide diversity of niches it encounters as a commensal and a pathogen? Some
insights into these questions have been provided by a series of reports that link newly described
C. albicans cell types to niche-specific functional adaptations (15-17).

The fungal kingdom is characterized by vast morphological plasticity. Fungi range in scale
from the micron-sized microsporidia family of obligate intracellular pathogens (18) to Armillaria
ostoyae, a tree pathogen whose 9.6 km? mycelial clone in Northern Oregon is considered the
world’s largest living organism (19). Furthermore, many species undergo morphological

transformations in response to specific environmental cues. For example, ‘thermally dimorphic’



fungal pathogens propagate as multicellular, branching, filamentous structures known as mycelia
in environmental niches such as soil, and transition into unicellular, budding yeasts (or spherules,
in the case of Coccidioides immitis) within warm-blooded hosts (20-22). Given that the entire
known lifecycle of C. albicans occurs in mammalian hosts, one might expect less morphological
plasticity from these species; however, the opposite is true, and nine distinct cell shapes have
already been described. The characteristics of the classic cell types yeasts, hyphae,
pseudohyphae and chlamydospores as well as yeast-like morphotypes, including opaque®«, gray
and GUT cells are discussed. At each stage, cell characteristics, commensal and virulent
properties, are discussed. Finally, environmental cues and transcriptional regulatory circuits that

control morphology are discussed.

1.1. Yeasts, hyphae, pseudohyphae and chlamydospores
Yeasts, hyphae, pseudohyphae and chlamydospores were the first C. albicans cell types

to be described. They differ in morphology, mode of division, occurrence and virulence potential.

1.1.1. Characteristics of yeasts, hyphae, pseudohyphae and chlamydospores

Among the four classic C. albicans cells types, yeasts and hyphae are the best
characterized (reviewed in (23-25)), whereas pseudohyphae and chlamydospores are less well
understood (reviewed in (23-26)). Standard yeasts, also known as ‘white’ cells, have a round-to-
oval cell morphology, similar to that of Saccharomyces cerevisiae. Yeasts reproduce by budding,
and nuclear division occurs at the junction between mother and daughter cells. Because progeny
cells detach completely from their mothers after cytokinesis, yeasts are considered to be
unicellular (reviewed in (23); see also (27)). By contrast, hyphal cells are thin, tube-shaped cells
that resemble segments of a garden hose (depicted in Figure 1.1). Nuclear division occurs within
hyphal daughter cells, followed by migration of one progeny nucleus back into the mother cells.

Hyphal cells remain firmly attached end-to-end following cytokinesis, such that iterative rounds of
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Figure 1.1. Simplified regulation of yeast-to-hypha transition. Arrowhead indicates
activating effect. T-end indicates inhibiting effect. References supporting relationships between
transcription factors are described in section 1.3.2.2.

cell division produce multicellular, sparsely branched, filamentous structures called mycelia.
Ellipsoid-shaped pseudohyphal cells share features of both yeasts and hyphae, and there
remains some controversy over whether they represent a bona fide terminal cell type or an
intermediate between these other, better characterized cell types (28). Unlike for yeasts and
hyphae, there are no known in vitro conditions to induce pure, stable populations of
pseudohyphae. Instead, modulation of transcription factor levels that favor hyphal formation can
allow for propagation of pseudohyphal populations to study gene dynamics (28). Like hyphae,
pseudohyphal cells remain attached following cytokinesis and generate mycelia after multiple
rounds of cell division. As in yeasts, nuclear division in pseudohyphae occurs at mother-daughter
junctions; in contrast to hyphae, these junctions are demarcated by visible indentations. Finally,
chlamydospores are large, spherical, thick-walled cells observed in vitro under certain harsh

conditions, such as starvation and hypoxia ((29), reviewed in (30)). Chlamydospores are



generated by suspensor cells, which are cells at the distal ends of mycelial filaments. Nuclear
division occurs within the suspensor cell parent, followed by migration of a progeny nucleus to

the nascent chlamydospore, which remains attached to its mother (31).

1.1.2. Roles of a/a yeasts, pseudohyphae and hyphae in biofilm formation

Yeasts, pseudohyphae and hyphae are also required for biofilm formation (reviewed in
(32,33)), a C. albicans attribute of substantial clinical importance. Biofilms are communities of
microorganisms that often form on solid surfaces in the environment or within mammalian hosts.
Medical device-associated biofilms are of enormous clinical importance because of their high
prevalence and intrinsic resistance to antibiotics and the mammalian immune system. C. albicans
MTLa/MTLa white¥« cells form conventional biofilms in a stereotyped fashion (reviewed in
(34,35)). Biofilms are initiated when white?« phase yeasts attach to a solid substrate. Yeasts
proliferate to form microcolonies, followed by the appearance and proliferation of hyphae and
pseudohyphae, which constitute the bulk of the mature biofilm, together with an extracellular
matrix composed of proteins, polysaccharides, and nucleic acids. Biofilm dispersion is thought to
occur when white®« yeasts detach from a mature biofilm only to reattach at a second site.
Multispecies biofilms, in which C. albicans coordinates with bacteria such as Streptococcus oralis,
have also been shown to cooperate to increase tissue invasion, which have clinical relevance
when treating for invasive disease (reviewed in (36)). MTLa and MTLa white? cells have recently
been shown to form sexual biofilms (see Section 1.2. for description of white? cells). These
biofiims differ from conventional biofilms by multiple criteria, including increased permeability,
decreased resistance to antibiotics and host immune cells, and promotion of chemotropism
between opaque® MTLa and MTLa. cells (37,38). It has been proposed that a primary function of
white? cell biofilms is to facilitate mating between sexually competent MTLa and MTLa. opaque?

cells (38).



1.1.3. Virulence of yeasts, hyphae and pseudohyphae

Yeasts, hyphae, and pseudohyphae can either propagate stably as the same cell type or
give rise to other cell types in a process known as morphogenesis (Figure 1.1), depending on
cues from the local environment (described in section 1.3.1.). Morphogenesis has long been a
central focus of C. albicans research because of links between each of these cell types and
important host-fungal interactions. Traditionally, the filamentous forms (hyphae and
pseudohyphae) were considered pathogenic, whereas yeasts were primarily viewed as
commensals. Hyphae are intrinsically invasive on solid media and hyphal tip cells exhibit
thigmotropism, or the unusual ability to ‘track’ along substrate surface irregularities (39) (reviewed
in (40)). Moreover, pseudohyphae and hyphae express numerous cell type-specific virulence
factors such as adhesins (for example, Hwp1, Hyr1, Als3, Als10, Fav2 and Pga55), tissue-
degrading enzymes (for example, Sap4, Sap5 and Sap6), antioxidant defense proteins (for
example, Sod5), and even a recently described cytolytic peptide toxin (Ece1) (28,41-45). The
increased virulence potential of hyphae compared to other cell types has been conclusively shown
in superficial candidiasis models, such as models of oropharyngeal (46,47) and vulvovaginal (48)
infection. For example, hyphae, but not yeasts, induce their endocytic uptake by cultured human
oral epithelial cells via a specific interaction between the hyphal adhesin, Als3, and host E-
cadherin; internalized hyphae then proceed to damage the host cells (47). Hyphae can also
actively penetrate into oral epithelial cells, possibly via physical pressure and secreted enzymes
(49,50). Thus, in a reconstituted model of human oral epithelial tissue, invading hyphae trigger
multiple pro-inflammatory host signaling pathways, whereas yeasts, which merely colonize the
surface of the tissue without causing damage, produce a more muted inflammatory response (46).

However, the simple dichotomy between virulent hyphae versus commensal yeasts does
not account for observations of disseminated candidiasis, where both cell types seem to

contribute to disease. For example, yeasts, hyphae and pseudohyphae are all present in infected



tissues that were recovered from human patients and animals with disseminated candidiasis (51-
53). Moreover, C. albicans mutants trapped as either yeasts or filaments are both defective in
bloodstream infection models, suggesting that the ability to interconvert among different cell types
is required for virulence (see, for example, (54-57)). Traditionally, yeasts, being smaller and
unicellular, were hypothesized to disseminate through the bloodstream, whereas hyphae, being
naturally invasive, were thought to escape the vasculature, penetrate into internal organs, and
damage the host. Therefore, it came as a surprise when a study using a tetracycline-regulatable
strain that can be propagated indefinitely as either yeasts or hyphae showed that yeast-locked C.
albicans is as capable of egress from blood vessels, penetration into internal organs, and
propagation within host tissues as a wild-type strain that can transition into hyphae (57).
Nevertheless, unlike wild-type C. albicans, the yeast-locked strain failed to kill its host, supporting
previous observations that the yeast-to-hypha transition is required for virulence in disseminated
infections. Together, these observations in localized versus disseminated infection models
support a central role for yeast-hypha-pseudohypha morphogenesis in C. albicans-host
interactions, but also suggest that yeasts may have different roles in different host niches. In
contrast to the other cell types, chlamydospores, which are readily induced in vitro (58,59), have
rarely been observed in clinical specimens (60) or animal models of disease (61), and their

biological role remains undefined (26).

1.1.4. Commensalism of yeasts and hyphae

Much less is known of the commensal properties of yeasts and hyphae compared to their
role in virulence, while the role of pseudohyphae and chlamydospores in commensal fithess has
not been investigated. Several previous reports of yeasts as the primary colonizers of the healthy
gastrointestinal tract, along with the role for hyphae in virulence (see section 1.1.3), has led to the
conclusion that yeasts, and not hyphae, are the commensally propagated morphology of C.

albicans in the gut (62,63). In addition, a specialized yeast cell type, GUT (discussed in section



1.2.6), exhibits a hyperfit phenotype in competition in a murine gastrointestinal colonization model
compared to white*«cells. The yeast form is considered to be the commensal cell type of the skin
as well, based on a previous report that the yeast form is not recognized by epithelial cells in vitro
(46). Candida species are a normal part of a healthy oral microbiome (64) but oral thrush,
essentially a biofilm in the mouth, is a common manifestation in immunocompromised people

(65).

1.2. Yeast-like morphotypes: White, opaque, gray, and GUT

In addition to standard ‘white’, round-to-oval yeast morphology, described above, C.
albicans transitions into several more elongated yeast-like cell types (opaque, gray, and GUT)
that exhibit distinct in vitro properties and interactions with the host. Moreover, a minority of white
and opaque cells that have lost genetic material at the Mating Type-Like Locus (MTL) exhibit
further alterations in their propensities for mating, filamentation, virulence, commensalism, and/or
biofilm formation. The different types of white and opaque cells are not generally distinguished by
genotype in the C. albicans literature. To clarify cell identity, we will introduce the convention of
appending a superscript ‘a/a’ to white or opaque cells with the standard genotype of MTLa/MTLa.
A superscript ‘o’ will designate cells containing only the MTLa allele, whereas a superscript ‘a’
will be used either as a general term for cells containing a single allele of the MTL (MTLa or MTLa)

or as a specific term for ones containing only the MTLa allele.

1.2.1. Characteristics of white® and opaque® cells

White? and opaque? cells were first described in a particular C. albicans clinical isolate,
WO-1, based on in vitro observations of rare but heritable changes in cell and colony morphology
(Figure 1.2) (66). White® WO-1 yeasts have an identical appearance to standard white?« yeasts,

described above, and form similar, creamy white, shiny, domed colonies on solid media. On
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Figure 1.2. Simplified regulation of white*-to-opaque? switch. Arrowhead indicates
activating effect. T-end indicates inhibiting effect. References supporting relationships between
transcription factors are described in section 1.3.2.3.

glucose-containing media maintained at room temperature, however, white® colonies occasionally
give rise to slower growing sectors of opaque® cells. Opaque® colony sectors appear slightly
darker, matte and flattened compared to white® colonies. For undetermined reasons, opaque?®
cells also take up a dye, phloxine B, which allows for rapid visualization of opaque« colonies and
colony sectors that are stained bright pink on media containing this dye. Microscopically, opaque®
cells are elongated compared to white® cells and ~3 times larger (by volume), with more
pronounced vacuoles (66). Additional opaque®-specific features include cell surface ‘pimples’
(that is, protuberances with an unknown biological role that are detected by scanning electron
microscopy) (67), relative resistance to phagocytosis by host macrophages and neutrophils
(68,69), sensitivity to distinct filamentation-inducing cues (70,71), and changes in the expression
of >1000 genes, including genes important for mating and respiration (72-74). Similarly to yeast-

hypha-pseudohypha morphogenesis, switching between the white® and opaque® phenotypes is



highly sensitive to environmental conditions: N-acetylglucosamine, 25% CO,, and acidic pH all
favor switching to the opaque? state (75-77), whereas glucose, low CO, levels, alkaline pH, and
mammalian body temperature promote the reverse switch back to the white? state (66).

1.2.2. Comparison of white«

and white® to opaque? cell filamentation

Until recently, it was not widely appreciated that opaque? cells could switch from yeasts to
hyphae, though it was reported as long ago as 1989 that opaque? cells had the capacity to form
filaments (78). In several recent studies, opaque® cells were observed to respond to
environmental signals distinct from those of white cells (70,71). Traditional C. albicans hypha-
inducing stimuli include serum, high temperature (37°C), neutral pH, and nutrient starvation which
were shown not to stimulate opaque® filamentation (70). Instead opaque? filamentation was
optimal at room temperature. Higher temperatures were observed to inhibit opaque® cell
filamentation. Sorbitol and low phosphate conditions in particular were shown to stimulate
opaque? cell filamentation but not white cell filamentation. Despite these differences, white and
opaque? filamentation programs share several common signaling pathways and transcriptional
regulators (discussed below). The differences in required hyphal-inducing conditions hints at the

specialization of different yeast forms for distinct host niches during commensalism and

pathogenesis.

1.2.3. White®-to-opaque® switching, mating locus, and sexual competency

The functional significance of the white®-to-opaque® switch was revealed with the
discovery that C. albicans opaque® cells are specialized for mating (79). Fungal mating has been
well described in the model yeast, S. cerevisiae, in which haploid cells are the sexually-competent
cell type (reviewed in (80)). Haploid ‘@’ cells express the MATa allele of the Mating Type Locus,

whereas haploid ‘o’ cells express the MATa allele. MATa and MATo encode different transcription



factors that activate key mating genes in the respective haploid cell types. When a and a cells
occur in proximity, pheromones secreted by mating partners of opposite mating type induce
mutual cell cycle arrest, production of polarized mating projections, and cell and nuclear fusion to
produce diploid a/a cells. Wild S. cerevisiae exists in the diploid form except under nutrient
starvation conditions, which triggers meiosis and the formation of hardy haploid spores. These
spores germinate when nutrients become available, and the mating cycle resumes.

In contrast to S. cerevisiae, C. albicans has never been observed to undergo meiosis or
sporulation and was long considered to be an asexual species. However, in 2000, two groups
reported low frequency mating between C. albicans a and a. cells (81,82). Most C. albicans strains
carry single copies of two different alleles of the Mating Type-Like Locus, MTLa and MTLa, one
apiece on two copies of Chromosome 5; these MTL alleles are orthologous to S. cerevisiae MATa
and MATa (83). Researchers generated ‘@’ and ‘o’ cells by deleting MTLa or MTLa from a/a
strains via targeted gene disruption (81) or selection for loss of one copy of Chromosome 5 (82).
Remarkably, mixtures of these engineered a and o cells in vitro (82) or in a mouse bloodstream
infection model (81) produced a small number of tetraploid cells containing markers of both
parental strains. One group subsequently determined the relationship between allelism at MTL,
opaque® or opaque«cell formation, and mating: unlike typical a/a cells, a and o cells (including the
natural o strain, WO-1) can switch to the opaque? or opaque« states, respectively, and opaque®
and opaque« cells are the mating-competent cell types in C. albicans (79). The molecular
mechanism preventing the white®-to-opaque® switch in a/o cells is mediated by direct
transcriptional repression of genes required for the switch by a1/a2, which is a heterodimeric
transcription factor encoded by the combination of MTLa with MTLa. (73,84-86). More recently,
another study reported that white® and white«cells may also play a role in mating via formation of
specialized ‘sexual’ biofilms that constrain mating-competent opaque® and opaque«cells in space

(37,38).
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Despite these advancements in our understanding of the relationship between MTL
genotype, white®-to-opaque® switching and mating competency, the larger contribution of sex to
C. albicans biology remains uncertain. Analysis of C. albicans population structures has revealed
a primarily clonal mode of reproduction, with little evidence for sexual recombination among
naturally circulating strains (87,88). The rarity of sexual recombination is consistent with the
observation that more than 90% of clinical isolates are heterozygous at the MTL locus and
therefore incapable of switching or mating (89,90). Similarly, it remains unknown why C. albicans,
along with its close relatives, C. dubliniensis and C. tropicalis, introduced a baroque requirement
for a white®-to-opaque® phenotypic switch into its mating program, given that S. cerevisiae and
the vast majority of fungi mate efficiently without such a system. Some insights into the latter
question are suggested by the recent discovery of three additional cell morphologies with some

features of opaque? cells in the MTLa/a genetic background, discussed below.

1.2.4. Characteristics of opaque®= and gray cells

A recent study discovered opaque®« cells in a screen of 94 C. albicans clinical isolates for
morphological responses to opaque®-inducing signals (15). This group had previously shown that
exposure of white® cells to 1% N-acetylglucosamine (as a sole carbon source) and 5% CO,
induces 100% full-colony switching to the opaque® phenotype (76). Using the same conditions,
they found that ~1/3 of their a/a. isolates developed opaque®-like (that is, bright pink-staining with
phloxine B) colony sectors. Moreover, opaque®« cells recovered from pink sectors were
elongated, contained cell surface pimples, and expressed several opaque®-specific genes, like
traditional opaque® cells. However, unlike opaque® cells, opaque®« cells were incapable of mating
(15). The same group subsequently discovered additional a/a isolates that switch among white®«,
opaque®s, and a novel ‘gray’ phenotype (16). Gray cells are elongated but smaller than

conventional yeasts, lack pimples, stain only moderately with phloxine B and mate with very low
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efficiency (16). In strains that are capable of white¥«-opaque®=-gray switching, the transition to
gray cell morphology is induced by exposure to nutrient-rich growth medium (YEPD), whereas
exposure to nutrient-poor medium (Lee’s), N-acetylglucosamine, and elevated CO, favor the

opaque®«phenotype (16).

1.2.5. Virulence and commensalism of opaque®, opaque®= and gray cells

Interestingly, initial studies in mammalian infection models suggest that opaque®«, gray,
and opaque?® cells may have increased fitness on host epithelial surfaces (15,16,91). For
example, opaque®« and opaque? cells have each been reported to colonize skin more effectively
than isogenic white*« or white® strains in a neonatal mouse skin infection model (15,91). Likewise,
in an ex vivo tongue infection model, gray cells have the fastest doubling time, followed by
opaque?« cells, with white*« cells proliferating most slowly (16). By contrast, white?« cells are
consistently most virulent in mouse bloodstream infection models (15,16,91,92). The mechanisms
underlying these functional differences have not yet been defined but cell type-specific differences
in metabolism and/or enzyme secretion appear likely to play a role (15,16,73,74,93). WO-1, a
naturally white« C. albicans clinical isolate, was shown to switch en masse to opaque« cells upon
passage through the mouse gastrointestinal tract (94). The role for these yeast cell types in
commensalism is currently being investigated but the ability of these cells types to transition
between yeasts and hyphae in response to signals that differ from white *«also suggests a role
for these cell types in modulating host interactions that would favor one cell type over another

(70,71).

1.2.6. Characteristics of GUT cells

C. albicans “GUT” (gastrointestinally induced transition) cells were discovered by means

of a genetic screen for fungal mediators of commensalism within the mammalian digestive tract
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(17). Pools of a/a gene deletion mutants were competed in a mouse model of persistent
gastrointestinal colonization, in which the host remains healthy despite high levels of commensally
growing C. albicans, and the fitness of each fungal strain was calculated as a ratio of the relative
abundance in mouse feces to that in the infecting inoculum. Two mutants affecting a pair of
mutually inhibitory transcription factors emerged because of their striking and opposite effects on
commensal fitness: the efg?1 knockout mutant was hyperfit, outcompeting all other mutants and
wild-type C. albicans, whereas wor1 was strongly attenuated in this model. Consistent with a
positive role for Wor1 in promoting commensal fitness, it was shown that expression of the WOR1
gene was induced 10,000-fold when wild-type yeasts were propagated within the host digestive
tract compared to standard laboratory conditions. Furthermore, forced expression of WOR1
(WOR1°F) via a strong, heterologous promoter WOR1°F) induced a hypercompetitive phenotype.
Unexpectedly, after ~10 days of exposure to the mammalian model, a subset of the WOR1°F
yeasts recovered from animals exhibited altered cell and colony morphology. Moreover, these
GUT cells rapidly dominated the recovered yeast population for the remainder of the 25-day time
course. Similar to opaque® cells (and opaque®=cells), GUT cells are elongated relative to isogenic
white?= cells and generate darker, flattened colonies that stain (weakly) with phloxine B (Figure
1.3, (17) and Gianetti and Noble, unpublished data). Intriguingly, the initial appearance of the GUT
phenotype coincided with a sharp gain in fitness of the WOR7°F strain, suggesting that the two

phenotypes might be linked. Indeed, when GUT cells are introduced into naive animals, they are

immediately hypercompetitive, unlike white*« isolates of the same strain.

1.2.7. Commensalism and virulence of GUT cells
After demonstrating that GUT cells lack the classic features of white?« and opaque? cells,
it was hypothesized that this novel cell type might be specialized for commensalism within the

mammalian digestive tract. In support of this hypothesis, it was shown that GUT cells are
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Figure 1.3. GUT, opaque®® and grey®® regulation. With the exception of the contributions of
Efg1 and Wor1 to GUT, opaque®® and grey®® switches, the other regulatory players have not yet
been defined in the literature.

substantially more fit than both white®« and opaque® cells in the gastrointestinal commensalism
model, with a relative fitness of GUT>>white?«>>opaque® (17). This fitness advantage seems to
be specific to gastrointestinal commensalism, as GUT cells proliferate more slowly than white®«
cells under standard laboratory conditions and are less virulent in a mouse bloodstream infection
model. Furthermore, unlike opaque?® cells, GUT cells lack surface pimples and are unable to mate.
Taken together, these data support a model in which signals from the mammalian gastrointestinal

tract induce C. albicans yeasts to express WOR1 and switch from white*« to GUT. Whereas GUT
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cells thrive within the digestive tract, wild-type C. albicans strains rapidly revert to the white®«
phenotype upon exit from animals, when signals required to maintain the GUT phenotype are
removed. Thus, the detection of GUT cells outside of the host reflected the serendipitous use of
a WOR1°E strain, as continuous expression of Wor1 presumably stabilizes the phenotype. Future
investigations will be required to define the host signals and fungal machinery that affect the

white?«-to-GUT switch.

1.2.8. Fitness and metabolism of yeast morphotypes

Comparative transcriptomics of white*«(16,17), opaque®= (16), gray (16), GUT (17), white®
(73,74,95) and opaque® (73,74,95) yeasts has revealed metabolic differences that may help to
account for the functional differences among these cell types. The clearest case can be made for
GUT cells, which, compared to white cells, exhibit general downregulation of pathways for
utilization of glucose and iron uptake, with concomitant upregulation of pathways for utilization of
N-acetylglucosamine and short chain fatty acids (17). Thus, GUT cell metabolism seems to be
optimized for nutrients available in the distal mammalian digestive tract, the niche in which it
thrives as a commensal (17). By contrast, opaque®« and opaque® cells upregulate pathways
involved in oxidative respiration (for example, the Kreb’s cycle) (73,74,95), whereas white ¥« and
white? cells upregulate fermentation pathways (for example, glucose uptake and, to varying
degrees, glycolysis) (73,74,95). The transcriptome of gray cells shows differences in metabolic
gene expression that are harder to categorize (16). The functional importance of these cell type-
specific metabolic signatures will hopefully be rationalized once the natural host niches of each

cell type are identified.

1.3 Regulation of morphogenesis
Morphogenesis depends on environmental cues such as temperature and nutrient availability that

signal through multiple pathways and activate a variety of transcriptional regulatory circuits. Most
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of these pathways were initially characterized with respect to the yeast-to-hypha transition by
white¥« cells; however, several of these same signaling pathways also control discrete behaviors
by additional cell types. The evolution of such elaborate systems to regulate morphogenesis

speaks to the central importance of morphogenesis in C. albicans biology.

1.3.1. Environmental cues and their signaling pathways

On the basis of in vitro studies, various signals (mammalian body temperature, serum, N-
acetylglucosamine (GIcNAc), low nitrogen, CO,, peptidoglycan, and amino acids) have been
shown to activate the fungal cAMP-PKA signaling pathway (96-112). In white*« cells, cAMP-
mediated signaling through the protein kinase A (PKA) complex activates transcription factors
that promote the expression of hypha-specific genes and filamentation (109). Alternatively, in
white? cells, PKA activation by GIcNAc or CO, promotes a switch to the opaque® phenotype
(75,76,98,100). Similarly, the Cek1 MAP kinase pathway can promote either filamentation or
mating in different cell types (113,114). In white¥« cells, nitrogen starvation or growth in an
embedded matrix such as agar activates Cek1 to promote filamentation (97,114-119). In MTL
homozygous opaque?® cells, Cek1 activation by mating pheromones triggers the expression of
genes required for mating (120-124). In addition, various forms of cell stress (oxidative, osmotic,
cell wall damage) affect filamentation indirectly via the Hog1 signaling pathway, which inhibits
Cek1 and activates a transcriptional inhibitor of filamentation (125-135). In white« cells exposed
to alkaline pH, the RIM101 pH sensing pathway proteolytically activates the Rim101 transcription
factor, leading to activation of hypha-specific genes and filamentation (136-139). Additional, less
well-described pathways negatively regulate filamentation in response to low oxygen levels and
starvation, respectively (140,141). Notably, the depicted pathways fail to account for certain
observations in the host, such as the finding that white?= yeasts appear to predominate in the

mammalian Gl tract (62), despite relatively high concentrations of GIcNAc and CO.in this niche,
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which would be expected to trigger filamentation or the white®-to-opaque? switch based on in vitro
evidence. Such discrepancies suggest that additional signaling pathways and/or crosstalk among
existing pathways remain to be discovered. The multiplicity and complexity of the known signaling
pathways suggest a model in which C. albicans continuously surveils the mammalian host,

integrating a variety of signaling inputs to generate adaptive responses to the local environment.

1.3.2. Transcriptional regulation of morphogenesis
1.3.2.1. Efg1

Remarkably, every morphological transition described here is regulated to some extent by
the transcription factor, Efg1 (15-17,142-144).! The roles of Efg1 in C. albicans morphogenesis
were deduced from phenotypes of EFG1 mutants, with different cell shapes correlating with high
or low levels of EFG1 expression. Efg1 is a basic helix-loop-helix transcription factor of the fungal-
specific APSES (Asm1p, Phd1p, Sok2p, Efg1p and StuAp) family whose orthologs regulate
diverse morphological transitions in different fungal species ((145,146), reviewed in (147)). Upon
exposure to host serum, N-acetylglucosamine, high CO,, nutrient depletion, and/or iron depletion,
Efg1 promotes white®« cells to undergo the yeast-to-hypha transition (142); however, under agar-
embedded conditions, Efg1 promotes the reverse transition from hypha-to-yeast (145). In another
case, under low oxygen, nutrient-depleted conditions, Efg1 promotes al/a hyphae and
pseudohyphae to generate chlamydospores (144). In contrast, upon exposure to glucose and
low CO,, Efg1 promotes a and a opaque? cells to switch to the white? state (75) and certain a/a
clinical isolates to undergo opaque-to-white*« or gray-to-white*« switches (15,16). Finally, Efg1
inhibits a/a GUT-to-white®« cells from switching to the white®« state in all tested environments
other than the mammalian intestinal tract (17). Strains lacking EFG1 have reduced virulence in a

mouse model of systemic infection (55). The role for EFG7 in commensalism is less clear as
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different labs have reported different levels of GI commensal fitness but our lab consistently sees

a hyperfit phenotype (17,62,148-150).

1.3.2.2. Transcriptional regulation of yeast-to-hypha transition and biofilms

A large number of transcription factors have been implicated in promoting or repressing
hypha formation (151). While | will not be exhaustive, | will highlight the most well characterized
transcription factors that appear in Figure 1.1 as well as a few that are less well known but that
will be referred to in my thesis. The TEA/ATTS transcription factor family is conserved throughout
eukaryotes (152-154). The zinc finger, Cys;His, (C2H;), family of transcription factors is conserved
across eukaryotes (reviewed in (155)). The GATA family of transcription factors which binds the
DNA sequence “GATA” is conserved from yeasts to humans (reviewed in (156,157)). The zinc
cluster, Zn(l1),Cysg, family of transcription factors is restricted to fungi (reviewed in (157)).

Tec1 is a member of the TEA/ATTS family of transcription factors and has been shown to
be required for the yeast-to-hypha transition in vitro as well as biofilm formation (158,159).
Macrophage evasion is also diminished by knockout of TEC1 (158). In a mouse model of systemic
infection, a tec? strain was able to form hyphae but was unable to kill the host (158).

Brg1, formerly known as Gat2, is a member of the GATA family of transcription factors
and plays a positive role in both the yeast-to-hyphal transition and biofilm formation (160-163).
Deletion of BRG1 leads to attenuated virulence in a mouse model of systemic infection (162).
Brg1 is a key component of a negative feedback loop with the yeast-to-hypha inhibitor Nrg1 in
initiation of hyphal formation (160). In response to nutrient starvation, Brg1 acts downstream of
Tor1 signaling to promote starvation induced filamentation (161). Brg1 has also been implicated
in a screen for white-opaque regulators as an inhibitor though follow-up is warranted to place it in
the regulatory diagram (164). All core white-opaque regulators bind upstream of BRG1 (95).

Rob1 is the least characterized of the transcription factors presented here, not being the

sole focus of a single paper, but has appeared in several large scale screens for transcription
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factors involved in morphology and biofilm formation (151,163). Rob1, named for regulator of
biofilm, is a member of the Zn(I1),Cyss family of regulators and the rob7 mutant appears to have
the strongest correlation with brg?7 in its filamentation defects (151,165). Chromatin
immunoprecipitation followed by microarray hybridization (ChlP-chip) of Rob1 and Brg1 in biofilms
revealed distinct but overlapping DNA binding profiles in that context (163).

Ume6b is a transcription factor in the Zn(I1),Cyss family that acts as an important positive
regulator of filamentation in multiple yeast cell types (70,166,167). The Candida homologue was
named for S. cerevisiae Ume6, which regulates meiosis in that fungus (168). Deletion of UMEG,
which results in a complete defect in hyphal formation was used to highlight the importance of the
ability to form hyphae in a mouse model of disseminated infection (166). In white cells, ectopic
overexpression of UMEG in an efg1cph1 mutant was used to show that Ume6 acts downstream
of Efg1 and Cph1 in hyphal formation (167). In opaque® cells, Ume6 also positively regulates
hyphal formation though it is unclear if this is through Efg1 (70). Ume6 has a positive role in biofilm
formation as overexpression results in thicker biofilms (167). During biofilm formation, which relies
on the successful formation and maintenance of hyphae, 5 of 6 (Efg1, Brg1, Ndt80, Bcr1, Tec1
but not Rob1) core biofilm transcription factors are enriched at the UME6 promoter (163).

Czf1 is a Zn(I1),Cyss family member that is unique to the Candida genus but most similar
to Ume6 (169). It is a regulator of flamentous growth best known for its roles in mediating the
response of C. albicans to the quorum sensing molecule, farnesol, and requirement for embedded
filamentous growth (169,170). Farnesol inhibits filamentous growth and a czf7 mutant was found
to be filamentous in the presence of farnesol under hypha-inducing conditions (169). Czf1 is
additionally a positive regulator of white-opaque switching (see section 1.4.3).

Nrg1, Mig1, Rfg1 and Tup1 act as negative regulators of hypha-formation (56,171-173).
Tup1 does not have a DNA binding domain and relies on cofactors for its role in repression
(42,172). The regulatory heterodimers Nrg1-Tup1 and Nrg1-Rfg1 have been shown to prevent

Umeb6 expression and hyphal formation (174).
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1.3.2.3. Transcriptional regulation of white-opaque switch

In similar studies to Efg1, Wor1, a transcriptional regulator with a newly identified DNA
binding domain called WOPR that is present across fungi, was shown to oppose Efg1 in the
control of the white®-opaque?, white*«gray-opaque®s, and white*«-GUT transitions (15-17,84-
86,175,176). Wor1 is part of a family of proteins that are fungal-specific transcription factors
whose orthologues regulate diverse morphological transitions in different fungal species
(175,177-180). In C. albicans, Efg1 and Wor1 have been demonstrated to bind to each other’s
promoters, where they are thought to mediate mutual transcriptional repression (181,182).
Regulation of C. albicans cell shape is more than a simple function of Efg1 and Wor1 levels,
however, because each factor’s activity is influenced by genotype at MTL and local environmental
cues. A key unanswered question is how the genotype of the MTL locus and signals associated
with different host niches contribute to discrete morphological outcomes. This challenge is
compounded by the fact that cues such as N-acetylglucosamine and CO, promote distinct
morphological switches in different contexts, as described above. Arguably the best characterized
switch, in terms of its core transcriptional regulation, is the white?- opaque® switch of MTL a and
a cells (Figure 1.2) (84-86,95,164,181,183-186). Under conditions in which pro-white® and pro-
opaque? environmental cues are balanced (for example, glucose-containing medium maintained
at 25°C), switching between white® and opaque? cell types occurs infrequently and stochastically
in single cells, and both white®-to-opaque® and opaque?-to-white® switching occurs (66). In this
setting, cell morphology is thought to be programmed by the predominance of either Efg1 or Wor1
protein, such that switching might be triggered by events such as unequal distribution of Efg1 or
Wor1 protein between a mother and daughter cell (86,181). In contrast, under environmental
conditions that heavily favor the white® (glucose-containing medium maintained in room air at
37°C) or opaque® (N-acetylglucosamine-containing medium in 25% CO,) state, switching occurs

in a concerted fashion across the entire cell population (66,75-77). In these settings, it seems
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likely that potent environmental cues reinforce or inhibit transcriptional regulatory components in
addition to Efg1 and Wor1 to produce a specific outcome. This switch is controlled by numerous
transcription factors in addition to the ‘master regulators’ Efg1 and Wor1, which together form an
interlocking circuit of positive and negative feedback loops (simplified in Figure 1.2, (84-
86,95,164,181,183-186)).

Czf1, in addition to its roles in filamentation described above, was identified as a core
member of the white-opaque regulatory network (see Figure 1.2 (187)). Czf1, Wor1 and Efg1
were shown to bind their own promoters as well as the promoters of the other two
(181,182,187,188). Epistasis analysis was used to determine the genetic relationships between
Wor1, Efg1 and Czf1 (181). This revealed that under non-inducing conditions white? cells could
be driven to form opaque® cells with 100% frequency (compared to empty vector at <1%
switching) when WOR1 or CZF1 were ectopically expressed in otherwise wild-type white® cells
(181). However, WOR1 was required for the Czf1 phenotype as ectopic overexpression of CZF1
in a wor1 mutant mimicked the switching defect in the wor7 parent strain (181). Additional testing
of double deletion mutants determined that Czf1 is responsible for inhibiting Efg1, which promotes
the white? state (181). Czf1 was determined to be required for opaque® cell formation in a study
of hypoxia induced white®-to-opaque® switching in the C. albicans WO-1 strain (94).

Ahr1, originally designated Zcf37, is a member of the Zn(ll),Cysg transcription factor family
whose deletion enhances white?-to-opaque? switching (165,183). Ectopic expression of AHR? in
an efg1 mutant abolished the ability of opaque? cells to switch to white® suggesting that Ahr1 acts
through Efg1 (183). In white? cells, AHR1 is bound only by Ahr1 (95). In opaque?® cells, AHR1 is
a target of Wor1, Wor2, Wor3, Wor4 and Ssn6 but not Efg1 or Czf1 (95). In a/a cells, Ahr1 can
act as both a repressor as well as activator of filamentation (151). An ahr1 white®® strain was not

defective in mouse kidney colonization in a disseminated infection model (189). Recently, it has
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been shown that Ahr1 is required for growth on amino acids and pH neutralization both in vitro as
well as in macrophage phagosomes (190).

Wor2 belongs to the Zn(ll),Cysg transcription factor family described above. It was first
identified as an activator of the white-to-opaque switch under conditions where C. albicans
stochastically switches, hence the name, but has subsequently been shown to inhibit filamentous
growth at high temperatures as a wor2 mutant in an a/a is hyperfilamentous at 42°C (151,181).
The WOR2 transcript was upregulated by the Hap43 CCAAT-binding complex under low-iron
conditions (191). By ChIP-chip, Wor2 binds and is bound by all core white-opaque regulators in
opaque? cells (95). Ectopic expression of Wor2 does not lead to greatly enhanced switching of
white? cells to opaque® cells and the deletion of WOR2, which leads to a decrease in switching
frequency, can be bypassed by the ectopic expression of WOR1 which suggests Wor2 acts
upstream of Wor1 to promote switching and is inhibited by Efg1 in white cells (181). Under
opaque®-inducing conditions (on N-acetylglucosamine-containing medium), Wor2 is dispensable
for the white-to-opaque switch (192).

Wor3 belongs to a previously undescribed family of DNA binding proteins that is present
in a very small clade of eukaryotes, which includes C. albicans and other fungal pathogens, and
has thus been characterized in a limited fashion (184). As the name suggests, Wor3 was originally
identified by its role in the white®-opaque® switch (184). Unique among the white®-opaque®
regulators, both ectopic expression as well as deletion in white® cells promotes switching to the
opaque® state (184). Interestingly, it was also recently reported that overexpression of WOR3
promotes filamentous growth and leads to a decrease in gastrointestinal commensal fitness in
gnotobiotic mice (193).

Wor4 was also recently identified as an activator of the white®-to-opaque? switch and is
predicted to be a member of the C,H, zinc finger transcription factor family (186). The deletion
and ectopic expression phenotypes of WOR4 are similar to those of CZF1, in that deletion ablates

stochastic white-to-opaque switching and ectopic expression results in a more modest increase
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in switching from white-to-opaque (~30%) (186). Wor4 is present in both white® and opaque? cells
and has similar localization (72,95,186). Wor4 was determined to only bind upstream of WOR1 in
white? cells but upstream of all core white®-opaque® regulators in opaque?® cells (186). There is a
large overlap between the DNA binding targets of Wor4 and those of Wor1 and Wor2 in opaque®
cells as determined by ChIP-seq (186).

Recently, Ssn6 was characterized as an inhibitor in white®-to-opaque? switching (185).
Ssn6 is the C. albicans homologue of the Cyc8 corepressor in S. cerevisiae and does not have a
DNA binding domain (194,195). Instead it appears to colocalize with DNA binding proteins to
repress transcription of opaque® specific genes in white® cells and white® specific genes in
opaque® cells (185). The pattern of localization in opaque?® cells correlates strongly with Wor1 and
Wor2 (185). In a/a cells, Ssn6 works with Tup1 as well as independently to suppress filamentous

growth (151,194,196,197).

1.4. Thesis Outline

The role of different yeast morphotypes and hyphae in colonizing healthy individuals are
not well defined. Most healthy humans are colonized by C. albicans, and it is thought that the
same strains that cause pathogenesis are those that initially colonize the healthy host.

Here, | will present data accumulated for the commensal roles of transcription factors
involved in the yeast-to-hypha transition as well as the white-opaque switch that suggest
colonization by yeasts is favored over hyphae. In Chapter 2, | characterize the role for the yeast-
to-hypha transcriptional regulatory network in negative regulation of commensal fithess and the
role of a hypha-coregulated gene that is a secreted effector in modulating commensal fitness. In
Chapter 3, | systematically define the roles for white-opaque regulators in commensal fithess.
Also, in Chapter 3, | examine the coordination of white-opaque regulators as additional regulators
of filamentation. In Chapter 4, | present validation of a new method in C. albicans for profiling

transcription factor binding events. In Chapter 5, | examine the role of host background and

23



microbiota contributions to the commensal fithess of the GUT cell type. In Chapter 6, |
characterize the inhibitory role of Hgc1, a hypha-specific G1 cyclin-like protein required for hyphal
formation, in commensal fitness.

Throughout, | highlight important techniques that we have developed during my years in
the Noble lab that contribute substantially to our ability to characterize cell morphologies as well
as transcriptional regulation in the mammalian gut. In particular, | have developed a method
(Calling card-seq) for profiling C. albicans transcription factor binding events in the mammalian
host. The ultimate goal will be to use our RNA expression profiling data of transcription factor
mutants colonizing the gut in combination with Calling card-seq in vivo to identify direct regulatory
targets of these transcription factors that are specific to gastrointestinal colonization. Because of
the complex nature of the transcription factor regulatory networks in C. albicans, advances in the
ability to study C. albicans in the context of different host niches should advance our knowledge

of the effectors that are important in different host contexts.
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Chapter 2. Regulation of yeast-to-hypha switch is an important determinant of C.
albicans commensal fithess
2.1. Introduction

Candida albicans is the most common fungal pathogen of humans, causing hundreds of
millions of symptomatic infections each year across the globe (1,2). Disease syndromes range
from superficial, treatable infections of skin, nails, and mucous membranes to highly morbid,
invasive diseases involving blood and internal organs (1,3,4). More typically, however, this fungus
resides as a benign component of mammalian gut, skin, and genitourinary microbiota. C. albicans
is exquisitely adapted to mammals such that, unlike the vast majority of fungi, it appears to lack
environmental niches outside these hosts. Humans are typically colonized in childhood, and
infecting fungal clones persist for years or even the lifetime of the host (2). Importantly, fungal
cells from the commensal reservoir are the primary source of symptomatic disease (2).

C. albicans’s ability to switch between yeast and hypha morphologies is its best known
virulence attribute (5). Under standard in vitro conditions, C. albicans propagates as round-to-
oval, single-celled yeasts. However, exposure to host-associated cues can trigger profound
changes in the fungal cell cycle, cell morphology, and gene expression that collectively constitute
the yeast-to-hypha transition. Hyphal cells are highly elongated cells that remain joined together
following cell division, with the capacity to form complex, filamentous structures. Unlike yeasts,
hyphae are intrinsically invasive and penetrate agar-based media in the laboratory. Within the
host, hyphae enter epithelial and endothelial cells by a receptor-mediated induced uptake
mechanism (reviewed in (6)), as well as active penetration (7). Hypha-specific virulence factors
include degradative enzymes (such as the Sap family of secreted aspartyl proteases (reviewed
in (8)), cell surface adhesins (such as Als3, Hwp1, and Hyr1 (9-12)), and the pore-forming toxin,
Candidalysin (Ece1, (13)). Further supporting the tight connection between yeast-to-hypha

morphogenesis and virulence, the maijority of C. albicans mutants that exhibit strong filamentation
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defects in vitro are also defective in animal models of localized and systemic disease ((14,15), as
reviewed in (16)).

Cues for in vitro induction of yeast-to-hypha morphogenesis include mammalian body
temperature (37°C), mammalian serum, N-acetylglucosamine, nutrient starvation, elevated CO,,
hypoxia, and alkaline pH (17-20). These signals are transduced by a network of fungal signaling
pathways that terminate on specific transcription factors. The transcription factors, in turn,
activate or inhibit genes that control the cell cycle, cell morphology, and genes that are expressed
preferentially in either yeasts or hyphae. Among the pro-filamentation transcription factors, Ume6
plays a prominent role as a common downstream target of multiple signaling pathways (21) that
is both necessary and sufficient for hypha formation in vitro (22).

In contrast to the positive relationship between C. albicans filamentation and virulence, far
less is known of the impact of filamentation on fungal commensalism. Certain data support a
special role for yeasts (versus hyphae) in the mammalian digestive tract. For example, two groups
reported that yeasts are the primary colonizers of this niche, based on direct visual inspection of
organisms recovered from the intestines of colonized mice (23,24). Moreover, a strain that
overexpresses UMEG is attenuated in the Gl colonization model (24), whereas deletion of EFG1,
encoding a different pro-filamentation transcription factor, confers a strong gain-of-fitness
phenotype (25-27). At odds with these results, however, is the strong induction of several hypha-
associated genes, including ones for virulence factors such as Ece1 and Als3, in wild-type strains
propagated in the mammalian Gl tract (28). It remains unclear why virulence factors would be
expressed in the primary niche of commensalism and why, if yeasts truly predominate in this
space, this cell type would express factors that are normally associated with hyphae.

To further characterize C. albicans commensalism, we performed unbiased screens of
libraries comprising ~750 fungal gene disruption mutants in a mouse model of stable
gastrointestinal colonization of which ~650 were detectable in the inoculum sequencing library

pool (see Methods for more details). Four mutants affecting transcription factors known to
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activate filamentation (Efg1, Brg1, Rob1, and Tec1) exhibited significant gain-of-fitness
phenotypes, as did a newly constructed ume6 deletion mutant. To determine whether the
competitive advantage of these mutants derives from altered cell morphology, we used
fluorescence in situ hybridization (FISH) to visualize wild-type C. albicans and the ume6 mutant
in the host Gl tract. Surprisingly, the two strains colonize the gut as virtually indistinguishable,
mixed populations of yeasts and hyphae, with yeasts predominating in proximal compartments
(stomach and small intestines), and hyphae outnumbering yeasts more distally (cecum and large
intestines). These observations suggest that hyphae are not intrinsically defective in colonization
of the gut, that Ume6 is not required for the yeast-to-hypha transition in vivo, and that mutants
affecting pro-filamentation transcription factors likely thrive within this niche because of
differences in gene expression rather than altered cell morphology. Transcriptomic analysis
revealed reduced expression of 36 hypha-associated genes in commensally propagated umeé.
Remarkably, disruption of the SAP6 gene, encoding a hypha-specific secreted aspartyl protease,
confers a fitness advantage in the mouse Gl colonization model. Together, our results suggest
communication between C. albicans and mammalian hosts, with the fungus undergoing
morphological transformations in different compartments of the host digestive tract, and the host

actively curating the fungal population via antifungal responses to hypha-specific markers.

2.2. Results
2.2.1. Screens for C. albicans commensalism factors identify activators of filamentation

In a previous screen for C. albicans commensalism factors, we identified efg? as a
hypercompetitive mutant among 48 co-infected strains (25). In that screen, the maximum number
of strains that could be assessed in a single animal by gPCR was 48, limited by the number of
unique DNA barcodes used to construct our homozygous gene knockout collection (29,30). We

have now developed a linear PCR/high throughput sequencing-based protocol that permits
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quantitation of larger pools of mutants by counting genomic sequences adjacent to each disrupted
gene (described in Chapter 2.4. Methods).

Using the new method, we were able to test the competitive fitness of ~650 C. albicans
mutants in a single pool using a mouse model of persistent gastrointestinal commensalism. Wild-
type BALB/c mice were pretreated with antibiotics (penicillin and streptomycin) to partially clear
the bacterial microbiota prior to direct installation of C. albicans yeasts into the stomach.
Commensally infected animals remained healthy while harboring ~2-5x10” CFU C. albicans per
gram of Gl contents. After collecting at multiple time points (see Table 2.1 for details), the
competitive fithess of individual strains was calculated as the ratio of each strain’s relative
abundance after recovery from mouse feces compared to that in the infecting inoculum. To
control for potential additional mutations that may have been introduced at the time of strain
construction, two independent isolates of most strains were tested in separate inocula. Each
mutant pool was recovered and sequenced from two to three animals.

The results of the first screen (“Screen 1”) are presented in Figures 2.1A and 2.1B. In
this simultaneous test of every mutant in our collection as well as wild type, efg1 emerged as the
dominant strain in every animal. Figure 2.1A depicts the relative fithess of every strain in a
representative animal, and Figure 2.1B depicts the results for efg1 and wild-type in three animals
infected with the same inoculum. The primary sequencing data are presented in Table A.1.
Because all strains other than efg?1 were depleted from the population recovered from animals, it
was not possible to determine the fitness of these other strains compared to each other, and
therefore no mutants with loss of fitness phenotypes were identified. We therefore repeated the
screen (“Screen 27), this time using inocula from which efg? had been omitted. As shown in
Figure 2.1B, two other hypercompetitive mutants, brg7 and rob1, now dominated the population
recovered from animals. In a final attempt to identify commensal regulators and effectors with

reduced fitness phenotypes, we repeated the screen a third time (“Screen 3”), this time using
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Figure 2.1. Filamentation defective mutants confer fithess advantage in GI commensal
model. A. Relative abundance of all mutants in the feces from a single animal at day 10. R =
recovered, | = inoculum. B. Relative abundances of selected mutants from screens compared
to wild type. C. Model of transcriptional regulation of C. albicans yeast-to-hyphal transition.
Regulatory model. Efg1 has been shown to act upstream of Ume6 via epistasis analysis and
ChiP-seq (21,57). Brg1 and Tec1 binds upstream of Ume6 via ChlP-seq (33,58). Rob1 has not
been shown to bind upstream of Ume6 (33). D. One-to-one commensal competition between
wild type (WT, ySN250) and ume6 (ySN1479). E. One-to-one competition between wild type
(WT, ySN1555) and UMEG6-overexpression (tetO-UME6, ySN1557) strains. Paired student’s
t-test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

inocula from which efg1, brg1, and rob1 were omitted. As depicted in Figure 2.1B, a fourth
hypercompetitive mutant, tec7, once again emerged from the screen.

The majority of mutants tested in this commensalism screen were previously assessed for
virulence in a bloodstream infection model of disseminated disease. In that screen, in which
mutants were competed in pools of 48, loss of fithess was the predominant mutant phenotype
(29). To validate our results and to rule out the possibility that the hypercompetitive phenotypes

exhibited by efg1, brg1, rob1, and tec1 were an artifact of the large pool size, each mutant was
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Figure 2.2. One-to-one competitions between wild-type and filamentation mutants
confirms screen results. Relative abundances of strains recovered (R) from mouse feces
compared to the inoculum (l) as determined by gPCR. A. Wild type (ySN250) versus efg1
(yYSN1011). B. Wild type (ySN226) versus efg? (ySN119). C. Wild type (yYSN250) versus
brg1 (ySN1106). D. Wild type (ySN425) versus brg7 (ySN1180). E. Wild type (ySN250)
versus rob1 (ySN1439). F. Wild type (ySN250) versus rob71 (ySN1440). G. Wild type
(yYSN250) versus tec1 (ySN1441). H. Wild type (ySN250) versus tec? (yYSN1442). |. Wild
type (ySN250) versus ume6 (ySN1478). J. Wild type (ySN1556) versus tetO-UMEG6
(ySN1558). Paired student’s t-test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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retested in a 1:1 competition with wild type, using gPCR and strain specific primers to determine
the relative abundance of each strain. As shown in Figure 2.2, two independent isolates of all
four mutants significantly outcompeted wild type in 1:1 competitions (p<0.05 for most cases using
the paired student’s t-test), strongly validating the results of the genetic screens.

In our screens, fungal abundance in mouse feces was used to model abundance in the
host Gl tract. To verify the accuracy of this assumption, we determined the relative abundance
of wild type and brg1, rob1, or tec? in the gut immediately after collecting the final specimens
(from day 25) in the 1:1 competition experiments, above. Animals were humanely euthanized,
and stomachs, small intestines, ceca, and large intestines were recovered using aseptic
technique. Luminal contents were separated from tissues, and each sample was independently
assessed to determine whether strains partition differentially in any compartment. As shown in
Figure 2.3, the results in every specimen were largely identical to the results obtained with mouse

feces, supporting the use of fecal specimens to monitor fungal colonization of the gut.

2.2.2. Transcriptional activators of filamentation inhibit commensal fitness

Remarkably, the four hyperfit mutants identified in our GI commensalism screen all affect
transcription factors that are known to play important roles in C. albicans filamentation (described
in 1.3.2., Figure 2.1.C; (5,30-34)). Numerous previous studies document substantial defects in
the yeast-to-hypha transition of efg1, brg1, rob1, and tec? gene disruption mutants, and efg1,
brg1, and tec1 have also been shown to be defective for virulence in disseminated infection
models (14,31,32). RNA expression and chromatin immunoprecipitation analyses indicate that all
four transcription factors are required for normal activation of the genes associated with
filamentation (33,35-37). Our independent identification of four components of the C. albicans
filamentation program suggests that this program may play an additional role in the control of

commensal fitness. To test this hypothesis, we created a ume6 deletion strain, affecting a
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Figure 2.3. Relative abundance of competitive strains in Gl compartments at end of time
course. A. Wild type (ySN250) versus brg? (yYSN1106). B. Wild type (yYSN250) versus rob1
(ySN1439). C. Wild type (yYSN250) versus tec1 (yYSN1442). T = tissue, C = luminal contents,
T+C = tissue+luminal contents. Sm. Int. = small intestine, Lg. Int. = large intestine.
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transcription factor that has previously been reported to be necessary and sufficient for
filamentation in vitro (Figure 2.1C; (21,22)). This mutant was not included in our original screens.
As shown in Figure 2.1.D, the ume6 mutant strongly outcompeted wild type in the Gl
commensalism model, like other deletion mutants affecting the pro-flamentation program.
Conversely, as previously reported (24), a strain that overexpresses UMEG6 in the absence of
doxycycline (UME6°F) exhibited a loss-of-fitness phenotype in the same model (Figure 2.1E).
These results support a negative role for the C. albicans filamentation program in colonization of

the mammalian gut.

2.2.3. C. albicans colonizes the Gl tract as a mixed population of yeasts and filaments

Given previous reports that C. albicans colonizes the gut primarily in the yeast form
(23,24), we hypothesized that yeasts might have a fithess advantage over hyphae and
pseudohyphae in this niche, and that an increased ratio of yeasts to filaments might account for
the hyperfit phenotype of the efg1, brg1, rob1, tec1, and ume6 mutants. To test this idea, we
developed a fluorescence in situ hybridization (FISH) protocol to visualize commensal C. albicans
in the murine Gl tract, based on a technique originally developed for the visualization of bacteria

(38,39). Ten days after infection with a single C. albicans strain, a commensally infected mouse
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Figure 2.4. Fluorescent in situ hybridization (FISH) reveals similar morphological abun-
dances between wild type and umeé. A. Fixed large intestine sections. WT = ySN250, ume6
=ySN1479. Scale bar is 20 um. Yellow arrowheads highlight hyphae. Red = C. albicans, green
= mucus, blue = nuclei. B. Quantification of C. albicans cell morphologies of 10 fields of each
Gl compartment from at least 5 animals each.
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Figure 2.5. Representative FISH of GI compartments for wild type and ume6 monotypic
colonizations quantified in Figure 2.4.B. WT = ySN250, ume6 = ySN1479. Scale bar is 20
pum. Red = C.albicans, green = mucus, blue = nuclei.

is euthanized and the digestive tract fixed in methacarn, which preserves the architecture of
luminal contents, including the mucus layer. Following embedding, sectioning, and dewaxing of
the specimen, histological sections are hybridized to a fluorescein-coupled DNA oligonucleotide

that hybridizes to fungal rRNA, which is distributed throughout the fungal cytoplasm.
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No antibody anti-Candida antibody

Figure 2.6. Alternative imaging of C. albicans in the large intestine using a polyclonal
pan-fungal antibody used in previous studies (59,60). Left, C. albicans-infected without
primary antibody. Right, C. albicans-infected with anti-Candida primary antibody.

Results for wild-type C. albicans are shown in Figure 2.4.A,B and Figure 2.5. Hyphae
appeared thinner than expected, however, this is consistent with cytoplasmic staining when FISH
staining is compared to staining using a previously described pan anti-fungal antibody to visualize
fungi (Figure 2.6). As previously reported (23,24), we observed a preponderance of yeasts in the
stomach, and jejunum and ileum of the small intestines, with flamentous forms making up only
30.8, and 11.8 and 13.8%, respectively, of the fungal population in these compartments (Figure
2.4.B). However, in the cecum and large intestines, filaments slightly outhumbered yeasts,
making up 58.8 and 57.3% of the respective populations (Figure 2.4.B). Although previous
researchers have not reported so many filamentous forms in the mammalian gut, most have
focused on the ileum (the distal part of the small intestines) (23), where we also find that yeasts
predominate. It is also possible that filaments were disproportionately lost during sample

preparation in some previous studies, which examined C. albicans in extruded luminal contents,
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Figure 2.7. Gastrointestinal colonization of the feces in monotypic infections with
wild type and ume6. Two different sets of monotypic infections of wild type or umeé.
Unpaired student’s t-test *p<0.05.

after washing and filtering steps (23,24). Our results suggest that both yeasts and filaments
colonize the mammalian gut, with the yeast form predominating in more proximal compartments
and hyphae dominating more distally.

Results for the ume6 mutant are shown in Figure 2.4 and Figure 2.5. Remarkably, ume6
colonizes the gut with virtually identical morphology to wild type. Although the absolute number
of fungi is sometimes slightly higher in ume6-colonized animals (Figure 2.7), the proportion of
yeasts and filaments is maintained, with hyphae in the minority in the stomach, jejunum, and ileum
(28.8, 6.4 and 11.7%, respectively) but predominating in the cecum and large intestines (40.2 and
51.7%, respectively). The preserved ability of ume6 to undergo the yeast-to-hypha transition
within the host digestive tract contrasts sharply with its reported defect under in vitro hypha-
inducing conditions (22), suggesting that hosts may contain hypha-inducing cues that are absent
from the in vitro assay. Together, our FISH studies of wild-type C. albicans and ume6 reveal that
1) both yeasts and hyphae are capable of colonizing the gut; 2) flamentation does not require
Ume6 in vivo; and, therefore, 3) Ume6 suppresses C. albicans commensal fitness by a

mechanism independent from morphology.
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2.2.4. NanoString profiling of C. albicans gene expression in the Gl tract reveals a strong hypha-
specific response

If cell morphology per se does not determine C. albicans commensal fitness, we reasoned
that cell type-specific genes expressed by yeasts vs. hyphae may influence their relative capacity
to colonize the mammalian Gl tract. We used NanoString to profile gene expression in wild-type
C. albicans recovered from different regions of the murine gut colonization model over a 25-day
time course. The method was selected because of its ability to accurately quantify small amounts
of fungal RNA amid an excess of host and bacterial transcripts. In the initial experiment, we asked
whether fungal RNA expression differed by Gl compartment or by association with the gut lumen
vs. the gut epithelium. Animals were colonized with wild-type C. albicans and euthanized after
10 days. Luminal contents were separated from tissues, and total RNA was prepared for each
sample. NanoString was performed using 182 primer sets that detects transcripts for transcription
factors as well as cell surface and secreted proteins whose expression is known to be triggered
by environmental cues (40). The results are shown in Figure 2.8, expressed as a ratio of gene
expression in vivo compared to log phase growth in rich laboratory medium. Overall, gene
expression remained relatively stable throughout the gut, and there were no significant differences
between transcripts expressed by fungi recovered from the lumen vs. those associated with host
tissues. Based on these results, subsequent NanoString experiments were performed on whole
compartments without separation.

We next wanted to know how C.albicans gene expression changed over time in the gut.

Animals colonized with wild-type C. albicans were euthanized after 1, 4, 10, and 25 days (n=3 per
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Figure 2.9. NanoString time course over 10 days. A. Heat map filtered by Candida
Genome Database description as hypha-associated or role in hypha formation. B. Heat
map filtered by Candida Genome Database description as pH-responsive or role in pH
tolerance.

time point), and the stomachs, small intestines, ceca, and large intestines were dissected
aseptically. Gene expression was also similar among the different compartments, with the
exception of a low pH-dependent transcript, PHR2, that is upregulated in the stomach compared
to all other compartments (Figure 2.9B). As has been reported previously, a number of
filamentation-associated genes were upregulated in gut-associated C. albicans compared to in
vitro propagated cells (Figure 2.9A). Induction of this gene set was highest in the cecum and
large intestines, which corresponds to the compartments where the highest proportion of filaments
was visualized in the FISH analysis (Figure 2.4.B). Of note, UMEG is among the set of filament-
associated genes that is induced in the gut.

To determine whether differential gene expression between the ume6 mutant and wild

type might account for the hypercommensal phenotype of the former strain, we compared gene
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expression in both strains after recovery from the lumen of the large intestines (where UMEG6
transcription is maximal in wild type, Figure 2.9.A). To our surprise, there were no significant
differences in gene expression between the two strains in this niche, apart from UMEG itself (data

not shown).

2.2.5. RNA-seq reveals that Ume6 controls a subset of hypha-specific genes during gut
colonization

Whereas NanoString has the ability to detect very low abundance transcripts (such as
those encoding transcription factors) in a complex mixture, a disadvantage is that a relatively
expensive set of primers is required for each profiled gene, thereby limiting the number of genes
that it is practical to evaluate. We hypothesized that Ume6 might control the in vivo expression
of genes that were not profiled in our NanoString analysis. To investigate global gene expression
of wild type and ume6 strains recovered from the murine large intestines, we turned to mRNA-
seq, which quantifies all transcripts that are expressed to a threshold level. In a pilot experiment,
we confirmed that we were able to detect C. albicans transcripts in the luminal contents of
stomach, cecum and larger intestine (Figure 2.10). Based on the expression in these
compartments, UMEG is highest in the cecum and large intestine. We hypothesized that UME6
expression would have the largest effects in the large intestine and decided to focus on that
compartment for the remainder of mMRNA-seq experiments.

Experimental groups included wild-type and ume6 strains propagated for 10 days in the
murine commensal model (n=5 large intestine luminal contents per strain), as well as after in vitro
propagation under standard conditions to an OD of 1 (YEPD liquid medium, 30°C, n=3 cultures)
or hypha-inducing conditions for 5 hours (YEPD plus 10% bovine serum, 37°C, n=3 cultures).

Consistent with our hypothesis, global transcriptional profiling revealed multiple
differences between wild type and ume6 (Figure 2.11). In this setting, 116 genes are significantly

downregulated in the ume6 mutant compared to wild type (Table location described in Appendix).
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Figure 2.10. Pilot RNA-seq of the mouse Gl compartments.
mMRNA-seq of stomach, cecum, and large intestine confirms
NanoString results and use of RNA-seq as a viable method for
studying C. albicans transcriptomes in the gut. Genes shown
are those that are significantly changed under many different
hyphal-inducing conditions as defined by Azadmanesh et al.
(41) and mRNA-seq under hypha-inducing conditions
(YEPD+10% serum at 37°C) from our lab.
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Since all of the transcription factors we profiled affect the filamentation program, we hypothesized
that filament-associated genes that do not impact morphology could be responsible for the
commensal phenotype we observe. We defined hypha-induced transcripts as 131 transcripts that
are upregulated or downregulated in wild-type C. albicans when propagated under hypha-
inducing conditions compared to standard in vitro growth in our dataset that also showed
substantial overlap with a recently published in vitro RNA-seq dataset comparing many different
hypha-inducing conditions (all shown in Figure 2.10) (41). Within the ume6 large intestine
significantly downregulated set of genes, 32 were hypha-specific transcripts (Figure 2.11.A).
Together with our finding that the in vitro filamentation defect of ume6 is suppressed by
propagation within the Gl commensalism model, these results support the idea that redundant
pathways are triggered within this niche that can at least partially compensate for the absence of

Ume6.

Upregulated

WT 37°C+serum
5 hour liquid

Azadmanesh 2017
37°C+serum
3 hour liquid

Azadmanesh 2017
differentially expressed in
at least 5 hypha-inducing
conditions

Downregulated

WT 37°C+serum
5 hour liquid

Azadmanesh 2017 105

37°C+serum
3 hour liquid

Azadmanesh 2017
differentially expressed in
at least 5 hypha-inducing
conditions

Figure 2.11. Overlap between published data sets (41) and mRNA-seq of wild type under
hypha-inducing conditions. Genes filtered as significantly (adj. p-value < 0.05) upregulated
or downregulated at least 2-fold. Hypha-specific gene filter defined as the overlap between all
datasets.
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2.2.6. A pro-inflammatory factor is detrimental to C. albicans commensal fitness

We hypothesized that some or all of the 32 filament-associated genes that are
downregulated in umeé relative to wild-type in the GI commensal niche are responsible for the
enhanced fithess phenotype of the former strain. To test this idea, we asked whether single gene
knockouts of SAP6, encoding a secreted aspartyl protease, or HYR1, encoding a predicted GPI-
anchored hypha cell wall protein, were also hypercompetitive in the Gl commensalism model.
Remarkably, both mutants—particularly sap6—exhibited enhanced fitness compared to wild type
(Figures 2.12.B and 2.13). These results were reproduced with independent isolates of each
mutant, and restoration of a single wild-type allele of the SAP6 gene partially complemented the
phenotype of sap6 (Figure 2.12.C), supporting genetic linkage between the mutant phenotypes
and the targeted gene disruptions. Overexpression of SAP6 led to a loss of fitness consistent
with the predicted effect (Figure 2.12.D).

To account for these results, we proposed a model in which C. albicans hyphae, which
have well documented tissue invasive properties and are tightly associated with virulence, may
be actively monitored by the host by means of hypha-specific gene products. That is, hypha-
specific secreted factors such as Sap6 and hypha-specific cell wall proteins such as Hyr1 may be
sensed by the host and may trigger local anti-fungal immune responses when they reach a certain
threshold. In support of this concept, purified Sap6 has previously been shown to elicit pro-
inflammatory immune responses from cultured murine macrophages and dendritic cells (42,43).
These responses were independent of Sap6 protease activity and required host caspase-1 and
caspase-11. To address the role for caspase-1/11 in modulating commensal fithess we will need
to perform commensal competitions in caspase-1/11"" knockout animals. The microbiota of
different mouse backgrounds or even from different facilities maintained by the same vendor has
been shown to contribute to phenotypes seen for different microbes (see section 5.2.3). To limit

these effects, we will first perform fecal transplants from our standard BALB/c animals into
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Figure 2.12. mRNA-seq reveals differences between wild type and umeé6 strains that
implicate a secreted effector in modulating commensal fithess. A. Hypha-specific genes
with expression greater than 2-fold upregulated or downregulated that are significantly
different between wild type and umeé6 in the large intestine. B. WT (ySN250) v. sap6
(ySN1664). C. WT (ySN234) v. sapb6/SAP6-addback (ySN1796). C. WT (ySN235) v. SAP6°¢
(yYSN1798).

caspase-1/11"" animals and their wild-type controls. Then we will perform commensal

competitions between wild type and the sap6 strain.
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Figure 2.13. sap6 and hyr1 mutants are hyperfit compared to wild type. A. WT (ySN250) v.
sap6 (m886). B. WT (ySN250) v. hyr1 (yYSN511). Paired student’s t-test *p<0.05.

2.3. Discussion

The rules governing colonization of the mammalian gut are poorly understood for any
microbial species, and particularly so for the fungal components of gut microbiota. In this study,
our screens for C. albicans regulators and mediators of commensalism unexpectedly identified
four pro-filamentation transcription factors as strong inhibitors of commensal fithess. Strains
lacking EFG1, BRG1, ROB1, or TEC1 are strongly hypercompetitive compared to wild type C.
albicans and other mutants in our library of ~750 strains. Likewise, a newly constructed mutant
lacking UMEG6, which encodes a transcription factor that is necessary and sufficient for
filamentation under in vitro conditions, is also hypercompetitive in the mouse GI commensalism
model, whereas a UMEG°E strain exhibits attenuated commensal fitness.

Prior to these studies, the roles played by C. albicans yeasts and hyphae in the host Gl
tract were unclear. In particular, two major observations have been difficult to reconcile: 1) C.
albicans colonizes the mouse ileum primarily as yeasts; 2) Filament-specific genes are induced
within the host Gl tract. To clarify these observations, we performed detailed in vivo analysis on
wild-type C. albicans as well as ume6, which affects a terminal regulator of filamentation. Our
FISH data clearly indicate that wild-type C. albicans colonizes the mammalian gut as both yeasts
and hyphae, with yeasts predominating in the stomach and small intestines while hyphae

predominate more distally. The finding that fungal morphology differs in different compartments
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of the Gl tract makes sense in light of known features of these compartments, such as the low pH
of the stomach, which favors yeast morphology, as well as hypoxia and hypercarbia in the distal
Gl tract, which favor hyphal morphology. Further, it suggests that hyphae are able to colonize at
least some regions of the mammalian gut.

More surprising was the discovery that a ume6 mutant exhibits normal filamentation in the
gut, in striking contrast to its well-documented defects under a variety of hypha-inducing
conditions in vitro (21,22). This observation suggests that signals present in the mammalian
digestive tract but absent from in vitro hypha-induction assays activate at least one filamentation
activator that is redundant with Ume6. Further, this result implies that the hypercommensal
phenotype of the ume6 mutant is independent of cell morphology.

Transcriptomic comparisons of wild-type and umeé6 strains propagated in vitro vs. in the
mammalian gut dovetailed with the FISH experiments by exposing a larger Ume6-dependent
regulon in vitro compared to in vivo. Whereas filamentation-specific genes require Ume6 for
normal expression under standard in vitro hypha-inducing conditions, this number drops to 36
within the mammalian Gl tract, again supporting redundant mechanisms for gene activation in this
niche. Nevertheless, we demonstrated that differential expression of SAP6 and HYR1 genes has
a dramatic effect on fitness within this niche, with knockouts of either filament-associated factor
exhibiting enhanced competitive fitness.

Sapb6 is part of a family of three C. albicans secreted aspartyl proteases that are highly
conserved at the amino acid level, maintaining 90% identity overall ((44), reviewed in (8)). Despite
their sequence conservation, the alleles are distinguished by features such as pattern of
expression. For example, Sap4, Sap5, and Sap6 are expressed primarily by hyphae, whereas
Sap1, Sap 2 and Sap3 are expressed primarily by yeasts (8). Different Saps have different pH
optima of proteolytic activity (45,46). Sap2 and Sap6 are the only Saps with demonstrated activity
in inducing a pro-inflammatory response from human monocytes, and cultured mouse

macrophages and dendritic cells (42). This activity is independent of the proteolytic activity of the
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Sap proteins, suggesting that the host has evolved to recognize these virulence effectors directly
and not indirect damage caused by enzymatic activity (43). To determine whether host
recognition of Sap6 influences C. albicans commensal fitness, we will compete wild type and sap6
in wild-type C57BI/6 animals vs. Caspase-17, Caspase-11"" animals. As we have demonstrated
that the gut microbiota can influence C. albicans phenotypes, we will first perform fecal transplants
from our standard BALB/c background to reduce confounding factors that may affect results.

To account for our observations, we propose a model in which C. albicans yeast cells are
tolerated by the host, whether because they are inert or because they offer an as yet unidentified
benefit. In contrast, hyphae—which are strongly associated with virulence—are monitored and
maintained below a certain level. Specifically, when hypha-specific products such as secreted
effectors (e.g. Sap6) and cell wall proteins (e.g. Hyr1) accumulate within the digestive tract, an
antifungal immune response is triggered. Based on our observation that strains producing fewer
hypha-specific antigens (e.g. ume6, sap6, hyr1) outcompete wild-type strain in competitive
infections suggests that these responses are localized to areas of high antigen abundance,
thereby sparing organisms in other regions of the gut. If true, our model implies that the
composition of the gut microbiota is determined not only by microbial adaptations, but also by

active host surveillance with selection for and against specific commensal microorganisms.

2.4. Materials and Methods
2.4.1. Strains

Genetic screens for C. albicans commensalism factors were performed with the Noble
(29) and Homann (30) collections of isogenic, barcoded, homozygous deletion mutants. Both
libraries are available from the Fungal Genetics Stock Center (http://www.fgsc.net/) (29,30). The
ume6A/A and hgc1A/A were created for this study using a previously described fusion PCR

technique (29,30,47). All mentioned strains are described in the Noble Lab Yeast Strains
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database. All primers are described in the supplemental tables deposited on the Noble Lab server.

Filenames are listed in the Appendix.

2.4.2. in vivo studies

All procedures involving animals were approved by the UCSF Institutional Animal Care
and Use Committee. The mouse model of C. albicans commensalism was performed essentially
as previously described (25,48) with minor modifications. Groups of 8-10-week (18-21 gram)
female BALB/c mice were housed 2 per cage, unless otherwise specified, and treated with
penicillin 1500 un/ml and streptomycin 2 mg/ml in their drinking water for 7-8 days prior to gavage,
and continually throughout the experiment.

For competitions between isogenic wild-type C. albicans and mutants of interest, 2-6 mice
were gavaged with 108 CFUs of a 1:1 mix of wild type and efg1, brg1, rob1, tec1, ume6, tetO-
UME®G or hgct in 0.9% saline. Antibiotics were continued, and fecal pellets were collected at
specified intervals. C. albicans recovery and quantification were performed as described
previously (29). For screens, the Noble and Homann deletion collections (29,30) were individually
inoculated into 1 mL of YEPD in 96 well plates, grown overnight and diluted 1:20 into 1 mL of
fresh YEPD in 96 well plates. After 4 hours of growth at 30 C (mid log), strains were pooled, mice
were gavaged with 10® CFUs and feces collected at described time points. Between 4 and 6
animals housed 2 per cage received each inoculum. Inoculum and fecal pellets from commensal
assays were plated on Sabouraud/2% agar (BD) containing ampicillin (50 pg/mL) and gentamicin
(10 pg/mL).

For some monotypic infection experiments, end organ plating was performed after
removing the Gl tract. The spleen, kidneys and liver were homogenized and a portion plated to

determine CFUs.

2.4.3. Preparation of sequencing libraries from in vivo screen for G| commensalism factors
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Genomic DNA from plated inoculum and fecal pellets was isolated as previously described
(25,48). Feces from one animal per cage was prepared for sequencing. A linear-amplification
based deep-sequencing method modified from (49) was used to selectively amplify the genomic
DNA region flanking the gene disruption created by the Candida dubliniensis HIS1 selectable
marker (29). Briefly, 5-20 ug of genomic DNA was separately digested overnight using restriction
enzymes Alul, Bfal, Dpnll, Rsal, or Tagal (New England Biolabs). The restriction enzymes were
heat inactivated, digests pooled and precipitated to concentrate the DNA, and gel-free size
selection performed using SeraMag bead mix (as prepared in (50)) to capture DNA at 200-1000
bp. 1 ug of DNA was used for linear amplification by AccuPrime Taq (Invitrogen) with biotinylated
primer SNO1774 for 100 cycles. Single-stranded biotinylated DNA was captured using
streptavidin-coated beads overnight and second adapter ligation performed with CircLigase Il
(Epicentre) using primer SNO1775 the next day. PCR using AccuPrime Taq and lllumina primers
1 (SNO1777) and 2 (barcoded; SNO1776, SNO1819-1829 or SNO1949-1960) was performed for
15 cycles. Clean-up of PCR products to remove primers was performed using SeraMag bead mix.
2100 Bioanalyzer (Agilent) traces were used to quantify library abundances and size distribution.
Multiplexed libraries for sequencing were pooled based on Bioanalyzer traces. For some libraries,
additional size exclusion was achieved using the Sage Science BluePippin available in the UCSF
Center for Advanced Technology. Sequencing of libraries (50 base pair-single end) was
performed using custom sequencing primer SNO1830 at the University of California Berkeley
QB3 Vincent J. Coates Genomics Sequencing Laboratory (GSL) on an lllumina HiSeq2000 or

HiSeq4000.

2.4.4. Quantification of mutant abundances in screens
Reads from individual libraries were mapped to the Candida albicans genome
(candidagenome.org, Assembly 21) using bowtie (51) and assigned to mutants based on the

proximity (within 200 bp) of the start or end of a gene present in the Noble and Homann Candida
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albicans deletion collections (30,47). Abundances of each strain in a library were determined as
the ratio of the number of reads for an individual mutant to the total number of reads for all strains
present in that library. If strain abundance in the inoculum was less than 100 reads, the mutant
was removed from further analysis. Finally, fold changes for an individual strain were defined as
the log2 transformed ratio of the abundance of the strain in the fecal time point (recovered, R)
over the abundance in the inoculum (l). All data files are deposited on the Noble Lab server and

file paths are listed in the Appendix.

2.4.5. in vivo imaging of Candida albicans

For FISH experiments, mice were dissected at day 10 post infection, and stomach, small
intestine (proximal, medial and distal), cecum and large intestine were placed in tissue cassettes
and fixed in methacarn (60% methanol, 30% chloroform, 10% glacial acetic acid) at room
temperature from a range of three hours and up to two weeks.

Tissue cassettes were processed post-fixation in the following washes: twice for 35
minutes in 100% methanol, twice for 25 minutes in 100% ethanol, twice for 20 minutes in xylenes
(histological grade, Sigma-Aldrich) and then placed in melted paraffin wax for two hours at 70°C.
Following processing, sections were embedded by UCSF Cancer Center Immunohistochemistry
and Molecular Pathology Core, then sent to Nationwide Histology (Veradale, WA) to be cut into
either 4 ym or 8 um sections.

Fluorescence in situ hybridization (FISH) was performed as previously described (39) with
the following modifications: hybridization was performed with a pan-fungal DNA probe conjugated
to Cy3 (5’-Cy3-CTCTGGCTTCACCCTATTC-3’; Integrated DNA Technologies) (52,53), for three
hours at 50°C and, instead of anti-Muc2 staining, sections were counterstained with DAPI, and
either FITC conjugated UEA-1 (Sigma) for stomach and large intestine sections, or FITC

conjugated UEA-1 and FITC-conjugated WGA-1 (Sigma) for small intestine and cecum sections,
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at 4°C for 45 minutes. Sections were mounted with Vectashield (Vector Laboratories) and imaged
on Keyence microscope model BZ-X700. Yeast and hyphal structures were quantified manually
using the cell counter plug-in for Fiji (ImagedJ) (54).

For immunohistochemistry, paraffin-embedded sections were rehydrated with the
following washes: twice at 60°C in xylenes for 10 minutes, twice at room temperature in 100%
ethanol for 5 minutes, once at room temperature in 70% ethanol for 5 minutes, once at room
temperature in 50% ethanol for 5 minutes, and twice at room temperature in distilled water for 3
minutes. Slides were blocked with 10% normal goat serum (Santa Cruz Biotechnology) in PBS
for 30 minutes. Then, slides were incubated with anti-C. albicans primary antibody (Meridian Life
Sciences; 1:500 in PBS) for 2 hours followed by AlexaFluor594-goat anti-rabbit (Thermo-Fisher;
1:500 in PBS) for 1 hour. Finally, slides were counterstained with DAPI, and FITC-conjugated
UEA-1, and mounted as described for FISH. All blocking and staining steps were performed at

4°C.

2.4.6. NanoString transcriptional profiling

For NanoString experiments, BALB/c mice, singly housed, were monotypically infected by
oral gavage with either wild-type C. albicans, or the mutants of interest (hgc1 or ume6). Remaining
inoculum was spun down and pellet was flash frozen in liquid nitrogen and stored at -80 C prior
to further processing. At each time point, each mouse Gl tract was dissected and divided into four
compartments: stomach, small intestine, cecum and large intestine. When tissue versus contents
association was assessed, contents were squeezed out of the tissue using forceps. Gl sections
were flash frozen in liquid nitrogen and stored at -80C.

RNA extraction for NanoString was performed as previously described (55), with the
following modifications. Frozen pellets of cells from the inocula were resuspended in 650 L of
buffer RLT (Qiagen) with 1% (-mercaptoethanol (3-ME), and then added to 650 pl phenol-

chloroform-isoamyl alcohol (25:24:1), plus 250 pl of zirconia beads. 1.8 mL of buffer RLT with 1%
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B-ME was added to each Gl section. 650 ul of homogenate was mixed with phenol-chloroform-
isoamyl alcohol plus zirconia beads as described above.

The NanoString nCounter Analysis System was used with a previously described set of
fluorescent probes for hybridization and detection (55). NanoString analysis was performed as
previously described (55). Briefly, all samples were normalized to the average counts across all

samples.

2.4.7. RNA-seq library preparation and sequencing

For mRNA-seq, animals were treated the same way as NanoString with the exception that
the contents from all compartments were extruded using forceps, shap frozen in liquid nitrogen
and processed in house.

RNA extraction for mRNA-seq was performed as previously described in (56), with
modifications. Dow Corning vacuum grease was used for phase separation, instead of phase-
lock tubes. Three to five additional acid phenol-chloroform (Ambion) and phenol-choroform-
isoamyl alcohol (Ambion) extractions were added to eliminate endogenous RNases. Following
precipitation and resuspension of pellets in RNase-free water, RNA was further cleaned up using
the MEGAclear transcription clean-up kit (Ambion). DNase | (NEB) treatment was performed on
10 ug RNA for 10 minutes at 37 C, then 0.5 M EDTA was used to inactivate DNase | at 75 C for
10 min. Following DNase treatment, a final acid phenol-chloroform extraction was performed.
RNA was then precipitated and resuspended in RNase-free water. In vitro and in vivo samples
were treated identically.

NEBNext Ultra Directional RNA Library Prep Kit for lllumina in combination with NEBNext
Poly(A) mMRNA Magnetic Isolation Module and NEBNext Multiplex Oligos for Illumina was used to
generate mRNA-seq libraries. The protocol provided by NEB was followed precisely using 1 ug
total RNA and 13-14 cycles in the final PCR, with the exception that Ampure XP bead mix was

replaced with Sera-Mag Speed Beads (Thermo-Fisher) (50). Library fragment size was
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determined using High Sensitivity DNA chips on a 2100 Bioanalyzer (Agilent). Library
quantification was performed by qPCR with a library quantification kit from KAPA Biosystems
(KK4824). Sequencing was performed on the UCSF Center for Advanced Technology
HiSeq4000. All raw sequencing files and have been deposited on the Noble Lab. Filepaths are

listed in the Appendix.

2.4.8. Transcriptome analysis

To determine significant changes in RNA expression, reads were mapped to the current
haploid C. albicans transcriptome (Assembly 21, candidagenome.org) and transcript abundances
were then evaluated using kallisto (57). Statistical comparisons of transcript abundances between
different conditions were performed on estimated counts using limma as previously described
(58). Data in heat maps where individual biological replicates are shown were made using
transcript per Million mapped reads (tpm) values generated by kallisto. All data files are deposited

on the Noble Lab server. File paths are listed in the Appendix.
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Chapter 3. Dual role for white-opaque regulators in C. albicans Gl commensalism
3.1. Introduction

Candida albicans is the major fungal commensal and opportunistic pathogen of humans.
Hosts with immune deficits (such as organ transplant recipients), those who have undergone
invasive procedures, and those with microbial dysbiosis following antibiotic treatment are
vulnerable to life-threatening disseminated candidiasis (1,2). However, the most common niche
of this fungus is the mammalian gut, skin, and genitourinary tract since, unlike most other
pathogenic fungi, C. albicans appears to lack a primary environmental niche apart from the host
(3-6). Previous C. albicans research has focused primarily on its virulence potential, and it
remains to be determined how this commensal-pathogen survives as a ubiquitous component of
mammalian gut microbiota and how it transitions between commensal and pathogenic lifestyles.

Multiple transcriptional regulators of commensalism have been identified by means of
screens of C. albicans mutants in mouse models of stable gastrointestinal colonization. For
example, Tye7, Rtg1, Rtg3, Lys144, Hms1 and orf19.3625 were identified as positive regulators
in one study (7), and Efg1 and Efh1 were identified as inhibitors in others (8-11). Similarly, Zcf8,
Zfu2, and Try4 were identified as commensalism activators and Ume6 and Wor3 as inhibitors in
a screen in gnotobiotic animals (12). Finally, we previously showed that the transcription factor
Wor1 activates commensal fithess in the mammalian gut by promoting a switch between
standard ‘white’ yeast cells and a morphologically distinct ‘GUT’ cell type that is optimized for
this niche (13). In this study, we independently identified Efg1 as a strong inhibitor of
commensal fithess and proposed that at least part of this activity of Efg1 derives from its well-
documented activity as a direct transcriptional repressor of WOR1 (see section 1.2.6. for more
detail). Additionally, | identified Brg1, Rob1, Tec1 and Ume6 as inhibitors of commensal fithess
in a conventional mouse model of gastrointestinal colonization (Chapter 2).

Efg1 and Wor1 have been extensively characterized for their roles in controlling a
different morphological transition that confers sexual competency in this species. As mentioned
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above, Efg1 and Wor1 also play mutually antagonistic roles in the regulation of C. albicans
sexual switching, which is restricted to cells with rare MTLa or MTLa genotypes. The “white-to-
opaque” sexual switch has been intensively studied and, via genetic and biochemical
approaches, many additional transcription factors have been shown to coordinate with Efg1 and
Wor1 to create a self-reinforcing transcriptional regulatory circuit. It is now known that many
transcription factors contribute to the phenotype (14) but at the outset of this study eight core
regulators had been identified. In addition to Wor1 and Efg1, those regulators are Wor2, Wor3,
Wor4, Czf1, Ahr1 and Ssn6 (15-23). Efg1, Czf1 and Ahr1 have also been shown to play a role in
another morphological transition, the yeast-to-hyphal switch (24,25). We hypothesized that the
white-to-GUT switch in C. albicans MTLala cells is controlled by an analogous circuit that
includes additional white-to-opaque regulators. However, because the white-to-GUT switch
most likely occurs in a different host niche with different inducing signals and produces a
different outcome, there must be differences between the two.

We tested every core white-to-opaque switching regulator for roles in C. albicans
commensalism. In addition, we profiled RNA expression of worf1, efg1, czf1, WOR1°F and
efg1wor1 strains in the mammalian Gl tract to determine how the gene expression profile differs
from wild type. To define direct regulatory targets of Wor1, Efg1 and Czf1 in vivo, we developed
a Calling Card-seq method for C. albicans. This work sheds light on how the commensal state
of this important fungal pathogen is specified, as well as how the transition between the

commensal and pathogenic states is regulated.

3.2. Results
3.2.1. Regulators of sexual switching also control commensal fitness

We previously showed that Wor1 is required for C. albicans fitness as a commensal in
the mammalian gut, whereas Efg1 negatively regulates fitness in this niche (13). To determine
whether other canonical regulators of sexual switching also play roles in commensalism, we
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Figure 3.1. One-to-one competitions reveal role for white-opaque regulators in
commensalism. A. WT (ySN250) v. wor2 (ySN1142). B. WT (ySN250) v. wor2 (ySN1143). C.
WT (ySN250) v. wor3 (ySN1111). D. (ySN250) v. wor3 (ySN1433). E. WT (ySN250) v. wor4
(ySN1493) F. WT (ySN250) v. wor4 (ySN1494). G. WT (ySN250) v. czf1 (ySN1144). H. WT
(ySN250) v. czf1 (ySN1383). I. WT (ySN250) v. ahr1 (ySN1187). J. WT (ySN250) v. ahr1
(yYSN1188). K. WT (ySN250) v. ssn6 (ySN1488). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

generated mutants affecting CZF1, WOR2, WOR3, WOR3, AHR1, and SSN6. Homozygous
disruptants of each open reading frame (ORF) were created in the reference strain ySN152, the

same genetic background as the wor?1 and efg? mutants. To determine the relative fitness of
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each strain, competition experiments were performed with a 1:1 mixture of mutant and wild-type
(WT) C. albicans. qPCR was used to determine strain abundance in the inoculum and in mouse
feces over a 25- to 30-day time course, and the results for two independent isolates of each
mutant are plotted in Figure 3.1. Surprisingly every tested white-opaque regulator exhibited
significant effects on commensal fitness. Specifically, wor2, wor3, and wor4 are
hypercompetitive compared to WT, suggesting that Wor2, Wor3, and Wor4 function to inhibit
commensal fitness in the gut. Ahr1 may also weakly inhibit commensal fitness but the
phenotypes of the mutants are much weaker (Figure 3.1.1,J). Conversely, czf1 and ssn6
mutants exhibit reduced commensal fitness, implying a positive role for Czf1 and Ssn6 in gut
commensalism (Figure 3.1.G,H,K). It should be noted that, because the ssn6 mutant exhibits a
substantial growth deficit under in vitro conditions, this factor’s role in promoting fithess in the Gl
tract may be nonspecific.

It should be noted that the original wor1? isolates created for the lab had in vitro growth
defects not previous seen. To confirm that the wor? results were true, we created new wor?
isolates and performed commensal competitions with wild type (Figure 3.2A,B). These isolates
overall appear less fit but the defect is not statistically significant. The WOR71°® hyperfit
phenotype is reproducible using a different strain background and a different overexpression
construct (Figure 3.2.C). Passage of this strain through the mouse Gl tract also resulted in GUT
cells (data not shown).

The observation that at least seven of eight key sexual regulators (including Wor1 and
Efg1) also control commensal fithess in the gut suggests that there is substantial overlap
between the two regulatory circuits. On the other hand, the roles of at least some of these
factors appear to differ between sex and commensalism. For example, Wor2, Wor3, and Wor4
all promote the white-to-opaque switch but inhibit fithess in the gut. Regulators with consistent
roles in both sexual switching and commensalism include Wor1 and Czf1, which promote both
processes, and Efg1, which inhibits both processes.
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3.2.2. Overexpression of transcription factors leads to commensal phenotypes

As another layer of validation of the transcription factor phenotypes and to prepare for
epistasis experiments, we created strains that overexpressed WOR2, WOR3, WOR4, CZF1 and
AHR1. Expectedly, WOR2 and WOR4 overexpression led to decreased commensal fitness
(Figure 3.3.A,C). Overexpression of CZF1 appeared to have no effect on commensal fithess
and did not lead to a change in cell morphology as had been the case with WOR7°F (Figure
3.3.D,E, data not shown for morphology). One isolate of AHR1°F was hyperfit by day 10 and the
other only began to show a statistically significant increase compared to wild type at day 30
(Figure 3.3.F,G). Surprisingly, overexpression of WORS3 led to hyperfilamentation in vitro but

decreased filamentation in vivo concomitant with enhanced commensal fitness (Figure 3.3.B).
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Figure 3.3. Overexpression competitions. A. WT (ySN425) v. WOR2°% (ySN1251). B. WT
(ySN425) v. WOR3°E (ySN1245). C. WT (ySN425) v. WOR4°E (ySN1533). D. WT (ySN425)

. D, V.
CZF1° (ySN1447). E. WT (ySN425) v. CZF 19 (ySN1445). F. WT (ySN425) v. AHR19F (ySN1522)
G. WT (ySN425) v. AHR1% (ySN1525). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.2.3. Genetic epistasis reveals rewiring between the transcriptional circuits controlling sex and
commensal fitness

To define the relationship between these different transcription factors and their
hierarchy in commensal fitness, we performed epistasis analysis by introducing two mutations
with opposite phenotypes into the same strain and determining commensal fitness (e.g. creating
an efgiwor1 strain because efg? is hyperfit on its own and wor? is hypofit). We first
characterized an efg7wor1 strain in competition with wild type. This strain performed better than
wild type at all time points (Figure 3.4.A). Clearly the efg1 phenotype dominates in this strain so
we next wanted to know if Wor1 had any contribution to fitness in an efg?1 background. The efg1
strain was transformed with a signature-tagged C.d.ARG4 marker to create an isogenically
matched strain to use in competition with the efg7wor? strain. Competition between efg? and
efg1wor1 resulted in the efg? strain dominating (Figure 3.4.B). This suggests that Efg1 has
both Wor1-dependent and —independent regulatory mechanisms in the gut. To determine the
relationship between Efg1 and Czf1, we created an efg7czf1 double mutant and competed it
against either isogenic wild type or efg? strains (Figure 3.4.C,D). The efg1czf1 strain
outcompeted wild type but had identical fithess to the efg? mutant. This suggests Czf1 is

19 strain

upstream of Efg1 in regulating commensalism. This would partially explain why a CZF
had no additional fitness advantage over wild type if Czf1 must work through Efg1.
WOR1 overexpression leads to a switch in cell morphology and, subsequently, to
increased commensal fitness. To test whether Czf1 contributes to the GUT cell phenotype in
addition to commensalism, we generated a czf7 strain that overexpressed WOR1 and competed
it against wild type (Figure 3.4.E). This strain eventually lost, leading to the conclusion that not

19 strain

even WOR1 overexpression can compensate for loss of Czf1. Because the czfTWOR
decreased abundance quickly, we were unable to determine in competition whether that strain
could form GUT cells. In a monotypic infection with the czf1WOR1° strain, GUT cells could

eventually be detected if cells were observed microscopically because the gross colony
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morphology did not match that seen for WORT overexpression alone in that it still appeared to

be the same as the starting strain (data not shown). We had previously generated a WOR1°F
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strain that had open markers that would allow us to manipulate GUT cells in vitro. This strain
was passaged through the mouse Gl tract and resulted in GUT colonies that were stored for
future manipulation (Figure 3.2.C). Using this strain we were able to create a GUT strain that
lacked CZF1 (termed czf1GUT). In competition with an isogenically matched wild type strain,
czf1GUT had higher commensal fithess (Figure 3.4.F). These data point to the requirement for
Czf1 during formation but not maintenance of the GUT phenotype.

In an effort to add Wor2 and Wor3 into the regulatory diagram, WOR1 or CZF1 were
knocked out in a wor2 or wor3 background. These strains were competed against wild type in
our commensal model. Loss of either WOR1 or CZF1 did not affect the hyperfit phenotype of
the wor3 background (Figure 3.5.A,B). In the wor2 background, loss of either WOR1 or CZF1
resulted in ambiguity. In both competitions, the two cages behaved differently with wild type and
the mutant winning in one of the two (Figure 3.5.C,D). These results suggest that these
transcription factors act on the same regulatory targets. A wor3 strain overexpressing WOR?2 is
hyperfit like the wor3 background strain (Figure 3.5.E). Overexpressing both WOR? and WOR2
in the same strain resulted in a hyperfit phenotype compared to wild type (Figure 3.5.F,G).
However, this strain did not take on the elongated GUT phenotype characteristic of WOR1
overexpression alone. Taken together, these data suggest the gain or loss of WORZ2 expression

is secondary to other manipulations in white-opaque regulators.

3.2.4. White-opaque regulators are also regulators of filamentation in vitro

There is increasing evidence that certain C. albicans transcription factors control multiple
morphological transitions, with the outcome of a specific transition dependent upon the local
environment. Based on our previous work showing a strong inverse correlation between the
filamentation program and commensal fitness, we investigated whether the white-opaque
regulators also impact filamentation. Wild-type and mutant strains were propagated filament-
inducing media (Lee’s glucose pH 6.8 and Spider) and assessed for the ability to generate
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Figure 3.5. Epigenetic analysis during commensal colonization reveals hierarchy of
transcription factors (part 2). A. WT (ySN425) v. wor3wor1 (ySN1341). B. WT (ySN425) v.
wor3czf1 (ySN1377). C. WT (ySN425) v. wor2wor1 (ySN1340). D. WT (ySN425) v. wor2czf1
(YSN1375). E. WT (ySN425) v. worSWORZ2°E (ySN1245). F. WT (ySN250) v. WOR1°EWOR2°¢
(ySN1656). G. WT (ySN250) v. WOR1°EWOR2°F (ySN1657). *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

hyphae and pseudohyphae. As shown in (Figure 3.6), the vast majority of white-opaque
regulator mutants do exhibit defects in flamentation (either increased or decreased, compared
to wild type). However, unlike the case with canonical regulators of filamentation, mutants
affecting the white-opaque regulatory circuit do not exhibit a consistent correlation between the

propensity to flament and decreased commensal fitness.
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Lee’s glucose
YEPD pH 6.8 Spider

30°C  37°C 30°C  37°C 37°C

Role in filamentation

worl Repressor
WORT1%
wor2 Repressor
WOR2%
wor3 Activator
WOR3©¢
wor4 Repressor
WOR4°*
czf1 Repressor
CZF1°t
efgl Activator
ahri Conditional
AHR1©E

Repressor with
ssn6 growth defect

Figure 3.6. Filamentation phenotypes of white-opaque regulators. Single colonies for
each strain were plated for 7 days under non-filament inducing (YEPD at 30°C), or filament-
inducing (YEPD at 37°C, Lee’s glucose pH 6.8 at 30°C, or 37°C, or Spider at 37°C) conditions.
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mucosa lumen

wild type

GUT

efg1

Figure 3.7. GUT cells in the Gl tract are hypofilamentous. FISH staining of large
intestine mucosa (left) or lumen (right) infected with wild type (ySN425), GUT
(WOR1°E post mouse, ySN1045), or efg1 (ySN1011), respectively. Red = C. albicans,
green = mucin, blue = nuclei. Scale bar = 20 ym.

We have previously shown that, in contrast to its in vitro phenotype, Ume6 is not
required for filamentation within the murine gut. To assess the in vivo morphology of white-
opaque regulator mutants within the strongest in vivo defects, we utilized fluorescent in situ
hybridization to stain fungal 25S rRNA in the large intestines animals colonized with a single
strain. Compared to wild-type C. albicans, which exhibits roughly 60% filaments and 40% yeasts
in this region of the bowel, GUT cells exhibit far less filamentation (Figure 3.7). efg1 yeasts are

slightly elongated but smaller than GUT cells, both in vitro and within the host, and this strain
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Figure 3.8. Loss of efg7 or overexpression of WOR17 confers an early growth advantage
in the gut. Colony forming units (CFUs) of wild type (ySN425), wor1 (ySN1351), GUT
(WOR1°E post mouse, ySN1045), efg?1 (ySN1011), or efgTwor1 (yYSN1126), respectively. Scale
bar = 20 ym. Unpaired student’s t-test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

colonizes the gut as nearly 100% yeasts (Figure 3.7). Moreover, both GUT cells and efg1
colonize with a high fungal load, as determined by CFU counts and FISH staining (Figure 3.7,

3.8).

3.2.5. Gene expression changes by mRNA-seq

To determine how white-opaque regulators control commensal fitness, we performed
comparative transcriptomics of wild type and mutants recovered directly from murine large
intestines. This analysis focused on Wor1, Efg1 and Czf1, three core regulators of both the
white-opaque switch and commensal fithess that exhibit different genetic relationships in the two
processes (Figure 3.9). Mice were monotypically infected with wild-type ySN425, worf, czf1,

efg1, WOR1°E GUT, or an efg1, wor1 double mutant, and intestinal contents were extracted at
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Figure 3.9. Volcano plots of mRNA-seq comparisons in the large intestine. A. WT
(ySN250) v. wor1 (ySN1351). B. WT (ySN250) v. czf1 (ySN1145). C. WT (ySN250) v. WT
(ySN425). D. (ySN425) v. GUT (ySN1045). E. WT (ySN425) v. efgiwor1 (ySN1126) F. WT
(ySN250) v. efg1 (ySN1011). Vertical dashed lines at 2-fold upregulated or downregulated.
Horizontal dashed line at adjusted p-value = 0.05.

day 10. mRNA-seq data for ySN250 from Chapter 2 were used for the wild-type control in
comparisons with wor? and czf1.

Strikingly, all of the strains with hyperfit commensal phenotypes (i.e. efg?7, GUT,
efg1wor1) exhibit relative downregulation of hypha-associated genes (Figure 3.10). This result

is consistent with the increased preponderance of yeasts exhibited by these mutants within the
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gut, as detected by FISH.
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Figure 3.10. Expression of a core set of hypha-coregulated
genes is dampened in strains that are hyperfit. WT250 =
ySN250 (WT-arg), WT425 = ySN425 (WT+arg). Fold changes
produced by limma. Genes filtered as described in Chapter 2 for
hypha-specific genes.
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In FISH-stained sections of large intestine, efg? and GUT strains appear to be enriched
in mucin, which is stained with UEA-1. We hypothesized that these cell types may be better at
binding to or utilizing mucin as a nutrient source. Reasoning that either type of effector would
likely be localized on the C. albicans cell surface or secreted into the intestinal lumen, |
reviewed a previously generated list of proteins confirmed to be in the C. albicans secretome to
filter my mRNA-seq data (Figure 3.11.A) (26). Within the secretome are a number of enzymes
that have been predicted to have activity against a major component of the fungal cell wall,
chitin, which is composed of N-acetylglucosamine (GIcNAc) polymers, or serve to break down
other external carbohydrates (reviewed in (27)). GIcNAc is also a major component of mucin as
well as bacterial membranes. Based on expression patterns of the secretome in the gut, CHT2,
a predicted chitinase, appears to be the only enzyme with activity against carbohydrates to be
highly expressed in all three of the hyperfit mutants, efg?, GUT and efgiwor1, and
downregulated in the hypofit mutant, czf7 (Figure 3.11.A).

Several independent cht2 isolates were previously generated as part of the Noble
deletion collection. A conditional overexpression strain (tetO-CHTZ2) occurs in the C. albicans
GRACE collection. To test the role of this enzyme in GIcNAc utilization in vitro, | plated these
strains to synthetic complete (SC) media with glucose (SD) and SC+GIcNAc. Both knockout
isolates and the overexpression isolate grew similarly to wild type (ySN250) (Figure 3.11.B).
However, when plated to a nutrient poor synthetic media, Lee’s, with either glucose or GIcNAc,
at a neutral (6.8) or acidic pH (5), both cht2 isolates grew more poorly than wild-type,
particularly with GIcNAc as a carbon source. The tetO-CHT2 strain, which in the presence of
doxycycline should behave as another deletion isolate, grew similar to its parent strain CaSS1
with or without doxycycline (Figure 3.11.B). The concentration of doxycycline may have needed

to be higher than 20 ¥ g/ml to fully shut off CHT2 expression. From these observations, we can
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conclude that there may be a slight metabolic phenotype on nutrient poor GIcNAc media upon

B -dox +dox

WT250
cht2 #1
cht2 #2
CaSs$s1
tetO-CHT2

Lee’s glucose pH 5

WT250
cht2 #1
cht2 #2
CaS$S1
tetO-CHT2

Lee’s GIcNAc pH 5

WT250
cht2 #1
cht2 #2

CaSs1
tetO-CHT2

Lee’s glucose pH 6.8

WT250
cht2 #1
cht2 #2

CaS$S1
-5 0 5 tetO-CHT2

Lee’s GIcNAc pH 6.8

WT

cht2 #1
cht2 #2
tetO-CHT2

SC+glucose

WT

cht2 #1
cht2 #2
tetO-CHT2

SC+GIcNAc

Figure 3.11. Enhanced expression of secreted chitinase may increase fitness of
hyperfit strains. A. Fold change of secreted proteins in mutant strains compared to
isogenic wild type. WT250 = ySN250 (WT-arg), WT425 = ySN425 (WT+arg). Grey
rectangles indicate no significant change in expression. *involved in carbohydrate
metabolism based on review of secreted carbohydrate modifying enzymes (27). B.
Growth of WT, cht2 and tetO-CHT2 mutants on minimal media with different carbon
sources. CaSS1 = WT GRACE collection comparator. tetO-CHT2 is
doxycycline-repressible.
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deletion of CHT2 but more characterization will need to be performed to determine its role in C.

albicans survival in the mammalian gut.

3.2.6. Transcription factors bind upstream of filamentation regulators in vivo

To determine the direct regulatory targets of Efg1, Wor1 and Czf1 in vivo, we
implemented Calling Card-seq, a new technique in C. albicans, that had originally been
developed for mammalian cells to study transcription factor binding events as an alternative to
chromatin immunoprecipitation (28,29). This technique relies on the conservative movement of
a transposon by a transcription factor-PiggyBac transposase (TF-PBase) fusion protein from a
neutral site in the genome (LEUZ2 locus) to a transcription factor binding site upstream of a
regulatory target. Efg1-PBase, Wor1-PBase, or Czf1-PBase strains containing two transposons
were inoculated into antibiotic-treated mice. Mice were sacrificed after 5, 10, 15, or 20 days, and
then the cecum with contents homogenized and plated to SD-histidine-leucine selection media.
Sequencing libraries were prepared from recovered cells.

After mapping and selection for high confidence hits, a total of 1542 genes were the
target of at least one of the three transcription factors in the mouse gut. As predicted, Wor1,
Czf1 and Efg1 bound their own promoters as well as those of the other two transcription factors
(depicted in Figure 3.12). A total of 86 genes were the target of all three transcription factors
(location of tables described in Appendix). These 86 genes included 17 other transcription
factors including seven, Wor2, Wor3, Wor4, Ahr1, Tec1, Brg1, and Ume6, that our lab has
shown to have roles in commensal fitness (Chapters 2 and 3).

Because of the complex, interlocking nature of these transcription factors in their
regulation, combining mRNA-seq results with binding events that occur only in the presence of
one of the TF-PBase fusions could yield direct in vivo regulatory targets for that transcription
factor. As an example, for Efg1 there are only 5 genes, representing 3 intergenic regions, that
are not also targets of Wor1 and Czf1. For the two represented intergenic regions, YCP4
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Figure 3.12. Calling card-seq overlap for Efg1-PBase, Czf1-PBase, and Wor1-PBase.
Arrows indicate binding events only. White bubble numbers are the number of genes that have
overlap between data sets for the transcription factors with arrows pointing to the bubble.

(orf19.5285) and PST3 (0rf19.5286), and orf19.474 and orf19.475, have divergent promoters
and sequencing reads were assigned to both genes for each intergenic region. Incorporating the
in vivo mRNA-seq data for efg?7 compared to wild type, expression in the efg?7 mutant is
downregulated for YCP4 and orf19.474 transcripts, indicating that these genes are the likely
targets and are transcriptionally activated by Efg1.

Table 3.1. Efg1-PBase only Calling Card-seq binding events compared to previous ChIP
and mRNA-seq data sets.

ORF19 Common | Hernday | Hernday | log2(efg1/WT250) | mRNA-seq (Efg1-PBase)-
Designation | name White Opaque | mRNA-seq in adjusted p- (Ptpns-PBase)
ChiP ChiP large intestine value Calling Card
binding events
orf19.2023 HGT7 0.581 0.729 0.8883 0.4072 16
orf19.474 0.796 0.601 -1.3725 0.0009 8
orf19.475 0.796 0.601 -0.3296 0.6400 8
orf19.5286 YCP4 0 0 -2.3483 4.0785E-06 5
orf19.5285 PST3 0 0 0.9990 0.0998 5
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Interestingly, CHTZ2 is only a direct target of Czf1-PBase. CHT2 is downregulated in the
czf1 strain, but is upregulated in the efg1, efgiwor? and GUT strains in vivo. These data
suggest that perhaps Efg1 or Wor1 is responsible for indirectly regulating Czf1’s ability to

activate CHT2.

3.3 Discussion

Here we present a strong case for the involvement of transcription factors of the white-
opaque regulatory network as gastrointestinal commensal regulators. Czf1 and Wor1 act as
activators, while Wor2, Wor3, Wor4, Ssn6 and Efg1 are detrimental to commensalism. To tease
out a mechanism by which these regulators have an effect, we focused on strains with the
strongest phenotypes in our GI competition model by mRNA-seq and Calling card-seq.

Superficially, it would be easy to equate the functions of these regulators with that of the
filamentation regulators we have previously described. All white-opaque TFs have at least some
mild filamentation phenotype in vitro, hyperfit commensal strains have downregulated hypha-
coregulated genes, and unlike the ume6 mutant, which can form hyphae in vivo at rates similar
to wild type, efg? and GUT strains rarely filament in vivo. Evidence from our lab as well as
others suggests that broadly filamentation is an undesirable commensal characteristic.
Therefore, we sought to look beyond the obvious to find something unique to these regulators.

Further digging into the mRNA-seq and Calling card-seq data led up to CHT2 as a
possible downstream effector in the Gl tract. As a putative chitinase, the Cht2 enzyme may play
an important role in nutrient acquisition during gastrointestinal colonization. The facts that CHT2
is expressed at lower levels in the Gl tract in the hypofit czf1 strain, high levels in all of the
hyperfit mutants we profiled, and is a direct regulatory target of Czf1 in vivo, indicated that it is a
strong candidate for further characterization in our mouse model of gastrointestinal commensal

fitness. The mechanism of action cannot simply be metabolism of GIcCNAc containing substrates
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as the cht2 mutants grow more poorly on Lee’s minimal media even in the presence of glucose
as the carbon source.

Though we did not investigate it here, in the future, the mRNA-seq datasets may also be
used to define and investigate a core set of genes that are essential for C. albicans survival in
the Gl tract independent of these transcription factors. The colonization of the czf1 and wor1
strains are similar to wild-type in monotypic infections. Thus, the set of genes upregulated in all
three strains compared to under standard in vitro conditions could yield new insights into the
adaptation of C. albicans to its host reservoir.

The Calling card-seq method is being continuously improved to limit false positive events
and increase transcription factor binding event coverage so that it might be used in host
environments where C. albicans is not so abundant such as the kidneys. However, these
presented data highlight the importance of finding ways to study the molecular mechanisms
within the environment of observed phenotype.

Taken together, the results presented here add depth and complexity to the
characterization of C. albicans commensal interactions with its mammalian host. We have also
described several tools that could be widely beneficial to the Candida albicans community at
large, including in vivo transcriptional profiling via mRNA-seq and regulatory binding events via

Calling card-seq.

3.4 Materials and Methods
3.4.1. Strains

All yeast strains have been given ySN designations and are described in the Noble Lab
yeast strains database. Plasmids are described in the Noble Lab Bacterial strains and plasmids
database. All primers are present in the Noble Lab Oligos database and the spreadsheets

available on the Noble Lab server and described in the Appendix.

92



3.4.2. in vivo mouse studies

All procedures involving animals were approved by the UCSF Institutional Animal Care
and Use Committee. The mouse model of C. albicans commensalism was performed essentially
as previously described (13,30) with minor modifications. Groups of 8-10-week (18-21 gram)
female BALB/c mice were housed 2 per cage, unless otherwise specified, and treated with
penicillin 1500 un/ml and streptomycin 2 mg/ml in their drinking water for 7-8 days prior to
gavage, and continually throughout the experiment.

For competitions between isogenic wild-type C. albicans and mutants of interest, 4-6
mice were gavaged with 10® CFUs of a 1:1 mix of wild type and a single mutant in 0.9% saline.
Antibiotics were continued, and fecal pellets were collected at specified intervals. C. albicans
recovery and quantification were performed as described previously (31). Inoculum and fecal
pellets from commensal assays were plated on Sabouraud/2% agar (BD) containing ampicillin

(50 pg/mL) and gentamicin (15 pg/mL).

3.4.3. in vivo imaging of Candida albicans

For FISH experiments, mice were dissected at day 10 post infection, and stomach, small
intestine (proximal, medial and distal), cecum and large intestine were placed in tissue
cassettes and fixed in methacarn (60% methanol, 30% chloroform, 10% glacial acetic acid) at
room temperature from a range of three hours and up to two weeks.
Tissue cassettes were processed post-fixation in the following washes: twice for 35 minutes in
100% methanol, twice for 25 minutes in 100% ethanol, twice for 20 minutes in xylenes
(histological grade, Sigma-Aldrich) and then placed in melted paraffin wax for two hours at
70°C. Following processing, sections were embedded by UCSF Cancer Center
Immunohistochemistry and Molecular Pathology Core, then sent to Nationwide Histology

(Veradale, WA) to be cut into either 4 um sections.
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Fluorescence in situ hybridization (FISH) was performed as previously described (32)
with the following modifications: hybridization was performed with a pan-fungal DNA probe
conjugated to Cy3 (5-Cy3-CTCTGGCTTCACCCTATTC-3’; Integrated DNA Technologies)
(33,34), for three hours at 50°C . Sections were counterstained with DAPI and either FITC
conjugated UEA-1 (Sigma) for large intestine sections at 4°C for 45 minutes. Sections were
mounted with Vectashield (Vector Laboratories) and imaged on Keyence microscope model BZ-

X700.

3.4.4. mRNA-seq library preparation and sequencing

RNA extraction for mRNA-seq was performed as previously described in (35), with
modifications. Dow Corning vacuum grease was used for phase separation, instead of phase-
lock tubes. Three to five additional acid phenol-chloroform (Ambion) and phenol-chloroform-
isoamyl alcohol (Ambion) extractions were added to eliminate endogenous RNases. Following
precipitation and resuspension of pellets in RNase-free water, RNA was further cleaned up
using the MEGAclear transcription clean-up kit (Ambion) for wor?1 (ySN1351), or Sera-Mag
beads for ySN425, efg? (ySN1011), czf1 (ySN1145), WOR1°E GUT (ySN1045), and efgwor1
(ySN1126). DNase | (NEB) treatment was performed on at least 5 ug RNA for 10 minutes at
37°C. Following DNase treatment, a final acid phenol-chloroform extraction was performed.
RNA was then precipitated and resuspended in RNase-free water.

NEBNext Ultra Directional RNA Library Prep Kit for lllumina in combination with
NEBNext Poly(A) mRNA Magnetic Isolation Module and NEBNext Multiplex Oligos for Illumina
was used to generate mRNA-seq libraries. The protocol provided by NEB was followed using 1
Mg total RNA and 14 cycles in the final PCR, with the exception that Ampure XP bead mix was
replaced with Sera-Mag Speed Beads (Thermo-Fisher) in a homemade PEG solution (36).
Library fragment size was determined using High Sensitivity DNA chips on a 2100 Bioanalyzer
(Agilent). Library quantification was performed by qPCR with a library quantification kit from

94



KAPA Biosystems (KK4824). Sequencing was performed on the UCSF Center for Advanced
Technology HiSeq4000.

To determine significant changes in RNA expression between mutants and wild type in
the large intestine, reads were mapped to the current haploid C. albicans transcriptome
(Assembly 21, candidagenome.org) and transcript abundances were then evaluated using
kallisto (37). Statistical comparisons of transcript abundances between different samples were
performed on estimated counts generated by kallisto using limma as previously described (38).
Data in heat maps where individual biological replicates are shown were made using transcript
per Million mapped reads (tpm) values generated by kallisto. All data files have been deposited

on the Noble Lab server and descriptions of location are in the Appendix.

3.4.5. Calling card-seq

From glycerol stocks, Wor1-PBase (yYSN1933), Efg1-PBase (yYSN1943), and Czf1-PBase
(ySN1941) strains were streaked onto YEPD plates and incubated for 16 hours at 30°C. Cells
were scraped from these plates, diluted to 5x10° CFU/ml and 100 pl each was spread onto
several SD-histidine-leucine plates for 48 hours at 30°C. A disposable yellow loop was used to
scrape colonies from the plate into water. From OD measurement, the mixture was
resuspended to 5x10® CFUs per ml. 200 ul was gavaged into antibiotic treated mice. One
gavage volume was plated to SD-histidine-leucine-arginine plates to select for transposition
events that had occurred during inocula preparation that would serve as a background dataset.
For subtraction of background transposition events, Prpy3-PBase (yYSN1904) was grown in liquid
YEPD or YEPD+100 uM BPS.

After 10, 15, or 20 days animals were sacrificed and each cecum homogenized in 3 ml
of PBS pH 7.4. We observed PBS was required to prevent mucus aggregation. 100 ul was

diluted 1:10 in PBS for subsequent plating to determine CFUs/gram cecum. The rest of the
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volume was plated 500 ul per 100 mm SD-histidine-leucine-arginine plate. Cells were allowed to

grow for 2 days at 30°C. Colonies that had grown on these plates were collected for subsequent

DNA extraction and library preparation. Library preparation and sequencing are described in

Section 4.4. All reads from the same strain grown in mice were pooled prior to data analysis. All

sequencing file locations are described in the Appendix.
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Chapter 4. A new method for studying transcription factor dynamics, Calling Card-seq in
C. albicans

4.1. Introduction

Candida albicans is an opportunistic fungal pathogen that does not have a known
environmental niche. Instead this organism normally exists as a commensal of mammals and
these colonizing strains are thought to become virulent upon perturbation of the host such as
immune deficits. This presents a challenge to developing in vitro conditions that could be used to
mimic C. albicans behavior because it can occupy many different complex host environments,
ranging from the gastrointestinal tract to end organs. Previously, to study transcription factor
binding events in C. albicans, the field was limited to using chromatin immunoprecipitation (ChlP)
under in vitro conditions that lacked the complexity of the host environment (1).

Reliance on ChIP presents several challenges to study gene expression regulation by
transcription factors in vivo. For some C. albicans transcription factors, such as Efg1, it is known
that their regulatory targets change depending on the in vitro condition used to grow the cells. For
other transcription factors, most notably Wor1, standard FLAG and HA tags interfere with protein
function and custom antibodies must be raised to epitopes of these proteins. Custom rabbit
polyclonal antibodies that are of high specificity are hard to raise and of finite quantity, limiting the
number of assays performed with each antibody.

An alternative technique known as Calling Card-seq was validated to study transcription
factor binding events in Saccharomyces cerevisiae and human cell culture (2-5). Briefly, this
system relies on movement of a transposon by a transcription factor-transposase fusion that
results in integration of the transposon near the transcription factor binding site. Next-generation
sequencing libraries generated from the sites of integration are analyzed to determine
transcription factor regulatory targets.

Here we present a C. albicans specific system based on PiggyBac transposase Calling

Card-seq developed for mammalian cell culture that can be used to study transcription factor
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binding events. Our validation in vitro makes using this system to study the dynamics of C.
albicans transcription factors in vivo a possible alternative to ChlP-seq. This technique has limited
reagent requirements and the potential to be a powerful system to complement RNA-seq to study

molecular regulation in the host.

4.2. Results
4.2.1. Codon optimized PiggyBac transposase is active in Candida albicans

In order to determine whether any aspect of the previously described Calling Card
methods could be used in C. albicans, | first needed to validate transposase activity in C. albicans.
Genetic manipulation of C. albicans must be performed through integration of non-native DNA
sequences into the genome. Based on this restriction, | reasoned that the transposon would have
to be made so that excision and reintegration events could be selected for using auxotrophic
markers. Three such markers, HIS1, LEU2, and ARG4 were available to us in the strain ySN152.
To select for excision from the integration site, having a split marker that could reproducibly
recombine to produce a coding sequence for a functional protein was of paramount importance.
The mammalian PiggyBac transposase system was therefore more attractive for this purpose
because the transposon is integrated and excised conservatively from any TTAA site leaving no
trace of its previous presence.

As part of the CTG clade, C. albicans translates CUG codons as serine not leucine (6). A
plasmid containing the human PiggyBac transposase (PBase) nucleotide sequence was obtained
from Rob Mitra’s lab at Washington University, St. Louis but it could not be used directly in C.
albicans due to non-optimal codon usage. To mitigate mistranslation of ambiguous codons, we
contracted GenScript to create a C. albicans codon optimized PBase based on the amino acid
sequence obtained from the Mitra lab. GenScript synthesized the codon optimized PBase

nucleotide sequence on a plasmid.
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PBase has its own nuclear localization sequence and thus the untethered PBase is still
able to enter the nucleus and interact with its transposon (7). To test whether the codon optimized
version had activity in C. albicans, | generated a plasmid with TDH3 homology flanking the PBase
sequence to direct the transposase DNA to the TDH3 gene locus (diagrammed Figure 4.1.A).
This put PBase under the control of the constitutively active TDH3 promoter. This construct was
transformed into a C. albicans strain containing the split ARG4::tn-HIS1 transposon version 1
(diagrammed Figure 4.1.B, construction described in Materials and Methods). After selection for
the transformation of this construct, cells were streaked to SD-histidine-arginine. The strain
containing the PBase construct grew under selection while the starting transposon only strain did
not (Figure 4.1.C). This indicated that the untethered PBase was translated and had transposase

activity in C. albicans.

4.2.2. Iron transcription factors

As part of the validation of this technique, | chose to start by profiling iron utilization
regulating transcription factors that had previously been characterized by our lab under in vitro
conditions by whole genome RNA expression and ChlP-chip (8). Sef1, a Zn(ll),Cyss DNA-binding
protein, is expressed under low iron conditions and has ~163 regulatory targets (8). Sfu1 is a
GATA-type transcription factor for which ChlIP-chip identified only 21 regulatory targets but the
data were much noisier than for Sef1 so the regulon could be incomplete due to inability to call
peaks with confidence (8). Sfu1 acts upstream of Sef1, binding to its promoter and downregulating
its expression as well as that of iron uptake genes. Sef1 binds Hap43, the regulatory component
of the CCAAT-complex, as well as genes involved in iron uptake, activating their expression.

After 2 days of growth in triplicate on high iron (YEPD) or low iron (YEPD+0.25 mM BPS)
plates, Sef1-PBase, Sfu1-PBase, Pser-PBase, and Pseri-PBase strains were replica plated to
SD-histidine-arginine plates. After 2 days of selection at 30°C, cells were collected and

sequencing libraries prepared. All strains grew as lawns on YEPD while individual colonies were
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Figure 4.1. PiggyBac transposase validation. A. Steps in construction of the P, -PBASE strains.
B. Schematics of every version of the PiggyBac transposon. PE = paired end, C.a. = Candida albicans,
C.d. = Candida dubliniensis, C.m. = Candida maltosa. C. Strains with transposon and P, -PBASE
integration grew on SD-histidine-arginine media.
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distinguishable on YEPD+BPS. After sequencing, none of the strains had enough coverage to
assess binding events from individually grown plates, so all reads from each strain were pooled
together for further analysis.

In the case of Sef1-PBase, when compared to its Pse-,-PBase background, 38 genes were
identified as Sef1 targets. Of these 18 (47%) were also identified by ChIP-chip (Figure 4.2.B).
Sef1 binds to the promoter of Hap43 and controls its expression (8). An additional 3 Sef1-PBase
targets that are not ChlP-chip targets are annotated in the Candida Genome Database as Hap43
regulated but not Hap43 ChIP-chip targets suggesting that these may be real previously
unidentified Sef1 targets. Only 2 intergenic regions, comprising 4 potential regulatory targets have
greater than 10 transposition events above untethered background when all libraries are pooled.
Untethered PBase expressed from the SEF1 locus has much higher activity than the Sef1-PBase
fusion protein (2084 fusion insertions to 15131 untethered insertions). Clearly, conditions need to
be optimized for SEF1 expression in vitro or modifications made to the fusion construct in order
to obtain maximal binding target coverage for this transcription factor.

For Sfu1-PBase, using low stringency filtering with 5 or greater insertions above
background, 1700 genes were identified as targets. The number of fusion insertions (38185) and
untethered insertions (23384) were much closer in scale than Sefl data. However, these data
appeared to be very noisy and only 12 of 21 (57%) targets called by ChlIP-chip were present in
this data set (Figure 4.2.C). Narrowing to the 20 targets with the highest number of insertion
events, which comprised 13 intergenic regions, only 2 intergenic regions (RBE1-FTR1 and RPR1-
SIT1) had previously been identified by ChIP-chip as Sfu1 targets (Figure 4.2.D). However, an
additional 6 of the other 11 intergenic regions were annotated as having a role related to iron or
were Hap43 regulated. Expression levels of genes bounding two of these intergenic regions,
FET31 and FRE10, which have the highest transposon insertions above background, are also
higher in an sfu1 mutant compared to WT under iron replete conditions. Thus, this Calling Card-

seq technique may have identified additional direct regulatory targets of Sfu1.
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Figure 4.2. Comparison of Calling Card-seq results with ChIP-chip for iron regulated transcription factors. A.
Reproduction of proposed iron regulatory network from (8). B. Overlap between Chen ChIP-chip Sef1 peak calls under
low iron conditions and my pooled Calling Card-seq under iron replete and limited conditions. C. Overlap between Chen
ChIP-chip Sfu1 peak calls under low iron conditions and my pooled Calling Card-seq under iron replete and limited
conditions. D. Top 20 Sfu1 binding targets by Calling Card-seq. Orange = called by both ChIP-chip and Calling Card-seq.
Yellow = called by Calling Card-seq only but additionally described as Hap43 regulated.
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4.2.3. White-opaque regulators

Wor1 and Efg1 are best characterized as transcription factors that act to mutually inhibit
each other during the stochastic white®-opaque?® cell type switch (9-12). Efg1 is an APSES
transcription factor with a basic helix loop helix structure, whose deletion has a pleiotropic
phenotype in C. albicans because it is involved in a number of transcriptional and morphologic
changes in response to environments cues (13). Regulation of Efg1 occurs transcriptionally as
well as post-translationally by the PKA pathway (14-16). Recently, Wor1, White-Opaque
Regulator 1, has also been shown to play a role in the white #“-GUT and white #*-grey **-opaque
@ morphological transitions (11,17). Wor1 binds DNA through the recently described WOPR
domain (18).

Wor1-PBase a/a strains had very low activity when grown on YEPD and then replica
plated to selective media, as expected. To test that the construct was functional, we preliminarily
deleted the MTLa locus in a Wor1-PBase strain and generated opaque cells. After opaque cell
selection, cells were able to grow on the selection medium SD-histidine-arginine. Preparing next-
generation sequencing libraries from genomic DNA of the selected cells showed a smear of about
200 bp to 2 kb as opposed to a single distinct band suggesting that the Wor1-PBase fusion was
active when expressed under favorable conditions and there was not a stochastic single
transposon insertion event that was propagated to all cells (data not shown).

WOR1 is expressed in at about 40-fold higher levels in opaque cells than in white cells
(11,19,20), which would make opaque cells a more promising choice for getting high coverage of
Wor1 binding sites in vitro. The process of generating opaque cells can take several weeks of
growth at room temperature and the possibility of a transposition event being propagated over
the course of generations made Calling Card-seq in its current version untenable in opaque®®
cells. Previously, the Huang lab showed that low temperature, low pH and Lee’s media with

GIcNACc as the carbon source favored opaque cell formation (17,21,22). To catch binding events
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early, | chose to plate white cells on Lee’s GIcNAc pH 5, SC, or YEPD, and grow the colonies for
7 days at 25°C before replica plating. After 7 days, | observed that some colonies were
hyperfilamentous but most were yeast in all strains (a/a and a) grown on Lee’s GIcNAc pH 5 (data
not shown). A similar observation was made during a study of opaque cell filamentation that
suggests that these cells would be those that transitioned from white to opaque®* or opaque?
(23). Indeed, the highest prevalence of cells that grew after selection on SD-histidine-arginine (i.e.
had the highest transposase activity) were those that came from the hyperfilamentous colonies.
These observations suggest that on this media, Wor1 expression occurs at the highest levels in
cells that have made a morphological transition. Whether the transition is white yeast to white
filaments or, white yeasts to opaque yeasts to opaque filaments, is not clear.

The genome coverage was low for individual Wor1 samples so all libraries from cells
grown on Lee’s GIcNAc pH 5, SC, or YEPD were pooled. This resulted in similar numbers of
distinct transposon insertions for Wor1-PBase fusion (31152) and untethered PBase expressed
from the WORT locus (36887). 214 of 504 (42%) of high confidence Calling Card hits are also
opaque Wor1 ChlP-seq hits as defined by Hernday et al. 2013 (Figure 4.3.A) (9).

Of the four tagged transcription factors, Efg1-PBase was the most active. All colonies had
at least one transposition event after replica plating on YEPD, Lee’s GIcNAc pH 5 and Lee’s
GIcNAc pH 6.8. However, after sequencing it appeared that the YEPD grown samples were
unusable. The Lee’s samples had good coverage so | chose to proceed with just those samples.
Instead of pooling all conditions, there appeared to be enough coverage to pool just those libraries
that were a single strain under a given condition (e.g. 3 biological replicates of Strain 1 Efg1-
PBase grown on Lee’s GIcNAc pH 5 were pooled together). To define high confidence hits, |
filtered by presence of 5 insertion events over background of the median of all 8 samples. This
resulted in 182 Calling Card-seq peaks of which 41 were also present in both the white and

opaque Efg1 ChlP-seq dataset in (9), 10 were present in the white but not opaque set, and 57
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Figure 4.3. Comparison of Calling Card-seq results with ChiP-seq for
transcription factors. A. Overlap between Hernday ChiP-seq Wor1 peak calls for opaque cells
from (9) and my pooled Calling Card-seq under opaque favorable conditions. B. Overlap
between Hernday ChlIP-seq Efg1 peak calls for white and opaque cells and my pooled Calling
Card-seq under opaque favorable conditions. C. Core white-opaque transcription factor
promoter binding by Hernday ChlIP-seq and my Calling Card-seq method. CCS = Calling

Card-seq.

white-opaque
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were in the opaque but not white, for a combined total of 108 Calling Card-seq targets that were
also present in the ChlP-seq datasets (59%) (Figure 4.3.B).

Wor1 and Efg1 bind upstream of other white-opaque regulators to inhibit or activate their
expression (refer to Chapter 1&3). | looked at whether binding events occurred upstream of these
regulators in my Calling Card-seq dataset, and all promoters of core transcription factors, WOR1,
WOR2, WOR3, WOR4, EFG1, CZF1 and AHR1 were bound by Wor1 as expected from the ChlP-
seq dataset (Figure 4.3.C). Efg1 was expected to bind all but the promoter of AHR1 but in this
case, Efg1 also bound upstream of AHR1. This indicates that under some circumstances, AHR1

is also a target of Efg1 though it had not previously been described as such.

4.3. Discussion

Here we present a Calling Card-seq technique that can be used to study C. albicans
transcription factor binding events both in vitro and in vivo. We tested transcription factors from
four different families of DNA-binding proteins with some level of success in identifying binding
events for all four. Interestingly, even the previously untaggable transcription factor, Wor1,
showed activity when fused to PBase. This method, with additional optimization, could become a
very powerful tool for studying transcription factor regulatory events where ChIP is not viable.

To further develop this technique, the ability to regulate when the transcription factor-
PBase fusion is allowed to be active would be the next challenge to tackle. Transcription factor
expression control can be achieved already at the transcriptional level using the previously
described tet-OFF regulatable system (24). Other potential methods include post-translational
control of the protein by incorporation of a regulatable protein degradation signal, potentially from
human, FKBP12, that is stabilized by the ligands SFL* or Shild1 (25), or from E. coli, DHFR, that
is stabilized by the antibiotic, trimethoprim (26). Protein degradation control of PBase has

previously been achieved by the Mitra lab (27).
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Genome coverage may prove to be a problem for lowly active transcription factor-PBase
fusions or for transcription factors with a high number of regulatory targets. Efg1 is an abundant
transcription factor for which a single transposon was enough for nearly every cell to have a
transposition event. Unfortunately, a single transposon for Sef1 and Wor1 yielded much less
reliable data which could be due to their low expression rates. For Wor1, which has >500
transcriptional targets in opaque cells, there may end up being fewer multiple insertions in the
same promoter region reducing confidence in the target genes.

For in vivo studies, | previously generated strains with 2 transposons. However, due to
limited open markers, both transposons had to be made in the same split ARG4 construct. This
greatly increased the background. In the future, use of a tandem transposon array may be
required. This tandem construct would have to be integrated into the genome and the problem of
high background from the starting genomic location still remains. To limit background, we may be
able to use either selective depletion using biotinylated probes to the starting genomic integration
site followed by a linear amplification mediated protocol to enrich for transposition targets as we
used for screening our C. albicans knockout collection (Chapter 2). As an alternative, after
libraries are made, we could try using a recently described method for specific depleting unwanted
highly abundant transcripts in RNA-seq libraries using Cas9 (28).

Overall, this technique shows promise for expanding our ability to study transcriptional

regulation in the mammalian host.

4.4. Materials and Methods
4.4.1. C. albicans PiggyBac transposon construction

Version one of the transposon construct consisted of an internal Candida dubliniensis
HIS1 marker flanked by PiggyBac transposon long terminal repeats (LTRs) (tn-C.d.HIS1 v1)
amplified from the pBM5211 plasmid received from the Mitra lab as published in (4). This

transposon was incorporated into the Candida dubliniensis ARG4 gene at a TTAA site near the
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end of the open reading frame, splitting the gene. The final plasmid included C. albicans LEU2
locus homology as flanking sequences to the C.d.ARG4::tn-C.d.HIS1::C.d.ARG4. This construct
was linearized using Pmel and transformed into the auxotrophic strain, ySN152. Integration at the
C. albicans LEUZ2 locus was confirmed by colony PCR of the left and right junctions. C. albicans
transformants were initially able to grow on SD-histidine plates but not SD-arginine. This construct
was not optimized for high-throughput sequencing. Therefore, a second version of the transposon
was created from tn-C.d.HIS1 v1. This second version additionally contained three restriction
enzyme cut sites, one of ten barcodes and 20 bases of homology to non-multiplexable paired-
end primer 2 directly adjacent to the 5’LTR. The final libraries produced from this construct could
only be sequenced on the HiSeq2500 and, therefore, to bring the construct up to date a third
version was created. In version 3 of the transposon, non-multiplexable paired-end primer 2
homology and internal barcode were replaced by the sequence for the multiplexable version of
primer 2 that could be used to perform paired end sequencing on the HiSeq4000.

For white-opaque regulators, an MTL::FLP-SAT1 plasmid was generated that would
indiscriminately replace either the MTLa or MTLa allele (pSN369 and pSN370). C. albicans
transformants were screened for loss of MTLa and/or MTLa using primers SNO2358 and

SNO02359, and SNO2360 and SNO2361, respectively.

4.4.2. PiggyBac transposase fusion construct generation

The PiggyBac transposase nucleotide sequence was codon optimized for C. albicans and
synthesized and cloned into pUC19 by GenScript (Piscataway, NJ). To create the linker-PBase-
FLP-SAT1 plasmid used to generate transcription factor tagging cassettes, the codon optimized
version of the PBase was amplified from the GenScript plasmid by primers with amino acid linker
homology at the 5’ end and FLP-SAT1 cassette homology at the 3’. pPRS316 was linearized and

amplified by PCR with linker homology on one end and FLP-SAT1 cassette homology on the
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other. The FLP-SAT1 fragment was amplified from pSFS2A by primers with homology to PBase
at the 5 and pRS316 at the 3'. The three fragments were oligomerized by homologous
recombination in S. cerevisiae. DNA was prepared from S. cerevisiae clones and transformed
into E.coli DH5a by electroporation. Restriction digest with Pmel was used to screen colonies and
positive clones were sent for sequencing at Sequetech. Primers used are desposited in the Noble
Lab Oligos Filemaker Database.

The linker-PBase-FLP-SAT1 plasmid was cut with Pmel, and then ~300 bp of the 5° UTR
or ~300 bp of the 3’ end of transcription factor homology added at the 5’ and ~300 bp of the 3’UTR
added at the 3’ by homologous recombination in S. cerevisiae as previously described
(diagrammed in Figure 4.4.B).

C. albicans has limited capacity to propagate plasmids so all constructs had to be
incorporated into genome at the original gene locus to persist. After transformation of either the
Pmel linearized promoter-PiggyBac transposase or transcription factor-PiggyBac transposase

constructs into the strains containing the transposon (ySN1873 and ySN1874), transformants

A TF5 PBase FLP-SAT TF 3
TF 5 TF ORF TF3
B FLP-SAT1 TF 3'
TF 5 TF ORF TF 3

Figure 4.4. Schematic of PiggyBac transposase tagging constructs. A. Untethered PBase
replaces open reading frame (ORF) of transcription factor (TF). PBase under control of TF
promoter. B. Integrating TF-PBase fusion construct. Construct includes homology to the TF
ORF 3’ without the stop codon, followed by an 18 amino acid (aa) linker and then PBase
nucleotide sequence that ends in a stop codon. FLP-SAT1 was subsequently removed to leave
a single FRT site behind.
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were selected on YEPD containing 200 ug/ml nourseothricin (YEPD+Nat). Nat-resistant colonies
were picked after 1 day at 30C and streaked to fresh YEPD+Nat overnight at 30C. Single colonies
were patched to YEPD+Nat, SD-histidine and SD-histidine-arginine. From these patches, correct
construct insertion was verified using primers to the left and right junction deposited in the Noble
Lab Oligos Filemaker Database. Patches that were still HIS+ but ARG-, i.e. had not already
undergone a transposition event, were made into glycerol stocks. The FLP-SAT1 selection
cassette was induced to recombine out of the genome by overnight growth in YEPD+maltose
liquid culture at 30C. Overnight cultures were diluted 100,000-fold in water and 100 nl plated to
YEPD. Single colonies were allowed to grow overnight at 30C overnight. This plate was then
replica plated to YEPD+Nat, SD-histidine and SD-histidine-arginine. These plates were allowed
to grow overnight. Nat-sensitive, HIS+, ARG- colonies from the original YEPD plate were stored

as glycerol stocks. This procedure worked to limit transposition prior to experimental procedure.

4.4.3. Strain growth conditions

Strains were streaked from glycerol stocks to YEPD at 30°C for 16 hours. Cells were
scraped from plate and resuspended in water. From OD measurements, ~50,000 CFUs were
plated to 100 mm plates containing media specific to the assay. For iron transcription factors,
Sfu1 and Sef1, strains were plated to YEPD and YEPD+250 uM bathophenanthrolinedisulfonic
acid (BPS) in triplicate for 2 days at 30°C. For white-opaque regulators, Efg1 and Wor1, strains
were plated to YEPD, SC plus amino acids, and Lee’s media plus N-acetylglucosamine at pH 5
for 7 days at 25°C. Efg1 strains were additionally plated to Lee’s media plus N-acetylglucosamine

at pH 6.8 for 7 days.

Following growth on conditional media, to isolate colonies that had undergone
transposition events, all plates were replica plated to SD-histidine, SD-arginine and SD-histidine-
arginine. Colonies from SD-histidine-arginine were washed from plates and collected for DNA

isolation.
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4.4.4. Sequencing library preparation

After genomic DNA extraction, sequencing libraries were prepared as previously
described (4,5) with modifications. DNA was cut with one of three restriction enzymes: Mspl, Rsal
or Tag1a. DNA from restriction digests was precipitated with isopropanol and 5 M ammonium
acetate, washed with 70% ethanol and resuspended in 30 pl nuclease-free water. Digested DNA
was resuspended to 2-3 ng/ul in a 400 ul ligation reaction with T4 ligase. The ligation reaction
was incubated at 15°C for greater than 16 hours then precipitated with ethanol and 3 M sodium
acetate, washed with 70% ethanol and resuspended in 30 pul nuclease-free water. 15 pl of ligated
DNA was used in a PCR reaction with Phusion polymerase and custom read one primer SNO2980
and one of 96 barcoded paired end primer 2. The PCR program used was: Step 1: 94°C 2 min,
Step 2: 94°C 30 seconds, Step 3: 94°C 30 seconds, go to Step 2 for 30 cycles, hold at 10°C. PCR
cleanup was performed using 1.0x homemade SPRI bead mix (29). PCR product quantification
was performed using Quant-iT PicoGreen dsDNA assay kit (P11496). After quantification, all
reactions were pooled in equal quantities. Size selection was performed on the Center for
Advanced Technology (UCSF) Sage Science BluePippin with 2% agarose dye-free cassettes with
marker V1 using 250 base pair-500 base pair elution criteria. A subsequent buffer exchange to
TE was performed with SPRI bead mix. Libraries were visualized using High Sensitivity DNA
chips on the Agilent Bioanalyzer available in the UCSF Diabetes Center. Sequencing was
performed at the Center for Advanced Technology, UCSF on the HiSeq4000 with 10% PhiX and

using custom read 1 sequencing primer SNO3189.

4.4.5. Data analysis

Sequenced reads were aligned to C. albicans haploid genome Assembly 21 using bowtie

(30). The Mitra lab Calling Card-seq analysis pipeline was adopted for C. albicans based on code
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generously provided. Mapped read positions were collapsed to just the starting genomic position
of the read. All identical reads were assigned to the same starting position. In order to limit
sequencing noise, a cut off of 100 was used to filter the insertions to just the highly abundance
read mappings. Transposon insertions were grouped into clusters within 1000 base pair windows.
Insertion clusters between fusion and untethered PBase samples for a given transcription factor
were compared for significance over background (untethered) by both the Poisson and
Hypergeometric distributions. All clusters were annotated with the names of the two closest
genes. For quick analysis, | collapsed the data by assigning clusters to the closest promoters and
subtracting all untethered PBase transposition events from the TF-PBase insertions. If insertions
occurred between two genes transcribed in opposite directions away from each other, both genes
were assigned those insertions. In all cases, | arbitrarily chose 5 insertions above background to
be the cutoff for considering a promoter as a target of the transcription factor. Typically, anything
that was greater than one insertion above background would be significant by Poisson so |
considered 5 to be a fair cutoff. Proportional Venn diagrams were created using the online tool at
meta-chart.com.

All data files and tables have been uploaded to the Noble Lab server. Code files used to

perform data analysis are stored on Noble Lab server and location is described in the Appendix.
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Chapter 5. Host mouse background as well as microbiota can influence white-to-GUT switch
and fitness phenotype

5.1. Introduction

The composition of the gastrointestinal microbiota has been shown to play roles in both
health and disease of the host (reviewed in (1)). The fungus, C. albicans is a common
component of a healthy human gut microbiome (2). However, C. albicans colonization of the gut
has been correlated with exacerbated inflammation if there are perturbations to the microbiome
(reviewed in (3)). Despite this potential role in disease, little is known of how the host and
bacteria modulate C. albicans commensal fitness.

Our lab has previously shown that an elongated yeast cell type termed GUT for
Gastrointestinally Induced Transition has increased fithess in a Gl colonization model and
expresses a metabolic program adapted for this niche (4). GUT cells were identified in a strain
that overexpress a transcription factor, Wor1. Upon passage of the WOR7-overexpression
strain through the mouse gut, the fungal strain changed its cell morphology from a standard
round or ‘white’ shape to the elongated GUT shape, and GUT cells rapidly outcompeted
residual white cells in this environment. Both WOR1 overexpression and exposure to the mouse
gut were required to produce the GUT phenotype. All of these observations were made in a
specific mouse strain (BALB/c) from a specific vendor, and our assumption is that the
composition of the bacterial microbiota in these animals is relatively stable.

Here we present data that suggest that both the genetic background of the mouse host
and the composition of the bacterial microbiota affect the fitness of white versus GUT cells.

These observations include the ability of WOR71°F

strains to undergo the white-to-GUT transition
in germ-free BALB/c but not Swiss Webster animals. In conventionally raised BALB/c mice from
different breeding facilities of the same vendor, the outcome of the competition varied. Further

investigation of the microbiota in these animals revealed that an increased abundance of

Lactobacillus spp. may contribute to decreased fitness of the GUT cell phenotype.
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5.2. Results
5.2.1. Bacteria are not required for the white-GUT switch

To determine whether bacteria are required for the white-to-GUT switch, we collaborated
with Ty Chiaro in June Round’s laboratory at University of Utah to perform one-to-one wild-type
versus WOR1% competitions in three gnotobiotic BALB/c mice. At the time, it was most
convenient to remove animals from the germ-free isolators in order to perform the oral
inoculation of C. albicans. Once transferred to conventional housing, the animals were caged
singly and maintained on penicillin-streptomycin antibiotic water through the course of the
experiment.

Based on qPCR of strain-specific genomic differences, the WOR1°F

strain was initially
less fit than wild-type but soon recovered and dominated the gut colonizing population in two of
the three mice (Figure 5.1.A), whereas the WOR1°F remained the minority strain in the third
animal. The number of colonies that had the gross colony morphology of GUT cells assessed by

19 strain

plating for single colonies matched what was observed for the abundance of the WOR
by qPCR (Figure 5.1.B). To confirm that these smaller, darker colonies were composed of GUT
cells, slides of cells from colonies determined to be white and GUT were observed under a light
microscope. The cells from the white colonies were round yeasts, whereas the smaller, darker
colonies produced elongated yeasts that appeared very similar to previously isolated GUT cells
from conventional mice (Figure 5.1.E). Of note, GUT cells did appear at a later time point in the
mouse, M2, in which the WOR1°E strain failed to dominate the commensal population. This
mouse had a much lower weight than the other two animals at the beginning of the experiment,
suggesting that this animal may have started will an iliness, although its weight did catch up to
the other two animals by the end of the experiment (Figure 5.1.C). Colony forming units (CFUs)
for all three animals were similar to those observed in conventional antibiotic-treated

experiments (Figure 5.1.D). It is possible that a continuation of the experiment beyond 25 days

would have resulted in the GUT cell phenotype dominating all three animals.
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Figure 5.1. GUT phenotype can be observed from gnotobiotic BALB/c mice. A. Strain
abundance of a 1:1 WT:WOR7° competition as determined by qPCR. B. Gross colony
phenotype of single colony plating from feces. M1 = mouse 1, M2 = mouse 2, M3 = mouse. 3.
C. Examples of white colony cells (left) and GUT colony cells (right) obtained at day 25. D.
Colony forming units per gram feces over the course of the experiment. E. Weight of mice over
the course of the experiment. Day 0 is day of gavage.
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5.2.2. Host background influences timing and fitness of GUT cells

Microbial phenotypes can sometimes be influenced by the mouse background due to
factors such as the immune response. To test the influence of mouse background on the GUT
cell phenotype, with the Round lab, we inoculated four germ-free Swiss Webster mice (rather
than BALB/c animals) with the same wild-type versus WOR1°F competition. This time, the mice
were maintained in germ-free isolators throughout the experiment. By gPCR, the WOR 1% strain
eventually dominated the population in all four animals (Figure 5.2.A) with the appearance of
what looked to be GUT colonies based on gross colony morphology (Figure 5.2.B). However,
upon microscopic inspection of the cells in these “GUT” colonies, it was revealed that the cells
1OE

were only slightly elongated (Figure 5.2.C). These results suggest that the WOR strain had

adopted an intermediate phenotype between white and GUT in Swiss Webster animals. It is
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Figure 5.2. Passage through Swiss Webster mice results in intermediate phenotype. A.
Strain abundance of a 1:1 WT:WOR7°F competition as determined by gPCR. B. Gross colony
phenotype of single colony plating from feces. M1 = mouse 1, M2 = mouse 2, M3 = mouse, M4
= mouse 4. C. Examples of white colony cells (left) and intermediate “GUT” colony cells (right)
obtained at day 25. Day 0 is day of gavage.
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Figure 5.3. Repeat of wild type versus WOR71°E competition in gnotobiotic BALB/c animals
confirms host-specific role in GUT cell formation. A. Relative abundance measured by gqPCR
of wild-type and WOR7°E strains in competition. B. Percentages of white and GUT appearing
colonies. NP = mouse 1, RP = mouse 2. C. Light microscopy of conventionally raised BALB/c
GUT cells and germ-free GUT cells. “GUT” = mix of round and elongated yeasts.

formally possible that maintenance of the animals in gnotobiotic isolators rather than the
difference in host genotype was responsible for the failure to observe standard GUT cells.

Once we were able to perform gavage in the gnotobiotic isolators, we returned to
BALB/c animals to confirm the original phenotype observed was due to mouse background. In
the Round lab, we infected 2 germ-free BALB/c animals and they were kept in the germ-free

facility for the duration of a 25 day time course. As expected, the WOR1°F

strain outcompeted
wild-type starting at day 10 (Figure 5.3.A). At the same time, colonies that appeared to be GUT
quickly took over the observed population on Sabouraud plates (Figure 5.3.B). Under the
microscope, these cells appeared more similar to GUT cells induced in conventionally raised
animals than to the intermediate phenotype seen in Swiss Webster animals (Figures 5.2.C and

5.3.C). Colonies that appeared GUT were able to maintain their phenotype after re-streaking to

Sabouraud plates (Figure 5.3.C).
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5.2.3. The co-colonizing bacterial microbiota influences the competitive fitness of GUT cells

1OE

Several of my early experiments with wild type versus WOR competitions did not

produce GUT cells as expected in conventionally raised BALB/c animals. Our lab had to change

19E results in our initial vendor because of an

mouse suppliers after the original hyperfit WOR
outbreak of parvovirus at our standard vendor, Charles River. To test the possibility that the
difference in vendors was responsible for this change in experimental outcome, | ordered new
mice from Charles River, and once again was able to recover GUT cells.

This result suggested that the microbiota of different mouse facilities might influence the
outcome of GUT cell fitness. To investigate this hypothesis, we obtained four animals each from
four different Charles River housing facilities; all of these animals are genetically identical, but
the bacterial microbiota varies because of differences in the local environments. The facilities
included three East Coast Charles River breeding facilities (Raleigh, Kingston and Canada) as
well as one West Coast facility (Hollister). Animals obtained from the Raleigh facility were
contaminated by antibiotic-resistant bacteria and could not be assessed further (because the
bacteria overgrow C. albicans on plates and outcompete C. albicans within the host). Two of the
Kingston animals were also contaminated so only 2 animals could be evaluated further. In the
West Coast facility from which we typically obtain animals, the competition behaved as
expected with GUT cells appearing by day 10 and taking over the population (Figure 5.4.A,B).
In mice obtained from the Canada facility, the fitness between wild type and the WOR7% strain
were similar with GUT cells appearing in 3 of 4 animals (Figure 5.4.C,D). In Kingston animals,
the WOR1°F strain switched from white-to-GUT and took over the population by day 15 (Figure
5.4.E,F). However, surprisingly, the GUT cells subsequently disappeared and simultaneously
CFUs per gram feces dropped by two orders of magnitude in the Kingston animals (Figure
5.4.F,G). This suggested that the bacteria inhabiting the Kingston animals could be actively

detrimental to the GUT cells.
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Figure 5.4. Facility specific microbiota in BALB/c mice can modulate GUT phenotype.
Relative abundance of wild-type and WOR1°E strains and GUT cell appearance in Hollister (A,B),

Canada (C,D), and Kingston (E,F). G. Colony forming units (CFUs) of C. albicans per gram feces
in mice from all three facilities.

To determine whether the loss of GUT cell fitness was transferrable, after 30 days
Hollister animals were cohoused with either Kingston or Canada animals in pairs. In all animals,
the WOR1°F strain was outcompeted by wild type eventually (Figure 5.5.A), thus confirming

that the phenotype was transferrable, most likely via bacterial transfer during coprophagy. In

123



e o °q (¥ ] L™ 3 L s
0 SR @ z - op o0 '} »
o o e o o e T
°
= * - — X o® LS o, .
2 -5 ° . — .
= Tt IERRETE S
g, L4 ° —— 2
-10- °
At @
-15 T T T T
Q, 0@
é‘ s‘ s‘ é‘ s‘@ s* &L
0 {‘\0 @0 &0 \“0 @0
day 0 day 5 day10 day15 day20 day25  day30
al..® o - o e @ . o .o has o e P ° . - o0 -
[} R v e B Oregmr= T
. . L] .
= L — - L4 = - o . °
.5 .54 . —
% 5 L . . ?}1 5 "
g . g _
101 . — 104
- ° L]
-15 T T T -15 T T T
@ g
S‘o «f\o «s‘o é; «% «é 4‘; «f*o s‘o 4‘0 é; s:) é‘ <<‘ 3
@@ @0 «©° & 4«0
day 0 day 5 day10 day15 day20 day 25 day 30 day 0 day 5 day10 day15 day20 day 25 day 30
VA mA OFA AR [AA A6 009 H A AR [AA A EE
‘ B M = %GuT G - = %GuT
I % white H [ % white
80 80
» o
3 o0 3 51
= =
2 2
:.\2 404 :j 404
204 204 ]
HIK3 ' H1K3  H1K3  HIK3  H1K3 = HIK3 H2C3 ' H2C3 = H2C3  H2C3  H2C3 = H2C3
day0 day5 day10 day15 day20 day25 day0 day5 day10 day15 day20 day25
D o . ° .o . @ . o - - H - . ° . ° L] . o o X .o -
1} SO 0 e S v
— . ® ° —_— — o .
= . - = _— ° ¢ = — °
2 -5 . —_ 2 -5 ° . .
e J— & ° .
o — . . =3 . —
o * . o —
104 4101
.'_9_ L) .
-15 T 15—
é‘ s‘ «ﬁ‘ é‘ é‘@ 4‘ 4‘ ¢<‘ <<‘ 6‘ «S‘ 4‘ «i‘ s‘
so
day 0 day 5 day 10 day15 day20 day25 day30 day 0 day5 day 10 day15 day20 day25 day30
109 A AA A AA AE 00 FA AA AR A A
E 3 %GuT I un B3 %GuT
HI H [ % white B [ % white
80 80
? »
3 601 3 o1
= =
3 3
® 401 @ 401
204 201 u
H3K4 = H3K4 H3Ké H3K4 HIK4 = H3K4 H4C1  HAC1  HAC1  HACI  H4C1 = HaC1
day0 day5 day10 day15 day20 day25 day0 day5 day10 day15 day20 day25

Figure 5.5. Post cohousing animals, GUT cell phenotype is lost. A. Relative abundance of
wild type and WOR7°E in all co-housed animals. B,D. Relative abundance of wild type and
WOR1°E in Hollister-Canada cohousing cages. C,E. GUT cell populations in Hollister-Canada
cohousing cages. F,H. Relative abundance of wild type and WOR7° in Hollister-Kingston
cohousing cages. G,l. GUT cell populations in Hollister-Kingston cohousing cages.
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one of the Hollister-Canada cages, the Canada animal picked up GUT cells from the Hollister
animal but eventually both animals lost GUT cells (Figure 5.5.B,C). In the second cage, the
Canada animal had resisted development of GUT cells prior to cohousing and did not pick them
up from the Hollister mouse (Figure 5.5.D,E). By the end, both animals had lost the GUT cell
phenotype. In cages with Hollister-Kingston pairings, the Kingston animals became populated

by GUT cells again but eventually GUT cells were lost from all animals (Figure 5.5.F-I).

5.2.4. Increased abundance of Lactobacillus species is coincident with decreased GUT cell
fitness

To gain insight into which bacterial species could be having this detrimental effect on the
GUT cell phenotype, we sent mouse feces collected at day 0 and each 5-day time point to
Andrew Koh’s laboratory at University of Texas Southwest to determine the relative abundance
of different bacterial groups. Laura Coughlin isolated DNA from the fecal pellets and assessed
the abundance of different bacteria using primers specific for all bacteria (EUBAC), Clostridial
cluster IV (CLEPT), mouse intestinal bacteroides (MIB), Enterobacteraciae (ENTERO), and
Lactobacillus species (LACTO). The greatest difference was observed between the Hollister
and Kingston animals at day 20 for the abundance of Lactobacillus, which was 8 orders of
maghnitude less in the Hollister animals (Figure 5.6). These results suggest that Lactobacillus

spp. in Kingston animals may inhibit the commensal fithess advantage of GUT cells.

5.3. Discussion

In this work, we set out to determine if mouse background or bacterial microbiome could
contribute to the fithess of a specialized cell type, GUT, discovered by our lab. We observed
that, in the absence of bacteria, the white-to-GUT transition occurs in our standard mouse
background, BALB/c. However, in a Swiss Webster background only an intermediate slightly

elongated phenotype could be achieved despite colony appearance being similar to GUT. The
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Figure 5.6. Lactobacillus spp. abundance is higher in Kingston animal. gPCR of DNA
extracted from one Kingston and one Hollister animal at days 5 and 20. Primers for specific
bacterial groups are described in (7).

original germ-free BALB/c animals had to be removed from the germ-free isolators and kept in a
conventional mouse room. When we were able to perform the competition in BALB/c animals in
the germ-free isolators, the WOR1°F fitness advantage was maintained as well as the ability to
switch to the GUT cell phenotype suggesting that mouse background plays a role in C. albicans
commensal fitness.

With animals obtained from different breeding facilities, we observed variation in GUT
cell fithess. The microbial composition of the feces in these animals revealed a much higher
abundance of Lactobacillus spp. in Kingston animals compared to Hollister animals. There is
recent evidence to suggest that Lactobacillus spp. can induce filamentous growth of opaque

cells in co-culture (5). We have previously seen that hypha-coregulated genes can negatively
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impact commensal fitness. GUT cells are resistant to flamentation in the mouse gut (see White-
Opaque story). However, GUT cells behave like opaque cells in many ways so we predict that
Lactobacillus species may induce filamentation of GUT cells in vivo thus leading to expression
of detrimental hypha-coregulated genes that decrease the fitness of GUT cells.

To determine the exact species of Lactobacillus in the Kingston animals, we will use in
vitro selection to attempt to culture it from feces. We will also perform shotgun sequencing in
collaboration with the Koh lab of feces from the Kingston and Hollister animals, in which relative
abundance of bacterial groups was examined, to confirm that the Lactobacillus that natively
inhabits Kingston animals is stable over time.

The data presented here suggests that both mouse background in a germ-free
environment and the differences in microbiota of conventionally raised animals contribute to C.
albicans behavior in vivo. Due to the complex nature of the C. albicans-microbiota-host
relationship, follow-up studies will be required to determine the mechanism by which the host

immune response and microbes modulate C. albicans commensal fitness.

5.4. Materials and Methods
5.4.1. Yeast strains
Genotypes for strains used in this study were described in Pande et al. 2013 (4). Wild-

1°F strain was ySN928.

type strain was prototroph ySN425 and the WOR
5.4.2. Mouse lines

Gnotobiotic female mice, BALB/c and Swiss Webster, were bred and maintained at the
University of Utah under the supervision of the Round lab. Adult female SPF BALB/c were
obtained from Charles River Laboratories Hollister facility room H44 unless otherwise noted in

Results.
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5.4.3. in vivo competitions

Gastrointestinal competition setup and analysis for conventional mice are described in
Chapter 2. Primers used in gqPCR were SNO1342 and SNO1343 for wild type and SNO1355
and SNO1361 for WOR1%E,

For the gnotobiotic experiments, the inocula was prepared as previously described with
several additional steps. Instead of inoculating animals right away, the inocula was resuspended
in 17% (v/v) glycerol in YEPD and stored at -80C until it could be sent to the Round lab on dry
ice. We typically observe about a four-fold loss in viability after thawing and washing the inocula
in saline and therefore inocula was resuspended post-thaw with this assumption to achieve
~5x10® CFUs/ml. Feces were collected from germ-free animals and resuspended in 17%
glycerol and stored at -80C until they could be shipped to our lab on dry ice. Feces were
allowed to thaw for >30 minutes before creating dilutions. No loss of viability of C. albicans
recovered from feces was observed using this technique.

5.4.4. Bacteria abundance analysis
DNA isolation from fecal pellets and qPCR was performed as previously described by

the Koh lab (6). Primer sequences for gPCR can be found in (7).
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Chapter 6. Hgc1, a hypha-specific G1 cyclin-like protein, plays an inhibitory role in GlI
commensal fithess

6.1. Introduction

Like many fungal species, Candida albicans can adopt different cell morphologies. Given
that C. albicans is primarily associated with mammalian hosts, we and others have
hypothesized that these different cell types may be specialized for particular in vivo niches
(reviewed in (1)). The best characterized morphological change is the yeast to hypha transition.
Round-to-oval yeasts are the default cell type of C. albicans when grown in vitro. Upon
exposure to environmental signals that would be found in a mammalian host such as serum or
mammalian body temperature (37°C), C. albicans can adopt a multicellular elongated structure
called a filament or hypha. Hyphae have upregulated expression of genes that could possibly be
used to damage the host, such as secreted aspartyl proteases and the pore-forming toxin
Candidalysin, so these cells were thought to be the virulent form of C. albicans. However, using
yeast-locked and hypha-locked strains it was found that both cell types contribute to virulence in
a mouse model of systemic infection (2-4). Our lab has been working to characterize the role of
yeasts and hyphae in commensal colonization of the gastrointestinal (Gl) tract and have
observed that hypha-coregulated gene expression decreases commensal fitness.

C. albicans Hgc1 has previously been described as a hypha-specific G1 cyclin-related
protein that affects the ability to switch from round yeasts to elongated hyphal cells but does not
affect gene expression (3). The assertion that Hgc1 does not affect the hyphal gene expression
program is based almost entirely on Northern analysis of three genes that are highly
upregulated in hyphae in vitro (3). Under hypha-inducing conditions (YEPD+10% serum, 37°C),
the hgc1 strain still expresses high levels of HWP1, HYR1 and ECE1 (3). Given that an hgc1
deletion mutant exhibits attenuated virulence in a mouse bloodstream infection model, these
data were used to assert that the morphological transition from yeast to hyphae is required for

C. albicans virulence, independent of any changes in hypha-specific gene expression. However,
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a recent report has implicated Hgc1 in negatively regulating hypha-specific gene expression via
post-translational repression of the transcription factor Ume6 (5). This would suggest that Hgc1
also plays a previously uncharacterized role in the control of hypha-coregulated transcripts. We
have observed that a ume6 knockout mutant exhibits enhanced commensal fithess in a mouse
model of gastrointestinal colonization (Chapter 2). If Hgc1 negatively regulates Ume6 within the
host, as it does under in vitro conditions, then one would expect an hgc? knockout mutant to
have reduced fitness in the murine GI colonization model.

Here we present evidence that, rather than enhancing commensal fithess as predicted,
Hgc1 inhibits competitive fithess within the GI colonization model. In commensal competitions,
independent isolates of hgc1 exhibit a hypercompetitive phenotype. Unlike umeé6 strains, hgc1
strains do not adopt normal hyphal morphology within the murine Gl tract. Finally, in contrast to
the published literature, we show that Hgc1 does affect the expression of many genes under
hypha-inducing conditions in vitro as well as within the mammalian gut. These results support
an inhibitory role for either hyphal morphology per se or, more likely, of Hgc1-dependent genes

on commensal fithess in the host Gl tract.

6.2. Results
6.2.1. Loss of Hgc1 confers increased commensal fitness

We have previously described the role of Ume6 as a negative regulator of Gl
commensalism. The hyperfit phenotype of the ume6 knockout mutant could not be attributed to
changes in morphology as ume6 form hyphae at a similar frequency to wild-type C. albicans
within our animal model (see Chapter 2). We initially hypothesized that deletion of HGC1 would
have no effect on the fithess of C. albicans due to its reported lack of effect on gene expression
(3). However, two out of three independent isolates of hgc1 strongly outcompeted wild type in
one-to-one competition experiments; the third isolate showed no fithess phenotype (Figure

6.1A,C,B). Although we cannot fully account for the lack of reproducibility in the third hgct
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Figure 6.1. Loss of Hgc1 enhances gastrointestinal commensal fithess. A. Relative
abundance of wild type versus hgc? (ySN1353) in commensal competition. B. Relative
abundance of wild type versus hgc? (ySN1354) in commensal competition. C. Relative
abundance of wild type versus hgc1 (ySN1489) in commensal competition. D. Tissue plating of
competition in panel C for GI compartments. From 3 animals, tissue was separated from luminal
contents and each was plated separately. The tissue and contents was plated together from the
other 3 animals. T=tissue separate from contents; C=contents separate from tissue; C+T=tissue
and contents plated together. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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isolate, two possibilities are the presence of an unlinked mutant that affects fitness in this strain
or stochastic variation in the biological assay. To confirm that the fitness effects deduced from
analysis of feces are relevant to commensally growing organisms within the host, we repeated
the analysis with Gl contents recovered directly from murine stomach, small intestines, the
cecum, and large intestines after 37 days. As shown in Figure 6.1D, the results obtained from
Gl contents were almost identical to those obtained from feces, supporting our reliance on fecal

specimens for the majority of our experiments.

6.2.2. Hgc1 mutant does not form hyphae in the mammalian Gl tract

Because we previously observed that filamentation occurs normally in a ume6 mutant
propagated within the host, unlike the behavior of this mutant under in vitro filamentation
conditions, we next asked whether Hgc1 is required for normal filamentation in vivo. Mice were
monotypically infected with hgc? and sacrificed after 10 days. The gastrointestinal
compartments were fixed and stained with a fluorescent probe specific to C. albicans. Unlike the
ume6 mutant, which forms normal hyphae in this environment, the hgc7 strain forms stunted

hyphae that appear similar to pseudohyphae or elongated yeast cells (Figure 6.2).

6.2.3. Hgc1 contributes to gene expression in different environments

As described above, Hgc1 is thought to control hyphal cell morphology but not hypha-
specific gene expression based on analysis of three hypha-associated genes in the hgct
mutant. To determine whether other genes might be affected in the hgc1 mutant under in vitro
or in vivo conditions, we performed RNA-seq on the hgc1 strain under standard in vitro
conditions (YEPD, 30°C), hypha-inducing conditions (YEPD plus 10% serum, 37°C) and during
commensal infection (monotypic murine large intestine colonization, 10 days). We compared
the data for hgc1 with data previously obtained for a wild-type strain propagated under the same

conditions; of note, because these in vitro cultures were obtained on different days, some
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Figure 6.2. hgc1 mutant does not form hyphae in vivo. FISH staining of hgc1 (ySN1353)
colonized large intestine imaged (A) near the mucosa or (B) in the lumen. C. Zoomed in view of
white box area from A. D. Zoomed in view of white box area from B. Scale bars on Aand B are
20 ym. Red=C.albicans; green= mucin; blue=nuclei. Images courtesy of Pallavi Penumetcha.

differences in gene expression may derive from exogenous factors (media, humidity, etc.) that
are unrelated to the genetic difference between the strains. Consistent with previous reports,
comparison of the hgc?1 mutant with wild-type propagated under in vitro hypha-inducing
conditions (YEPD+10% serum at 37°C) revealed no significant differences in levels of ECET,

HWP1, or HYR1. However, 510 genes were significantly (p<0.05) upregulated and 321 were
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downregulated by 2-fold or more in hgc1 compared to wild type. By contrast, a ume6 mutant
profiled on the same day as the wild-type strain exhibited no upregulated genes and 13
downregulated genes by 2-fold at a p-value less than 0.05. If the stringency of the cutoff is
increased to 4-fold with a p-value less than 0.01, 135 genes were upregulated and 41
downregulated in the hgc1 mutant.

In the gastrointestinal tract, an even larger set of genes is differentially expressed
between wild-type and the hgc1 strain. In the large intestine, 1064 genes are upregulated and
1176 genes are downregulated two-fold with a p-value less than 0.05 in the hgc?1 mutant
compared to wild type. The most highly upregulated gene was PGA56, which is a regulator of
sorbose utilization (Figure 6.3A) (6). This was followed by many unannotated genes that give
no indication of functional relevance. Of the ten most highly downregulated genes, four are
involved in cell wall biogenesis (MNN22, BMT4, MNN4, and MNN7). The most highly
downregulated gene (orf19.3988; >20-fold) codes for a putative adhesin-like protein (7). This
gene is not expressed under the in vitro conditions we tested but may be induced in the gut due
to the acidic environment as it has previously been reported to be induced under weak acid
stress (8). It is interesting to note though that this transcript is still one of the most highly
upregulated if the hgc1 strain in the large intestine is compared to the strain grown at 30°C in

YEPD (Figure 6.3.D).

6.3. Discussion

Our in vitro and in vivo analysis of hgc1 has revealed that, in contrast to previous
reports, Hgc1 does affect the expression of many C. albicans genes. Further, Hgc1 is required
for normal filamentation in the host, as well as under in vitro conditions. Finally, contrary to our
original expectation, Hgc1 inhibits the fitness of C. albicans within the mammalian

gastrointestinal tract.
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Figure 6.3. Volcano plots of RNA expression data from large intestine and under in vitro
conditions. A. hgc1 versus wild type in large intestine. B. hgc1 versus wild type in YEPD+10%
serum at 37°C. C. hgc1 versus wild type in YEPD at 30°C. D. hgc1 from large intestine versus
hgc1in YEPD at 30°C. E. umeé6 versus wild type in large intestine. F. ume6 versus wild type in
YEPD+10% serum at 37°C. C. umeé6 versus wild type in YEPD at 30°C. D. ume6 from large
intestine versus ume6 in YEPD at 30°C.
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Although it remains unclear why the hgc7 mutant might survive the Gl tract better than
wild-type, we favor the possibility that an Hgc1-regulated gene is required for normal
commensal fitness. For example, the in vivo RNA-seq data reveal that a transcript for an
adhesin-like protein is highly downregulated in the hgc1 mutant compared to wild-type. Cell
surface proteins can serve as anchoring molecules to substrates in the gut to allow persistence
or as proteins that are targeted for clearance by the host immune system. In this case, because
it has reduced expression in the hypercompetitive strain, the latter is more likely.

These data present a more complicated interplay of the yeast and hypha morphologies

and co-regulated gene expression that will require further study to tease apart.

6.4. Materials and Methods
6.4.1. Yeast strains
Wild-type strain used was ySN250. hgc1 strains were ySN1353, ySN1354 and ySN1489

derived from ySN152 using auxotrophic markers as previously described (9).

6.4.2. Gastrointestinal mouse competitions

All mouse infections were performed as previously described (10). Briefly, 8-10 week old
BALB/c mice were housed two per cage. Animals began drinking water that contained penicillin
and streptomycin 7 days before gavage. Each animal was given an inoculum of 1x10°® CFUs of
C. albicans. Feces were collected every 5 days, plated for 2 days on Sabouraud agar containing
ampicillin and gentamicin, and C. albicans DNA was recovered for qPCR analysis of relative
abundance. Primers used for wild type were SNO509 and SNO322. Primers used for hgct

strains were ST4 and SNO322.

6.4.3. Fluorescent in situ hybridization (FISH)

FISH was performed as previously described in Chapter 2.
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6.4.4. Gene expression analysis

All gene expression analyses were performed as previously described in Chapter 2.

However, the linear fit model generated by limma incorporated WT (ySN250), ume6 (ySN1479),

and hgc1 (ySN1353) data so the statistics changed slightly for WT and ume6 compared to

Chapter 2. All data files are on the Noble Lab server and file names are described in the

Appendix.
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Appendix

Table A.1. Screen details for Chapter 2

Screen Mouse background, facility Time points analyzed
1 female BALB/c, Hollister 3,10,25 days
2 — efgl-depleted female BALB/c, Raleigh 5,10,14 days
3 —brgl,robl-depleted | female BALB/c, Hollister 3,10,25 days

A.1. File locations

Chapter 2 files are hosted on the secure micro-bigcat server at the following path:

/shared1$/Noble Lab/Labshare/Shared Folders/Witchley Thesis Supplemental Data/Chapter 2

Chapter 3 files are hosted on the secure micro-bigcat server at the following path:

/shared1$/Noble Lab/Labshare/Shared Folders/Witchley Thesis Supplemental Data/Chapter 3

Chapter 4 files are hosted on the secure micro-bigcat server at the following path:

/shared1$/Noble Lab/Labshare/Shared Folders/Witchley Thesis Supplemental Data/Chapter 4

Chapter 6 files are hosted on the secure micro-bigcat server at the following path:

/shared1$/Noble Lab/Labshare/Shared Folders/Witchley Thesis Supplemental Data/Chapter 6
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