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Abstract

Although the majority of the population carries Candida spp as normal
components of their microbiota, these species are important human pathogens that have
the ability to cause disease under conditions of immunosuppression or altered host
defenses. The spectrum of disease caused by these species ranges from cutaneous
infections of the skin, mouth, esophagus and vagina, to life-threatening systemic disease.
Despite increases in drug resistance, the antifungal armamentarium has changed little
over the past decade. Thus, increasing our understanding of the life cycles of these
organisms, not only how they propagate themselves but also how genetic diversity is
created within the population, is of considerable import. Additionally, expanding our
knowledge of key signal transduction cascades that are important for cell survival and
response to stress will aid in developing new antifungal therapies and strategies.

This thesis addresses both of these key areas of fungal pathogenesis. In the first
chapter, we use genome comparisons between parasexual, asexual, and sexual species
of pathogenic Candida as a first approximation to answer the question of whether
examining genome content alone can allow us to understand why species have a
particular life cycle. We start by examining the structure of the mating type locus
(MAT) of two sexual species C. lusitaniae and C. guilliermondii. Interestingly, both
species are missing either one or two (respectively) canonical transcription factors,
suggesting that the control of sexual identity and meiosis in these organisms has been
significantly reconfigured. Mutational analysis of the retained transcription factors is
used to understand how sexual identity and meiosis are controlled in these species.
Secondly, based on the observation that these species are missing many key genes

involved in mating and meiosis, we use meiotic mapping, SPO11 mutant analysis, and
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comparative genome hybridization to demonstrate that these species are indeed meiotic,
but that the meiosis that occurs often generates aneuploid and diploid progeny.

In the second and third chapters we examine the calcineurin signaling pathway,
which is crucial for mediating tolerance to cellular stresses, including cations, azole
antifungals, and passage through the host bloodstream. First, we show that clinical use
of calcineurin inhibitors in combination with azole antifungals does not result in
resistance to the combination, suggesting that if non-immunosuppressive analogs could
be further developed this combinatorial strategy may have great clinical efficacy.
Second, we use previous studies of the calcineurin signaling pathway in S. cerevisiae to
direct a candidate gene approach for elucidating other components of this pathway in C.
albicans. Specifically, we identify homologs of the RCN1, MID1, and CCH1 genes, and
use a combination of phenotypic assays and heterologous expression studies to
understand the roles of these proteins in C. albicans. Although the mutant strains share
some phenotypic properties with calcineurin deletion strains, none completely
recapitulate a calcineurin mutant.

In the last chapter, we examine the plausibility of targeting the homoserine
dehydrogenase (Hom6) protein in C. albicans and C. glabrata as a novel antifungal
strategy. Studies in S. cerevisiae have demonstrated synthetic lethality between hom6
and fpr1, the gene encoding the FKBP12 prolyl-isomerase that is the binding target of the
immunosuppressant FK506. This synthetic lethality is due to the accumulation of a
toxic intermediate in the methionine and threonine biosynthetic pathway as a result of
deletion of hom6 and inhibition of FKBP12. We deleted HOMS6 from both C. albicans
and the more highly drug-resistant species C. glabrata. Studies suggest that regulation of
the threonine and methionine biosynthetic pathway in C. albicans differs such that the

synthetic lethality between hom6 and FKBP12 inhibition no longer exists or C. albicans is



not sensitive to the intermediate. However, in C. glabrata preliminary analysis suggests
that, similar to S. cerevisige, mutation of hom6 and inhibition of FKBP12 can result in cell

death.
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1. Introduction

1.1 Candida species as human pathogens

Although the majority of the population carries Candida spp. as normal
components of their mucosal microbiota, these commensal organisms have the ability to
cause serious cutaneous and systemic disease. In fact, Candida species are the most
common causative agents of invasive fungal infections. Candida spp. cause a broad
spectrum of disease ranging from mucocutaneous infections such as thrush and vaginitis
in both immunocompetent and immunocompromised individuals, to life-threatening
systemic infections in immunocompromised patients (Edwards 1991). Risk factors for
developing candidiasis include indwelling catheters, immunosuppression due to organ
transplantation, cancer, chemotherapy, or HIV/ AIDS, and the use of broad-spectrum
antibiotics (Odds 1988; Edwards 1991; Beck-Sague and Jarvis 1993; Wenzel 1995).
Interestingly, immune status seems to influence the spectrum of disease with systemic
infections common to neutropenic patients, but a predilection for oroesophageal
candidiasis in AIDS patients. Additionally, a subset of women are subject to recurrent
vulvovaginal candidiasis, the pathology of which appears to involve an overactive
immune response. Historically, Candida albicans has accounted for the majority of
candidal infections; however, following the introduction of fluconazole numerous species
have increased in prevalence including Candida glabrata, Candida parapsilosis, Candida

tropicalis, and Candida krusei (Nguyen, Peacock et al. 1996; Husain, Tollemar et al. 2003).

1.2 The calcineurin signaling pathway

The calcineurin inhibitors, FK506 and CsA, were initially isolated for their potent
immunosuppressive properties (Borel 1976; Goto, Kino et al. 1991) and subsequently

became cornerstones of therapy in solid organ transplantation. More recent evidence has
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suggested a role for these drugs, and non-immunosuppressive analogs, as novel
antifungal therapeutics (Blankenship, Steinbach et al. 2003; Steinbach, Reedy et al.
2007). The target of these drugs, calcineurin, is a serine-threonine-specific protein
phosphatase that is conserved from yeasts to humans and is crucial for mediating
cellular stress responses. Functional calcineurin consists of two subunits, a catalytic A
subunit and a regulatory B subunit, both of which are required for proper functioning of
the protein (Hemenway and Heitman 1999). When Ca*" is influxed into the cytosol
from either intracellular or extracellular stores, calcineurin is bound by Ca?*-calmodulin
causing a conformational change that relieves repression of the catalytic site by an
autoinhibitory domain (Hemenway and Heitman 1999). In mammalian T-cells,
activated calcineurin dephosphorylates the nuclear factor of activated T-cells (NF-AT),
allowing translocation of the cytoplasmic component of this transcription factor to the
nucleus where it activates cytokine production and T-cell proliferation (Clipstone and
Crabtree 1992; Clipstone and Crabtree 1993; Cardenas and Heitman 1995). FK506 and
CsA enter cells and bind to the immunophilins FKBP12 and cyclophilin, respectively,
(Ho, Clipstone et al. 1996) and the resulting drug-protein complexes bind calcineurin
preventing T-cell activation and suppressing host immune responses (Fruman, Klee et al.
1992; Clipstone, Fiorentino et al. 1994; Heitman, Cardenas et al. 1994; Cardenas, Muir
et al. 1995; Cardenas, Zhu et al. 1995). In addition to their ability to inhibit mammalian
calcineurin, FK506-FKBP12 and CsA-cyclophilin have been shown to inhibit calcineurin
function in three fungal species: Cryptococcus neoformans, Candida albicans, and Aspergillus
fumigatus (Heitman, Cardenas et al. 1994; Odom, Del Poeta et al. 1997; Odom, Muir et
al. 1997; Cruz, Del Poeta et al. 2000; Fox, Cruz et al. 2001; Cruz, Goldstein et al. 2002;
Kontoyiannis, Lewis et al. 2003; Steinbach, Schell et al. 2004; Steinbach, Cramer et al.

2007).



1.3 Calcineurin inhibitors act synergistically with ergosterol
biosynthesis inhibitors

Interest in the calcineurin signaling pathway of Candida was first piqued by a
series of in vitro studies demonstrating the ability of calcineurin inhibitors to augment the
efficacy of current antifungal therapies. In the clinical setting fluconazole is a commonly
used antifungal agent for the treatment and prevention of candidal infections. The azole
antifungals, including fluconazole, itraconazole, voriconazole and ketoconazole, target
the enzyme lanosterol 140-demethylase that is required for ergosterol biosynthesis
(Vanden Bosche 1985; Vanden Bosche, Willemsens et al. 1987).

However, azoles are fungistatic drugs that inhibit the growth of, but do not kill
Candida spp. and resistance to these drugs is common, particularly among C. glabrata and
C. krusei (Rex, Rinaldi et al. 1995; Arias, Arevalo et al. 1996; Pfaller, Jones et al. 1998;
Pfaller, Jones et al. 1998; Akins 2005). A screen of multiple commercially available
drugs in combination with fluconazole demonstrated the ability of the calcineurin
inhibitor cyclosporine A to enhance the action of fluconazole towards C. albicans in vitro
(Marchetti, Moreillon et al. 2000; Marchetti, Moreillon et al. 2003). Subsequently, FK506
was also shown to act synergistically with fluconazole (Cruz, Goldstein et al. 2002).
Three additional experiments demonstrated that it was indeed the inhibition of
calcineurin by these compounds that was responsible for the synergism (Cruz, Goldstein
et al. 2002). Firstly, deletion of the FK506 binding protein FKBP12 abolished the
synergism of FK506 with fluconazole. Secondly, a dominant FK506-resistant calcineurin
mutant unable to bind the FK506-FKBP12 complex was also resistant to the synergism
(Cruz, Goldstein et al. 2002). Thirdly, calcineurin deletion mutants were found to be

viable and azole-hypersensitive.



The synergistic activity of calcineurin inhibitors was not limited to fluconazole,
being also seen with other azoles (Cruz, Goldstein et al. 2002). Furthermore, drugs
targeting different steps in the ergosterol biosynthesis pathway, such as terbinafine and
fenpropiomorph, were also shown to act synergistically with calcineurin inhibitors
(Onyewu, Blankenship et al. 2003). Although calcineurin inhibitors have no intrinsic
effect on the survival of Candida spp. under non-stress condition, in combination with
ergosterol biosynthesis inhibitors, calcineurin inhibitors were able to convert these
normally fungistatic compounds into potent fungicidal drugs (Marchetti, Moreillon et al.
2000; Cruz, Goldstein et al. 2002; Onyewu, Blankenship et al. 2003). Interestingly, this
effect was not limited to C. albicans, but other more resistant species of Candida,
including C. glabrata and C. krusei, were also susceptible to the drug combinations (Cruz,
Goldstein et al. 2002; Onyewu, Blankenship et al. 2003; Reedy, Husain et al. 2006). The
immunosuppressive properties of the calcineurin inhibitors could limit their clinical
utility in combination therapy. However, this azole synergism was also shown with a
non-immunosuppressive analog of FK506, L-685,818 (Becker, Rotonda et al. 1993;
Rotonda, Burbaum et al. 1993; Odom, Del Poeta et al. 1997; Cruz, Goldstein et al. 2002;
Onyewu, Blankenship et al. 2003), which has potential for clinical use to inhibit fungal

calcineurin without the side effect of also suppressing the human immune system.

1.4 The calcineurin pathway of Candida albicans

C. albicans calcineurin consists of two subunits: a catalytic subunit A
(Cnal/Cmpl) and a regulatory B subunit (Cnb1). Deletion of either subunit abrogates
calcineurin activity (Cruz, Goldstein et al. 2002; Bader, Bodendorfer et al. 2003;
Blankenship, Wormley et al. 2003; Sanglard, Ischer et al. 2003). Independently, three
groups deleted either CNAI1 /CMP1 or CNB1 and observed similar phenotypes for the

calcineurin mutants. Deletion of calcineurin resulted in cells that were sensitive to



multiple stress conditions, including cell membrane stress (SDS, azoles), cation stress
(Li, Ca, Na), high pH, and ER stress (tunicamycin) (Cruz, Goldstein et al. 2002; Bader,
Bodendorfer et al. 2003; Blankenship, Wormley et al. 2003; Sanglard, Ischer et al. 2003).
Despite an initial report that calcineurin may affect filamentation of Candida albicans,
this phenotype has only been observed in one of multiple deletion mutants constructed
(Sanglard, Ischer et al. 2003; Bader, Schroppel et al. 2006).

Deletion of calcineurin A or calcineurin B resulted in avirulence in a murine tail
vein model of systemic candidiasis with all mice infected with the deletion strain
surviving (Bader, Bodendorfer et al. 2003; Blankenship, Wormley et al. 2003; Sanglard,
Ischer et al. 2003). Histology of the organs at the termination of the experiment revealed
nearly complete clearing of the kidneys with only scarce small foci of infection (Bader,
Bodendorfer et al. 2003; Blankenship, Wormley et al. 2003; Sanglard, Ischer et al. 2003).
However, the mechanistic explanation for the avirulence of these mutants was initially
uncertain, since calcineurin mutants were not defective for factors commonly associated
with virulence in C. albicans, including adherence, filamentation, the ability to injure host
cells, and growth at high temperature (Cutler 1991; Filler, Swerdloff et al. 1995; Lo,
Kohler et al. 1997; Mitchell 1998; Sundstrom 1999; Calderone and Fonzi 2001; Berman
and Sudbery 2002; Felk, Kretschmar et al. 2002; Sundstrom, Balish et al. 2002; Bader,
Bodendorfer et al. 2003; Blankenship, Wormley et al. 2003; Sanglard, Ischer et al. 2003;
Naglik, Albrecht et al. 2004; Bader, Schroppel et al. 2006). However, subsequent
experiments suggested that C. albicans avirulence may be attributable to a sensitivity
towards serum (Blankenship, Wormley et al. 2003; Blankenship and Heitman 2005).
While wild-type Candida possesses the ability to grow robustly in serum (FBS, human,
murine, ovine), calcineurin mutants are killed, thus the deletion strains may not survive
transit through the bloodstream to disseminate and embed in target organs (Blankenship

and Heitman 2005). Fractionation of serum to determine the lethal component showed



that it was a small molecule (<3kD), and that it was not a protein, peptide, or lipid
moiety. Using chelation and add back experiments calcium was identified as the toxic
component of serum (Blankenship and Heitman 2005).

Current work focuses on elucidating other components of the calcineurin signaling
pathway in C. albicans. The homologs of known S. cerevisize components were identified
in C. albicans, including the downstream transcription factor Crzl (Onyewu, Wormley et
al. 2004; Santos and de Larrinoa 2005; Karababa, Valentino et al. 2006). In S. cerevisiae,
Crz1 mediates calcineurin-dependent transcription (Matheos, Kingsbury et al. 1997;
Stathopoulos and Cyert 1997; Stathopoulos-Gerontides, Guo et al. 1999; Mendizabal,
Pascual-Ahuir et al. 2001; Polizotto and Cyert 2001; Boustany and Cyert 2002;
Yoshimoto, Saltsman et al. 2002; Cyert 2003). In response to calcium or under stress
conditions calcineurin dephophorylates cytoplasmic Crz1 allowing it to translocate to
the nucleus and activate the transcription of calcineurin-dependent genes involved in cell
wall maintenance and ion homeostasis, such as FKS2 and PMC1 (Matheos, Kingsbury et
al. 1997; Stathopoulos and Cyert 1997; Stathopoulos-Gerontides, Guo et al. 1999;
Mendizabal, Pascual-Ahuir et al. 2001; Polizotto and Cyert 2001; Boustany and Cyert
2002; Yoshimoto, Saltsman et al. 2002; Cyert 2003). Extensive work has demonstrated
that Candida albicans Crz1 indeed functions downstream of calcineurin (Onyewu,
Wormley et al. 2004; Santos and de Larrinoa 2005; Karababa, Valentino et al. 2006).
Crz1 was shown to shuttle from the cytoplasm to the nucleus in a calcium- and
calcineurin-dependent manner (Santos and de Larrinoa 2005; Karababa, Valentino et al.
2006). Furthermore, microarray studies examining the transcriptional response to
calcium in calcineurin and crz1 deletion strains found 69 and 65 genes, respectively, that
were differentially regulated. Of those genes identified, 60 were common to both
proteins (Karababa, Valentino et al. 2006), suggesting that Crz1 is likely the primary

transcription factor target of calcineurin in response to calcium stimulation in C. albicans.



However, the phenotypes of a crz1 mutant strain do not completely recapitulate those of
a calcineurin mutant. Although crz1 deletion strains are sensitive to membrane and
cation stresses they have an intermediate phenotype compared with calcineurin mutants
that can be further augmented by the addition of a calcineurin inhibitor (Onyewu,
Wormley et al. 2004; Santos and de Larrinoa 2005; Karababa, Valentino et al. 2006).
Furthermore, crz1 mutants are not sensitive to serum, and show only a modest decrease
in virulence (Onyewu, Wormley et al. 2004; Santos and de Larrinoa 2005; Karababa,
Valentino et al. 2006). Thus other, as yet unidentified, downstream effectors of

calcineurin play important roles in mediating these phenotypes.

Candida albicans

Virulence
Antifungal Drug Tolerance
Serum Survival
Cation Sensitivity

Figure 1: Calcineurin signaling pathways of C. albicans
One of the genes highly induced in a calcineurin-, Crz1-dependent manner is
UTR2 encoding a member of the CRH family of GPI-dependent cell wall proteins
(Karababa, Valentino et al. 2006; Pardini, De Groot et al. 2006). The role of the CRH
family (UTR2, CRH11, and CRH12) with respect to calcineurin related phenotypes was
examined through the isolation of single and multiple deletion mutants (Pardini, De
Groot et al. 2006). Although these mutants shared some calcineurin related phenotypes,

7



such as sensitivity to cell membrane stress and a virulence defect in mice, deletion of
these genes did not recapitulate the complete phenotypic profile of calcineurin mutants
(Pardini, De Groot et al. 2006).

Interestingly, the influence of calcineurin on the virulence potential of C. albicans
appears to be host niche specific. Initial studies demonstrated that calcineurin mutants
were avirulent in murine models of disseminated candidiasis (Bader, Bodendorfer et al.
2003; Blankenship, Wormley et al. 2003; Sanglard, Ischer et al. 2003), but subsequent
studies demonstrated no role for calcineurin in vaginal or pulmonary models of
candidiasis (Bader, Schroppel et al. 2006). However, a murine keratitis model
demonstrated that calcineurin mutants establish less robust infections than wild type
cells and have accelerated disease resolution (Onyewu, Afshari et al. 2006). This raises
important questions regarding the medical application of therapy with calcineurin
inhibitors. Calcineurin inhibitors may have the intrinsic ability to interfere with the
natural progression of disseminated candidiasis and ocular infections, but treatment
with a calcineurin inhibitor alone may not be appropriate for vaginal or pulmonary
infections. Instead, the clinical utility of calcineurin inhibitors in these settings may be in
combination therapy with azoles (or other antifungals). A proof of principle, in vivo rat
model of endocarditis demonstrated superiority of combination high dose fluconazole
and cyclosporine A over monotherapy with either fluconazole, Amphotericin B, or
cyclosporine A at treating both primary vegetative lesions and kidney lesions formed by
hematogenous dissemination (Marchetti, Entenza et al. 2000). Similarly, the
combination of fluconazole and cyclosporine A demonstrated in vivo synergy in a
murine keratitis model, resulting in faster resolution of infection than treatment with
fluconazole alone (Onyewu, Afshari et al. 2006). The current use of calcineurin
inhibitors to augment antifungal therapy is hindered by their immunosuppressive effects,

which likely outweigh the antifungal properties. However, recent studies suggest that



other mechanisms exist to inhibit calcineurin activity. Hsp90 is a molecular chaperone
recently shown to facilitate the evolution of rapid resistance to fluconazole in S. cerevisiae
and C. albicans (Cowen and Lindquist 2005; Cowen, Carpenter et al. 2006). Furthermore,
it was found that calcineurin, a client protein of Hsp90, was the key effector of Hsp90
mediated azole resistance. Hsp90 inhibitors, such as geldanamycin, are commercially
available anticancer agents that inhibit Hsp90 by binding its ATP binding pocket
resulting in degradation of the client proteins (Roe, Prodromou et al. 1999). Initial in
vitro experiments have demonstrated that Hsp90 inhibitors, like calcineurin inhibitors,
can act synergistically with azole antifungals (Cowen and Lindquist 2005; Heitman
2005; Cowen, Carpenter et al. 2006). Thus, there is great clinical potential for
harnessing the Hsp90-calcineurin pathway as a means of augmenting current antifungal

treatment strategies.

1.5 Mating and life cycle of Candida species

The genus Candida affords an excellent opportunity to study the evolution of
sexual reproduction, as this genus contains closely related asexual and sexual species.
Historically, Candida described a group of yeasts that lacked sexual cycles and
ascospore production, propagated through asexual budding, and formed pseudo-
and /or true hyphae. However, some of the 151 Candida species were subsequently
found to represent the anamorphic form of a teleomorphic species, and thus are capable
of sexual reproduction and sporulation, either alone or when mated with cells of a
compatible mating type. Many of the species within this clade are human pathogens,
and thus understanding the life cycle of these organisms and developing robust genetic
systems for the study of these species is of considerable import. The best-studied to
date are the human pathogens C. albicans and C. glabrata. However, neither of these

species is as yet known to possess a complete meiotic sexual cycle.



Candida lusitaniae and Candida guilliermondii are two members of this genus that
are exciting prospects for further study. Firstly, both possess complete sexual cycles.
Secondly, they are opportunistic human pathogens. And lastly, the genomes of C.
lusitaniae and C. guilliermondii have been sequenced, which will facilitate robust
comparative genomic studies. These organisms are attractive candidates for the
development of classical genetic systems for the study of mating, meiosis, sporulation,
and virulence in the Candida species complex. Furthermore, comparisons between the
sexual and asexual Candida species will help elucidate the mechanisms and evolutionary
timing of the loss or modification of sexual reproduction within this complex genus and
provide insights into the evolution of signaling cascades with dual roles in mating and
virulence.

Table 1: Candida species with known teleomorphs

Anamorph
Candida bimundalis

Teleomorph
Pichia americana

Sexual Type
Heterothallic

Candida ciferrii
Candida edax
Candida famata
Candida guilliermondii
var. guilliermondii
Candida guilliermondii
var. membranaefaciens
Candida kefyr
Candida krusei
Candida lambica
Candida lipolytica
Candida lusitaniae
Candida norvegensis
Candida pelliculosa
Candida pintolopesii
Candida pulcerrima
Candida sorbosa
Candida utilis
Candida valida

Stephanoascus ciferrii
Stephanoascus smithiae
Debaryomyces hansenii

Pichia guilliermondii

Pichia ohmeri
Kluyveromyces marxianus
Issatchenkia orientalis
Pichia fermentans
Yarrowia lipolytica
Clavispora lusitaniae
Pichia norvegensis

Pichia anomala

Arxiozyma telluris
Metschnikowia pulcherrima
Issatchenkia occidentalis
Pichia jadinii

Pichia membranifaciens

Heterothallic
Heterothallic
Homothallic

Heterothallic

Heterothallic
Homothallic
Heterothallic
Homothallic
Heterothallic
Heterothallic
Homothallic
Heterothallic
Homothallic
Homothallic
Heterothallic
Homothallic
Heter/Homothallic

1.6 Evolutionary relationships of the Candida species complex

Because species belonging to the genus Candida were classified originally quite
broadly (based primarily upon their vegetative growth as budding yeast, ability to
produce pseudohyphae or true hyphae, and lack of a sexual cycle), the resulting genus is
polyphyletic. Multiple phylogenies have been constructed containing either some or all
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of the medically relevant Candida species. Most published phylogenies are based on
single genes or regions such as the large or small ribosomal subunits (Barns, Lane et al.
1991; Lott, Kuykendall et al. 1993; Cai, Roberts et al. 1996; Kurtzman and Robnett
1998), topoisomerase II (Kato, Ozeki et al. 2001), cytochrome b (Yokoyama, Biswas et
al. 2000) or the actin 1 gene (Daniel, Sorrell et al. 2001). The most robust analysis
containing all of the pathogenic Candida species, including the sexual species C. lusitaniae
and C. guilliermondii, employed 6 nuclear genes (4 protein encoding genes: EF2, ACT1,
RPB1, and RPB2, and the 18S and the 26S rDNA genes) to construct a phylogeny
(Diezmann, Cox et al. 2004). These analyses have shown that C. guilliermondii and C.
lusitaniae are closely related to C. albicans. In addition to these medically relevant
Candida species, there are other known Candida species that possess sexual cycles (Table
1) (Kwon-Chung and Bennett 1992; Kurtzman 1994; Hazen 1995; Barnett, Payne et al.
2000; Daniel, Sorrell et al. 2001; Kurtzman, Robnett et al. 2005).

Another interesting character of the Candida genus is the evolution of CUG codon
reassignment. This non-universal codon usage was first recognized in the asexual
species Candida cylindracea (Kawaguchi, Honda et al. 1989; Yokogawa, Suzuki et al.
1992). Subsequently, many Candida species were shown to translate CUG codons as
serine rather than leucine. The tRNA responsible for this transition arose from a serine
tRNA approximately 270 million years ago, prior to the divergence of the Candida and
Saccharomyces lineages (Santos, Keith et al. 1993; Suzuki, Ueda et al. 1994; Ueda, Suzuki
et al. 1994; Santos and Tuite 1995; Sugita and Nakase 1999; Massey, Moura et al.
2003). The “ambiguous intermediate theory” suggests that the common ancestor could
decode CUG as either serine or leucine, and that codon reassignment occurred only after
divergence approximately 170 million years ago (Tuite and Santos 1996; Santos,
Cheeseman et al. 1999; Massey, Moura et al. 2003). This theory is supported by

evidence that some Candida species are still able to decode CUG as either serine or
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leucine, such as Candida zeylanoides (Suzuki, Ueda et al. 1997). Both C. guilliermondii
and C. lusitaniae, like C. albicans, decode CUG as serine; however, C. krusei translates this
codon as leucine similarly to C. glabrata and S. cerevisiae (Pesole, Lotti et al. 1995; Young,

Lorenz et al. 2000).

1.7 Candida lusitaniae (teleomorph Clavispora lusitaniae)

C. lusitaniae was first described in 1970 by van Uden and do Carmo-Sousa, who
isolated the organism from the gastrointestinal tract of animals (van Uden and Buckley
1970). Of the two sexual species discussed in this introduction, the sexual lifecycle has
been most well-studied for this species. The teleomorphic form of Candida lusitaniae,
Clavispora lusitaniae, was described by Rodrigues de Miranda in 1979 after noting mating
between previously collected strains and a newly isolated sample from citrus peel juice
(Kurtzman and Fell 1998; Lachance and Phaff 1998). C. lusitaniae can be isolated from
human and animal samples, as well as from environmental sources such as decaying
trees and fruit (Kwon-Chung and Bennett 1992; Barnett, Payne et al. 2000). In the clinic,
C. lusitaniae accounts for ~1% of candidemia, but is notable for its propensity to develop
resistance to amphotericin B (Ahearn and McGlohn 1984; Merz 1984; Blinkhorn,
Adelstein et al. 1989; Merz, Khazan et al. 1992; Yoon, Vazquez et al. 1999).

C. lusitaniae is an experimentally tractable haploid organism. The genome
sequence completed by the Broad Institute reveals a genome size of 16 Mb arranged into
eight chromosomes (Candida; Logue, Wong et al. 2005). CHEEF gel analyses of multiple
isolates observed six to eight distinguishable chromosomal bands (Vazquez, Beckley et
al. 1993; King, Rhine-Chalberg et al. 1995). The haploid nature of the genome makes C.
lusitaniae a more attractive species for manipulation than the diploid C. albicans.

Techniques for transformation and gene disruption by homologous recombination have
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already been established for C. lusitaniae (Young, Lorenz et al. 2000; Young, Hull et al.
2003; Francois, Chapeland-Leclerc et al. 2004).

Mating between strains of C. lusitaniae is consistent with a heterothallic species
containing a single mating type determining locus. Historically, the two mating types in
this biallelic system were designated h+ and h-, but were subsequently referred to as a
and o, respectively (Kurtzman and Fell 1998; Lachance and Phaff 1998). Original
studies suggested that the ratio of a to a cells in the environment was skewed 6:1
(Gargeya, Pruitt et al. 1990). However, a larger study of 76 clinical isolates from 60
patients demonstrated an equal distribution of mating types, and also revealed no
correlation between mating type and severity of disease or site of isolation (Gargeya,
Pruitt et al. 1990; Frangois, Noél et al. 2001). In this larger study, all isolates of C.
lusitaniae tested were capable of mating (Rodrigues de Miranda 1979; Francois, Noel et
al. 2001).

Identification of C. lusitaniae in the clinical setting is usually accomplished based
on carbon assimilation profiles, most notably the ability to assimilate L-thamnose, and
to ferment cellobiose (Ramani, Gromadzki et al. 1998; Michel-Nguyen, Favel et al. 2000).
However, assimilation profiles cannot reliably type all strains. Due to the robustness of
mating, it was proposed that ability to mate with tester strains could be used as a
technique for positively identifying C. lusitaniae isolates (Frangois, Noél et al. 2001; Noél,
Favel et al. 2005). As a proof of principle, five strains that were indistinguishable as
either C. lusitaniae or C. pulcherrirria using standard clinical carbon assimilation profiles
were positively identified as C. lusitaniae based upon mating preference (Noél, Favel et
al. 2005). However, other studies have suggested that the efficiency of sporulation can
vary among isolates (Gargeya, Pruitt et al. 1990; Lachance, Daniel et al. 2003).

Although C. lusitaniae is regarded as heterothallic, there is a single report of a

strain capable of producing spores in the absence of a mating partner, either through
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isogamous conjugation or bud-parent cell conjugation (Lachance, Daniel et al. 2003).
Sequencing of a portion of the large ribosomal subunit demonstrated that this strain was
similar to other isolates of C. lusitaniae (Lachance, Daniel et al. 2003); however, no
further studies have been conducted with this strain. One possibility is that this isolate
could be a diploid; however, there have been no recorded accounts of diploids being
isolated either in nature or in the laboratory as products of mating events. Presumably,
diploids formed by mating rapidly undergo meiosis and thus only haploid cells have
been isolated from matings and the environment. Interestingly, sequence analysis of the
D1/D2 domain of the large-subunit rDNA revealed the presence of significant
polymorphisms within an interbreeding population of C. lusitaniae (Lachance, Daniel et
al. 2003). There was no association between these polymorphisms and mating type,
suggesting that there is recombination and sexual reproduction within the natural
population.

Multiple types of media are capable of inducing mating including dilute potato
dextrose agar (PDA), 1% malt extract media, sodium acetate, yeast carbon base, V8,
and SLAD (Young, Lorenz et al. 2000; Francois, Noél et al. 2001). Effective matings are
supported by low concentrations of ammonium and require a solid support, as
increasing the concentration of ammonium sulfate or incubating cells in liquid media
blocked mating (Lachance, Nair et al. 1994; Young, Lorenz et al. 2000; Frangois, Noél et
al. 2001). Additionally, the efficiency of conjugation and ascospore formation is
optimal at temperatures between 18 and 28°C (Frangois, Noél et al. 2001). Within 24
hours of co-incubating cells of opposite mating type, conjugating cells can be observed.
Scanning and transmission electron microscopy revealed that the conjugation tube
bridging a mating a and a cells averages 1 um in length (Frangois, Noél et al. 2001).

At the point of cell fusion, the conjugation tube contains a central septal

perforation through which nuclear transfer presumably occurs. The nucleus of one parent
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traverses the conjugation tube, undergoes karyogamy, and meiosis then occurs inside the
mating partner cell. The parent that donates a nucleus is referred to as the “head cell”
and remains grossly unchanged throughout the process of meiosis and ascospore
formation. The other parent, the nucleus acceptor, becomes the ascus. Labeling studies
suggest that the nuclear transfer is highly polarized with one parental strain in a mating
serving primarily as the nucleus donor (Francois, Noél et al. 2001). Based upon the small
set of strains tested there was no definitive linkage between the mating type of the
parent and whether the cell served as a nuclear donor or acceptor (Frangois, Noél et al.
2001). However, a more robust analysis using multiple labeling techniques is necessary
to establish this point rigorously. After 48 hours of incubation, one to four clavate
(majority are dyads and some monads), echinulate ascospores are formed sometimes
containing a small oil droplet (Rodrigues de Miranda 1979; Gargeya, Pruitt et al. 1990;
Frangois, Noél et al. 2001). Ascospores are readily released upon maturation and often
agglutinate; empty asci and free ascospores can be readily observed at 72 hours

(Rodrigues de Miranda 1979; Francois, Noél et al. 2001).
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Figure 2: Life cycle of Candida lusitaniae

Mating of C. lusitaniae on dilute Potato Dextrose Agar (PDA) with cells stained with calcofluor white and sytox green. Cells of
opposite mating type (denoted by differently shaded nuclei) were mixed together on a solid surface under nutrient limiting
conditions. At 24 hours, cellular conjugation is observed. By 48 hours, nuclear transfer has occurred and at 72 hours ascospore
formation can be observed. While one to four ascospores have been reported to form per asci, the vast majority of asci contain 2
ascospores (72 to 81% dyads, the rest are monads with a single spore). By 96 hours (not shown), matings contain many disrupted
asci from which the ascospores have been liberated.



An initial study to elucidate the signaling pathways controlling mating in C.
lusitaniae focused on homologs of the S. cerevisize MAP kinase pheromone response
cascade. In S. cerevisine the MAP kinase pheromone response cascade regulates both
mating and filamentation (pseudohyphae) (Liu, Styles et al. 1993). Mutation of the
Stel2 transcription factor results in loss of mating ability (Hartwell 1980), and a
filamentation defect in S. cerevisiae (Liu, Styles et al. 1993). The C. albicans homolog of
Ste12 is Cphl, the deletion of which reduced pseudohyphal filamentation in response to
certain environmental stimuli (Liu, Kohler et al. 1994) and also blocked mating between
homozygous a and o strains (Magee, Legrand et al. 2002). On rich media, C. lusitaniae
propagates via budding, but can form pseudohyphae and hyphae under conditions of
nutrient deprivation on V8, filament, or SLAD media (Rodrigues de Miranda 1979;
Kurtzman and Fell 1998). Interestingly, the C. lusitaniae Ste12 homolog, Cls12, is required
for mating, but dispensable for filamentation under the conditions studied (Young,
Lorenz et al. 2000). The divergent functions of this conserved transcription factor
demonstrate how studying both sexual and asexual species within the genus Candida
provides interesting insights into the evolution of signal transduction cascades involved

in mating and filamentation, but also in other pathways important for pathogenesis.

1.8 Candida guilliermondii

Candida guilliermondii is a haploid heterothallic yeast whose teleomorphic form is
Pichia guilliermondii. The anamorph has been cultured from a variety of ecological
niches, including human clinical specimens, insects, fruit, and decaying matter (Kwon-
Chung and Bennett 1992; Barnett, Payne et al. 2000). Depending upon the geographical
location, C. guilliermondii has been identified as the causative agent in 2% to 10% of all
candidal bloodstream infections (Sandven 2000; Krcmery and Barnes 2002). Therefore,

most studies of this fungus have been oriented toward topics such as clinical
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epidemiology and antifungal susceptibility, and relatively little work has been done to
characterize the sexual cycle and the pathways involved in sexual reproduction, meiosis,
and sporulation. Vegetative yeast cells are ellipsoidal or ovoid, reproduce via budding,
and can form pseudohyphae, but not true hyphae (Barnett, Payne et al. 2000).

Early studies employing pulsed-field gel electrophoresis suggest that, unlike C.
albicans, C. guilliermondii is a haploid yeast with a genome size of approximately 12 Mb
(Doi, Homma et al. 1992). The number of chromosomal bands observed has ranged from
six to eight (Magee and Magee 1987; Doi, Homma et al. 1992; Bai 1996). The Broad
Institute recently released a 12X first draft of the C. guilliermondii genome organized into
nine supercontigs which confirms the estimated genome size (Lorenz, Wells et al. 2004).

The sexual cycle of C. guilliermondii was first identified in 1952 by Wickerham
and Burton, after recognizing that some yeasts previously classified to non-ascospore
forming genera actually represented the anamorphic form of a sexual species
(Wickerham and Burton 1954). The teleomorph Pichia guilliermondii was formally
described in 1966 (Wickerham 1966) and subsequent DNA complementarity tests
confirmed the teleomorph-anamorph relationship (Kurtzman 1992). The initial matings
were carried out on malt extract sporulation media at 25°C for 6 to 14 days. Positive
mating mixtures were characterized by the presence of conjugating cells and ascospore
formation. The rate of sporulation is relatively low; the most efficiently sporulating pair
produced only 4% ascospores (Wickerham 1966). In an attempt to increase ascospore
formation, germinated ascospores were backcrossed with the parental mating competent
strains with the aim of producing a strain with a higher mating efficiency; however, this
was unsuccessful (Wickerham and Burton 1954). The asci are formed from two
conjugated cells and contain one or two hat-shaped spores. Upon maturation the asci
rupture releasing the ascospores, which become swollen and refractile (Wickerham and

Burton 1954; Wickerham 1966).
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Recently, some cryptic species were identified within the C. guilliermondii clade
(Bai 1996; San Millan, Wu et al. 1997; Bai, Liang et al. 2000; Vaughan-Martini,
Kurtzman et al. 2005). Notably Candida fermentati and Candida carpophila, although
phenotypically indistinguishable from C. guilliermondii, were shown to be genetically
different on the basis of DNA reassociation and electrophoretic karyotyping and thus
were described as separate species (Vaughan-Martini, Kurtzman et al. 2005).
Additionally, it was noted that strains of Candida fermentati were capable of ascospore
formation when mixed together, and this teleomorphic form was designated Pichia
caribbica (Vaughan-Martini, Kurtzman et al. 2005). Thus one possibility for the low rate
of ascosporulation described previously within the C. guilliermondii clade could be the
presence of cryptic species within this group that are incapable of mating.

Although low efficiency sexual reproduction has been reported in the laboratory,
it is unclear what role sexual reproduction plays in the environment. MLST analysis of
32 strains of C. guilliermondii isolated from Ontario (Canada), China, and the
Philippines suggest that the population is primarily clonal (Lan and Xu 2006).
However, due to the small sample size and the limited molecular variation among the
isolates, sexual reproduction among natural populations could not be excluded. To
further address this question, a larger population and the identification of more markers

for typing of strains will be required.

1.9 The evolution/ structure of the mating type locus in the
Candida species complex

The most well-studied species in the Candida genus are Candida albicans and
Candida glabrata. C. glabrata is more closely related to S. cerevisiae than to C. albicans,
which is reflected in the organization of its mating type locus. The structure of the MTL

locus of C. glabrata is similar to that in S. cerevisiae in that C. glabrata contains three
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mating type like loci, containing either a or a specific information (Srikantha, Lachke et
al. 2003). Mating has never been observed in C. glabrata. C. albicans was also thought to
lack a sexual cycle; however, in 1999 the mating type like locus (MTL) of C. albicans was
identified (Hull and Johnson 1999). The majority of isolates were found to be MTL
heterozygotes possessing both a and a information rendering them incapable of mating.
Strains engineered to possess only a or a information, and naturally occurring a/a or
a/o isolates (approx. 3 - 10% of clinical samples) are capable of mating (Hull, Raisner
et al. 2000; Magee and Magee 2000; Lockhart, Pujol et al. 2002; Legrand, Lephart et al.
2004). These strains can switch from the white to the opaque (mating efficient) cell type
and can subsequently undergo shmooing and cell fusion (Lockhart, Pujol et al. 2002;
Miller and Johnson 2002; Lachke, Lockhart et al. 2003; Lockhart, Daniels et al. 2003;
Soll, Lockhart et al. 2003; Legrand, Lephart et al. 2004). The product of mating is a
tetraploid a/a/a/a yeast cell that can be induced to undergo a parasexual cycle of
chromosome loss in vitro to return to a diploid state (Bennett and Johnson 2003).

The MTL locus alleles of C. albicans contain genes encoding homologs of the
transcription factors al, al and a2, the primary regulators of cell type in S. cerevisiae.
The MTLa allele of C. albicans also contains the HMG-box transcriptional regulator, a2,
which is not present in S. cerevisiae (Hull and Johnson 1999; Johnson 2003; Bennett and
Johnson 2005). Additionally, both MTL loci contain three extra genes encoding: poly (A)
polymerase (PAP1), phophatidylinositol-4 kinase (PIK1), and an oxysterol binding
protein (OBP1). The a and «a alleles of these genes share approximately 60% identity
(Hull and Johnson 1999; Johnson 2003). The function of the transcriptional regulators
also differs between S. cerevisiae and C. albicans. Inhaploid S. cerevisiae an a-type cell is
the default cell type, whereas specification as an a cell requires al to turn on a specific
genes, and a2 to repress a specific genes. After mating, formation of an al /a2 dimer

represses haploid specific genes, and promotes meiosis. The transcriptional networks

20



have been reconfigured in C. albicans, such that a2 activates a-specific genes and al
activates a-specific genes, and the al/a2 dimer represses mating by inhibiting the white
to opaque transition (Miller and Johnson 2002; Johnson 2003). Thus, C. albicans differs
from S. cerevisiae in several crucial ways including the structure of the mating type loci,
and control of both haploid and diploid specific gene expression.

Recently, the MTLa locus of Candida parapsilosis, an asexual species closely
related to C. albicans, was sequenced (Logue, Wong et al. 2005). The structure of the C.
parapsilosis MTLa locus is similar to the C. albicans MTLa locus, with conserved syntenic
relationships among the genes contained in the locus. However, sequence analysis
revealed that the al gene is a pseudogene containing four stop codons (Logue, Wong et
al. 2005). Although hybridization studies suggested that C. parapsilosis contains o
information as well, the locus could not be identified (Logue, Wong et al. 2005).

The majority of work with Candida has focused on the human pathogens, C.
albicans and C. glabrata. C. albicans is the most prevalent of the Candida species isolated
from patient specimens and C. glabrata has increased in incidence, but more importantly
can be highly resistant to azole antifungals rendering treatment more difficult. Although,
neither C. albicans nor C. glabrata are known to have a complete meiotic sexual cycle,
several of the Candida species that infect humans are sexually competent, mate, and
sporulate, and have been presumed to undergo meiosis. These include C. lusitaniae (of
interest clinically due to a propensity to develop resistance to amphotericin B) and C.
gquilliermondii. Understanding the life cycle of these Candida species is important in
developing a complete understanding of these pathogenic fungi. Because C. albicans is
the most common clinically isolated species, the majority of effort has been focused on
understanding this yeast. However, the lack of a complete meiotic sexual cycle has
limited the use of classical genetics in C. albicans. In addition, heterologous expression

experiments are complicated by the alternative genetic code of C. albicans where the CUG
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codon encodes serine rather than leucine. Thus, developing sexual models in species
that are more closely related to C. albicans may provide interesting information regarding
the evolution of the signaling pathways that govern sexual reproduction, and also
provide useful systems for heterologous expression studies and for comparison with C.
albicans.

Investigations of the signal transduction pathways involved in mating and
potentially meiosis/sporulation in C. albicans have relied heavily upon the established
paradigms in S. cerevisiae. This reliance upon S. cerevisiae was natural, as it is the most
closely related ascomycete to C. albicans in which the pathways regulating sexual
development have been extensively studied. Thus, to determine whether C. albicans can
undergo meiosis (or altered forms of meiosis) and to identify the changes that
potentially rendered this fungus defective in sporulation, attempts were made to find
homologs of the crucial signaling components from S. cerevisiae in C. albicans (Tzung,
Williams et al. 2001). These studies have demonstrated that not all of the meiosis and
sporulation genes are present in C. albicans, but the implications of this are still unknown.
A potentially more robust comparison will be between C. albicans and other closely
related Candida species capable of sexual reproduction, including meiosis and

sporulation.

1.10 Overview of this work

This thesis focuses on several topics crucial for our understanding of fungal life
cycles and pathogenesis. In Chapter 2, we report the identification and characterization
of the MAT loci from the sexual species C. lusitaniae and C. guilliermondii. We show that
these MAT loci are missing key transcription factors that are required for the repression
of haploid specific genes (C. albicans, S. cerevisiae) and entry into meiosis (S. cerevisiae)

(Tsong, Tuch et al. 2007). Using mutant analysis we disrupted the retained
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transcription factor genes contained in the C. lusitaniae MAT locus (al, a2, and al) and
demonstrate that, similarly to C. albicans, a2 and a1 control cell identity and are required
for mating (Tsong, Tuch et al. 2007). Interestingly, we show that despite lacking its
canonical partner, a2, the al transcription factor regulates meiosis and sporulation
suggesting that transcriptional circuitry has been significantly rewired. Additionally,
we apply a combination of meiotic mapping, SPO11 mutant analysis, and CGH analysis
to demonstrate that, despite lacking many key meiotic genes, C. lusitaniae is a meiotic
organism. This surprising finding leads to a reevaluation of the key components
necessary for meiosis, and suggests that alternative mechanisms may exist in these
species. Additionally, it challenges the notion that C. albicans lacks meiosis based upon
the production of aneuploid progeny via the reported parasexual cycle.

In Chapter 3, we analyzed invasive and non-invasive clinical isolates of Candida
spp. from liver transplant recipients receiving FK506. We demonstrate that despite
exposure to FK506 and fluconazole, none of the isolates developed resistance to the
combination, suggesting that the combination of calcineurin inhibitor and azole
antifungals could have clinical efficacy if non-immunosuppressant analogs of
calcineurin inhibitors could be further developed to circumvent the immunosuppressive
effects of calcineurin inhibition.

In Chapter 4, we use a candidate gene approach to identify components of the
calcineurin signaling pathway. We identified homologs of Renl, Cchl, and Mid1 and
use mutational analysis to determine the role that these genes play in mediating
tolerance to numerous stresses including cations, serum, and azole drugs. Although
disruption mutants share some phenotypes with calcineurin mutants, none completely
recapitulate the calcineurin mutant phenotype.

Finally, in Chapter 5 we study the role of Homé in C. albicans and C. glabrata,

based on studies in S. cerevisiae that demonstrated a synthetic lethality between homé6
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and fpr1 (Arevalo-Rodriguez, Pan et al. 2004), the gene encoding FKBP12 a prolyl-
isomerase that is the binding target of the immunosuppressant FK506. Synthetic lethality
results from the buildup of a toxic intermediate in the methionine and threonine
biosynthetic pathway as a result of deletion of Hom6 and mutation or inhibition of
FKBP12 (Arevalo-Rodriguez, Pan et al. 2004). To understand whether inhibition of
hom6 and FKBP12 could be used as a new panfungal therapeutic strategy, we deleted
HOMS6 from both C. albicans and the more highly drug-resistant species C. glabrata.
Studies suggest that regulation of the threonine and methionine biosynthetic pathway in
C. albicans differs such that the synthetic lethality between hom6 and FKBP12 inhibition
no longer exists. However, in C. glabrata preliminary analysis suggests that, similarly to

S. cerevisiae, hom6 and inhibition of FKBP12 can result in cell death.
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2. Mechanistic plasticity of sexual reproduction and meiosis in
the Candida pathogenic species complex

2.1 Introduction

Candida spp. commonly infect humans to cause both mucocutaneous and life-threatening
systemic infections. The majority of Candida species define a monophyletic clade whose
evolution was punctuated by a genetic code reconfiguration ~100 mya. Historically, all Candida
species were asexual, yet several species are known to mate and some even produce spores.
Candida albicans, the most common fungus infecting humans, is an obligate diploid with an
unusual parasexual cycle involving mating, recombination, and genome reduction but with no
recognized meiosis (Hull and Johnson 1999; Hull, Raisner et al. 2000; Magee and Magee 2000;
Bennett and Johnson 2003; Johnson 2003; Forche, Alby et al. 2008). Others (Candida lusitaniae,
Candida guilliermondii) are haploid and their mating produces spores, suggestive of complete
meiotic sexual cycles (Gargeya, Pruitt et al. 1990; Kurtzman and Fell 2000; Young, Lorenz et al.
2000; Francois, Noel et al. 2001; Noel, Favel et al. 2005). The emerging pathogen C. lusitaniae
has a defined sexual cycle presumed to include meiosis based on its ability to produce spores
(Kurtzman and Fell 2000; Francois, Noel et al. 2001).

To gain insight into parasexual, sexual, or asexual life cycles, multiple members of the
genus Candida were sequenced at the Broad Institute (Candida; Candida). In contrast to the
hypothesis that sexual species might retain meiotic homologs lost in parasexual species, the
sexual species lack the same meiotic homologs as C. albicans and, in addition, have lost dozens
of additional key meiotic genes (Geraldine Butler, pers. comm.). Comparative genomic analysis
reveals these species lack multiple key meiotic components, including the recombinase Dmc1
and co-factors (Mei5/Sae3), proteins necessary for synaptonemal complex structure/function

(Zip1-Zip4 /Hop1), and the crossover interference pathway (Msh4 /5) (Butler submitted).
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Here we elucidated the structure and functions of the mating-type locus (MAT) and
encoded products, and established C. lusitaniae undergoes a complete sexual cycle including
meiosis. The MAT-encoded a2 HMG and al a-domain factors specify a- and a-cell identity,
whereas the al homeodomain protein drives meiosis and sporulation and functions without its
canonical heterodimeric partner, a2. Despite the apparent loss of meiotic genes, C. lusitaniae
undergoes meiosis during sexual reproduction involving diploid intermediates, frequent SPO11-
dependent recombination, and whole genome reduction generating haploid progeny. The
majority of meiotic progeny are euploid, but approximately one-third are diploid / aneuploid
and likely arise via precocious sister chromatid segregation and meiotic nondisjunction.

In summary, the cell identity and meiotic pathways have been substantially rewired,
and meiotic generation of aneuploidy may expand genetic diversity (Torres, Sokolsky et al.
2007). These findings inform our understanding of sexual reproduction in pathogenic microbes
and the evolutionary plasticity of the meiotic machinery, with implications for the generation

and consequences of aneuploidy in biology and medicine.

2.2 Materials and Methods

2.2.1 Strains

All strains are described in Table 2. All strains are derived from strain ATCC
38533, an environmental isolate (MATa), or strain ATCC 42720 (MATa,), a clinical
isolate (Broad sequence strain). Two or three independent disruption mutants of the al
(JLR806, JLR808, JLR809), a2 (JLR760, JLR763), and al (JLR741, JLR755) transcription
factor genes were generated and phenotypically analyzed. Three independent spol1
strains were constructed, two in the MAT a background (JLR843, JLR834), and one in the

MATa background (JLR805). Strains were confirmed by PCR and Southern blot
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analysis. All strains were routinely grown on YPD (1% yeast extract, 2% BactoPeptone,

2% glucose, 2% bacto-agar (DIFCO)) medium at 30°C unless otherwise indicated.

Table 2: Strains used in Chapter 2

Strain Genotype Parent strain Source/Reference

CL16 MATa ura3 ATCC 38533 Young, Lorenz et al. 2000

ATCC 42720 |MATa ATCC

CL143 MATa congenic with CL16  |unpublished

NRRL Y-2075 [MATa (Wickerham and Burton
1954; Wickerham 1966)

NRRL Y-2076 |MATa (Wickerham and Burton
1954; Wickerham 1966)

JLR610 MATa leu2::SAT1 chx” ATCC 42720 This study

JLR741 MATa a1::SAT1 ATCC 42720 This study

JLR755 MATa a1::SAT1 ATCC 42720 This study

JLR760 MATa a2::URA3 CL16 This study

JLR763 MATa a2::URA3 CL16 This study

JLR806 MATa a1::SAT1 ura3 CL16 This study

JLR808 MATa a1::SAT1 ura3 CL16 This study

JLR809 MATa a1::SAT1 ura3 CL16 This study

JLR854 MATo leu2::SAT1 ura3 chx” JLR610 This study

JLR805 MATa spo11::SAT1 ura3 CL16 This study

JLR834 MATo spo11::URA3 leu2 chx™ |JLR854 This study

JLR843 MATo spo11::URA3 leu2 chx™ |JLR854 This study

2.2.2 Matings/Genetic Crosses

Strains of opposite mating type were co-cultured on dilute Potato Dextrose Agar
(1:10 dilution PDA, 14.5 g/L Bactoagar (Difco)) at room temperature. Overnight
cultures were grown in YPD at 30°C, washed with PBS, and equivalent cell counts were
mixed together and then spotted onto dilute PDA media. For the isolation of individual
recombinant progeny, cells were scraped from plates, resuspended in water, serially
diluted and replated onto selective media, either Yeast Nitrogen Base (YNB; DIFCO) or

Synthetic Dextrose lacking leucine (SD-leu) with 10 ug/ml cycloheximide (Sigma). To
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quantitate mating efficiency, after 72 hours co-incubation on dilute PDA, matings were
serially diluted to selective media and mating efficiency was calculated (Miller and
Johnson 2002). Briefly, each mating was plated onto media to differentially select for the
parental strains. For instance, in a URA3 leu2 x ura3 LEU2, the matings were plated
onto SD-ura and SD-leu to estimate the number of each parental strain in the mating
mixture (these numbers will also include some progeny that are prototrophic for leucine
or uracil as well). Matings were also plated to media that would only support the
growth of recombinant URA3 LEU2 progeny, but not either parental strain (YNB). The
number of recombinant progeny were counted and multiplied by 4 since we were
selecting for only one-fourth of the progeny based upon independent assortment of
chromosomes (the possible progeny genotypes are URA3 leu2, URA3 LEU2, ura3 LEU2,
or ura3 leu2). Thus, to calculate the efficiency of mating and progeny formation the
following formula was used: (4 x # recombinant progeny)/ (limiting parent +
recombinants). While, some recombinants will be counted along with the parents in the

denominator, these will only account for 1 to 4% of the total number.

2.2.3 Annotation and isolation of MAT loci

Genes from the characterized C. albicans MTL locus were used to BLAST search
the C. lusitaniae and C. guilliermondii genome databases (Broad Institute) and homologs
were identified based on best reciprocal BLAST matches. Mating-competent strains of
C. lusitaniae (strain CL143) and C. guilliermondii (NRRL Y-2075) were used to isolate the
opposite MAT allele. To isolate the opposite MAT allele exact primers were designed to
the MAT flanking genes HIP1/MAS2 and RCY1, while degenerate primers were designed
for PAP1. A fragment of PAP1 was amplified for both species using degenerate primers.
For C. quilliermondii, exact primers to PAPI were then used in combination with primers

to HIP1 and RCY1 to generate overlapping PCR fragments spanning the MAT locus. The
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C. lusitaniae MATa allele was further amplified in three overlapping segments. The first
fragment was amplified using exact primers to PAP1 and MAS?2, the second using an
exact primer to PAP1 and a degenerate primer to PIK1. Following sequencing of the
second region, exact primers were designed to OBP1 and used in combination with
RCY1 specific primers to amplify the right border of the MATa locus. Multiple
independent PCR fragments were sequenced to generate at least 3X coverage across the
MAT locus. PAP1, PIK1, and OBP1 were annotated based upon homology and ORF
annotation. The structure of the al, a2, and al genes were determined by 5" and 3’
RACE (GeneRacer™; Invitrogen) to determine the intronic structure, stop, and start sites

for these genes.

2.2.4 Progeny mapping

An RFLP map was generated by sequencing multiple 3 kb regions spaced across
chromosomes 1, 5, and 6. Target regions were amplified by PCR from strains CL16 and
JLR610, and three independent PCR reactions were used to generate at least 3X sequence
coverage for each region and restriction maps were generated using MacVector®
software. DNA was isolated from single colonies of each progeny strain. To determine
the MAT configuration, a common primer that anneals to both MAT loci was used in
conjunction with a MATa or MATa specific primer. For RFLP typing, each locus was
PCR amplified, digested, and identified as deriving from either parent a (0), parent
alpha (1), or both a/alpha (2). The progeny set was generated by mating strains CL16 x
JLR610 on dilute PDA for 96 hours, resuspending the mating in water, and plating
various dilutions onto YNB media to select for recombinant prototrophic progeny. 94
independent colonies were selected and streaked for single colonies that were used for
subsequent analysis. Recombination frequencies were calculated for each pair of loci.

An independent mating was performed similarly on Yeast Carbon Base medium (YCB;
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Difco) and 94 progeny were analyzed and showed similar patterns of recombination,
aneuploidy, and diploidy to the cross discussed in this chapter (data not shown).
For spol1 crosses, 78 progeny were isolated from each bilateral and unilateral
mutant cross and typed for the MAT locus and all RFLP markers on Chromosome 6,
and for one RFLP marker each on Chromosomes 1 and 5 to establish independent

assortment of chromosomes.

2.2.5 CGH analysis

Unique 70-mer primers were designed to cover every ORF in the C. lusitaniae
genome using the ArrayOligoSelector software (Bozdech, Llinas et al. 2003; Bozdech,
Zhu et al. 2003). The input genomic sequence used for primer design was from the
Candida lusitaniae genome database and the MATa allele sequence generated in this
work. The program was run using the commands line:

./ Pick70_scriptl_contig 2candida_genes 2candida_contigs 70 yes blast

./ Pick70_script2 45.0 70 1

Only one orf (CLUG_05253) could not be assigned a unique primer. To create a
low-density CGH array we selected 93 primers (in addition to 3 MAT specific primers
to al, a2, and al) that were evenly spaced across all 8 chromosomes (~1 primer every
124 kb), with at least two primers per chromosome arm. The oligos were synthesized by
Operon and spotted onto glass slides at the Duke University DNA Microarray Facility.
Three primers were excluded from the analysis due to a failure to hybridize to one or
both parental strains. Genomic DNA from progeny strains was hybridized against strain
JLR610 (reference strain to which the array was designed) and the average log, ratios
from 4 duplicate spots per array and at least 3 hybridizations (at least 12 spots total)

were plotted for genome analysis. Primers are listed in Table 3.
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Figure 3: Chromosomal distribution of markers in CGH array

The eight chromosomes of C. lusitaniae are diagrammed above. The approximate size of
each chromosome as determined by supercontig length from the C. lusitaniae genome
database is indicated to the left. The orange circles indicate the putative centromere
positions and the distance in Mb from the beginning of the contig. The number above
each chromosome arm indicates the number of probes designed to cover that arm. The
short arm of chromosome 6 contains the MAT locus (indicated by an asterisk); for this
arm a total of 5 probes were actually generated; however, 3 of these probes are to the
MAT specific genes al, a2, and al which belong to essentially the same genomic locus
for the purpose of the array. Thus, probes were designed against a total of 3
independent loci for this chromosomal arm (the MAT locus, and 2 other independent
loci).
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Genomic DNA was sonicated to generate ~500 bp fragments and purified with a
QiaQuick PCR purification kit (QIAGEN). Five micrograms of DNA was labeled with
Cy-3 dUTP or Cy-5 dUTP (Amersham/GE) using the Random Primer/Reaction Buffer
mix (Bioprime Array CGH Genomic Labeling System, Invitrogen). Hybridization
conditions were as described previously (Kraus, Boily et al. 2004) except the slides used
were the custom designed and spotted arrays described above. After hybridization,
arrays were scanned with a GenePix 4000B scanner (Axon Instruments) and analyzed
using GenePix Pro version 4.0 and BRB Array Tools (developed by R. Simon and A.
Peng Lam at the National Cancer Institute; http:/ /linus.nci.nih.gov/BRB-

ArrayTools.html).

2.2.6 FACS analysis

FACS analysis was performed as previously described (Lin, Hull et al. 2005).
Cells were harvested from YPD medium, washed in PBS buffer, and fixed with 1 ml ice
cold 70% EtOH overnight at 4°C. Fixed cells were washed with 1 ml NS buffer (10 mM
Tris-HCI [pH 7.6], 250 mM sucrose, 1 mM EDTA [pH 8.0], 1 mM MgCl,, 0.1 mM CacCl,,
0.1 mM ZnCl,) and then resuspended in 0.2 ml NS buffer containing propidium iodide
(10 mg/ml) and RNaseA (1 mg/ml) at 4°C overnight. 50 ul of stained cells were diluted
into 2 ml of 50 mM Tris-HCl [pH 8.0] and sonicated for 1 min. Flow cytometry was
performed on 10,000 cells and analyzed on the FL1 channel with a Becton-Dickinson

FACScan.

2.2.7 Gene disruption

Gene disruptions cassettes were generated by overlap PCR and contained either
the C. albicans SAT1 gene (amplified from plasmid pSFS2A (Reuss, Vik et al. 2004)

conferring resistance to nourseothricin (NAT) or URA3 (amplified from plasmid pAG64)
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flanked by 800 to 1000 bp of gene specific sequence. The strains were transformed with
1-5 ug of DNA by a modified electroporation protocol (Reuss, Vik et al. 2004). Briefly,
cells were grown to ODyy=1.5, resuspended in 0.1 M LiOAc, TE, 0.01 M DTT and
incubated at room temperature for 1 hour. Cells were washed with H,O and
resuspended in 1 M sorbitol. 40 ul of cells were used per reaction. Cells were allowed
to recover in YPD for 4 hours at 30°C before plating on selective media; either Synthetic
Dextrose medium lacking uracil (SD-ura) or on YPD + 100 ug/ml NAT (YPD NAT).
Due to relatively short intergenic regions between genes of interest and flanking
genes, only a portion of the orf was deleted by the marker insertion. The al gene was
disrupted using the SAT1 gene flanked to replace residues +161 to +537 (which includes
the entire second exon and homeodomain) generating strains JLR806, JLR808, and
JLR809. The al gene was disrupted with the SATI gene to replace residues +87 to +194
generating strains JLR741 and JLR755. The a2 gene was disrupted using URA3 to
replace residues +115 to +540 generating strains JLR760 and JLR761 used in this study.
The SPO11 gene was disrupted using SAT1 to generate strain MATa strain JLR805 and
with URA3 to generate strains MATo. JLR834 and JLR843. In each case, the marker
replaced residues +461 to +528 (which encompasses part of the conserved hydrolase

domain). All primers are listed in Table 4.

2.2.8 Nucleic acid extraction and manipulation

For northern blots, strains were either incubated alone or co-cultured on dilute
Potato dextrose agar or YPD for 24 hours. Cells were harvested from the agar plates
and RNA was extracted using the RiboPure ™-Yeast kit (Ambion). RNA was resolved
on 1.2% agarose / formaldehyde gels and transferred to Zeta-probe membranes. The
membranes were probed with [*P]dCTP labeled DNA PCR fragments. Hybridization

was performed using Ultrahyb (Ambion) according to the manufacturer’s instructions.
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To identify the structure of the al, a2, and a1 genes, RNA extracted from a cross
between CL16 and JLR610 was used as a template for cONA synthesis. 5 and 3’
RACE was performed using the GeneRacer kit (Invitrogen).

For CGH analysis, genomic DNA was prepared by growing 50 ml YPD cultures
overnight at 30°C with shaking. The cells were washed three times with H,O and
harvested by centrifugation at 4,000g for 8 min. The cell pellet was frozen at -80°C,
lyophilized overnight, and stored at -20°C. Genomic DNA extraction was performed
using the CTAB protocol as described previously (Pitkin, Panaccione et al. 1996) and

DNA quality was assessed by agarose gel electrophoresis.

2.2.9 Dyad dissection

Diploid a/o progeny 33 was sporulated on dilute potato dextrose agar at room
temperature for 24 hours. Cells were scraped from the plate, resuspended in water and
spotted dilutely onto a YPD plate for microdissection. Asci with formed ascospores
were identified and the entire contents of the ascus was microdissected to a discrete
location on a YPD plate. After 48 hours at 30°C, any colonies formed were streak
purified onto YPD plates and incubated at 30°C to isolate single colonies. Thirty-two
singles colonies were isolated for each ascus and were plated onto YPD, SD- ura, SD-leu,
5-FOA, and YPD + 10 ug/ml cycloheximide to determine whether isolates of multiple
genotypes could be isolated from a single ascus. Two strains of each genotype found in

an ascus were subjected to FACS analysis to determine ploidy.

2.2.10 DNA replication inhibition

Diploid a/a progeny 33 (self sporulating) was grown overnight in YPD at 30°C
and washed twice in H,O. Cells were spotted onto dilute potato dextrose agar plates

with or without 100 mM hydroxyurea (HU) (Sigma) and incubated at room temperature.
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Cells were collected at the 0 time point and fixed in ice cold 70% ETOH at 4°C for 6
hours. At24 hours, a time point at which the majority of wild-type diploid cells have
sporulated, cells were scraped from the sporulation plates and either fixed in ice cold
70% ETOH or respotted onto dilute potato dextrose agar without HU to determine
whether the cells could recover and sporulate post-HU treatment. After 24 hours on the
recovery sporulation medium, cells were again scraped from the plates and fixed in ice
cold 70% ETOH. At least 800 cells from each sample were microscopically examined for

morphology and sporulation.

2.3 Results

2.3.1 Annotation of sequenced MAT alleles

First, the mating-type (MAT) locus of C. lusitaniae and C. guilliermondii was
identified. In fungi, the MAT locus is a specialized region of the genome that confers
sexual identity, specifying cells as a, a, or a/a. Both species are known to be
heterothallic (outcrossing) with two opposite mating-types (Reedy and Heitman 2007).
MAT was identified by BLAST searches of the C. lusitaniae and C. guilliermondii genomes
(Candida; Candida) using genes of the C. albicans MTL locus encoding the a-domain factor
al, polyA polymerase Papla, phosphatidyl inositol-4 kinase Pikla, and oxysterol
binding protein Obpla. The C. lusitaniae sequenced strain is MATa and homologs of
four of five genes corresponding to the C. albicans MTLo. locus were identified, organized
into a contiguous syntenic locus. Notably, the a2 gene, which encodes a homeodomain
cell identity factor, was missing, similar to C. parapsilosis (Logue, Wong et al. 2005). The
C. guilliermondii sequenced strain contains a MATa allele with four genes that share
identity and synteny with four of the five C. albicans MTLa genes (a2 HMG domain

factor, PAPla, PIK1a, OBP1a). Notably, the al gene, which also encodes a
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homeodomain factor, was missing. Synteny between MAT and flanking regions is largely

conserved, except on the left C. lusitaniae MAT border where a translocation occurred.
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Figure 4: Mating type (MAT) loci of C. lusitaniae and C. guilliermondii are syntenic with C. albicans

Alignment of the MAT loci from the sexual species C. lusitaniae and C. guilliermondii with that of the parasexual species C. albicans.
The colored genes are contained within the MAT locus (PAP1, OBP1, PIK1, al, a2, and a1), while the white /striped genes (HIP1,
MAS?2, and RCY1) flank the locus. The intron and exon structure of the C. guilliermondii and C. lusitaniae al and a2 genes are shown.
Crosses denote the loss of either the al or o2 transcription factor genes. The C. lusitaniae MATa allele is 7741 bp and the MATa allele
is 7389 bp. The C. guilliermondii MATo. allele is 9228 bp and the MATa allele is 9534 bp.



2.3.2 Isolation of MAT from an opposite mating-type partner

The opposite MAT alleles were isolated from fertile strains and sequenced.
Interestingly, the MATa alleles both lack the a2 homeodomain gene. C. guilliermondii
MATa also lacks the al homeodomain gene whereas this gene is retained and expressed
from C. lusitanine MATa based on RACE analysis. The C. lusitaniae MATa locus spans
7389 bp, while the MATo locus spans 7741 bp. In C. guilliermondii, the MATa allele
encompasses 9534 bp and the MATa allele 9228 bp. The extent of the MAT loci was
determined by alignment of the opposite MAT alleles; the beginning of the MAT locus
was considered to be the point at which nucleotide homology between the two strains
deteriorated and the end of the locus was the point at which nucleotide identity was
reestablished. Consistent with these loci being MAT alleles and areas of low
recombination, the three non-transcription factor genes contained within the locus
shared significantly less nucleotide identity (60 - 80%) than genes flanking the locus (99-
100%). A large percentage of the MAT locus from an additional fertile MATa C.
gquilliermondii strain was sequenced, particularly covering the a2 region where al would
also likely reside if present. The sequence was largely similar to the strain sequenced by
the Broad Institute and importantly there was no al gene present, suggesting this is not

a strain specific phenomenon.
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Figure 5: Gene rearrangement and reduced synteny within the MAT locus

Pustell DNA scoring matrices (created with MacVector®) demonstrating the gene rearrangement and sequence divergence between the
MAT locus alleles of a single species. Gene identity flanking the locus is 97 — 99%, while genes within the locus share 60 - 80%
identity. The MATa allele is plotted on the y-axis and the MATa allele is plotted on the x-axis for each species.



To determine the intron/exon structure of the al, a2, and ol transcription factors
5" and 3" RACE was performed using cDNA from a mating mixture. Interestingly, in all
species where a homolog of al has been identified (including S. cerevisiae and C. albicans)
it contains two well-conserved introns. Although the first intron is present in C.
lusitaniae, the second intron is absent as determined by RACE and RT-PCR, possibly lost
by gene conversion (Stajich and Dietrich 2006). In S. cerevisiae and C. albicans, al and o2
form a heterodimer that represses haploid specific genes and, in S. cerevisiae, al /a2
promotes meiotic entry (Johnson 2003; Tsong, Tuch et al. 2007). The absence of one or
both components of this canonical heterodimeric cell identity determinant indicates
transcriptional circuits controlling meiotic entry and haploid-specific gene repression
were either lost or rewired as these sexual species diverged from the last common
ancestor, possibly reflecting a transient nature of their diploid state or loss of or altered

meiosis.

2.3.3 a2 and a1 are required for mating and haploid-specific gene
expression

We hypothesized that a2 and al may function in C. lusitaniae similarly to C.
albicans where they are required for mating and the expression of haploid specific genes
(Tsong, Tuch et al. 2007). In C. lusitaniae, a and o cells mate when co-cultured and
nutrient limited. Mating involves pheromone production and sensing to trigger
conjugation tube formation, cell and nuclear fusion, and the formation of spore-
containing asci (Gargeya, Pruitt et al. 1990; Young, Lorenz et al. 2000; Francois, Noel et
al. 2001). Functional roles of the a2 and a1 transcription factors were assigned by
genetic and phenotypic analyses of independent disruption mutants isolated for each

gene. Mating was assessed by microscopy, assays that monitor complementation and
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segregation of mutations during mating, and gene expression studies. Disruption of the
al or a2 genes abolished mating, and no mating structures (conjugation tubes, zygotes,
asci, or spores) were observed. In patch and quantitative mating assays, wild-type a x
wild-type a crosses yielded abundant haploid recombinant products (~14%), whereas
mating efficiency was dramatically reduced (>400,000 fold) in a2 or al mutant crosses.
Moreover, expression of the STE2 gene (encoding the o -pheromone receptor) is
weakly induced by nutrient limitation in an a2-dependent fashion, and co-incubation
with an opposite mating-type partner leads to marked induction of STE2 and STE3 in
wild-type cells, but not in al (STE3) or a2 mutant cells (STE2). Therefore, a2 and al
control cell-type specific gene expression and specify a- or a-cell fate, analogous to C.

albicans.

41



