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Abstract

Hydrogen peroxide is used by animals and plants to deter the growth of microbial

invaders by inflicting DNA lesions, protein oxidation and lipid membrane modifica-

tions. Pathogens protect themselves with enzymes and scavenging proteins. This

study investigated population genetic, biochemical and genetic aspects of peroxide

survival in Saccharomyces cerevisiae to address its importance for yeast biology and

fungal pathogenicity.

Population genetic analyses of DNA sequences from five loci from 103 strains

encompassing the known ecological spectrum of S. cerevisiae show that it is a re-

combining species with three divergent subgroups, which are associated with soil,

fruit, and vineyards. Clinical isolates cluster with fruit isolates but are significantly

more resistant to peroxide. Clinical isolates are genetically diverse, indicating mul-

tiple origins of the pathogenic lifestyle and eliminating the possibility that peroxide

resistance is due to shared ancestry rather than its importance for than its impor-

tance in colonizing the host.

Biochemical aspects of peroxide survival were studied in a resistant (high-survival)

clinical isolate, a sensitive (low-survival) laboratory strain and their hybrid. Cata-

lase activity and expression levels are indistinguishable among strains. Co-culture

assays and growth curve records indicate that a secreted factor improves survival of

the laboratory strain and that the phenotypic difference is most pronounced during

exponential growth, excluding mechanisms of the General Stress Response effective
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during stationary phase. Semi-quantitative expression profiles of stress response can-

didate genes do not differ, suggesting a novel resistance mechanism.

To elucidate the genetic basis of peroxide survival, the hybrid was sporulated and

200 F1 segregants phenotyped and genotyped for oxidative stress candidate genes.

Peroxide survival is a dominant quantitative trait and not linked to catalase, peroxi-

dase or superoxide dismutase genes. 1,246 backcross segregants were phenotyped and

93 segregants selectively genotyped using microarrays. A 14-gene locus on chromo-

some XVI displayed marker-trait association. One gene, RDS2, encodes a zinc clus-

ter protein acting as a regulator of drug sensitivity and contains a non-synonymous

polymorphism whose exchange between the parental strains results a 15% decrease

in survival in the clinical strain.

This work establishes a novel function for RDS2 in oxidative stress response and

demonstrates the effect a quantitative trait nucleotide has on a clinically relevant

phenotype.
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1

Hydrogen Peroxide Stress Response and Protection
in the Model Eukaryote and Emerging Pathogen

Saccharomyces cerevisiae

Oxygen radicals and molecular oxygen began to accumulate in earth’s atmosphere

after the origin of photosynthetic cyanobacteria some 3.5 billion years ago (280).

Although atmospheric O2 expedited the evolution of aerobic life, partially reduced

O2 is toxic, mutagenic and inflammable. Univalent reduction of molecular oxygen to

water, leads to reactive oxygen species (ROS) such as superoxide radicals (O2•-), hy-

drogen peroxide (H2O2), and hydroxyl radicals (OH•). The non-radical ROS H2O2

is a universal and versatile molecule that partakes in constructive and destructive

aspects of life. H2O2 is effective as defense, degrading and signaling molecule. An-

imals and plants defend themselves with H2O2 from invasive pathogenic microbes.

Wood-rotting fungi utilize H2O2 to break down lignin and cellulose, thereby re-

turning carbon to the carbon cycle. Mutualistic plant-fungus relationships and the

development of sexual structures in filamentous fungi depend on H2O2 as a signaling

molecule. H2O2 can be detrimental when its presence disturbs the cellular redox
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homeostasis, resulting in serious consequences for human life and health. Oxidative

stress and cellular damage are implicated in a wide array of different conditions, in-

cluding cancer (170), familial amyotrophic lateral sclerosis (267), Parkinsons disease

(311), sickle cell anemia (282), and aging and programmed cell death (66). Due

to the complexity of the eukaryotic oxidative stress response, these conditions are

difficult to study in humans, requiring a tractable model system.

S. cerevisiae is an outstanding model system that facilitates the study of compo-

nents of the multi-facetted eukaryotic oxidative stress response on a genetic, biochem-

ical and systematic level. Cellular damage due to H2O2 is non-specific and includes

DNA single base pair modifications and double strand breaks, protein carbonylation

and disulfide bond formation and lipid peroxides (137). S. cerevisiae uses different

avenues to respond to the oxidative challenge, depending on its severity. Low doses

of H2O2 trigger adaptation by initiating expression of genes whose products act in

detoxification and damage control (163). High H2O2 doses cause cell cycle arrest

and an apoptosis-like cell death (99, 202). To prevent death by ROS, S. cerevisiae

employs catalases, cytochrome-c peroxidase, and non-enzymatic ROS-scavenging

molecules, such as glutathione, thioredoxin and vitamin C (129, 134, 156, 160, 181).

The list of genes required for survival and repair has been extended by system-

atic efforts, including gene expression studies and systematic gene deletion mutants

(40, 112, 145, 312).

Phylogenetic analyses have shown that S. cerevisiae is related to the ascomycetous

opportunistic pathogens Candida albicans, C. dubliniensis, C. glabrata, Aspergillus

fumigatus, and more distantly to the basidiomycetous opportunist Cryptococcus neo-

formans (83, 162). C. albicans is the most common causative agent of invasive fungal

infections and causes a wide range of infections, reaching from thrush and vaginitis to

life-threatening systemic infections in immunocompetent and immunocompromised

(217, 345). The emerging pathogen C. glabrata is the second most common cause
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of invasive candidiasis and the most common non-Candida albicans Candida species

isolated from oral cavities of HIV-infected individuals (204, 250, 251). C. dubliniensis

has only recently been identified and is primarily associated with oral infections in

HIV-infected individuals and AIDS patients (61, 304). All together, Candida species

rank fourth in nosocomial blood stream infections in the U.S. (337). Hyaline molds

of the genus Aspergillus are one of the most common agent of opportunistic mycoses

(251). A. fumigatus is the most common cause of invasive pulmonary disease in

hematopoietic stem cell transplant recipients (207). The basidiomycetous yeast C.

neoformans ranks third in causes of fatalities due to invasive mycoses (251). C. neo-

formans infections lead to meningoencephalitis in immunosuppressed patients (49).

S. cerevisiae has traditionally been considered non-pathogenic but has been isolated

in clinical settings in the recent past and is now considered an emerging pathogen

(142, 290). It has been found on sterile and non-sterile body sites in immunocompe-

tent and immunocompromised patients, as reviewed by McCusker (212). Although

much less frequent, mucosal and invasive S. cerevisiae infections are indistinguishable

from C. albicans infections (91, 293).

Fungal infections and associated mortality rates are on the rise due to increas-

ing numbers of immunocompromised patients who lack critical components of the

cellular immune response to fight microbial invaders of the blood stream (250). Im-

munocompetent individuals eliminate fungi and bacteria with the help of neutrophils

and macrophages. Both phagocytic cell types significantly increase O2 uptake and

produce ROS upon ingesting foreign particles, such as microbes, a phenomenon rec-

ognized as respiratory burst (159, 276). The primary product of the oxidative burst

is O2•-, which is generated by the NADPH oxidase and immediately converted into

H2O2 (137).

This chapter focuses on the interactions of H2O2 with the eukaryotic cell. The

chemistry of H2O2 is briefly introduced and its biochemistry, the ability to damage
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organic molecules, is described. The biological effect of oxidative stress and damage

on eukaryotic cells is illustrated on the example of S. cerevisiae, in combination

with examples of how S. cerevisiae aides in the investigation of human conditions

that result from oxidative stress. Aspects of the regulatory response and protective

systems of S. cerevisiae and its pathogenic relatives are discussed, followed by a

brief summary of systematic efforts to identify genes required for survival and repair

concludes the review.

1.1 H2O2 is a potent oxidant

Hydrogen peroxide was discovered in 1818 by Louis Jacques Thénard (336). Perox-

ide’s versatility as a decomposing, signaling and noxious molecule results from its

chemistry as a weak acid with oxidizing and reducing activities. It originates during

partial reduction of O2 by light (photoexcitation), radiation, ferrous iron or enzymes.

H2O2 is a permanent dipole and one of the smallest chiral molecules in nature (19).

As a non-radical ROS it is more stable under physiological conditions than its radical

relatives. Its half-life of 1 ms is 1000x longer than that of O2•- (259). Due to this

extended stability H2O2 can engage in the Fenton reaction producing the more toxic

OH•, whose toxicity is only limited by the presence of transition metals and diffusion.

The Fenton reaction (Fe2+ + H2O2 → intermediate oxidizing species→ Fe3+ + OH•

+ OH-) describes the process (89). Fe2+, that comprises ∼8% of the cells iron pool,

is almost immediately oxidized to Fe3+ of which about 13 µM can be detected in S.

cerevisiae cells (297). As described below, H2O2 damages biomolecules via the more

potent OH•. Aerobic cells are constantly exposed to intracellular H2O2 originat-

ing from radiation-mediated H2O dissociation or leaking from the respiratory chain

when cytochrome-c oxidase releases partially reduced O2. Indeed, mitochondria are

a major source of endogenous oxidative stress as they consume 86% of the cell’s O2

(283).
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When the redox homeostasis, the intricate balance between antioxidants and

ROS is shifted towards ROS, cells experience oxidative stress. Excess ROS injuring

biomolecules and the failure of repair or replacement systems cause oxidative damage

(137).

As an uncharged small molecule, H2O2 can enter the cell by diffusing across

the membrane. In S. cerevisiae, H2O2 cell membrane permeability decreases five-

times between exponential and stationary phase, resulting in H2O2 resistance (295).

Diffusion is not the only entrance mechanism. A recent study by Bienert et al.

suggests that H2O2 enters via specific aquaporins, which are integrated membrane

proteins, and that diffusion might be rather limited. Heterologous expression of

24 aquaporins from mammals and plants, including five human aquaporins, in S.

cerevisiae confirmed that H2O2 is able to gain access through one human and two

plant aquaporins (19).

1.2 H2O2 non-specifically damages DNA, proteins and lipids

As a consequence of an imbalanced redox homeostasis, cells can suffer heritable

or lethal mutations, functionally impaired proteins, and destabilized membranes.

Oxidative damage can have serious consequences as manifested in cancer, Parkinson’s

disease, and irreversibly sickled red blood cells (170, 282, 311). The following section

gives an overview of oxidative damage in DNA, protein, lipids, the serious conditions

they can cause in humans and how they are modeled and investigated in S. cerevisiae.

DNA damage. S. cerevisiae, together with Escherichia coli, has served as a

model system to identify DNA damaging agents, damage patterns, and repair mech-

anisms. The DNA damaging properties of H2O2 were uncovered when H2O2-treated

S. cerevisiae cells became respiration-deficient due to mutations in the mitochon-

drial genome (310). Oxidative damage is not restricted to mitochondrial DNA but

affects all nucleic acid molecules in the cell. For example it has been estimated
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that the human genome experiences 104 losses of purines in each cell every day

(193). H2O2 exposure and the subsequent Fenton reaction lead to a wide variety

of DNA injuries, including base and sugar modifications, single and double strand

breaks, nucleotide dimerizations, and DNA-protein cross-linking of which the most

common ones and their repair mechanisms are described here (137, 191). OH• ox-

idizes all four bases resulting in a variety of products. Oxidation of guanine causes

8-Oxo-7,8-dihydroguanin (8-oxoG), one of the most abundant and best-studied base

modifications. Oxidative deamination of cytosine results in the formation of uracil

and addition to guanine and thymine rings leads to ring opening and structural

distortions causing the above-mentioned apurinic and apyrimidinic sites (26, 86).

Oxidation of deoxyribose and ribose fragments the molecule and produces peroxyl

radicals. Oxidative modification of proteins that are associated with DNA leads to

cross-linking with DNA base-derived radicals prohibiting proper chromatin unfold-

ing, DNA repair, transcription and replication (137).

The products of oxidative DNA base modifications are transitions, transversions

and base mismatches. To prevent these mutations from being passed on to the next

generation or from producing erroneous RNAs, cells have developed repair mech-

anisms that remove oxidized bases and remedy single and double strand breaks.

DNA lesions have been classified as lethal or mutagenic (321). Lethal lesions dis-

tort structure and prevent DNA polymerases from progressing. Mutagenic lesions

allow DNA polymerase read through and are passed on to the next generation. For

example, 8-oxoG is mutagenic as it introduces a transversion. Thymine glycol and

its complementary adenine are lethal because they are extrahelical and distort DNA

structure. S. cerevisiae removes modified DNA bases primarily by base excision re-

pair (BER), sometimes synergistically with nucleotide excision repair (NER) (114).

The components of BER, the DNA N-glycosylases/AP lyases Ntg1, Ntg2 can repair a

broad spectrum of base modifications (343). The glycosylase Ogg1 removes oxidized
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purines and the apurinic endonuclease Apn1 repairs oxidized cytosine (253, 316).

The enzymes responsible for DNA repair are evolutionary conserved, emphasizing

the applicability of yeast as a model eukaryote (8). For a detailed review on the

chemistry of oxidative DNA damage and repair enzymes see Bjelland and Seeberg

(22).

DNA damage and its consequences on genomic instability have been studied in S.

cerevisiae, demonstrating that yeast cells without BER and NER experience DNA

lesions and exhibit a cancer like phenotype expressing itself in aberrant morphology,

DNA content and growth (94). Degtyareva et al. found that elevated levels of DNA

damage, increase the frequency of chromosomal alterations and led to karyotypic

instability (78, 94). This reflects, at least in part, the scenario of oxidative damage

to mammalian DNA. ROS accelerate mutation rates and promote neoplastic trans-

formations. Mice that lacked the glycosylase to repair 8-oxoG were five-times more

likely to develop intestinal tumors than wild type animals (274).

Protein oxidation. H2O2 and OH• damage proteins resulting in enzyme in-

activation and structural disturbances. H2O2 inactivates enzymes in two different

ways. Oxidation of cysteine and methionine sulfhydryl groups, which often reside

in active sites, causes disulfide cross-links and inactivation as demonstrated on the

yeast alcohol dehydrogenase (70, 135, 332). H2O2 attacking Fe/S clusters inactivates

dehydratase and aconitase (101). S. cerevisiae prevents inactivation of Fe/S cluster

containing enzymes with the mitochondrial glutathione Grx5 and heat shock protein

60 (35, 266).

As a Fenton reagent, H2O2 disrupts protein structure. Exposure to OH• re-

sults in covalently bound protein aggregates (75). OH• modifies amino acids, par-

ticularly tryptophan, tyrosine, histidine and cysteine leading to alterations in pri-

mary structure (77). Once the primary structure is impaired, continued oxidative

carbonylation leads to distortions of the secondary and tertiary structure and ag-
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gregate formation due to progressive cross-linking (76). Yeast proteins that are

being carbonylated in response to H2O2 include glyceraldehyde-3-phosphate dehy-

drogenase, Cu,Zn-superoxide dismutase, phosphoglycerate mutase and cyclophilin 1

(67). S. cerevisiae removes irreversibly damaged proteins via the proteasome and

the lysosomes/vacuole. The 20S proteasome is critical for survival during stationary

phase.(52). Oxidative stress triggers expression of genes that encode 20S proteasome

subunits, emphasizing the proteasome’s role for regulation of oxidized protein levels

(187). Fast removal of oxidized proteins is important for recovery from oxidative

stress and vacuolar function is a core property of cells exposed to a wide variety of

oxidative stresses (312). Accordingly, genes required for vacuolar proteolysis respond

with increased expression to oxidative stress (206).

Protein oxidation has serious consequences for human health; it is involved in

Parkinson’s disease (PD) and sickle cell anemia (282, 306). The PD protein DJ-1

exerts its neuroprotective function by undergoing self oxidation to eliminate H2O2

that would otherwise trigger apoptosis (306). However, co-expressing DJ-1 with

synuclein alleles in yeast did not change synuclein toxicity (319). A sickle cell cri-

sis is caused by the oxidation of two conserved cysteine residues of β-actin in the

red blood cells of homozygous sickle cell patients. The resulting disulfide brigde

prohibits actin depolymerization and locks the cell in the irreversibly sickled state

(282). The physiological role of these two actin cysteine residues in oxidative stress

sensing and response has been investigated in S. cerevisiae (96). S. cerevisiae has

furthermore aided in the development of a reliable mass spectrometric method that

enables identification and characterization of oxidative protein damage (221).

Lipid peroxidation. The oxidative deterioration of polyunsaturated lipids dam-

ages biological membranes (137). In general, lipid peroxidation increases membrane

viscosity, alters thermotropic phase behaviour, decreases electrical resistance and

enables phopholipid exchange between monolayers (263). For mitochondrial mem-
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branes, Tappel and Zalkin showed as early as 1958 that mitochondria deteriorate

and mitochondrial enzymes get inactivated upon oxidation (307). Phospholipids

are oxidized in an iron salt-dependent fashion, indicating that OH• is the causative

agent (136). ROS attack on polyunsaturated lipids is initiated by hydrogen abstrac-

tion, subsequent oxygenation and formation of peroxyl radicals (109). The resulting

lipid peroxides are reduced by phospholipid hydroperoxide glutathione peroxidase.

S. cerevisiae expresses three peroxidases in response to oxidative stress (12). Those

act in concert with phospholipase A2 that cleaves lipid peroxides from membranes

(51, 317). Phospholipases are considered virulence factors in C. albicans, A. fumi-

gatus and C. neoformans because they promote host invasion by allowing fungal

pathogens to adhere to the host’s membranes (116).

1.3 Consequences of H2O2-induced damage

Responses to oxidative stress and the resulting damage are complex and differ de-

pending on which cell component has been damaged. Studies on S. cerevisiae have

elucidated the consequences of oxidative damage to the eukaryotic cell. Nuclear DNA

damage results in cell cycle arrest. By halting the cell cycle, cells gain time for repair.

The critically injured mitochondrial genome is lost from the cell, a lethal situation

for mammalian cells that can be studied in petite S. cerevisiae strains, which survive

without a mitochondrial genome. ROS accumulation and damage in mitochondria

promote aging and life span and severe damage leads to programmed cell death.

Cell cycle arrest and mitochondrial genome instability. The outcomes

of nuclear and mitochondrial DNA damage differ in S. cerevisiae. H2O2 damages

of nuclear DNA cause cell cycle arrest in a RAD9 -dependent manner (99). RAD9

affects the transcription of genes related to DNA metabolism and repair and triggers

cell cycle arrest in G1, S and G2. Deletion of RAD9 leaves cells highly sensitive

to H2O2 but with normal glutathione metabolism, STRE-mediated gene expression
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and adaptive response. Severe oxidative mtDNA damage leads to the loss of the

mitochondrial genome in S. cerevisiae. Mutants that lacked mitochondrial base ex-

cision repair and superoxide dismutase (SOD2 ) lost their entire genome in response

to accumulating ROS. Under certain conditions, S. cerevisiae survives without a mi-

tochondrial genome and this case presents the opportunity to study a situation that

is always lethal in mammalian cells (85).

Aging and apoptosis. Aerobic cells are constantly exposed to free radicals

and this internal radiation is thought to be responsible for aging and potentially

cancer (139). S. cerevisiae ages in two distinct ways, replicative and chronological.

Replicative aging is measured by the number of daughter cells generated by each

mother cell and chronological aging is determined by the length of cell viability

in stationary phase (66). This implies that although each individual cell senesces

and dies, the population is immortal, promoting S. cerevisiae as a model for aging

research. Aging in yeast is accompanied by a host of changes in cell morphology

and biochemistry. Cell size, bud scar number and vacuole size increase in old cells

while protein synthesis, the ability to mate and ribosome activity decrease. In yeast

only the mother cell ages. Daughter cells start out with the potential of a new whole

life span. S. cerevisiae life span is affected by genes governing signal transduction,

transcriptional silencing, DNA recombination and ROS (165). Mother cells lacking

catalases that were exposed to O2•- or kept in an oxygen-rich atmosphere exhibited a

significantly shorter life span. The decrease in life span was reversed when the radical

scavenger glutathione was added, supporting the relevance of ROS for cellular aging

(235).

Apoptosis is a form of programmed cell death and important for the mainte-

nance of multi-cellular organisms, organ development and the removal of potentially

cancerous cells. Mammalian cells undergoing apoptosis exhibit a series of biochem-

ical alterations that lead to morphological changes, including membrane blebbing,

10



cell shrinkage, chromatin condensation, DNA fragmentation and the occurrence of

membrane-bound apoptotic bodies (100). An apoptosis-like phenotype in response

to ROS has been described for S. cerevisiae. The cdc48 mutant strain displays a

phenotype resembling mammalian apoptosis markers, such as membrane inversions,

DNA fragmentation, chromatin condensation and fragmentation (201). Although

S. cerevisiae lacks some mammalian apoptosis genes, such as Bcl-2s, it is a versatile

model system to study programmed cell death. It lends itself to study the influence of

ROS accumulation on apoptosis and the mitochondrial aspect of ROS augmentation.

The yeast two-hybrid system can be exploited to investigate physical interactions of

known mammalian apoptosis gene products and to identify new interactions. S.

cerevisiae is amenable to heterologous and co-expression experiments of apoptotic

markers to address phenotypic questions (100).

Apoptosis is induced by low external doses of H2O2 and depletion of the intra-

cellular glutathione pool. S. cerevisiae cells initiate apoptosis upon oxidation of two

conserved cysteine residues in the actin cytoskeleton (96). ROS play an active role in

apoptosis initiation and are not merely a product of apoptosis because the apoptotic

phenotype is suppressed in cells treated with radical scavengers or grown in an anaer-

obic environment (202). Old yeast cells accumulate ROS in their mitochondria and

display markers of apoptosis, such as chromatin fragmentation, multiple nuclei per

cell and plasma membrane inversions. Young cells did not accumulate ROS in their

mitochondria, had compact single nuclei, no DNA breaks and only very infrequently

stained positive for plasma membrane inversions (186).

ROS evoke apoptosis in concert with two S. cerevisiae genes that resemble mam-

malian apoptosis genes. YOR97W (YCA1 ), encodes a caspase-like protein with

structural homology to human caspases, is processed like a caspase and cleaves cas-

pase substrates. YCA1 overexpression together with oxidative stress evokes apop-

tosis and YCA1 disruption abolishes H2O2 or age-induced apoptosis in yeast (203).
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More recently a second gene (RHO5 ) was identified that resembles mammalian Rac

GTPases, which are involved in apoptosis. Rac GTPases activate NADPH oxidases,

thereby generating O2•- and triggering cell death. Yeast Rho5 GTPase contributes

to ROS accumulation and promotes apoptosis. As a consequence of oxidative stress,

Rho5 physically interacts in vitro and in vivo with Trr1 (thioredoxin reductase). In-

hibition of Trr1 leads to an increase in intracellular H2O2 levels that in turn trigger

apoptosis (285).

The pre-synaptic α-synuclein, one of the central proteins in the etiology of Parkin-

son’s disease, is a modulator of oxidative damage. Certain mutant alleles cause a

pathological phenotype in mitochondria and induce apoptosis resulting in neurode-

generation, as reviewed by Thomas and Flint (311). The relationship between mutant

alleles of α-synuclein and ROS accumulation has been investigated in the S. cere-

visiae PD model revealing that α-synuclein-induced ROS accumulation is caspase-

dependent (102).

1.4 Oxidative stress response and adaptation

Cells are constantly exposed to the toxic by-products of oxygen reduction. It is crit-

ical to understand how eukaryotic cells sense and respond to imbalances in the redox

homeostasis. A particularly dramatic example of cells suffering oxidative stress is

the neurodegenerative disorder amyotrophic lateral sclerosis (ALS). Missense mu-

tations in the Cu,Zn superoxide dismutase, a O2- detoxifying enzyme, are tightly

linked to familial cases of ALS (267). S. cerevisiae is a leading model organism to

study oxidative stress response (OSR) phenomena, such as ALS (237). Beyond that,

studying the OSR in S. cerevisiae may also lead to conclusions about the OSR in its

pathogenic relatives of the genus Aspergillus and C. albicans, in which classic genetic

studies were impossible until the recent discovery of a sexual cycle in A. fumigatus

(239) or are still limited due to a parasexual cycle in C. albicans (104).
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Adaptation to H2O2 and cross-adaptation to other environmental stres-

sors. The OSR in S. cerevisiae and its pathogenic kin is characterized by the or-

ganisms ability to adapt to low doses of H2O2, resulting in resistance to otherwise

lethal doses. Adaptation to H2O2 is transient and, as an added benefit, leads to

cross-protection from other environmental stresses (cross-adaptation). The OSR is

coordinated by the transcription factors Yap1 (yeast AP-1-like) and Skn7 (suppressor

of kre null) that modulate expression of ROS-detoxifying genes.

Exposure of respiring S. cerevisiae cells to sub-lethal doses of H2O2 leads to resis-

tance to otherwise lethal doses (163). C. albicans (164), C. dubliniensis (314), and

C. glabrata (71) exhibit adaptation as well but the degree of adaptation, as mea-

sured in survival at higher doses, varies widely between species. S. cerevisiae adapts

significantly less well than C. dubliniensis and C. albicans. Almost all adapted C. al-

bicans cells survived a dose twenty-times higher than the lethal dose for S. cerevisiae.

The differing degrees of adaptation are reflected in differences in catalase enzyme ac-

tivity induction. C. albicans catalase is induced 21-fold and in the other species

at least 2-fold (164). Other ROS-detoxifying enzymes induced include peroxidase,

glucose-6-phosphate dehydrogenase, superoxide dismutase, glutathione peroxidase,

and quinone reductase. A direct comparison between C. glabrata, C. albicans and S.

cerevisiae confirmed the low adaptive response observed in S. cerevisiae (C. glabrata

> C. albicans >> S. cerevisiae). Clinical isolates of C. glabrata and C. albicans

adapted less well than the laboratory strains, whereas clinical S. cerevisiae strains

adapted better to H2O2 than the laboratory strain (71).

To determine whether adaptation to H2O2 yields resistance to superoxide and

vice versa, yeasts were exposed to the the O2•- generating compounds menadione

and methyl viologen. C. albicans, C. dubliniensis displayed cross-adaptation but S.

cerevisiae pre-treated with H2O2 is sensitive to menadione. Further investigations

into the cross-adaptive OSR in S. cerevisiae revealed that temperature and osmo-
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larity lead to H2O2 adaptation but exposure to sub-lethal doses of H2O2 did not

improve survival of heat stress and high osmolarity (63, 197).

In an effort to identify the underlying cell biology of H2O2 adaptation, duration

and level of protein synthesis were quantified in S. cerevisiae. Adaptation is transient,

repeatable, and associated with protein synthesis. Pre-treated cells synthesized at

least 21 new proteins and adaptation was obliterated with the addition of cyclohex-

imide (74). A more comprehensive investigation of protein synthesis demonstrated

that S. cerevisiae synthesized 115 new proteins in response to low doses of H2O2

(122). Most proteins that scavenge ROS, such as the cytosolic catalase (Ctt1) and

glucose-6-phosphate dehydrogenase (G6PDH), returned to baseline after about one

hour (122). The adaptive power of G6PDH and Ctt1 has been verified genetically.

Mutants deleted for catalases and G6PDH do not adapt (160, 199). To distinguish

whether adaptation in S. cerevisiae is due to tolerance or prevention of protein oxida-

tion, the presence of oxidized phenylalanine residues was determined and an increase

in damaged proteins detected (252). Yet, with increasing doses of H2O2 the rate

of protein damage declined, indicating that yeast tolerate damaged proteins when

exposed to adaptive doses of H2O2 (252). Recently a second mechanism underlying

adaptation was described. Exposure to sub-lethal doses causes membrane perme-

ability for H2O2 to decline by a factor of two, blocking H2O2 from entering the cell

(28). In summary, adaptation to H2O2 in S. cerevisiae is temporary and repeat-

able. Adaptation is associated with the synthesis of ROS detoxifying enzymes, an

increased tolerance towards damaged proteins, and changes in membrane permeabil-

ity. The H2O2 adaptive response in S. cerevisiae suggests the presence of a specific

OSR program.

H2O2 oxidizes and activates the transcription factor Yap1. OSR and

adaptation are associated with time-dependent protein synthesis. One of the factors

that regulate transcription in response to H2O2 is Yap1, a basic region-leucine zipper
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transcription factor that was identified and purified based on its ability to recognize

the mammalian activator protein-1 (AP-1) recognition element (ARE). Similarities

to human AP-1 and yeast Gcn4 suggest that Yap1 is a member of the jun-family

of transcription factors that regulate stress response (140, 228). The yap1 mutant

is five-times more sensitive to H2O2 than the wild type. Yet, wild type and mu-

tant strain have comparable levels of catalase activity, indicating that Yap1 does not

regulate catalase gene expression (278). To identify the mechanism through which

Yap1 acts, the yap1 mutant and a strain containing YAP1 on a multi-copy plas-

mid were compared for levels of ROS-detoxifying enzymes. The deletion mutant

showed decreased levels of glutathione reductase (GLR1 ), Cu,Zn superoxide dismu-

tase (SOD1 ), and G6PDH (ZWF1 ). The multi-copy plasmid strain had elevated

levels of these gene products. G6PDH and Cu,Zn SOD contain ARE binding motifs

in their promoter regions, suggesting that Yap1 acts as a positive modulator of tran-

scription (279). 2D gel electrophoresis patterns reveal that a total of 32 genes, half

of which contain a YAP1 recognition element (YRE), are under Yap1 control (187),

including TRX2 (thioredoxin) (177), GSH1 (γ - glutamylcysteine synthetase) (340),

GLR1 (130), and GPX2 (glutathione peroxidase) (157) (Table 1.1). Transcription of

some of those genes (GSH1, GLR1, GPX2 ) is further adjusted by YRE number and

YRE sequence. A more recent investigation of H2O2 modulated expression profiles

revealed that the number of Yap1 regulated S. cerevisiae genes is closer to 70 (40).

The mechanism of Yap1 gene activation in response to hydroperoxides has been

carefully examined in the case of TRX2. Yap1 activates transcription under ox-

idative stress and binds to the YER when cells were treated with H2O2 (177). To

identify the part of Yap1 that is necessary for transcriptional activation, a reporter

gene screen was employed. A yap1 strain was transformed with chimeras of Yap1

domains fused to heterologous domains from other transcription factors and Yap1

alleles containing different internal deletions and deletions of the C- or N- termi-

15



nus. Surprisingly, different parts of the molecule responded to O2•- and H2O2 (325).

Concurrently, Yap1 DNA-binding activity, cellular localization and the influence of

the conserved cysteine-rich carboxy terminus (c-CRD) on Yap1 functionality were

investigated. H2O2 affects Yap1 cellular localization. In the presence of H2O2, Yap1

moves from the cytoplasm into the nucleus. This process requires three conserved

cysteine residues in the c-CRD (178, 324). O2•- exposure still activated Yap1 that

lacked the cysteine residues essential for activation by H2O2 (79). Differential regu-

lation of Yap1 by H2O2 and O2•- allows S. cerevisiae cells to tailor their oxidative

stress response depending on the impending challenge, which is beneficial because

O2•- predominantly shift the cellular glutathione pool towards the oxidized state but

H2O2 nonspecifically damages macromolecules (172).

H2O2 oxidizes cysteine residues in the N- and C-terminus of Yap1 causing its

nuclear accumulation and activation (79). Oxidized Yap1 is locked in its active form

in the nucleus because the reversible intra-molecular disulphide bond masks the nu-

clear export signal that no longer can interact with the conserved nuclear exporter

Crm1/Xpo1 (176). H2O2 mediated regulation of Yap1 localization is carried out

by the Yap1-binding protein 1 (Ybp1) and the glutathione peroxidase-like enzyme

(Gpx3), which transfers electrons from H2O2 onto Yap1 cysteine residues (80). Once

oxidative stress has passed, thioredoxin reduces Yap1 and Gpx3, thereby turning off

the pathway (80). In conclusion, H2O2 influences gene expression in S. cerevisiae by

oxidizing specific amino acid residues in the transcription factor Yap1. The differ-

ential activation by H2O2 and O2•- is in keeping with the unique adaptive response

described above.

Yap1 in C. albicans, C. glabrata and A. fumigatus. The OSR of pathogenic

fungi is of particular interest, given that H2O2 produced by phagocytic cells repre-

sents the first line of defense against dissemination in the blood stream. After the

Yap1-dependent transcriptional intricacies of the OSR were investigated in S. cere-
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visiae, Yap1 homologs were identified in C. albicans (Cap1), C. glabrata (CgAP1)

and A. fumigatus (Afyap1) (179) that exhibit sequence similarity in the bZip do-

main and the n- and c-CRDs of S. cerevisiae YAP1. Deletion mutants are sensitive

to H2O2 and as expected, homologs complement a S. cerevisiae yap1 mutant. Their

gene products relocate to the nucleus upon oxidative stress. Cap1 and Afyap1 ini-

tiate transcription of a similar set of genes to those regulated in S. cerevisiae and

Cap1 confers fluconazole resistance in S. cerevisiae and C. albicans (179).

Oxidative stress signaling via a phosphorelay system. The other key

regulator of the OSR is the transcription factor Skn7, which acts as the response

regulator in a phosphorelay signal transduction system. Phosphorelays are extended

versions of bacterial two-component signaling systems that sense and respond to en-

vironmental conditions. Phosphorelays differ from two-component systems by using

additional regulator and phosphotransferase domains, which allows them to regulate

more complex pathways such as cell cycle control in bacteria, heterocyst formation in

cyanobacteria, sporulation timing in Myxococcus and hyphal formation in C. albicans

as summarized by Hoch (146).

Components of the oxidative stress sensing phosphorelay system in S. cerevisiae

include a sensor kinase, a phosphotransferase and a response regulator. The sensor

kinase Sln1 has strong sequence similarities to the transmitter and receiver domain of

bacterial systems and contains two hydrophobic transmembrane segments in the N-

terminus (240). The phosphotransferase Ypd1 transmits the phosphoryl group under

oxidative stress to the response regulator Skn7 (192). Accordingly, the skn7 mutant

is sensitive to H2O2 (174). The Skn7 response regulator region alone is sufficient

for transcriptional activation. An aspartic acid residue on position 427 of Skn7 is

responsible for gene activation (174). When D427 was replaced with alanine or

arginine, transcriptional activation was abolished. Replacement with another acidic

amino acid, hardly changed transcriptional activation.
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Genetic studies revealed that SKN7 and YAP1 are in the same epistasis group

and likely act in the same pathway. They co-activate expression of H2O2-detoxifying

genes by interacting with the promoter regions of those genes. For example Skn7

binds between the two YREs of TRX2 (174, 223). Other examples of co-activation

include thioredoxin reductase (TRR1 ) (223), peroxiredoxin (TSA1 ) (187), thiore-

doxin peroxidase (TPX1 ) (46), and alkyl hydroperoxide reductase (AHP1 ) (188).

To date, 15 genes of the 32 gene Yap-regulon have been shown to require Skn7 for

co-activation as well (187). In addtion to Yap1-interactions Skn7 can also bind to

heat shock elements and in concert with heat shock factor Hsf1 activates heat shock

proteins in response to oxidative stress (255).

Deletions or disruptions of SKN7 in C. albicans (286), C. glabrata (71), A. fumi-

gatus (184), and C. neoformans (339) lead to increased sensitivity to oxidative stress.

C. albicans and A. fumigatus skn7 mutants exhibited reduced resistance to H2O2 and

tert-Butyl hydroperoxide (TBHP). C. neoformans showed reduced growth in TBHP

and C. glabrata demonstrated reduced survival in H2O2. Attenuated virulence was

observed in C. albicans and C. neoformans but no significant difference could be

detected between the A. fumigatus skn7 mutant and the wild type. Interestingly,

Skn7 influences morphology of C. albicans and flocculence in C. neoformans. These

studies show that Skn7 is directly involved in the OSR in human fungal pathogens

and. Since phosphorelay systems are virtually absent from mammalian cells, they

provide an excellent drug target (48, 146).

1.5 General and environmental stress response

Stress response profiles in S. cerevisiae. In addition to responding with adap-

tation to H2O2 stress through Yap1- and/or Skn7-dependent transcription of ROS-

detoxifying genes, yeasts mount a general stress response (GSR) when exposed to

multiple or severe stresses, such as oxidative stress, heat shock, and high osmolar-
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ity (270). To capture the breadth of the transcriptional response, the expression

profiles of cells exposed to various environmental conditions, including H2O2, have

been recorded using microarrays (40, 112). The signature of general or global stress

response is characterized by genes that respond to all environmental changes in a

stereotypical way and named environmental stress response (ESR (112)) or common

environmental response (CER (40)). A total of 900 genes (ESR) and 499 genes

(CER) participate, functioning in carbohydrate metabolism, protein folding, and

energy conservation. The ESR furthermore includes protein kinases and genes in-

volved in glutathione and thiol metabolism. 180 ESR and 136 CER are governed by

transcription factors Msn2 and Msn4 (Msn2/4).

S. cerevisiae transcription factors Msn2 and Msn4 and their homologs

in C. albicans and C. glabrata. The Cys2His2 zinc finger transcription factors

Msn2 and Msn4 were identified in a multi-copy suppressor screen for growth under

glucose limiting conditions. Msn2 and Msn4 share 41% identity and are functionally

redundant, hence Msn2/4 (93). Msn2/4 bind to stress response elements (STREs)

and activate expression of genes that confer resistance to oxidative stress, carbon

starvation, heat shock, and severe osmotic conditions. Deletion of both factors abol-

ishes stress-induced activation via STREs (208). Msn2/4 control the expression of a

wide array of genes, including genes that encode antioxidants and chaperones, and

function in carbon metabolism and protein degradation (141). The gene products

are responsible for the removal of damaged proteins and toxic oxygen species and

promote accumulation of protective trehalose.

Like Yap1, Msn2/4 accumulate in the nucleus under stress. Nuclear localization

is rapid and reversible and negatively controlled by proteine kinase A and cAMP

(128). Deletion mutants are sensitive to high doses of H2O2 and the double mutant

resembles the yap1 mutant. The yap1 msn2 msn4 mutant is H2O2 sensitive and

unable to adapt to H2O2. These results were corroborated by proteome analysis. Of
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the 71 genes of the H2O2 regulon 27 are under the control of Msn2/4 and 7 of those

are under Yap1 control as well (122). This emphasizes the importance of Msn2/4

for the general stress response as opposed to the Yap1-driven adaptive response or

survival in low doses of H2O2. Msn2/4 appear to be important for oxidative damage

control rather than detoxification like Yap1 and Skn7.

Orthologs of MSN2 and MSN4 were identified in the C. glabrata and C. albicans

genome (71, 92). Surprisingly, C. albicans does not seem to have a GSR (92). The

C. albicans msn2/4 double mutant did not respond with phenotypic alterations or

transcriptional activation to oxidative stress (92). Potential explanations for the

absence of a GSR in C. albicans could be evolutionary divergence of stress signaling

and response and ecological adaptation.

1.6 Systematic efforts to identify H2O2 stress response genes in S.
cerevisiae

The completion of the S. cerevisiae genome sequence opened the door for the devel-

opment of systematic applications, such as the EUROpean Saccharomyces Cerevisiae

ARchive For Functional Analysis (EUROSCARF) that permits the study of biologi-

cal effects of single gene deletions (123, 335). Haploid strains with non-essential gene

deletions and diploid strains hemizygous for essential genes are available in microtitre

plates that allow high-throughput queries using robotic work-stations (264). The an-

notated genome sequence allows computer-based motif searches for genomic features,

such as transcription factor binding sites, promoter regions, and transcription start

sites. Search algorithms can mine the genome sequence faster than any human ever

could, providing lists of motifs that can than be further investigated. EUROSCARF,

microarrays and computational tools have been utilized to get a whole genome view

on the OSR, identify new OSR genes, disentangle the web of interactions and discover

new gene functions.

20



OSR and GSR gene function discovery using EUROSCARF. Systematic

deletion mutants were utilized to identify genes required for survival in H2O2. Based

on the assumption that a sensitive deletion strain lacks a gene whose product is nec-

essary for survival in H2O2, two studies compared mutants for sensitivity to H2O2

and other ROS. Higgins et al. (2002) included 600 diploid deletion mutants, with

mainly unknown gene functions, and Thorpe et al. (2004) screened the complete set

of viable mutants (n=4,546) (145, 312). Both studies found that mutants that are

sensitive to H2O2 are rarely sensitive to any of the other oxidants tested, corroborat-

ing the findings from adaptation studies that suggest that H2O2 triggers a specific

response in yeast. The proportions of sensitive mutants are comparable between

studies. Higgins et al. find ∼9% and Thorpe et al. identify ∼14% mutants that

are sensitive to H2O2 alone. The H2O2 sensitive mutant set from the Thorpe et al.

study was enriched for genes with mitochondrial function. This study also extended

the scope by screening for H2O2-resistant deletion mutants. Five mutants were re-

sistant and included members of the THO complex that functions in transcriptional

elongation and genome stability.

Another systematic approach to identify genes involved in response to oxidative

stress is microarray-based transcriptional profiling. This technology relies on the

assumption that cells experiencing a certain stress alter the expression of genes that

are important for stress response. Transcriptional profiles of S. cerevisiae after H2O2

treatment have been recorded (40, 112). Recurring findings of the same set of genes

in independent studies provides additional validation for the importance of these

genes in a particular response pathway and corroborates results from single gene

studies. With respect to a global transcriptional stress response in S. cerevisiae

two independent studies characterized the response as transient and described a

correlation between the numbers of genes induced and fold change in expression

levels (40, 112). The ESR and CER differ in the set of genes responding to sub-
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lethal doses of H2O2. Gasch et al. identified genes that are required for oxidative

and reductive reactions inside the cell and confirmed Yap1-dependent OSR regulation

(112). Causton et al. established that genes acting in small molecule transport and

RNA metabolism but not H2O2 detoxification or redox homeostasis responded with

differential regulation (40).

Comparing the results of the systematic deletion mutants and expression studies

reveals that the overlap of genes found in both approaches is rather limited. To ad-

dress this discrepancy, Birrell et al. combined H2O2 sensitivity assays of systematic

gene deletion mutants with expression profiling to test for a correlation between sen-

sitivity in deletion mutants and gene. The authors measured survival after exposure

to DNA damaging agents, including H2O2, and recorded gene expression profiles

in diploid non-essential gene deletion mutants (n=4,627). More than 900 genes in-

duced transcription more than 2-fold but only 11 of those belonged to H2O2 sensitive

mutants, a result that can be expected by chance alone (20).

The systematic gene identification and gene function discovery efforts have ad-

vanced the S. cerevisiae OSR field by confirming the cell’s rather particular response

to H2O2, the central role of Yap1, and the importance of mitochondria for H2O2

stress response and survival. The discordance between findings in deletion mutants

and expression data needs to be further investigated. These large-scale approaches

are valuable tools to generate novel research hypotheses that can then be verified

and single-gene contributions determined.

1.7 Protection provided by enzymatic and non-enzymatic antioxi-
dants

To protect themselves from the toxic effects of H2O2 and other ROS and to main-

tain redox homeostasis, cells have evolved antioxidant molecules that delay, prevent

or remove oxidative damage (137). Antioxidants can be enzymes, such as catalases
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and peroxidases, or non-enzymatic molecules, like the ROS scavenging peptides glu-

tathione and thioredoxin, and vitamins C and E.

Catalases reduce H2O2. The heme-containing catalases facilitate the reaction

H2O2 + H2O2 → 2H2O + O2. The mechanism of action has been studied in great

detail in S. cerevisiae, which has two catalases. Both catalases are encoded in the

nucleus but locate to different cellular compartments. Catalase T (CTT1 ) is cytosolic

(296) and catalase A (CTA) peroxisomal (60, 148). Expression of CTT1 and CTA1

is repressed in the presence of glucose, oxygen and heme (149). The promoter of

CTT1 contains a STRE that is sufficient to induce transcription in response to

various stresses, such as H2O2, osmotic stress, heat-shock and nutrient starvation.

The factor that binds to the STRE remains, as of yet, elusive (205). CTA1, whose

expression is initiated by fatty acids, is of lesser importance for redox homeostasis

(289).

Catalase expression and activity is tightly linked to the presence of glucose in

the growth medium. Nutrient starvation is a negative regulator of CTT1 expression

acting via cAMP and the RAS pathway (21). Only when glucose is depleted, at the

beginning of the stationary phase, does S. cerevisiae express CTT1. Hence, station-

ary phase cells are more H2O2 resistant than exponentially growing cells (231, 310).

Stationary growth in S. cerevisiae is characterized as physiological state that is the

result of carbon and nutrient starvation and represents a stress-intense environment

(327). Consequently, stationary S. cerevisiae cells have been found to be resistant to

a variety of stressors including heat, osmolarity, and oxidants such as H2O2 and O2•-.

In order to identify the underlying mechanism of H2O2 resistance, stationary cells

were compared to cells growing in synthetic defined media under carbon starvation.

Both treatments result in resistant cells, indicating that similar defense mechanisms,

namely the catalases, might be responsible (163). S. cerevisiae mutants without

functioning catalases are indistinguishable from wild type in rich media and oxida-

23



tive stress during exponential growth but adaptation to H2O2 was impaired in single

mutants and almost nonexistent in the double mutant strain, which survived only

low doses of H2O2 during stationary phase (160). In addition to removing H2O2

catalytically from the cell, catalases appear to protect G6PDH from inactivation

(199).

The importance of catalases for virulence has been investigated in C. albicans,

C. glabrata, A. fumigatus, and C. neoformans and catalases seem to be largely neg-

ligible for virulence. The number of catalase genes and cellular enzyme localiza-

tions differ between species. C. albicans and C. glabrata have one catalase gene

(CAT1 /orf19.6229, CTA1 ) that shares 68% sequence similarity, and 85% respec-

tively, with S. cerevisiae CTA1 (71, 231). Four catalase genes have been found in

the C. neoformans genome. Phylogenetic analyses of catalase gene sequences from

multiple species suggest that two of the C. neoformans catalases are spore-specific

(CAT1, CAT3 ), one is peroxisomal (CAT2 ) and one cytosolic (CAT4 ) (119). Of the

three catalases in A. fumigatus, CAT1 and CAT2 are expressed in mycelium and

CATA is only found in the conidia (37, 241).

Virulence of catalase mutants was assessed in the appropriate animal models and

surprisingly no difference could be found between mutants and wild type. Disruption

of all four catalase genes in C. neoformans did not reduce virulence (119). The C.

albicans homozygous disruption strain killed only 60% of the mice compared to 100%

for the wild type (341). Disruption of CAT1 in A. fumigatus had no effect on survival

in H2O2, neutrophils and in a murine inhalation model (37). Yet, disruption of CAT1

and CAT2 lead to slightly increased sensitivity to H2O2 but wild type behavior in a

PMN assay and in the rat model (241). Disruption of CATA in A. fumigatus lead to

increased sensitivity to H2O2 but the strain behaved like wild type when tested in

a murine alveolar macrophage killing assay and in the rat aspergillosis model (241).

A C. glabrata cta1 deletion mutant was sensitive to H2O2 both in logarithmic and
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stationary phase. However, the same strain tested for virulence did not differ from

the wild type (71).

Cytochrome-c peroxidase reduces H2O2 with reducing equivalents from

cytochrome c. Based on the observation that a petite S. cerevisiae strain was

sensitive to H2O2 and incapable of mounting an adaptive response, mitochondria

were considered to be important for H2O2 detoxification (137). Mitochondria are

home of the cytochrome-c peroxidase and cytochrome c that form a physical complex

in the intermembrane space. Cytochrome c delivers the two reducing equivalents

necessary for cytochrome-c peroxidase to execute two-electron oxidations, thereby

reducing H2O2 to H2O and regaining redox homeostasis (72, 137, 246). S. cerevisiae

cytochrome-c peroxidase is encoded by a nuclear gene (CCP1 ); the gene product

functions in the mitochondria and is imported by an intricate process that has only

recently been elucidated (126, 308). CCP1 is not essential but required for survival

in the presence of H2O2 (181). Cells respond to oxidative stress with increased

expression of CCP1 in order to buffer the stress. In addition to its reducing power,

cytochrome-c peroxidase has signaling activity that is specific to oxidative stress.

Ccp1 activates the phosphorelay response regulator Skn7 that triggers expression of

other detoxifying genes, such as thioredoxin (45).

Like the catalases, cytochrome-c peroxidase was thought to protect fungal pathogen

from the toxic effects of phagocyte-derived ROS. Indeed in C. neoformans cytochrome-

c peroxidase provides protection from oxidative stress in an in vitro assay, offering

an explanation why catalase deletion mutants were not harmed by ROS. However,

the ccp1 mutant is as virulent in the murine cryptococcosis model as the wild type

(118), suggesting that protection by antioxidants might just not be important for C.

neoformans virulence.

Cytochrome-c peroxidase directly affects redox homeostasis by removing H2O2

and indirectly by signaling oxidative stress. As with the catalases, cytochrome-c
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peroxidase does not seem to be relevant for fungal virulence.

The glutathione, thioredoxin/glutaredoxin ROS-scavenging system. Glu-

tathione (GSH) is ubiquitous in eukaryotes, except for some primitive anaerobes such

as Entamoeba histolytica (95). Due to its high abundance in cyanobacteria and pur-

ple photosynthetic bacteria, it is thought to be evolutionarily old. Its origin probably

coincided with the emergence of aerobic conditions on earth and eukaryotes acquired

it, like chloroplasts and mitochondria, via endosymbionts (248).

GSH is the most abundant thiol in the yeast cell and, depending on growth

conditions, can make up to 1% of the cells dry weight. This tripeptide is composed

of cysteine, glutamate and lysine that are connected with each other in two ligase

reactions (Table 1.1). The sulphydril group of cysteine defines the biological role of

GSH as a reactant with oxidative agents. Oxidized GSH can form disulfide bonds

with another GSH (GSSG), with oxidized proteins (GS-S-Cys) or with coenzyme A

(GS-S-CoA). GSSG is reduced by glutathione peroxidase (Gpx3), utilizing NADPH

(247). Although Gpx3 was originally identified as glutathione peroxidase, it was later

shown to additionally be involved in the nuclear localization of the OSR transcription

factor Yap1 (80).

To determine if GSH or catalases are more important during H2O2 stress in S.

cerevisiae, single and combination mutants of GSH1, GLR1, CTT1, and CTA1 were

tested for survival in H2O2. Strains without GSH1 and GLR1 were sensitive but

the catalase mutants behaved like wild type. Only catalase double-mutants that also

lacked GSH1 or GLR1 were sensitive. Hence, glutathione appears to be the primary

defense against H2O2 and not the catalases, as they were both dispensable (134).

GSH acts in concert with thioredoxins (Trx) and glutaredoxins (Grx) to maintain

redox homeostasis. Trx and Grx are structurally similar, heat stable oxidoreductases

(Table 1.1) with a conserved cysteine residues in their active sites that aid in elec-

tron transfer electrons. Trx and Grx are regulated by Yap1 but the thioredoxin
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system additionally requires Skn7 for induction of thioredoxin (TRX2 ) and thiore-

doxin reductase (TRR1 ). Thioredoxin peroxidase (Tsa1) transfers electrons from

H2O2 to Trx, which is reduced by Trr1 (Table 1.1). Cells lacking Tsa1 are sensitive

to oxidative stress exerted by H2O2 and TBHP (129).

S. cerevisiae is viable under normal growth conditions with just one functional

copy of GRX1/2 or TRX1/2 but both are required for survival during oxidative stress

(88). The recurrent theme of differential responses to O2•- and H2O2 is reflected in

this antioxidant system too. The grx1 mutant is sensitive to O2•- and the grx2

mutant to H2O2 (Table 1.1) (198). TRX1 and TRX2 are up-regulated in response

to peroxides. Trx2 is required during stationary phase for peroxide resistance but not

during logarithmic growth (110). In addition to the repair of oxidatively damaged

proteins, Trx and Grx are involved in additional cellular processes, including protein

folding, reduction of dehydroascorbate, and sulphur metabolism.

To keep the glutathione and thioredoxin /glutaredoxin pools reduced, cells re-

quire an agent to reduce oxidized GSSG, thioredoxin and glutaredoxin. The reducing

power is provided by NADPH, which is generated by the pentose phosphate pathway.

G6PDH, encoded by ZWF1, converts glucose 6-phosphate to 6-phosphoglucono-δ-

lactone whilst reducing two molecules of NADP+ to NADPH. The reductases then

use NADPH to reduce the thiols (137). The importance of G6PDH in the cell’s redox

metabolism is illustrated by the H2O2 susceptibility phenotype of G6PDH-deficient

cells (161). The central role of G6PDH in this non-enzymatic antioxidant system was

confirmed in a comparative study of mutant strains depleted for NADPH generat-

ing enzymes G6PDH (ZWF1 ) and isocitrate dehydrogenase (IDP2 ) and peroxidases

(CCP1, CTT1 ). zwf1 mutants, lacking G6PDH, were unable to grow on glucose in

the presence of H2O2, whereas disruption of IDP2 or CCP1 had no effect. Only the

double mutant showed impaired growth in H2O2. A zwf1/ccp1 mutant did not grow

at all in H2O2. Based on these experiments, the importance of gene products in
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defense of exogenous H2O2 can be expressed as follows: ZWF1 > CCP1 = CTT1 >

IDP2. These data confirm the significance of G6PDH for the cells redox homeosta-

sis. In the absence of CCP1 and CTT1, ZWF1 and IDP2 still generate sufficient

antioxidant potential. CCP1 and CTT1 seem to be required for growth on acetate

and then only when either one of the NADPH generating enzymes is missing as well

(220).

Fungal genome sequences were searched for homologous sequences to dithiol GRX

(S. cerevisiae GRX1/2 ), monothiol GRX (GRX5 ) and monothiol with a TRX-GRX

domain (GRX3/4 ). Homologs of all three GRX classes were found in C. albicans, A.

fumigatus, C. neoformans and other fungi. GRX and TRX-GRX monothiols were

discovered in the C. glabrata genome. Cellular localizations have been determined

in silico and experimentally (144). In addition to the enzymes described here, dif-

ferent thioredoxin peroxidase isoforms are present in diverse cell compartments in S.

cerevisiae (129).

Low molecular weight antioxidants. Small molecules that have ROS scav-

enging properties but no thiol group include vitamins and the disaccharide trehalose.

Vitamins are organic compounds that are classified by their biological function and

vitamin C, E, and A have been shown to scavenge ROS. Vitamin C is an important

co-factor for enzymes in animals and plants. Vitamin E prevents lipid peroxidation

and vitamin A interacts with oxidizing radicals aiding in electron delocalization. In

vitro assays suggest antioxidant effects for these molecules but physiological rele-

vance remains to be established. Most animals, but not primates, and plants are

capable of synthesizing vitamin C, also known as ascorbate (137). Fungi produce

the five-carbon analog D-erythroascorbic acid (D-glycerol-2-pentenono-1,4-lactone,

EASC) that differs from ascorbate in the structure of its side chain but has similar

antioxidant properties (13, 89, 155, 196, 236). Despite its antioxidant character-

istics, cells do not increase synthesis of EASC in response to H2O2 or TBHP and
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the intracellular EASC level does not seem to affect the adaptive response to H2O2

in S. cerevisiae (137). However, S. cerevisiae and C. albicans mutants lacking the

enzyme that catalyzes the final step in EASC synthesis (AOL1 ) are sensitive to

H2O2 (154, 156). Unlike the enzymatic defense mechanisms that do not seem to be

required for fungal virulence, EASC synthesis is involved in virulence. C. albicans

aol1 mutants are less virulent and show decreased hyphal formation (154). Although

most of the research on fungi and ROS scavenging vitamins has focused on vitamin

C, experimental data show that vitamin E protects S. cerevisiae cells from oxidative

DNA damage as well (256).

Trehalose is present in a diverse array of life forms such as insects, invertebrates

and plants, but not animals. In S. cerevisiae and C. albicans, trehalose accumu-

lates during heat shock and stationary growth. In high concentrations, it has free

radical scavenging properties and protects proteins from carbonylation (137). A S.

cerevisiae mutant that was unable to synthesize trehalose was sensitive to H2O2

and accumulated carbonylated proteins shortly after exposure to H2O2 (17). Both

effects were remedied by the addition of trehalose to the growth media. The im-

mediate accumulation of damaged proteins in the mutant indicates that trehalose

acts as a radical scavenger rather than in the removal of damaged and mis-folded

proteins. Trehalose has also been shown to protect S. cerevisiae membranes from

oxidative injury (143). This non-enzymatic detoxification mechanism is furthermore

implicated in fungal virulence. A trehalose-deficient C. albicans mutant displayed

reduced survival in H2O2 (127).

Antioxidants utilized by pathogenic fungi. An effective non-enzymatic an-

tioxidant used by pathogenic fungi is the biopolymer melanin, which is deposited in

the fungal cell wall where it acts as ROS scavenger (138). Melanin functions as radi-

cal sink for superoxide and peroxyl radicals that reduce melanin quinones and oxidize

hydroquinones (137). Most studies of melanin synthesis and action have focused on

29



the human pathogens C. neoformans and the dematiaceous hyphomycete Exophiala

dermatitidis. C. neoformans melanin-negative strains were not typically found in

clinical settings and displayed attenuated virulence in mice (182, 183). As summa-

rized by Hamilton and Holdom, melanin-deficient C. neoformans mutants were more

sensitive to oxidative stress than the wild type and died from high molecular weight

DNA damage (138). Furthermore, melanin production in the infectious conididia of

A. fumigatus but not in the vegetative hyphae, suggest a role for melanin protection

from ROS in fungal virulence and oxidative stress protection (344).

Laccase is an oxidoreductase performing one-electron oxidations. The enzyme

has been shown to protect C. neoformans from being killed by macrophages. It

is thought to convey resistance by oxidizing phagosomal Fe2+ to Fe3+ and thereby

removing it from the Fenton reagent that leads to the production of toxic OH• (195).

The sugar alcohol mannitol has been shown to contribute to survival of C. ne-

oformans cells inside neutrophils. A strain producing less manitol was significantly

less likely to survive phagocytosis than the wild type. The neutrophil ingesting the

mutant showed a higher production of ROS species distal to H2O2, indicating that

mannitol acts as ROS scavenger (47).

Eukaryotic cells have developed a wide repertoire to protect themselves from the

toxic aftermath of H2O2 and other ROS. Enzymes, such as catalases and peroxidases

and small molecules play important roles in surviving the daily-life attacks of H2O2.

Although they seem like a natural choice, enzyme-based ROS defense mechanisms do

not appear to be crucial for survival of fungal pathogens in H2O2 or for fungal viru-

lence. Enzymes are very powerful yet high maintenance cell components. For proper

function they require specific physico-chemical parameters like temperature and pH.

In a fungal pathogen that is fighting the host defense these might be compromised

and small molecules emerge as the better because more stable choice.
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1.8 Summary

Ever since the 1960’s, when the deleterious effects of H2O2 manifested itself in the

origin of petite S. cerevisiae mutants, the baker’s yeast has been used to study the

eukaryotic oxidative stress response. H2O2 damage of DNA, protein and lipids results

in structural distortion, functional impairment, DNA base modifications, and mem-

brane instability. In S. cerevisiae, H2O2 elicits a unique adaptive response. Exposure

to sub-lethal doses results in resistance to otherwise lethal amounts of H2O2. Only

priming with H2O2 leads to improved survival in H2O2. Conditioning with heat, salt

and other ROS resulted in adaptation to higher concentrations of H2O2 but not vice

versa. S. cerevisiae cells protect themselves from oxidative damage by employing

a suite of enzymatic and non-enzymatic antioxidants, including catalases and the

glutathione and glutaredoxin/thioredoxin system. If these fail, cells suffer oxidative

stress resulting in mitochondrial genome loss, cell cycle arrest, aging and apoptosis,

all of which have been investigated in S. cerevisiae. The petite-positive yeast facil-

itates studies on scenarios that are lethal in obligately respiring mammalian cells.

The transcriptional response is regulated by Yap1, Skn7 and Msn2/4. Yap1 and

Skn7 initiate transcription of ROS scavenging genes, while Msn2/4 regulate tran-

scription of damage control genes. These signaling and response pathways appear

to be evolutionary conserved, providing insight into ROS related diseases. Under-

standing the genetic bases of the oxidative stress response has been advanced by

large-scale systematic analysis using systematic deletion mutants and microarrays.

While C. neoformans and A. fumigatus (239) undergo recombination, the most

common pathogenic fungi of the genus Candida lack meiosis, precluding them from

classical genetic analysis. Biochemical assays, cell molecular biological manipula-

tions, and the use of S. cerevisiae as a surrogate system have provided information

on their oxidative stress response. Pathogens adapt to low doses of H2O2, like S.
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cerevisiae, and have homologs of the transcription factors that regulate stress re-

sponse. Investigations in C. albicans showed that Cap1 and Skn7 do not contribute

to virulence. C. albicans lacking the GSR indicates potential divergence of signaling

pathways. To fend off the toxic oxygen species exuded by phagocytic cells, fun-

gal pathogens employ an arsenal of enzymatic and non-enzymatic ROS scavenging

molecules but only the latter are required for virulence. Melanin, trehalose, mannitol,

and vitamin C are necessary for virulence but the enzymes catalase and peroxidase

are not. Enzymes require well-defined conditions that might not exist in a fungus ex-

posed to antagonistic host conditions. Studies of the effect of H2O2 on S. cerevisiae

have enriched our knowledge of the eukaryotic oxidative stress response, provided

insight into ROS related human diseases, and furthered our understanding of fungal

pathogenicity.
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2

Saccharomyces cerevisiae: Population Divergence
and Resistance to Oxidative Stress in Clinical,

Domesticated and Wild Isolates

2.1 Introduction

S. cerevisiae has long been associated with humans as the fermentative agent in

the production of bread, beer, and wine. Archeological evidence for the production

of fermented beverages in China dates to 7,000 before common era (BCE), and

molecular evidence demonstrating S. cerevisiae was the fermentative agent has been

found in wine jars from ancient Egypt dating to 3,150 BCE (41, 216). The close

relationship between humans and yeast is further reflected in molecular signatures

recovered from African artifacts that contained palm wine and from European wine

and beer vessels that can be traced to Mesopotamia (97, 189). Due to its close

association with humankind, it has been speculated that yeast may have been the

first domesticated organism (318). Yet, the ecology of S. cerevisiae embraces a wider

range than domesticated strains found in the vineyard and the brewery. Wild strains

have been isolated from mushroom fruiting bodies as well as oak tree-associated soils
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and fluxes (38, 39, 121, 233, 234, 292). Wild isolates of S. cerevisiae are furthermore

a major cause of spoilage of mango fruit and peach puree, and it has recently been

identified in surveys of the fungal diversity in beetle guts (1, 180, 258).

This breadth in ecological diversity, encompassing domesticated and wild iso-

lates, has spurred interest in S. cerevisiae life history and population genetics. Yet,

studying population biology in an organism so tightly associated with humans is

challenging due to sampling bias, limited sampling sizes, human influence, and non-

random sampling (233, 290, 318). Consequently, questions concerning population

structure and genetic diversity in S. cerevisiae have mainly been addressed using

strains from grape berries, vineyards and other industrial applications. Fay and Be-

navides analyzed approximately 7 kb of coding and non-coding DNA sequences in

81 strains from vineyards, sake fermentation and fermentation of palm wine, millet

and apple juice, diverse fruit sources, including lychee, fig, and mushrooms, oak-

associated strains from New Jersey, and patients in the U.S. and Europe. This ex-

tensive analysis resulted in the recognition of domesticated, i.e. human-associated,

and wild populations in S. cerevisiae (97). Aa et al. examined 6.6 kb of coding and

non-coding sequences from 27 strains including soil and oak-associated isolates from

Pennsylvania, vineyard strains from two locations in Italy and strains from rotten

figs from California (1). The authors found signatures of distinct population struc-

ture, moderate levels of recombination and demonstrated that the oak isolates form

a monophyletic group. Most recently, a study conducted by Kvitek, Will and Gasch

combined investigations into genetic diversity with stress response and identified a

distinct sake fermentation clade but no discrete clades for clinical or oak-associated

isolates. Interestingly, strains isolated from similar environments share comparable

stress response expression profiling patterns and oak isolates appear to have been

selected for growth in this particular niche (180). In summary, previous studies in-

dicated that ecology rather than geography coincided with population structure and
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that clinical isolates are only distantly related to isolates used in fermentation.

In addition to investigations into the origin and consequences of domestication,

S. cerevisiae’s rise as an opportunistic pathogen has stimulated studies into its vir-

ulence (142, 290). Since the late 1950s, there have been increasing case reports

of S. cerevisiae infections (56). S. cerevisiae and its commercially available prepa-

rations known as S. boulardii, that are used to treat antibiotic-related diarrhea,

have been shown to cause a wide variety of infections, ranging from cutaneous in-

fections and vaginitis to systemic infections of the bloodstream and vital organs

(11, 14, 42, 53, 54, 91, 171, 210, 211, 215, 291, 293, 309, 331). These infections

are similar to those caused by Candida albicans, the most common human fungal

pathogen (217, 293, 345). Because of its evolutionary kinship with C. albicans and its

status as a genetic model system, S. cerevisiae, the benevolent baker’s yeast, has ac-

quired enhanced scientific value as a model pathogen in the study of virulence-related

traits (83, 212).

Microbial virulence-related traits promote host invasion, colonization and viru-

lence. One of these is the ability to survive oxidative stress.The generation of radical

oxygen species (ROS) is an integral component of mammalian host defenses and has

been shown to be associated with virulence in various bacteria (2, 159, 257, 260, 276).

Other virulence traits that have been studied in S. cerevisiae include growth at high

temperature (213), the formation of multiple colony phenotypes (57), pseudohyphal

growth (214), and origin of petite mutants, which lack mitochondria (322). These

studies showed that clinical isolates differed phenotypically from laboratory and wine

strains, but could not exclude the possibility that the observed association between

clinical origin and a virulence trait is due to shared ancestry rather than host adap-

tation. If clinical isolates share a common ancestor, the evolution of virulence (or a

virulence trait) could be attributed to an isolated event(s) that imparted selective

advantage to one or more progenitor, pathogenic strains. However, if clinical iso-
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lates exhibit multiple evolutionary histories, pathogenicity would more likely reflect

an adaptive advantage conferred by the acquisition of multiple virulence traits in

different strains.

Despite progress in understanding the population structure of domesticated and

wild S. cerevisiae, little is known about the emergence of this versatile yeast as a

pathogen and the role of selection and/or adaptation in this evolutionary process.

This study aims to (i) test for genetic differentiation between strains of a broad

range of origins, (ii) investigate the evolutionary origin of clinical isolates, and (iii)

identify an association between a virulence-related trait and pathogenicity. The

targeted virulence trait is survival of oxidative stress. To investigate population

structure and evolution of pathogenicity an ecologically diverse sample of 103 S.

cerevisiae isolates, comprising seven populations, was analyzed. Clinical isolates

with confirmed virulence were obtained from the California Institute for Medical

Research in Stanford and Duke University Medical Center in Durham, NC (213).

The domesticated, fermentation-associated, isolates consisted of brewery strains from

Europe, and vineyard isolates collected from small commercial vineyards in North

Carolina and Australia (AU) (268, 292). The wild strains consisted of fruit isolates,

collected from tropical monocultures and fermenting fruits from different locales

around the world, soil isolates from an arboretum in Pennsylvania (PA) and parks

in North Carolina (NC) and insect guts from Louisiana. Commercial S. boulardii

strains from France, Italy and Germany, complete the sampling (211, 303).

The results confirm previous findings and generated several novel conclusions.

(i) At least three divergent groups representing different evolutionary trajectories

were detected in S. cerevisiae, expanding the previous findings. (ii) Clinical isolates

are genetically similar to the isolates from fruit, which supports the hypothesis that

monoculture or fermenting fruits may serve as a natural reservoir for the evolution of

clinical isolates. (iii) Strains from the clinic and Pennsylvania soil tolerate oxidative
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stress better than any other group. However, the clinical isolates are genetically

diverse and the soil isolates are clonal, which strongly suggests that resistance to

H2O2 is an adaptive property of the clinical strains.

2.2 Materials and Methods

2.2.1 Yeast strains, culturing and DNA extraction

S. cerevisiae strains were isolated from the clinic (N=15), soil in Pennsylvania (PA,

N=10), soil in North Carolina (NC, N=14), vineyards in NC (N=10) and Australia

(AU, N=14), various fruits (N=18), brewery (N=16), commercial S. boulardii prepa-

rations (N=4), and the insect gut (N=2) (Table 2.1). All strains were permanently

stored at -80oC in 15% glycerol or cultivated on rich media plates (YPD, 1% (w/v)

yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose, 2% (w/v) agar)(34). DNA

was extracted using the CTAB buffer method (108). Soil NC samples were collected

as part of this study using a previously established enrichment protocol and ITS

sequencing for identification (292, 329).

2.2.2 DNA sequencing and sequence analysis

Genomic DNAs were diluted 1:100 and 2 µl added to a 25 µl reaction from TaKaRa

Ex Taq kit (Takara Bio Inc.) with a final primer concentration of 0.6 µM (Table 2.2).

The PCR regime consisted of 5 minutes initial denaturation at 95oC, followed by 35

cycles of 30 seconds at 95oC, 30 seconds at the appropriate annealing temperature

(TA) (Table 2.2), and 45 seconds at 72oC, concluding with 10 minutes extension at

72oC. PCR products were purified using the Montge-SEQ96Cleanup Kit (Millipore) or

the ExoSAP protocol and their concentration determined electrophoretically (326).

Between 500 and 1000 ng PCR product were sequenced with BigDye chemistry ver-

sion 3 according to the instructions supplied by Applied Biosystems. Chromatograms

were assembled and analyzed in Sequencher 4.8 (Gene Codes Corp.) and sequences
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edited in MacClade 4.06 (Sinauer Associates, Inc.). ITS sequence data were BLAST

searched against GenBank using the nr database and the blastn algorithm (7).

The haplotype phase of nuclear loci in strains with more than one heterozygous

site per locus was determined using PHASE 2.1.1. (300, 301). Loci that received

low confidence probabilities were cloned using the pCR2.1 TOPO TA Cloning Kit

(Invitrogen) and sequenced as described above. Two haplotypes per strain were

further analyzed. PCA, HWE, AMOVA, Fst, π, IA were calculated in GenAlEx 6,

DnaSP 4.50.3, and MultiLocus 1.3 (3, 244, 269). Strains with missing data points

were excluded from these analyses and statistical significance values were calculated

in 999 permutations (Fst), and 10,000 (IA). Due to limited sampling size S. boulardii

and beetle gut isolates were not included in HWE, Fst, π and IA calculations. An

UPGMA tree based on pair-wise genetic distances between isolates included in PCA

was build in PHYLIP 3.68 (98). Haplotype networks were inferred from MLS1,

ACT1, ADP1, PHD1 and RPB1 in PAUP* 4.0b10 applying the parsimony criterion,

conducting heuristic searches, and using tree-bisection-reconnection (TBR) as branch

swapping algorithm.

2.2.3 Survival during oxidative stress

Two-day old cultures from YPD plates were inoculated into liquid synthetic de-

fined media (SD, 2% (w/v) glucose, 37.8mM (NH4)2SO4, 1.7g/l yeast nitrogen base

(YNB) without amino acids and ammonium sulfate), incubated at 30oC while shak-

ing (250rpm), transferred once, and grown over night. Cells were washed twice with

0.9% (w/v) NaCl solution and resuspended in 1x phosphate buffered saline (PBS).

After adjusting the cell number to 2x103 cells/ml, 20 mM tert-Butyl hydroperoxide

(TBHP, Sigma) were added and treated and control samples incubated for one hour

at 30oC, while shaking. 100 µl cell suspensions from both samples were spread on

YPD plates with six 4 mm glass balls, incubated for 48 hours at 30oC and colonies
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counted. Survival was calculated as the ratio of treated over untreated cells. Each

strain was tested three times and results were clustered by origin and plotted in

box-and-whisker plots. A one-way ANOVA with Bonferroni correction was carried

out to assess differences in variation for all groups with a sampling size of N≥ 10.

2.2.4 Fluorescence-Activated Cell Sorting (FACS)

The ploidy of each S. cerevisiae strain was assessed using a previously published

procedure with two modifications (34). Exponentially growing cells were used and

the final cell number was adjusted to 5x107 cells/ml. The successful completion of

the staining procedure was verified microscopically and cells were stored in the dark

at 4oC until ready for FACS analysis. On average 9,860 gated events were measured

per strain.

2.3 Results

2.3.1 All strains are diploid isolates of S. cerevisiae

All isolates in this study belong to the species S. cerevisiae, as confirmed by ITS

sequencing and all strains were determined by FACS analysis to be diploid (data not

shown). To ensure correct estimates of population genetic parameters, haplotype

phase within each locus was determined. For the majority of isolates the correct locus

haplotype phase could be determined by visual analysis of sequence alignments. For

22 strains the correct phase of one or more loci was identified using PHASE 2.1.1.

(300, 301). For ten of those, haplotype phase assignments were verified by cloning

and sequencing. Consequently, co-dominant marker assignments and two haplotypes

per strain were used in the subsequent analyses (Table 2.1). For calculations of

population genetic parameters, strains sharing the same origin were grouped into

populations. Seven populations were recognized including clinic, fruit, brewery, NC

and AU vineyard, NC and PA soil (Table 2.3).
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2.3.2 Within S. cerevisiae three genetically divergent groups are recognized

Principal component analysis (PCA), a transformation method that reduces multidi-

mensional data sets to lower dimensions, was employed to detect putative structure

among 87 isolates for which complete sequence data for five loci could be obtained

(Table 2.1). Visual inspection of PCA results, revealed three major groups of 20,

26, and 31 isolates, each were identified and designated A, B, and C (Figure 2.1).

The clustering was supported by UPGMA analysis (Unweighted Pair Group Method

Arithmetic) of a genetic distance matrix derived from strains included in PCA (Fig-

ure 2.2).

The composition of groups A, B, and C differs. The majority of clinical isolates

(80%) and about half of the fruit (53%) and brewery (42%) isolates are clustered

in group A. All soil isolates from Pennsylvania and North Carolina and one clinical

isolate comprise group B. All of the isolates from the Australian vineyards, about

two-third of the those from the North Carolina vineyards (67%), almost half the

brewery isolates (42%), one-fourth of the fruit isolates (24%), one clinical isolate,

and S. boulardii form group C. Note that two fruit isolates in group C stem from

grapes, two fruit isolates from Holly and a papaya. Interestingly, all group C vineyard

isolates have been collected from Vitis vinifera in Australia or North Carolina. The

two vineyard NC isolates that are outside the major clusters were isolated from V.

rotundifolia grapes, the Muscadine grapes that are native to the southeastern United

States. Seven of the nine isolates collected in Adelaide (AU) are identical.

As measure of genetic differentiation, pairwise Fst values were calculated for

groups A, B, and C. Fst values showed significant genetic differentiation between

the three groups and analysis of molecular variance (AMOVA) indicated that 33% of

the observed variance occurs within these groups and 67% between them. The index

of association (IA), measuring the extent of linkage equilibrium, was significantly
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different from zero for groups A and C but not for B.

2.3.3 Levels of recombination, genetic diversity and linkage differ among S. cere-
visiae populations

Seven populations encompassed a total of 82 strains for which complete sequence

data were obtained. Five population genetics parameters concerning genetic differ-

entiation (Fst), recombination, linkage equilibrium (IA), nucleotide diversity (π), and

deviation from Hardy-Weinberg equilibrium (HWE) were calculated (Figure 2.1, Ta-

ble 2.3). Genetic differentiation varied between populations from different origins

(Figure 2.1). Clinical and fruit isolates were not significantly different from each

other, but the clinical isolates were distinct from all other isolates. Fruit isolates

differed from all except NC vineyard isolates. There was a large degree of genetic

differentiation between AU vineyard and NC and PA soils (0.822, 0.845), and soil

samples from NC and PA exhibited extensive genetic differentiation from each other

(0.831). NC and AU Vineyard populations differed less from each other (0.282). The

brewery population was most different from the soil populations (0.445, 0.551) and

less different from vineyard and clinical populations (0.239, 0.101, 0.124).

Linkage equilibrium and the minimum number of recombination events calculated

for each population differ between populations (Table 2.3). The IA was significant

for the NC vineyard, brewery and fruit populations. Each of the clinic, fruit and

brewery populations could be explained by a minimum of five recombination events.

The soil isolates showed no evidence of recombination and the vineyard isolates

of only a single recombination event among these five loci. IA and recombination

results were reflected in the differences in nucleotide diversity between populations.

Fruit, brewery, clinical, and NC vineyard populations exhibit high relative nucleotide

diversity. Low π values were calculated for isolates from NC and PA soils and the

AU vineyard population. π values are to a large degree in concordance with observed
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heterozygosity (Table 2.1). Between 33% and 88% of fruit, brewery, clinical and NC

vineyard strains are heterozygous at one ore more loci. Indeed, four brewery isolates

are heterozygous at every locus tested. NC and PA soil isolates are completely

homozygous and 28% of AU vineyard isolates were heterozygous for at least one

locus.

All populations were tested for deviations from HWE at each locus. A population

that deviates from HWE does so because of non-random mating, mutation, and

selection and other factors that affect population structure. Only the fruit population

differs significantly at all loci from HWE (Table 2.3). The clinical population differs

at three loci, NC soil, NC and AU vineyard, and brewery populations deviate at least

at one locus. HWE calculations could not be conducted on the PA soil population.

2.3.4 Clinical and domesticated isolates of S. cerevisiae exhibit haplotype diversity,
soil isolates do not

Haplotype networks were inferred from the DNA sequence data of five nuclear coding

loci, totaling 2,527 bp (Figure 2.3, Table 2.1). Although haplotype diversity varied

between loci, from 18 for PHD1 to 7 for ACT1 and ADP1, a common pattern was

identified. Each network is characterized by the presence of one to three dominant

haplotypes. Those accumulated mutations and gave rise to six to nineteen minor

haplotypes in different networks, some of which have not been sampled in this study

and are marked accordingly (Figure 2.3).

The haplotype diversity between populations differs widely, and three groups

with different levels of diversity can be discerned. The soil populations are the least

diverse. With two exceptions, all strains from NC and PA soils are represented by

one of the dominant haplotypes in each network. In ADP1, NC soil isolates are

represented by two haplotypes, and in PHD1, NC and PA soil isolates have different

haplotypes. Both vineyard populations exhibit an intermediate amount of haplotype
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diversity - between two and four types per network. The clinical, brewery and fruit

populations demonstrate the greatest diversity, in concordance with the population

genetic parameters described above. They are represented by three to eleven different

types in each network. Haplotypes from isolates of the same population do not

cluster; for example, at the MLS1 locus, clinical isolates originate from all three

common haplotypes, not just one (Figure 2.3).

2.3.5 Clinical and PA soil isolates of S. cerevisiae are highly resistant to oxidative
stress

All isolates were tested for survival of oxidative stress exerted by tert-Butyl hydroper-

oxide, a stable organic analog of H2O2. Clinical isolates, PA soil isolates, and strains

from insect guts exhibited the highest mean survival rates (Figure 2.4A, Table 2.1).

NC soil, both vineyard populations and the S. boulardii isolates show decreased sur-

vival and intermediate levels of variation. Brewery and fruit populations display

survival rates ranging from very low to very high. Analysis of variance (ANOVA)

confirmed significant differences in oxidative stress between groups of N≥10 (P <

0.0001). Clinical isolates differ significantly (P < 0.001) from all groups but PA soil

(Figure 2.4B). PA soil isolates differ significantly (P < 0.001) from the vineyard and

the brewery isolates and only slightly (P < 0.05) from the NC soil and fruit isolates.

The remaining pair-wise comparisons were either not or only marginally significant

(P < 0.05).

2.4 Discussion

Although S. cerevisiae is a species of inter-fertile isolates (249, 292, 299), PCA de-

lineated three genetically distinct groups with different strain compositions. Group

A, comprises isolates from genetically diverse and recombining populations collected

in the clinic, the brewery and fruits. Group B includes the clonal but distinct PA

45



and NC soil populations, in addition to a beetle gut strain. Group C unites the dis-

tinct yet homogeneous NC and AU vineyard isolates with genetically diverse brewery

strains. These results are similar to the findings from the Fay and Benavides and

Aa et al. studies where they reported that human association has shaped S. cere-

visiae life history and led to domesticated isolates distinct from wild soil isolates

(1, 97). This study identified a third group that is dominated by clinical isolates and

genetically different from domesticated and wild lineages. These three life history

trajectories of S. cerevisiae are characterized by different levels of recombination and

genetic differentiation that could explain their origin and maintenance.

The clinical isolates are genetically similar to the strains from fruit but not the

brewery strains, which suggests that clinical strains may have evolved from wild

fruit isolates (group A). Since pathogenicity requires the ability to grow at 37oC, it

is teleologically reasonable to hypothesize that this trait is more likely to be acquired

by yeasts growing on fruit, which attain high temperatures during decomposition,

than brewery vats, which are maintained at low temperatures. This hypothesis

is supported by the results from heat death point studies, which showed that S.

cerevisiae isolates from spoiled peach pure and grape juice were heat resistant (9,

111).

Low levels of recombination and genetic diversity among soil populations (PCA

group B) suggest a predominantly clonal life style that contributes to differentia-

tion from clinical and domesticated groups and maintenance of a wild lineage that

also exhibits geographic structure because all of its isolates were collected in the

eastern United States. Interestingly, the soil isolates share four of five haplotypes

with beetle gut isolates, suggesting that insects acquire S. cerevisiae while foraging

on the ground. In concordance with the Fay and Benavides results, ecology, rather

than geography, appears to dominate evolution and origin of domestication in the

vineyard and the brewery (group C) (97). Although yeast isolates from NC and AU
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vineyards, collected from wine grapes, are genetically differentiated, they were recog-

nized as most similar to each other and different from the Muscadine grape isolates in

PCA. The importance of ecology is further emphasized by the observed distribution

of brewery strains in PCA groups A and C, which suggests that brewery strains in

wine-growing regions originated from grapes, and in areas lacking viniculture, the

domesticated brewery yeasts were derived from wild fruit isolates.

The clinical and PA soil populations exhibited the highest mean resistance to

ROS. Therefore ROS resistance in the clinical isolates arose either independently or

was contributed by the soil isolates. The genetic diversity among the clinical isolates

suggests multiple origins of the genetic material required for ROS resistance in these

strains. Regardless, fungal resistance to ROS offers protection from oxidative host

defenses and is undoubtedly an advantageous pathobiological property. Consistent

with this conclusion, the probiotic strains of S. boulardii were not as resistant to ROS

as the clinical strains. Indeed, strains of S. boulardii were less virulent compared to a

clinical (YJM145) and a laboratory (Y55) strain (211). The S. boulardii isolates used

here were cultured from commercial products sold in France, Italy and Germany.

Their close association with vineyard strains suggests that some S. boulardii may

have originated from vineyard strains.

This investigation presents an exciting and provocative demonstration of the com-

plex life history of S. cerevisiae beyond its prosaic service as a scientific tool in the

laboratory or an agent of fermentation. As a species, S. cerevisiae entered two

new life history trajectories while continuing its life in the soil and on decomposing

fruit. It became domesticated in fermentation and brewing, and it became a human

pathogen. With the accumulation of ecological and population genetic data, this

versatile microbe becomes an invaluable model for evolutionary biology and popula-

tion genetics. The current report offers a new paradigm for studying pathogenesis

by identifying correlation(s) among the virulence traits of isolates and the ecology of
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their ancestral reservoirs. These correlations will identify the genotypes associated

with pathogenic strains or the potential for pathogenicity and elucidate the evolution

of pathogenicity.
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Table 2.2: Shown are the sequences and appropriate annealing temperatures (TA) of
primers used to amplify partial nuclear coding loci for population genetic analyses and the
ITS for species identification.

Locus Primer Sequences (3’ → 5’) TA (oC) Reference

RPB1 Af GARTGYCCDGGDCAYTTYGC
Cr CCNGCDATNTCRTTRTCCATRTA 50 (209)

MLS1 MLS1F TATGRCYGATTTTGAAGATT
MLS1R TARTCCCAWCKWCCRCARTT 50 this study

ACT1 ACT1 TACCCAATTGAACACGGTAT
ACT2 TCTGAATCTTTCGTTACCAAT 58 (83)

ADP1 ADP1F AATAAGTGGTATCGTGAAG
ADP1R CTGACACTTTTTTGGCATTT 50 this study

PHD1 PHD1F TCCCAGCCTATAACTTTGTGG
PHD1Fv2 CATGTTCCTGAAATGAGGCT
PHD1R AGGAATCCAAACACCCTTGA 50 this study

ITS ITS1 TCCGTAGGTGAACCTGCGG
ITS4 TCCTCCGCTTATTGATATGC 53 (108)
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Figure 2.1: PCA recognized three major groups (A, B, and C) in a combined analysis
of complete sequence data for strains (N=87) from all ecological backgrounds. The size
(N) and index of assocation (IA) of each group is given next to the group name. Strain
origins are coded with symbols and colors (see legend to the left). The arrows inside
group C point to fruit isolates that have been isolated from grapes but are not part of
the Australian or North Carolinian sampling. Strains of particular interest due to their
history as lab strains (RM11, S288c) or importance as a model fungal pathogen (YJM145)
have their names attached. Numbers inside symbols indicate how many strains share this
genotype. Pairwise Fst values and significance levels for comparisons by origin (left) and
PCA group (right) are indicated.
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Figure 2.2: The UPGMA tree was generated from a pair-wise genetic distance matrix
based on haplotype data of the 87 strains that were included in PCA. The strains are color-
coded by origin (see legend) and groups recognized visually in PCA indicated at internodes
in the tree. Strains marked with * denote isolates that are not included in PCA groups A,
B or C. The numbered bar below the tree indicates total genetic distance observed in the
data set.
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Figure 2.3: Two haplotypes per strain were analyzed for five nuclear coding loci. Lengths
of analyzed sequence data and number of sampled haplotypes are given for each locus. The
size of each pie represents the number of identical haplotypes and the proportions indi-
cate how many of those share a particular origin. If N≥20, the number of haplotypes is
indicated in the pie. The length of the connecting lines translates into nucleotide substitu-
tions distinguishing one haplotype from another. Haplotypes collected from the clinic, the
brewery and fruit sources are randomly distributed in each network, whereas soil isolates
share one or two haplotypes. No correlation between strain origin and haplotype could be
detected and no haplotype that unifies all strains from one origin.
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Figure 2.4: (A) Box and whiskers plot for survival in 20 mM TBHP as tested in the
CFU assay. Strains are clustered and color-coded by origin (Table 2.1). For each group
of strains the colored box entails the size of the 25th and 75th percentile. The horizontal
line dividing the box is the median (50th percentile) and the whiskers represent the most
extreme outliers with highest or lowest survival. (B) The multiple pair-wise comparisons
of all groups of N≥10 indicate that clinical isolates and strains from the soil in PA differ
significantly from strains from other demographic groups. The legend denotes significance
values obtained in ANOVA.
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3

Biochemical Characterization of Peroxide Survival
in a Clinical and Laboratory S. cerevisiae Strain

3.1 Introduction

Upon phagocytosis of foreign particles or microbes, white blood cells produce copi-

ous amounts of reactive oxygen species, including superoxide radical and hydrogen

peroxide (159, 276). The importance of the respiratory burst is reflected in patients

that lack this mechanism and subsequently suffer from potentially fatal infections,

in a condition known as chronic granulomatous disease (124). ROS oxidatively dam-

age and/or destroy microbial pathogens and thereby deter them from invasion and

colonization. Studies on gram-negative and gram-positive bacteria established a

correlation between oxidative stress response and virulence (2, 257, 260, 261). In

pathogenic fungi, such as C. neoformans, the situation appears to be more complex.

Oxidative defense mechanisms contribute to virulence but do not seem to be required

(69, 138). S. cerevisiae plays a double role in studying oxidative stress response, as

eukaryotic model system and emerging opportunistic pathogen.

A correlation between the clinical origin of S. cerevisiae isolates and peroxide
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survival has been described in the previous chapter. Here, biochemical aspects of

the phenotypic difference between a laboratory strain and a clinical isolate are in-

vestigated. The peroxide sensitive strain S344 (low-survival) is a derivative of the

heterothallic laboratory strain S288c, whose progenitor strain EM93 had been iso-

lated from a rotting fig in California (224). S344 is diploid, homothallic, due to

replacement of mutant ho with wild type HO, and resistant to Geneticin (G418)

(166, 218, 320). The resistant strain YJK1272 (high-survival) has been derived from

the clinical isolate YJM128, which had been isolated from the lung of an AIDS pa-

tient (309). YJK1272 is diploid, homothallic and resistant to hygromycin B (125).

The drug resistance markers, embedded in MX4 cassettes, have been integrated into

the genome by replacing the GAL2 locus. Both markers are neutral with respect

to peroxide survival as no phenotypic variation could be detected between strains of

the same background that are resistant to G418 and Hygromycin B. The phenotypic

difference is reproducible regardless of the nature of the drug marker. These strains

have been obtained from the McCusker Lab Collection.

Investigations into the oxidative stress response often use the organic peroxide

tert-Butyl hydroperoxide (TBHP, (CH3)3COOH) instead, or in addition, to H2O2.

TBHP is commonly employed for its higher thermodynamic stability or if questions

regarding the metabolism of organic peroxides are under scrutiny. Both molecules

are characterized by the peroxide functional group (ROOR) that spontaneously dis-

sociates and leads to the formation of free radicals (RO•) (homolysis),which cause

oxidative stress in living systems. The standard enthalpy change for homolysis of

H2O2 has been reported as 210.4 ± 0.5 kJ mol-1 (271) and for TBHP 193 ± 2 kJ

mol-1 (284) explaining the higher thermal stability of TBHP. Since both molecules

also differ in size, yeast cells were shown to employ catalases to detoxify H2O2 and

the glutathione system to remove the larger TBHP (131, 160). Consequently, the

grx1 grx2 double mutant is sensitive to TBHP but not to H2O2 (198). For the study
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of microbial pathogenicity it is relevant to establish if the organism’s response to the

product of the respiratory burst, H2O2, differs from that to the organic, yet more

applicable, TBHP.

As described in detail in the introductory chapter, yeast cells respond to low

or adaptive doses of H2O2 with the oxidative stress response (OSR) and to severe

oxidative stress (in combination with other stressors) with the general stress response

(GSR). Molecules that are intimately involved in detoxification, redox balance and

damage removal are the cytochrome-c peroxidase (CCP1 ), thioredoxin (TRX2 ), and

the catalases catalases (CTA1, CTT1 ) (126, 134, 160, 205). Gene expression of these

and other stress response genes is regulated by the transcription factors Yap1 and

Msn2/4 (40, 112, 177, 270, 277). In addition to OSR and GSR, S. cerevisiae responds

to heat and other stressors with up-regulation of the molecular chaperone heat shock

protein 90 (Hsp90). Hsp90 is encoded by two isoforms, one of which responds to

stress with increased expression (HSP82 ) (25). Hsp90 re-folds proteins that have

experienced heat-stress and subsequently suffered structural changes (232). Like

heat, H2O2 damages proteins causing structural deformation and inactivation (see

Chapter 1).

The low-survival strain S344, the high-survival strain YJK1272, and their hybrid

YJS, have been compared for biochemical aspects of survival in peroxide. Four sets of

experiments were conducted, targeting the (i) cells response to different peroxides, (ii)

the importance of growth stage on survival, (iii) catalase activity, and (iv) expression

of stress response candidate genes. This investigation implicates a potentially novel

factor or mechanism that is restricted to actively growing cells and differs from

known resistance mechanisms such as the catalases, peroxidase and transcription

factors that have been shown to regulate stress responses.
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3.2 Materials and Methods

3.2.1 Mating S344 with YJK1272 to generate YJS

The hybrid (YJS) was generated by crossing the low-survival strain S344 (HO/HO

MATa/MATα gal2 ∆::kanMX4/gal2 ∆::kanMX4) with the high-survival strain YJK

1272 (HO/HO MATa/MATα gal2 ∆::hphMX4/gal2 ∆::hphMX4). Prior to mating,

both parental strains were sporulated for 3 days in liquid 0.5% (w/v) potassium

acetate (KAc) at 25oC (S344) or 30oC (YJK1272) on a roller drum (59). 5 µl of

each spore solution were mixed and spotted separately as controls on a YPD plate.

After 24 hours incubation at 30oC the matings and controls were replica plated onto

selective media (YPD with 300 µg/ml Hygromycin B or 200 µg/ml Geneticin) and

incubated for 2 days at 30oC. Following confirmation of successful mating, mating

products were streaked for single colonies on selective YPD plates and eight of these

sporulated for 3 days at 30oC on regular KAc plates (0.22% (w/v) yeast extract,

0.05% (w/v) dextrose, 2% (w/v) potassium acetate, 2% (w/v) agar) (McCusker

Laboratory General Instructions for Yeast Plates). A small amount of spores was

removed from the KAc plate, dissolved in 100 µl sterile water and 20 µl of this

spore solution digested with 20 µl 1:100 dilution of β-glucoronidase (Roche) for 30

minutes at room temperature. Following digestion, 100 µl sterile water were added

and the reaction incubated for 2 hours at room temperature. Ten tetrads per isolate

were dissected on YPD plates, incubated for 48 hours at 30oC and replicate plated

onto YPD plates containing either Hygromycin B or G418 to test for drug resistance

segregation patterns. One single colony that gave rise to viable spores with 2:2

segregation of drug resistances was designated YJS.
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3.2.2 Dose response profiles, killing rate, and conditioned media and co-culture as-
says

All survival measures were done using the colony forming unit (CFU) assay as de-

scribed in Chapter 2. For peroxide dose response profiles, S344, YJK1272 and YJS

were exposed to TBHP and H2O2 concentrations ranging from 0 – 30 mM and to

equal concentrations of tert-Butyl alcohol (TBA) to control for effects of the tert-

Butyl group. The rate of TBHP-mediated killing was assessed by recording a killing

curve for S344, YJK1272 and YJS. Cells were exposed to 16 mM TBHP and samples

collected and tested for survival every ten minutes.

The possible action of secreted factors was explored by employing conditioned

media and a co-culture assays. To condition the media, 2x103 cells/ml of S344 and

of YJK1272 were incubated for one hour in 2 ml 1xPBS in the presence of 20 mM

TBHP as described above. After sterile-filtration with a 0.2 µM size syringe filter, the

conditioned PBS solution was freshly inoculated with 2x103 cells/ml from the other

strain, incubated for one hour at 30oC and processed for CFU count. For the co-

culture assay 2x103 cells/ml of S344 and YJK1272 were co-inoculated in 2 ml 1xPBS

and incubated at 30oC while shaking for one hour in the presence of 20 mM TBHP.

100 µl of treated and untreated samples were spread onto YPD plates containing

Hygromycin B (300 µg/ml) or G418 (200 µg/ml) and processed as described above.

3.2.3 Growth in SD media and survival

Growth of S344, YJK1272 and YJS was monitored for 24 hours and a growth curve

was recorded. Cells from overnight cultures were freshly inoculated in SD media to a

starting optical density (OD) of ∼0.1 at λ=600nm. ODs were measured every hour

for 0 – 20 hours and hours 23 and 24. Parallel to recording growth, samples were

subjected to the CFU assay (20 mM TBHP) and peroxide survival was determined.
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3.2.4 Catalase enzyme activity

Catalase activity was determined in S344, YJK1272 and YJS after 0, 14 and 23 hours

of growth in SD media at 30oC while shaking (250 rpm). Before harvesting cells, ODs

were measured at each time point and compared to the growth curve data to ensure

that samples were at the right growth stage. 50 ml per strain were split and proteins

were extracted immediately from one half while other half was washed twice with

0.9% (w/v) NaCl, treated with 2 mM TBHP, to prevent excessive killing in the sensi-

tive strain, and incubated for one hour in 1xPBS. Whole-cell proteins were extracted

following the Y-PER Plus Dialyzable Yeast Protein Extraction protocol (PIERCE)

with one modification: 5 units of zymolase were added to the mixture to aid in cell

lysis followed by 45 minutes incubation in a 30oC water bath. Whole protein con-

centrations were determined spectrometrically with Bradford reagent (Sigma) (27).

Catalase enzyme activities in induced and non-induced samples were determined

at room temperature using a previously described phosphate buffer-based assay (15).

All reactions were started by adding 10-40 µl protein extract to 10 mM H2O2 in a

total reaction volume of 200 µl. One catalase unit is defined as the decomposition of

1 µmol H2O2 per minute and mg protein at 240nm (ε=39.4M−1cm−1) (199). Com-

mercially available catalase from Aspergillus niger (Calbiochem) served as positive

control to record a standard curve. Four different amounts of A. niger catalase (1, 5,

10, and 15 units) were tested for decomposition of 10 mM H2O2 in phosphate buffer.

3.2.5 Semi-quantitative expression profiling of OSR and GSR candidates

Cells were harvested for RNA extraction at 0, 14, and 23 hours and ODs verified.

RNA was extracted from induced (2 mM TBHP) and non-induced cells following

the cold yeast RNA miniprep protocol from the Breeden lab (http://www.fhcrc.

org/science/labs/breeden/Methods/RNA_miniprep.html). The amount of RNA

in each sample was determined spectrometrically and 10 µg RNA per sample were
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digested with four units of RNase-free DNase I (New England BioLabs) for 10 minutes

at 37oC. 1 µg of digested and undigested RNA was electrophoretically separated to

confirm the absence of DNA. Upon successful DNA removal, cDNA synthesis was

carried out on 1 µg DNase digested RNA using the iScript cDNA synthesis kit in a

20 µl reaction volume (Bio-Rad). To control for amplification of cDNA rather than

genomic DNA, PCR was conducted on samples that were treated with and without

reverse transcriptase (RT) (Bio-Rad). PCR amplification of cDNAs was conducted

in a total volume of 25 µl using the TaKaRa Ex Taq kit (TaKaRa) on 2 µl cDNA

and a final primer concentration of 0.6 µM (Table 3.1). The basic PCR regime

consisted of 5 minutes initial denaturation at 95oC, followed by 25-35 cycles of 30

seconds at 95oC, 30 seconds at the primer-specific annealing temperature (TA) (Table

3.1), and 45 seconds at 72oC, concluding with 10 minutes extension at 72oC. 10 µl

PCR product were separated in a 1% agarose gel and brightness visually compared

between strains and time points.

3.2.6 Statistical analyses

Biological triplicates were carried out for each experiment. The results from the con-

ditioned media and co-culture experiments were compared in a one-way analysis of

variance (ANOVA) with Bonferroni correction. Experiments that compare a specific

treatment or enzyme activity at a certain time point, including the dose-response

profile, growth and survival during batch-culture, and the catalase activity assays,

were analyzed using two-way ANOVAs with Bonferroni correction. Linear regression

and determination coefficient (R2) were calculated for the killing rate assays and

the A. niger catalase standard curve. The survival data were subjected to curve

fitting using linear and nonlinear regression equations, using the Akaike information

criterion to determine goodness of fit. All statistical analyses were conducted using

Prism 4.0a (GraphPad Software, Inc.).
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3.3 Results

3.3.1 YJK1272 and YJS have similar dose-response profiles in TBHP and H2O2

but differ from S344

TBHP is commonly used as a substitute for H2O2 in studies investigating oxidative

stress. To ensure that both peroxides elicit the same phenotype, S344, YJK1272

and YJS were exposed to increasing concentrations of TBHP and H2O2. To exclude

the possibility that the phenotype is influenced by the tert-butyl group rather then

the reducing actions of the peroxide bond, TBA was used as control. YJK1272 and

YJS survived both peroxide treatments significantly better than S344 (P < 0.0001;

Figure 3.1A and B). S344 and YJK1272 differed at mid-range concentrations of 10

mM TBHP (P < 0.05), 15 mM TBHP (P < 0.001) and 20 mM TBHP (P < 0.05).

S344 and YJS differed at 15 mM TBHP (P < 0.05). YJK1272 and YJS did not differ

from each other. In H2O2, YJK1272 and YJS survived at all concentrations better

than S344 (P < 0.001). Additionally, YJK1272 and YJS differed at 15 and 20 mM

from each other (P < 0.05, P < 0.001). Exposure to TBA had no effect on survival of

any of the strains at any concentration (Figure 3.1C). Given the similarity in survival

phenotypes between TBHP and H2O2, TBHP was used for all further experiments

because of its higher stability and safety.

3.3.2 Survival declines immediately after addition of TBHP but is alleviated in S344
by a factor secreted by YJK1272

Survival in TBHP over time varied significantly between strains and time points (P <

0.0001; Figure 3.2A). The observed number of cells at time point zero (immediately

after addition of TBHP) was much smaller in S344 than in YJK1272 and YJKS.

S344 cells started to die immediately after addition of TBHP (time = 0 minutes).

The y-intercept of S344 (0.8399 ± 0.0541) was significantly smaller than that of

YJK1272 and YJS (1.074 ± 0.0869, 1.069 ± 0.0924). Survival declined with time
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for all strains (S344: P < 0.01, YJK1272 and YJS: P < 0.05). Survival declined

significantly more rapidly in S344 (slope = -0.009536 ± 0.001500) than in YJK1272

(YJK1272=-0.007679 ± 0.002410) or YJS (YJS=-0.008024 ± 0.002562).

When strains were cultured in conditioned medium or grown in co-culture in the

presence of TBHP, survival of S344 improved slightly compared to the control. Yet,

only in co-culture with YJK1272 was the difference significant (P < 0.05). YJK1272

survival does not vary significantly between treatments (Figure 3.2B).

3.3.3 TBHP survival differs in the exponential growth phase but not in stationary
phase

The growth of each strain in synthetic defined media was recorded as a measure of

optical density. Strains exhibited the expected growth curve pattern, comprising a

lag phase, exponential growth, and a stationary phase (Figure 3.3A). Entrance into

exponential growth occurred at around seven hours post inoculation and station-

ary phase was reached after 20 hours. Growth curves differed significantly between

strains (P < 0.0001). With the onset of exponential growth, YJS grew faster than

YJK1272 and S344 (heterosis). S344 and YJK1272 grew with a comparable rate at

any time point (Figure 3.3A).

Survival of 20 mM TBHP changed during batch-culture growth (P < 0.0001;

Figure 3.3B). During lag phase, all three strains exhibited low survival. Upon enter-

ing exponential growth, YJK1272 and YJS displayed a sudden increase in survival

compared to S344, whose survival only gradually increased. In stationary growth

phase, all three strains survived treatment with TBHP at comparable levels. Dur-

ing lag phase survival of YJS was significantly lower than S344 and YJK1272 (P <

0.001, P < 0.05). For YJK1272, survival increased from 0.2 to 0.8 between 6 hours

and 10 hours. Survival of YJS increased from 0.05 to 0.9 between 9 hours and 15

hours. Best curve fits for survival data were achieved using the Boltzman sigmoidal
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equation with R2 being 0.7463 for S344, 0.665 for YJK1272 and 0.9267 for YJS.

To obtain maximum phenotypic differentiation all subsequent assays were conducted

14 hours post inoculation. This includes phenotyping of segregants and reciprocal

hemizygozity analyses of parental alleles in an effort to identify the genetic bases of

high peroxide survival in the clinical isolate.

3.3.4 Catalase enzyme activity is low and indistinguishable during exponential growth

A standard curve of H2O2 decomposition was recorded for 1, 5, 10, and 15 units of

commercial A. niger catalase. The best-fit coefficient (R2=0.946) indicated that the

catalase enzyme assay accurately determined catalase activity (Figure 3.4A). Based

on the equation for the linear curve-fit (y=0.054x) catalase enzyme activities were

calculated in whole-protein extracts of S344, YJK1272 and YJS whose ability to

decompose 10 mM H2O2 were measured over one minute.

Catalase enzyme activities for S344, YJK1272 and YJS were determined at crit-

ical points along the growth curve, including at the very beginning, at mid-log and

in stationary phase. Enzyme activities were less than half a unit in all three strains,

at all time points, in induced or non-induced samples, with one exception (Figure

3.4B). The enzyme activity plots showed increased activity in YJS during stationary

phase after induction with TBHP but not without induction. A t-test revealed that

this difference was significant (P < 0.05). Comparing all strains and time points with

each other in a two-way ANOVA with Bonferroni correction showed that only the

difference in catalase enzyme activity between S344 without TBHP and YJS with

TBHP (P < 0.001) was significantly different.

3.3.5 Expression profiles of OSR and GSR markers are indistinguishable during
exponential growth

Semi-quantitative expression profiles of key components of the OSR and GSR were

recorded for non-induced and induced samples of S344, YJK1272, and YJS at 35

69



PCR cycles. Successful cDNA synthesis was established by the presence of PCR

fragments of expected size in the positive ACT1 control +RT and the absence of

products in the negative control -RT (Figure 3.5). Fragments in ACT1 +RT were of

comparable brightness with the exception of YJK1272 +TBHP in lag phase, which

was very weak. No fragments were detected in the negative controls of the other

genes (data not shown). PCR amplifications of genomic DNAs were successful in all

cases yielding fragments of expected sizes.

Three OSR candidates were tested (YAP1, CCP1, TRX2 ). TRX2 derived cDNA

levels were at equivalent levels in all samples. YAP1 expression was barely detectable

and no expression could be detected for CCP1 during mid-log phase, the phase of

interest due to the large phenotypic difference. YAP1 and CCP1 cDNA levels were

visible in lag phase and stationary phase, but there was no correlation between

intensity and strain or treatment. YAP1 expression appears to be higher in the

hybrid than in the parents.

GSR candidates that were investigated include MSN2, CTT1 and CTA1. No

expression could be detected for either catalase gene (CTT1, CTA1 ), except for

CTA1 from YJS +TBHP in lag phase. Yet, the amplicon size differed from that

of the genomic control indicating non-specific amplification. MSN2 expression was

consistently stronger in lag phase than in mid-log or stationary phase. No expres-

sion differences could be detected for MSN2 among strains and treatments, except

for YJK1272 +TBHP in lag phase and YJS -TBHP where no expression could be

detected.

HSP82, encoding the stress-induced isoform of Hsp90, expression was compara-

ble for all strains and treatments during mid-log phase but differed during lag and

stationary phase. During lag phase, S344 and YJS +TBHP exhibited strongest ex-

pression. In stationary phase, expression in YJS -TBHP was stronger than in the

other samples, which exhibited comparable expression levels.
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3.4 Discussion

Dose response profiles, killing rate, conditioned media and co-culture assays allow

the following conclusions about the nature of the phenotype: (i) killing is due to

the peroxide group; and not the tert-Butyl group, (ii) YJK1272 becomes resistant

to TBHP right at the beginning of mid-log growth, the hybrid YJS towards the

end of it and both strains survive TBHP treatment better than S344 and (iii) a

YJK1272-secreted factor improves S344 survival.

The results obtained from comparative dose-response profiles of TBHP and H2O2

in combination with the change in survival from exponential to stationary growth,

exclude candidates that have previously been shown to elicit different H2O2 and

TBHP survival phenotypes and whose degree of survival depends on growth stage.

Those candidates include RAD9, a DNA damage-dependent checkpoint protein, and

the glutaredoxins (GRX1, GRX2 ) (Table 1.1) (99, 198). The rad9 mutant is an

unlikely candidate since H2O2 and TBHP affect it in different ways. H2O2 kills the

rad9 mutant but TBHP has no effect (99). The data presented here show similar

effects of H2O2 and TBHP on strain survival, excluding the rad9 mutant. The grx1

grx2 double mutant is sensitive to H2O2 and TBHP, suggesting that GRX1 and

GRX2 could have impaired function in S344 (198). The results collected here for

survival during different growth stages, rule this scenario out as S344 survives TBHP

in stationary phase but the grx1 grx2 mutant is sensitive to oxidative stress during

stationary growth.

Recording a growth curving and measuring survival during different stages showed

that the phenotypic difference is largest during exponential growth and all strains

survive oxidative stress during stationary phase at comparable levels. This result

allows two conclusions. First, the mechanism causing increased survival in YJK1272

and YJS requires cells to be in a metabolically active state. Second, cellular processes
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acting during stationary phase that render cells resistant to various stresses do not

influence the phenotype. Extending the second point would also imply that the GSR

is unlikely to be responsible for the phenotypic difference. The GSR is initiated

when yeast cells are exposed to a multitude of different stresses, as is the case during

stationary phase (270, 310).

Catalase enzyme activities were measured during different stages of the growth

curve and were shown to be comparably low in all strains during the critical phase

of exponential growth. The low enzyme activities during exponential phase are

in concordance with previous findings that expression of both catalase enzymes is

repressed in the presence of glucose, which is present during mid-log phase (60).

These data, in combination with the catalase expression results described below,

strongly indicate that the H2O2 detoxifying catalases are not responsible for the

phenotype under investigation.

Expression profiles of GSR and OSR transcription factors and detoxifying molecules

did not differ between the parental strains and their hybrid during exponential

growth, the phase critical for the phenotypic difference observed. Candidate gene

expression is either not detectable or does not differ between parental strains and

treatments during exponential growth. Both regulators of OSR and GSR, YAP1 and

MSN2, are expressed at comparable levels. Phenotypic differences could still be due

to structural variation but both molecules are highly conserved between S344 and

YJK1272. Expression levels for the cytosolic (CTT1 ) and the peroxisomal (CTA1 )

catalases are, as expected, below the level of detection (60). Interestingly, while

HSP82 levels are uniform during mid-log phase, S344 and YJS seem to respond with

HSP82 up-regulation when exposed to TBHP in lag phase. The expression data

corroborate the growth phase and survival data, suggesting that GSR and OSR are

of little impact on survival of TBHP.

The secreted factor that improves survival of S344 is most likely to be of short-
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lived nature. S344 survival appears to increase slightly in the conditioned media

and co-culture experiments compared to the control but only in the co-culture assay

is the difference significant. This indicates that the factor acts immediately after

addition of TBHP and declines during the one hour incubation period so that is

has only a minimal (non-significant) effect in the conditioned media. The factor’s

character remains to be established but potential candidates are the quorum sensing

molecules tyrosol and phenylethanol (50, 328).

After ruling out the most likely candidates for increased peroxide by showing

that catalase activity is negligible and that expression levels of oxidative and general

stress responses are comparable between parental strains, it can be concluded that

novel mechanisms are responsible for the differential survival observed. Genetic

analyses will need to be conducted to identify the cause of increased peroxide survival.

The factor/mechanism is predicted to be at the beginning of a pathway or highly

connected at the center of a metabolic network as the phenotypic difference is not

only quite dramatic but depends strongly on the cell to be metabolically active.
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Table 3.1: Primers used for semi-quantitative expression profiling of OSR and GSR
candidate genes. All primer pairs, with the exception of the pair used to amplify ACT1
(83) were developed as part of this investigation.

Gene Primer sequence (3’ → 5’) TA (oC) Fragment size
(bp)

ACT1 F: TACCCAATTGAACACGGTAT
R: CTGAATCTTTCGTTACCAAT 58 564

CTT1 F: GAAGACAACGACGAAGTATCTG
R: CTCTGTATAATCCTCTTAGTC C 51 853

CTA1 F: CAATCCCGCTATCAGAGATG
R: GTCTCTTCCAGATTGCTGTC 53 786

CCP1 F: AAGGACCCTGGAGCGAAAAGTA
R: TCCAGAGTTCTTCAAGTGGGTC 50 871

TRX2 F: GGTCACTCAATTAAAATCCGC
R: ATAGCAGCTGGGTTGGCACCG 53 285

YAP1 F: AGGGTTCAAAATCTCGTCACG
R: AACCAATCCATCGAAGTGGA 50 706

MSN2 F: CGTGGAGAATAATAACCCAA
R: GTCTATGTTCAGTGAATTAAAATA 50 709

HSP82 F: TGGCTAGTGAAACTTTTGA
R: AAGGCTTAGTCTTGTTTAG 50 825
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Figure 3.1: To record dose-response profiles strains YJK1272, S344 and YJS were ex-
posed to TBHP, H2O2 and TBA concentrations ranging from 0 to 30 mM and survival
measured in triplicates. The X-Y straight marked scatter plot shows the means and one
standard deviation at each concentration. Each strain is represented in a different color
(light blue=S344, dark blue=YJK1272, green=YJS). The skeletal formulas inserted in the
diagrams illustrate the peroxide bond in (A) TBHP and (B) H2O2 and the tert-Butyl
group in TBHP and (C) TBA.
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4

A Quantitative Trait Nucleotide in the Zinc Cluster
Protein Encoding RDS2 Gene Increases Peroxide

Survival in a Clinical S. cerevisiae Background

4.1 Introduction

Continuous phenotypic variation is a central attribute of life. Unlike Mendelian traits

that are governed by a single gene, quantitative traits are affected by multiple genes.

These genes are embedded in quantitative trait loci (QTLs) (113), whose identifi-

cation is a central problem of quantitative genetics. The primary method that has

been used to identify QTLs is linkage mapping, which localizes genes by segregation

(linkage) of a Mendelian marker, such as morphology, chromosomal deficiencies or

DNA sequence polymorphisms, with the trait of interest (6, 185, 242, 243, 302). A

wide variety of QTLs have been identified by linkage mapping, including germina-

tion rate, size, and pest resistance in tomato (103, 106), potato (32, 190), and maize

(44, 113), as well as milk production and meat quality in dairy cattle (115) and swine

(298). Because linkage mapping is hampered in humans due to family sizes, non-

designed crosses and too few classical genetic markers, association mapping has been
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developed as an alternative. This method compares frequencies of genetic variants

among affected and unaffected individuals and relies on linkage disequilibrium (LD)

(23). Association mapping facilitated the identification of loci affecting birth weight,

and susceptibility to Alzheimers disease, and colorectal and breast cancer in human

(18, 90, 105, 150).

To raise the likelihood of QTL detection, often individuals of the same extreme

phenotype are selected from the segregating population for selective genotyping

(185). Genotyping can be done one individual at the time, as single segregant analy-

sis (SSA) or by pooling DNA from individuals with similar trait values, often referred

to as bulk segregant analysis (BSA) (10, 219, 254). Both experimental approaches

traditionally utilized restriction fragment length polymorphisms (RFLPs) or random

amplification of polymorphic DNA (RAPD). Yet with the advent of genome sequenc-

ing and high-throughput microarray technology, microarray-assisted QTL mapping

has largely replaced those methods in applicable organisms. One such organism is

in the genetic model system S. cerevisiae, which has quickly established itself as a

useful model to study quantitative inheritance. The standard expression microarray

S98 GeneChip from Affymetrix has often been used for microarray-assisted QTL

mapping in S. cerevisiae. S98 has been developed based on the S288c genome se-

quence (123). Hence, S288c hybridizes equally well to all probes on the array but

a strain that differs in its sequence from S288c will hybridize less efficiently. The

probes that yield different hybridization signals between S288c and the other strain

used for mapping are considered informative single feature polymorphisms (SFPs)

and can be utilized as QTL mapping markers (281).

Traits that have been mapped by SSA hybridization to the S98 GeneChip in-

clude sporulation efficiency (82), gene expression and regulation (30), DNA damage

repair (81), and high-temperature growth (299). Although the number of segre-

gants hybridized to the S98 array differed greatly, all studies were successful in
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identifying linkage to one (81) or multiple QTLs (30, 82, 299). To illustrate the

difference in genotyping efforts, Brem et al. hybridized four segregants of one tetrad

(30), Deutschbauer and Davis and Steinmetz et al. genotyped 19 segregants of ex-

treme phenotype (82, 299), and Demogines et al. hybridized 123 segregants (81).

Microarray-assisted QTL mapping yields QTLs of comparable sizes to other geno-

typing methods, such as short tandem repeat (STRs) but provides a more compre-

hensive analysis of the whole genome with less labor. To illustrate the difference, 319

segregants were genotyped for 264 STR markers, which are 14.7 cM apart, resulting

in five QTLs ranging from 13 kb to 72 kb. While hybridization of 19 segregants to

the S98 array, on which markers are separated by 1.2 cM, was sufficient to map two

high-temperature QTLs (8 kb and 52 kb) (151, 299).

The first study to apply microarray-assisted BSA to bakers yeast as a demonstra-

tion of technique confirmed the large effect the previously identified FLO8 gene has

on variation of cell morphology (29, 194). A second BSA “proof of principle” study

mapped known genes encoding drug resistance and uncovered genetic changes in ex-

perimentally evolved cells (281). A third study employed BSA to map sporulation

efficiency and detected one QTL containing four linked genes, all of which affect the

phenotype (16). These three studies employed the S98 GeneChip from Affymetrix

and mapped QTLs of comparable sizes to the SSA studies (0.2-24 kb (281), 6-21

kb (29), >50 kb (16)). In addition to using S98, the novel GeneChip Tiling Array

has successfully aided in the mapping of two QTLs (36kb and 118kb) that influence

DNA repair (81).

The level of resolution to which S. cerevisiae quantitative traits have been mapped

varies. Some traits, like small molecule perturbations and ethanol resistance, have

been mapped to the level of candidate QTLs, which are genomic regions that are sig-

nificantly linked to the genotype markers but have not been confirmed by genotyping

individuals with independent markers for this region. Experimental validation and
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identification of causative quantitative trait nucleotides (QTNs) has been achieved

for sporulation efficiency, high-temperature growth and DNA damage repair. DNA

repair is largely affected by the substitution I791S in RAD5 (81). The two stud-

ies investigating sporulation efficiency identified adenine insertions upstream of the

RME1 and RAS2 start codons, substitutions E1493Q in TAO3, and D30G in MKT1

as QTNs (16, 82). High-temperature growth is also affected by a QTN in MKT1

(D30G) as well as a S258N substitution in END3 (288). Note that the same substi-

tution in MKT1 affects two different traits. MKT1 encodes a nuclease that has a

temperature-dependent effect on RNA replication and regulates HO mRNA trans-

lation (305, 330). The presence of upstream adenine insertions in RME1 and RAS2

emphasizes that QTNs are not necessarily non-synonymous polymorphisms in open

reading frames (ORFs), complicating identification by candidate gene screens that

are focused on sequence divergence inside ORFs.

Although yeast geneticists have access to a large tool box that includes multiple

genome sequences (84, 123, 323), different microarray platforms (73, 333), and easy

molecular manipulation of yeast cells, QTNs could only be experimentally verified

for three traits. Experimental proof that establishes an association between a specific

nucleotide and a quantitative trait, by site-directed mutagenesis, is technically chal-

lenging. To illustrate the magnitude of the challenge and the aptitude of yeast as a

quantitative genetics model system, the only other eukaryote in which experimental

validation of a QTN has succeeded is the nematode Caenorhabditis elegans. Comple-

mentation allowed for the identification of the substitution F96L in the calpain-like

protease tra-3 of C. elegans that attenuates growth at lower temperatures (168).

The ability of S. cerevisiae to survive oxidative stress is of quantitative nature.

Investigations on populations derived by experimental evolution in the laboratory

and a cross between a laboratory and a clinical strain indicated segregation of multi-

ple loci (249, 338). Witten, Chen and Cohen evolved two yeast strains for oxidative
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stress resistance by applying a rapid selection scheme. Both strains acquired the

same major-effect mutation but differ in the nature of segregating modifiers, whose

identities remain unknown. The authors concluded that the remaining segregating

loci are of minor effect and have epistatic interactions (338). Perlstein et al. tested

growth inhibition in F1 segregants in response to 23 small molecules, including H2O2,

and came to the conclusion that two loci affect oxidative stress resistance (249). Al-

though both studies showed that the yeasts ability to survive oxidative stress is a

polygenic trait, the causative genetic factors remain elusive. This investigation uti-

lizes the naturally occurring variation in two S. cerevisiae isolates to elucidate the,

as of yet unknown, quantitative architecture of peroxide survival, which affects S.

cerevisiae ecology and fungal pathogenicity.

4.2 Materials and Methods

4.2.1 Yeast strains and media

All strains included in this study (Table 4.1) were kept in cryo-storage in 15% (v/v)

glycerol at -80oC and cultured on YPD plates (Chapter 2) prior to experimentation.

For RHA, Hygromycin B (300 µg/ml) or G418 (200 µg/ml) were added to YPD

plates (Chapter 2) after autoclaving. SD media plates used for LYS5MX4 trans-

formations contained 2% (w/v) glucose, 37.8 mM (NH4)2SO4, 1.7 g/l YNB without

amino acids and ammonium sulfate, and 2% (w/v) agar. For high-throughput phe-

notyping, 1 or 1.2 mM H2O2 were added to 50oC SD agar. Concentration of H2O2 in

the stock solution was determined spectrometrically at λ=240nm (ε=39.4M−1cm−1)

and adjusted accordingly (199). Plates were stored in the dark for no more than 5

days. α-aminoadipate (α-AA) plates were prepared as described before (346) with

two modifications: the YNB-dextrose-lysine mixture was not autoclaved but filter

sterilized and the pH of the α-AA solution was adjusted to 5.5 instead of 6.
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4.2.2 DNA amplifications for candidate gene genotyping and transformation

The PCR regime used for all reactions comprised a 3 minute initial denaturation at

95oC, followed by 37 cycles of 30 seconds denaturation at 95oC, 30 seconds annealing,

and 45 seconds extension at 72oC, concluding with 10 minutes extension at 72oC.

Annealing temperatures (TA varied depending on the primers used (see below). MX4

cassettes were PCR amplified as follows: initial denaturation at 94oC for 3 minutes

was followed by ten cycles of 94oC for 20 seconds, 55oC for 15 seconds, and 72oC for

1 minute 30 seconds. These were followed by 25 cycles of 94oC for 20 seconds, and

72oC for 1 minute 30 seconds. These parameters were modified from a previously

published method (125). Reactions were carried out using the TaKaRa Ex Taq kit

containing 0.6 µM of each primer, unless specified otherwise. The final volume of

each PCR was 25 µl, except for MX4 amplifications, which were 50 µl. Allele-specific

PCR to fine-map the QTL on chromosome XVI was carried out in two 25 µl PCR

reactions per segregant containing 10xThermoPol reaction buffer, 0.5 µM of each

primer, 200 mM dNTPs (Invitrogen), and 0.625 U VentR (exo) DNA Polymerase

(New England BioLab).

4.2.3 Diagnostic RFLP assays

Diagnostic RFLPs that distinguish between the parental alleles were used to genotype

F1 segregants for candidate genes, to detect linkage between candidate QTLs and

peroxide survival in BCI high- and low-survival segregants, and for fine-mapping

the QTL on chromosome XVI in F1 and BCI high- and low-survival segregants. 5

µl PCR product were tested for positive amplification in 1% (w/v) agarose. All

digests contained 5 µl PCR product, 10x reaction buffer, sterile water and enzyme

in a total reaction volume of 10 µl. Upon completion, fragments were separated for

30-45 minutes in a 1.5% (w/v) agarose gel at 120 V in 1xTAE buffer. Segregant and

parental fragments were compared and genotypes assigned accordingly.
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4.2.4 Lithium acetate transformation

The high efficiency lithium acetate (Li/Ac) transformation protocol (117), with mod-

ifications, was used to generate reciprocal hemizygotes or allele replacement strains

(Table 4.1). The washed and pelleted cells were diluted in 400 µl 0.1 M LiAc and

50-100 µl of this suspension used for transformation. After adding the transforma-

tion mix, samples were incubated for 30 minutes at 30oC and for 15-20 minutes at

42oC in water baths. Transformed cells were centrifuged for 15 seconds at 6000 rpm

and resuspended very carefully in 600 µl YPD, when transformed with hphMX4,

kanMX4 or pAG26 (hphMX4CEN), or 600 µl sterile water, when transformed with

LYS5MX4 or PCR product. Cells transformed with drug cassettes or plasmids were

allowed to recover for 2 hours at 30oC while shaking (200 rpm) and spread onto

selective media. Cells transformed with LYS5MX4 were spread onto SD media and

cells transformed with PCR products onto α-AA plates. Plates were incubated for

up to 3 days at 30oC. Each transformation reaction was done with 100-400 µl ethanol

purified PCR product in 25-50 µl sterile water.

4.2.5 Heritability of peroxide survival and candidate gene genotyping

The genetic bases of peroxide survival were investigated using strains YJK1272, S344,

derivatives of YJM789 and S288c, and their hybrid YJS (Table 4.1). For easier

understanding and whenever possible, strains are referred to as Y when derived from

YJM789 and S for strains isogenic with S288c. Furthermore, genotypes or alleles

will be called Y for wild type and y for allele replacements that carry the S SNP in

a Y allele, same for S and s. To assess the phenotypic nature of peroxide survival

and identify its mode of inheritance, YJK1272, S344, their hybrid YJS, and 200 F1

segregants were phenotyped using the CFU assay (20 mM TBHP) on yeast cells that

were grown for 14 hours (Chapter 2). The hybrid was sporulated and tetrads treated

as described earlier (Chapter 3). To estimate the effective number of loci segregating
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in the S344xYJK1272 cross, the Castle-Wright estimator (ne) and its standard error

were calculated based on the phenotypic variance observed in the F1 as described by

Lynch and Walsh p. 234 (200).

200 F1 segregants were genotyped for candidate genes CTA1, CTT1, CCP1, and

SOD1 using diagnostic RFLPs (Table 4.2) or allele-specific multiplex PCR (Table

4.3). The latter was only used to genotype CTA1, CTT1. PCR amplicons for

RFLP digests were generated at TA=53oC from 2 µl of a 1:100 dilution of genomic

DNA prepared using the CTAB method and digested for 2 hours at 37oC in an

incubator (NciI, SspI, Sau3AI) and at 25oC in a water bath (SmaI) (Table 4.2)

(108). Restriction fragments were separated immediately after digest and compared

to parental controls.

Allele-specific primers were designed to meet two criteria, amplification of only

one or the other parental allele, and generation of differently long PCR products.

Catalase gene sequences of S288c and YJM788 were aligned and screened for poly-

morphisms. Allele-specificity was achieved by a mismatch at the final 3’ position of

each primer and length variation based on the distribution of polymorphisms. A set

of allele-specific multiplex primers comprised four primers that would either amplify

only the S alleles or only the Y alleles of each gene (Table 4.3). 2 µl of a 1:100 dilu-

tion of genomic DNA extracted with the CTAB method (108) were added to CTA1

and CTT1 multiplex PCR, which was carried out at TA=60oC with final primer

concentrations of 0.525 µM (Table 4.3). Multiplex PCR fragments were separated in

a 1.5% (w/v) agarose gel and F1 segregants scored based on parental electrophoresis

patterns.

4.2.6 Backcross design and segregant phenotyping

Three backcross lines (BCI, BCII, BCIII) were set up by crossing high-survival F1

segregants F1-2D (survival=0.79, drug marker hphMX4), F1-10B (0.91, hphMX4),
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F1-19C (0.99, kanMX4) with strains S344 (kanMX4) or S347 (hphMX4) (Table 4.1).

Double-drug resistant hybrids were sporulated and tested for drug marker segregation

like YJS (Chapter 3). Additionally, a second backcross to S344 was conducted using

BCI segregant BCI-2C (0.89, hphMX4).

Backcross segregants were phenotyped with the CFU assay (Chapter 2) and a spot

dilution assay for high-throughput preliminary screening developed by Randy Strich

(pers. comm.). Briefly, 5 µl of ten-fold dilutions of S344, YJK1272 and eight back

cross segregants, ranging from 1x107 to 1x102 cells/ml, were spotted onto synthetic

defined media plates containing 1 mM or 1.2 mM H2O2. Plates were incubated for 48

hours at 30oC and the phenotype of putatively resistant segregants, those resembling

YJK1272, was confirmed and quantified using the CFU assay.

4.2.7 Microarray-assisted QTL mapping

CustomArray 4x2k oligonucleotide microarrays from Combimatrix served as SSA

genotyping platform. Pairs of oligonucleotides, one of which matches one parent

while its partner has 2 internal mismatches, were identified by sequential compar-

isons between both parental genome sequences (123, 323). The YJM789 genome

(Genbank accession number AAFW000000) was fragmented into 25mers, window

size 5 bp, which were searched against the S288c genome from SGD’s FTP server.

Those that had 2-5 mismatches in S288c were retained and new oligomers picked

based on those locations in YJM789, located -5 bp to +5 bp relative to the original

oligomer. These secondary olignucleotides were searched against the S288c genome

sequence and those with exactly one match but at least two internal mismatches were

retained and searched against the YJM789 genome. The search was repeated with

S288c oligonucleotides. Mismatch oligonucleotides were analyzed for melting temper-

ature, GC-content and self-complementarity. For each parameter, a weighted penalty

score was applied to every oligonucleotide reflecting its deviation from the mean. In
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addition to these physical parameters, the genomic location of the oligonucleotide

was considered. Selected oligonucleotides were 25 bp long, differed by 2 internal

mismatches between the parents, scored low penalties and were evenly distributed

across the genome.

Genomic DNA for microarray hybridizations was extracted using the Genomic-tip

100/G from Qiagen according to the manufacturer’s instructions. For SSA, genomic

DNA from 22 high-survival BCI segregants were digested and labeled as described by

Muller and McCusker (230). Hybridizations and microarray stripping were carried

out according to Combimatrix standard protocols and arrays re-used twice. Three

BSA hybridizations to the S98 array were conducted by mixing 47 F1, 22 BCI and 24

BCII high-survival segregant genomic DNA. DNA concentrations were determined

spectrometrically and DNA mixed in equal proportions. A total of 20 µg genomic

DNA was digested with 1U DNase I (New England BioLabs), 10 µg of which was

labeled with Biotin-N6 (Enzo Life Sciences) and hybridized (334). Parental controls

were included in SSA and BSA hybridizations.

To verify oligonucleotide sequences on the S98 and the 4x2k arrays all probes were

BLAST searched against the Sanger Center S. cerevisiae trace archive (http://www.

sanger.ac.uk/Projects/S_cerevisiae/) (7). Probes without a single match were

excluded from both analyses.

Informative probes from the S98 GeneChip were extracted by searching the CEL

file using the EMBOSS program fuzznuc (262) against the S288c genome from the

SGD FTP directory and the YJM789 genome from GenBank. Probes were divided

into those that (i) match neither genome, (ii) match both strains, with one mismatch,

(iii) have one mismatch with S288c but none with YJM789, (iv) match both genomes

exactly, (v) match S288c exactly and have one mismatch in YJM789, (vi) match

S288c exactly and have two mismatches in YJM789. Probes from these searches

were divided into control (i+iv) and informative probes, which perfectly match the
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S288c genome but have one or two mismatches to the YJM789 genome (v+vi). The

latter will be referred to as one-mismatch and two-mismatch probes. The controls

(i+iv) were used to normalize signal strength between arrays and to estimate vari-

ation in signal strength from probe to probe and the putative effects of melting

temperature. The melting point of each probe was calculated using standard proce-

dures with parameters from Breslauer (24, 31, 272). Since melting temperature and

hybridization value were positively correlated with each other, hybridization values

were adjusted using linear regression. Following normalization, the hybridization

values of the parental strains were compared with each other to identify informative

probes whose hybridization signals are more similar to either parent or intermediate.

These S98 single feature polymorphisms (SFPs) were then extracted from the F1,

BCI and BCII analyses (16).

SFPs from 4x2k arrays were determined based on hybridization signals, which

were expressed as FGmeans (number of pixels obtained for each probe). FGmeans of

each oligonucleotide pair were subtracted from each other (Y-S) so that a score >0

suggests preferential hybridization to S and <0 to Y. One standard deviation (SD)

and one half SD were subtracted from the FGmeans difference. Scores were applied

to the FGmeans-SD depending if the difference was <-10, <0, 0, >0, or >10. Finally,

a weighted score was applied to each probe depending if its neighboring probe had

the same parental genotype or not, resulting in the 4x2k set of SFPs. 1 SD and 0.5

SD were analyzed in parallel.

Candidate QTLs were identified based on four genotype data sets. Analysis A

encompasses S98 one-mismatch SFP and B S98 two-mismatch SFPs in 22 high-

survival BCI segregants. The 4x2k SFPs from 22 single spore hybridizations were

split into two sets and searched for lack of recombination between S and Y. Blocks

were assembled that were enriched for Y, i.e. more than 50% of the analyzed 22

spores had the Y genotype and divided into blocks allowing for gaps (4 out of 5
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SFPs are Y) or not gaps (≥ 3 consecutive Y SFPs) were summarized as analysis C

and D.

To test for genetic linkage between candidate QTLs and peroxide survival, diag-

nostic RFLPs were applied to 22 high-survival and 20 low-survival BCI segregants.

PCR amplicons were digested for 2 hours in a 37oC incubator and completed reac-

tions inactivated by heating to 65oC for 20 minutes. Linkage was assessed using a

chi-square test (Table 4.5).

4.2.8 Fine-mapping of a QTL on chromosome XVI

Fine-mapping of a QTL on chromosome XVI was conducted on the same panel of 22

high- and 20 low-survival segregants from BCI. High-survival segregants were scored

for the presence of Y and S alleles at seven different markers spanning the QTL and

low-survival segregants for four of the seven markers. The seven markers comprised

three diagnostic RFLPs and four allele-specific PCR reactions. RFLP digests con-

taining DraI, EcoNI, and HaeIII (Table 4.6) were incubated for 2 hours at 37oC and

heat inactivated for 20 minutes at 65oC (DraI, EcoNI) or 80oC (HaeIII). Diagnostic

RFLPs were also tested on 47 high-survival and 16 low-survival F1 segregants. A set

of allele-specific PCR primers comprised three primers, two of which are specific due

to a mismatch at the final 3’ position and a third general primer to amplify in the

opposite direction from the mismatch primer (Table 4.6). Two PCR reactions per

segregant were analyzed, each containing one allele-specific and the general primer.

Amplicons were separated in a 1% (w/v) agarose gel and scored for presence/absence

of fragments in both reactions. S344 and YJK1272 served as positive controls for

diagnostic RFLPs and allele-specific PCR.
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4.2.9 Reciprocal hemizygosity analyses (RHA)

Preliminary experiments showed that hybrid strains hemizygous at RDS2 and COX11

(wild type allele/kanMX4 or hphMX4) were significantly more sensitive to 20 mM

TBHP than the parental strains or the hybrid (data not shown). Consequently, all

RHA competition CFU assays were done in 16 mM TBHP. In preparation of sys-

tematic RHA, hphMX4 and kanMX4 were tested for putative effects on peroxide

survival. Two diploid S and Y strains, that each had their GAL2 ORFs replaced

with kanMX4 and hphMX4 were co-cultured in 16 mM TBHP, processed in the

CFU assay and plated on selective media as described before (Chapter 3) (Table 4.1)

(125, 320). The mean of four replicates and its standard error (SEM) were calculated

and compared with Student’s t-test.

Reciprocal hemizygotes were constructed using published strains and primers

(299). The ORFs of target genes in the S and Y background (Table 4.1) were

replaced with hphMX4 and kanMX4 as described by Steinmetz et al. (125, 299,

320). Both cassettes were maintained on plasmids pAG32 (hphMX4) and pFA6

(kanMX4) and multiplied in Escherichia coli DH5α cells (Invitrogen) (125, 320).

To extract plasmids, E. coli cells were grown overnight in 3 ml Luria-Bertani broth

with Ampicillin (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl,

100mg/l Ampicillin) at 37oC and plasmid mini preparations conducted using the

S.N.A.P. miniprep kit according to Invitrogen’s instructions. For PCR amplification

of hphMX4 and kanMX4, the published (299) primer pair JM41 and JM42 (Table 4.9)

was modified for specific replacement of wild type ORFs by adding JM41 to the 3’

end of the primer targeting -50 bp to -1 bp upstream of the ORF and attaching JM42

to the 3’ end of the reverse complemented sequence targeting +1 bp to +50 bp. 1 µl

of a 1:100 plasmid solution was used to amplify hphMX4 and kanMX4. Successful

amplification of hphMX4 and kanMX4 was verified prior to transformation, carried
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out using the Li/Ac protocol. Putative RHA transformants were tested with primer

pairs FT167/YFG−-500F and JM37/YFG−+500R at TA=50oC (Table 4.9). The

YFG primer was designed to anneal specifically to a region 500 bp up- or downstream

of the target gene. Removal of the target ORF was PCR verified (Table 4.9) (125).

Positive transformants were sporulated and crossed as described before to obtain

reciprocal hemizygotes (299), which were then tested for survival competitively in 16

mM TBHP using the CFU assay. Each comparison was conducted three times and

statistically analyzed with a paired T-test with Bonferroni correction.

4.2.10 Characterization of RDS2

The effect of the candidate gene RDS2 on peroxide survival was investigated using

three different comparisons. (i) Wild isolates of S. cerevisiae that have S or Y like

RDS2 alleles were compared with each other and S344 and YJK1272, (ii) homozygous

RDS2 deletions in S344 and YJK1272 were examined for survival, and (iii) S and Y

strains with single nucleotide polymorphism replacements in RDS2 were compared

to the wild type strains.

The Saccharomyces−cerevisiae−WGS database at GenBank has been mined with

blastn with 50 bp long sequences of RDS2 of either parental allele containing one

of the two non-synonymous polymorphisms using MEGABLAST (7). The wild S.

cerevisiae strains identified as having one or the other allele, were tested three times

for survival in 20 mM TBHP using the CFU assay. The following comparisons were

analyzed using one-way ANOVAs with Bonferroni correction: S344 vs S allele strains,

YJK1272 vs. Y allele strains, S344 vs. Y allele strains, and YJK1272 vs. S allele

strains.

To identify patterns of evolutionary conservation, Rds2 was BLAST searched

against the protein translations of the genomes of C. glabrata, Ashbya gossypii,

Kluyveromyces lactis, C. albicans, A. fumigatus, A. nidulans, Neurospora crassa,
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Ustilago maydis and C. neoformans deposited at NCBI GenBank and the alignment

visually analyzed.

Homozygous RDS2 deletions in either parental background were generated by

mating two strains with heterozygous deletions of RDS2 with hphMX4 and kanMX4

(from RHA) with each other and screening the diploids for lysine prototrophy and

double drug resistance. Two transformants of each parental background were ana-

lyzed and the four homozygous deletion strains tested for survival in 16 mM TBHP

three times. Means and standard error were calculated and compared with Student’s

t-test.

Homologous allele replacements of the C751G SNP in RDS2 were carried out

in the lysine auxotrophic haploid strains S1288 and YHS633 (Table 4.1), employing

the lysine/α-AA counter-selection system (158). The two-step process entailed re-

placement of the region between nucleotides 701 and 830 inside the RDS2 ORF with

LYS5MX4 (pSA39) (158) and removal of LYS5MX4 with a PCR product contain-

ing the other parent’s SNP. 1 µl of a 1:100 dilution of pSA39 was added to reactions

amplifying LYS5MX4 together with primers JM41−AS751-828−F and JM42−AS751-

828−R (Table 4.9) (125, 158). Successful integration of LYS5 and removal of the

RDS2 target region was tested with primer pairs FT167 / RDS2−-500F and JM37 /

RDS2−+500R at TA=50oC and primers RDS2−701F and RDS2−830R at TA=53oC

(Table 4.9). 1 µl genomic DNA, prepared using the ten-minute protocol (147), was

added to generate PCR products for homologous allele replacement and to test for

successful replacement and marker removal.

Homologous allele-replacement PCR products were generated by combining two

short fragments that were amplified off parental DNA with the following primer com-

binations: RDS2−550F / RDS2−755−Y−R [i] and RDS2−751−Y−F / RDS2−1000R

[ii] were used on S1288 and RDS2−550F / RDS2−755−S−R [iii] and RDS2−751−S−F

/ RDS2−1000R [iv] on YHS633. PCR products [i] and [iv], and [ii] and [iii] were
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mixed and 1 µl amplified with primers RDS2−550F and RDS2−1000R (Table 4.9).

All reactions were done at TA=52oC. This PCR product worked less efficient in the

Y background. Hence, a second PCR product, with longer regions of homology, was

produced by replacing primer RDS2−550F with RDS2−102F and RDS2−1000R with

RDS2−1315R, resulting in transformant YSD52 (Table 4.1).

The LYS5MX4 replacement transformation was done as co-transformation with 2

µl plasmid pAG26 (hphMX4 CEN URA3 ) (125). After 3 days of incubation at 30oC,

drug-resistant transformants were replica plated onto α-AA plates and incubated at

30oC for 2 days. Putative transformants were tested for correct SNP replacement

by restriction digest with BbsI and sequencing (Chapter 2). PCR amplicons for the

BbsI digest were generated using primers RDS2−102F and RDS2−966R at TA=50oC

and 8 µl PCR product were digested with 10x reaction buffer and 1U BbsI in a total

volume of 10 µl and separated in 1.5% (w/v) agarose. Sequencing was carried out

using primers RDS2−102F, RDS2−966R, RDS2−550F, RDS2−1000R, RDS2−701F,

and RDS2−1315R (Table 4.1). Two independent transformants were created for

either wild type background.

To diploidize haploid strains with allele replacements (YSD1, 3, 36, and 52) and

the wild types (S1288, YHS633), all of which are MATα lys5, two crosses were

conducted (Table 4.1). S1288 and YSD1 were crossed with YSD-S1. YHS633 and

YSD36, were crossed with YSD-Y1. Prior to mating, YSD-S1 and YSD-Y1 were

sporulated (Chapter 3). Diploids were selected for Hygromycin B drug resistance and

lysine prototrophy and single colonies isolated, sporulated and between 40 and 60

tetrads dissected. Those tetrads were subjected to tester matings on SD and YPD +

Hygromycin B. The MATa lys2 segregants were then mass-mated to the transformed

and wild type strains to generate diploids (Table 4.1). Additionally, matings were

carried out to generate strains that are heterozygous for the polymorphism and

hybrid strains that are homozygous for one or the other SNP (Table 4.1).
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All strains were screened for survival in 16 mM TBHP up to ten times. Differences

between genotypes were assessed using one-way Anova with Bonferroni correction

and Dunnett’s Test and the Wilcoxon Signed Rank Test to detect differences in

peroxide survival between strains with different genotypes. The percent phenotypic

contribution was calculated as 100 x (Survival(Y y/y)–Survival(Y Y/Y))/(Survival(S

S/S)–Survival(Y Y/Y)) (82).

4.3 Results

4.3.1 High peroxide survival is a dominant quantitative trait and not linked to can-
didate genes

To determine if peroxide survival is dominant or recessive, survival of YJS was com-

pared with that of S344 and YJK1272. The hybrid phenotype resembled that of

YJK1272. Both strains survived peroxide treatment significantly better than S344

(P < 0.01) (Figure 4.1A). Hence, high peroxide survival is a dominant trait. To

establish if peroxide survival is of Mendelian or quantitative inheritance, YJS was

sporulated and F1 segregants phenotyped. 68 tetrads, giving rise to four viable spores

exhibiting 2:2 segregation of drug resistance were obtained. 200 F1 spores, from 50

tetrads, were tested for survival in 20 mM TBHP (Figure 4.1B). The phenotypic

spectrum ranged from 0 to 1 and resembled a bell-shaped curve, which is diagnostic

of a quantitative trait. On both ends of the curve, F1 segregants were observed whose

phenotypes exceeded the parental means (S344=0.14 ± 0.036 SEM, YJK1272=0.83

± 0.072), indicating transgressive segregation.

47 F1 segregants (approx. 25%) exhibited high-survival ≥ 0.8 (YJK1272-like),

and 16 segregants low-survival ≤ 0.2 (S344-like). The phenotypic variance amongst

F1 segregants (0.0587) was used to estimate that 10 ± 2 loci segregated in the cross,

confirming the quantitative nature of peroxide survival. The high- and low-survival

segregants were included in the ensuing QTL mapping and fine-mapping efforts.
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To determine if the phenotype is due to the known peroxide resistance deter-

minants CTA1, CTT1, CCP1, and SOD1, a primary candidate gene screen was

conducted. The parental alleles of CTT1, CTA1, SOD1, and CCP1 vary by a num-

ber of non-synonymous and synonymous single nucleotide polymorphisms (SNPs) in

their ORFs and in the 1,000 bp up- and downstream regions (Table 4.2). The RFLP

assay was applied to all 200 F1 segregants to genotype SOD1 and CCP1, and to 92

segregants to genotype CTA1 and CTT1. Allele-specific multiplex PCR was used to

assay CTA1 and CTT1 alleles in 108 segregants. However, no association between

a parental allele and the phenotype could be detected. The genes segregated at ran-

dom with respect to peroxide survival; therefore the phenotype is not linked to the

candidate genes (Figure 4.1C).

4.3.2 Backcross analysis

A QTL mapping population was derived by setting up three backcross lines. Three

high-survival F1 segregants (survival=0.79, 0.91, 0.99) were crossed to the low-

survival parent S344/S347. In each case the backcross hybrid displayed lower survival

than the F1 segregant but survived better than the S parent (BCI=0.49, BCII=0.54,

BCIII=0.59). Survival declined even further in the second backcross hybrid (0.33),

developed from a high-survival BCI spore (0.89) (Figure 4.2A). The second backcross

derived from BCI was not analyzed further. The three first backcross hybrids were

sporulated and a total of 1,246 backcross segregants were phenotyped for peroxide

survival using the CFU and plate assay. A primary CFU assay was conducted on 199

BCI, 197 BCII, and 86 BCIII segregants (Figure 4.2B). None of the backcross lines

contained sufficient numbers of high-survival segregants for QTL mapping. The fre-

quencies of high-survival segregants in each line were lower than the 1 in 4 observed

in the F1. BCI contained 1 in 12, BCII 1 in 22, and BCIII 1 in 86 high-survival

segregants. Line II and III encompassed more low-survival segregants than the F1.
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In each back cross line the phenotypic variance (0.0418, 0.04, 0.0315) decreased rel-

ative to the F1 (0.0587) and the peak of the bell-shaped curve shifted to the left

(low-survival) end of the distribution.

To obtain more high-survival backcross segregants for selective genotyping 72,

600, and 92 additional segregants from lines BCI, BCII, and BCIII were phenotyped

using the plate assay. Of these, 15 (BCI) and 63 (BCII) had their survival phenotype

verified using the CFU assay and 8 and 11 met the cut-off value of 0.8. The high-

survival segregants identified by CFU and plate assays in BCI (22) and BCII (24)

were subsequently used for QTL mapping and low-survival segregants (BCI: 20, BCII:

31) for linkage analysis and QTL fine-mapping. None of the 92 additional segregants

tested in line BCIII showed Y-like survival. Due to this extremely low frequency,

phenotypic and genotypic analyses of BCIII were discontinued.

4.3.3 QTL mapping

The S98 array contained 141,644 probes that matched the S288c and YJM789 genomes

perfectly (zero-mismatch), 10,160 probes matched S288c perfectly and had one mis-

match in YJM789 and 1,075 probes with two mismatches. After comparing those

probes with the Sanger Center S. cerevisiae trace archive to filter out sequence errors,

384 of the one-mismatch and 94 of the two-mismatch probes were removed from the

analysis. The remaining 9,776 one-mismatch and 981 two-mismatch probes ranged

in GC content from 16-80% and in melting temperatures from 45-81oC.

After normalization, analysis of hybridization values showed the following corre-

lations. The zero-mismatch probes, which matched both parental genomes perfectly,

were a measure of differences in hybridization signals between arrays (Figure 4.3).

Zero-mismatch probe values were comparable in S344, YJK1272 and F1 but were

much lower in BCI, indicating that this hybridization reaction did not work as well.

One- and two-mismatch probes resembled the zero-mismatch hybridization values in
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S344 but YJK1272 hybridized only about half as well to these probes. The one- and

two-mismatch probe signals in the F1 were intermediate between the signals observed

for the parental controls, confirming the origin of about half the genome from either

parent. Although hybridization of BCI was overall lower, one- and two-mismatch

probes hybridized almost as well as the zero-mismatch probe. The difference in

hybridization signal between the zero-mismatch control and the informative probes

was smaller than in YJK1272 and F1, resembling the S344 pattern and reflecting the

backcross nature of this line. The observed differences in normalized hybridization

signals between the parents and the segregants indicated that the BSA was success-

ful. Spacing between SFPs differed between the one-mismatch analysis A (0.4 cM)

and the two-mismatch analysis B (4 cM). Note, that due to the design of the S98

array, markers are not evenly spaced across the genome.

A total of 1,127 oligonucleotide pairs were spotted onto the 4x2k array. 37 of

those were excluded from the analyses due to sequencing errors, resulting in 1,090

SFPs. Subtraction of 1 or 0.5 SD from the difference in hybridization means yielded

similar patterns, so the 0.5 SD calculations were used to extracts SFPs for analyses C

(4 out of 5 Y SFPs) and D (≥ 3 consecutive Y SFPs). SFPs were spaced on average

3.5 cM apart and covered about 11.5 Mb of the genome. Genomic regions that

were not covered, by design, included the rDNA array, the telomeres and repetitive

sequences.

Analyses A, B and C yielded similar numbers of regions in the genome derived

from Y (21, 18, 19) (Figure 4.4A-C). Analysis D resulted in 10 Y-derived regions

(Figure 4.4D). Given the stringency of analysis B (two-mismatch SFPs), QTLs were

considered high quality when they were identified in B and one or more other geno-

typing analysis (Table 4.4). Seven candidate QTLs matched this criterion. Those

are located on seven chromosomes and differ in length from about 25 cM to 137 cM.

None of them included a ROS candidate gene from the primary gene screen (Table
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4.4).

To assess the reliability of BSA and SSA and detect differences in their ability

to detect QTLs, five candidate QTLs were tested with diagnostic RFLPs (Table 4.5,

Figure 4.4). These five QTLs were identified in different analysis. Two were identified

only in B (ChrXI) or C (ChrIX), one was identified in A and C (X), one in A and B

(X) and one in A, B and C (XVI). RFLPs were scored for 22 high-survival and 20 low-

survival BCI segregants. For the QTLs on chromosomes IX, X, and XI high- and

low-survival segregants inherited about 50% of their alleles from YJK1272 (Table

4.5). The genotype data for the QTL on chromosome XVI exhibited a different

pattern. 77% of the high-survival segregants inherited this genomic region from

YJK1272. Only 21% of the low-survival segregants inherited the Y allele. The chi-

square test for the QTL on chromosome XVI was significant (χ2=144, P < 0.0001).

The allele distribution at this locus was further determined in high- and low-survival

segregants in the F1 and BCII lines. 60% of the high-survival F1 segregants (χ2=4, P

< 0.05) carried a Y allele as opposed to 19% of the low-survival segregants (χ2=38,

P < 0.0001). 66% of the high-survival BCII spores (χ2=90, P < 0.0001) had the Y

allele but only 3% of the low-survival segregants (χ2=26, P < 0.0001) tested positive

for the Y allele. Interestingly, the F1 segregant that was used to derive BCIII did

not have the Y allele at this locus.

4.3.4 Fine mapping and characterization of a QTL on ChrXVI

Recombination mapping was conducted on a 250 kb (∼86 cM) (226) interval on

chromosome XVI that tested positive for genetic linkage in the RFLP screen. The

mapping population comprised 22 high- and 20 low-survival segregants from the BCI

line, which were genotyped with allele-specific PCR primers and diagnostic RFLPs

(Table 4.6). Genotyping by allele-specific PCR was unambiguous and restriction

fragments of segregants resembled that of either parental control. Genotype data
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could be obtained for all seven markers tested for 21 of 22 high-survival BCI segre-

gants and for four of seven markers for the other one. For the 20 low-survival BCI

segregants data were obtained for all four markers tested for 19 and for three markers

for the other one (Table 4.7).

Seven recombination events in the high-survival group and two in the low-survival

group were detected. Two recombination events in the high-survival group at markers

ChrXVI−300 and ChrXVI−322 narrowed the region of interest to 23.2 kb (∼7.9 cM).

Markers ChrXVI−300, ChrXVI−322, ChrXVI−335, and ChrXVI−350 were tested

in 42 high-survival and 16 low survival F1 segregants as well (Table 4.7). Complete

data were obtained for 40 high-survival segregants, with missing data for one and two

markers of the remaining two segregants. In the low-survival group, complete data

for all but one segregant were obtained, while the remaining segregant was genotyped

for three of four markers. Two recombination events (ChrXVI−335, ChrXVI−350)

were detected among the high-survival F1 segregants and none in the low-survival

spores.

The region identified by recombination mapping contains 14 genes (Table 4.8).

Preliminary experiments showed that neither kanMX4 nor hphMX4 affected peroxide

survival (Figure 4.5). Four RHA comparisons were conducted for each gene, 56 for

the entire locus. Yet, no significant difference in survival between one or the other

parental allele in a hybrid background of any of the 14 genes could be statistically

verified (Figure 4.6).

In a secondary candidate gene screen, all genes in the QTL were compared for

DNA sequence similarity between the parental strains and gene functions related to

stress response (Table 4.8). Four genes are identical between the parental strains, four

contain only synonymous polymorphisms and six contain non-synonymous polymor-

phisms in addition to synonymous polymorphisms. The strongest candidate based

on sequence and function was RDS2. It is a zinc cluster transcriptional activator in-
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volved in resistance to ketoconazole and the null mutant is calcofluor white sensitive

(www.yeastgenome.org) (4).

4.3.5 Identification of a causative nucleotide in RDS2

The RDS2 ORF is 1,341 nucleotides long and contains four synonymous SNPs at

positions 42, 762, 828 and 1158 and two non-synonymous SNPs at positions 505 and

751. One non-synonymous SNP (A505G) results in a substitution from threonine

(Thr) in S288c to alanine (Ala) in YJM789 at amino acid position 169. The other

(C751G) leads to the substitution of histidine (His) in S288c with an aspartic acid

(Asp) in YJM789 at amino acid position 251.

BLAST searches of RDS2 alleles against the S. cerevisiae trace archive led to the

identification of eight strains that have one or the other SNP at position 505 and

751. Six share the S allele: RM11 (grape), Y55 (wine), L-1528 (wine), DBVPG6765

(unknown, ex. S. boulardii), DBVPG1853 (White Tecc wine), and DBVPG1788

(soil). Two have the Y allele: YPS606 (oak tree) and SK1 (soil). Hence, both

SNPs segregate in the S. cerevisiae population. No recombination events between

the two polymorphisms were detected in the wild strains. Yet, strains varied in

peroxide survival depending on their RDS2 configuration (Figure 4.7A (P < 0.001)).

RM11 was the only S allele strain that survived TBHP treatment better than S344

or any other S allele strain. The RM11 phenotype resembled that of YJK1272.

The other five S allele strains were statistically indistinguishable from S344 and

demonstrated less survival than YJK1272 (P < 0.001). The two Y allele strains

exhibited intermediate phenotypes.

The region of RDS2 encompassing the C751G polymorphism is evolutionary con-

served. Sequence similarity is highest amongst the Saccharomycetaceae. C. glabrata,

A. gossypii and K. lactis have alignment scores > 200 across almost the entire

molecule. With increasing evolutionary distance from S. cerevisiae, protein con-
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servation declines but the C-terminal region of Rds2, containing the His → Asp

substitution, is highly conserved across all nine fungal genomes (Figure 4.7B). The

three Saccharomycetaceae species share the Asp of YJK1272. All other ascomycetes,

as well as the basidiomycete U. maydis, have glutamic acid at position 251. C. ne-

oformans has a serine at this position. The evolutionary conservation of an acidic

amino acid in the C-terminal region of Rds2 strongly suggested this residue to be of

functional importance.

Homozygous deletions of RDS2 in diploid S and Y backgrounds were tested for

survival. Deleting RDS2 resulted in reduced peroxide survival in the Y strain but

had no effect on the S strain, which survived like wild type (Figure 4.8A). The

two homozygous deletion strains of the Y background exhibited a slight, although

not significant (P = 0.0810) decrease of survival compared to YJK1272. Both Y

deletion strains resembled the phenotype of the hybrid YJS that survived less well

than YJK1272 in 16 mM TBHP. The reduced survival of Y deletion mutants but

not S deletion mutants, indicated that RDS2 is the gene underlying this QTL and

that its downstream targets or interactions differ in S344 and YJK1272.

C751G is the SNP in the highly conserved region of RDS2 and hence efforts

focused on this SNP rather than on A505G. The C and G at position 751 were ex-

changed between S344 and YJK1272 using site-directed mutagenesis and resulted in

two transformants. Introducing the G into the S strain did not alter the survival

phenotype. Both diploidized transformants responded to TBHP like the S wild type.

Introducing the C from the S strain into the Y strain leads to reduced survival in

TBHP (P < 0.05). Both transformants exhibited reduced survival when compared

to the wild type (Figure 4.8B). Furthermore, testing homozygous Y and S strains

that are heterozygous for C751G demonstrated decreased survival in the Y strains

(Figure 4.8B). Homozygous Y with the Y/y allele combination survived treatment

better than the homozygous S with S/s alleles (P < 0.001) but less well than the
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wild type (Y/Y) (P < 0.05). This result shows that, although the phenotype ap-

pears to be dominant, the causative QTN in RDS2 is recessive. Testing hybrid

backgrounds that were homozygous for either polymorphism confirmed the findings

from the allele replacement experiments (Figure 4.8C). Hybrids homozygous for the

Y/Y alleles survived treatment better than hybrids homozygous for the S/S alleles

(P < 0.01, P < 0.001) or YJS (P < 0.05). Hybrids homozygous for the S/S alleles

were statistically indistinguishable from YJS. Based on survival data of the Y strain

that is homozygous for the y/y alleles it can be concluded that the S288c-derived

allele decreased survival in the Y background by 15%. Combined evidence from sur-

vival data of homozygous deletion and allele replacement strains demonstrated that

C751G is a QTN influencing peroxide survival in clinical a strain of S. cerevisiae.

4.4 Discussion

The identification of a QTN that increases survival of oxidative stress, a trait predom-

inantly associated with clinical S. cerevisiae isolates, was facilitated by a combination

of classical genetic approaches, a novel synthesis of selective genotyping methods, and

a secondary candidate gene screen that implemented evolutionary conservation.

The primary candidate gene screen excluded genes involved in oxidative stress

response. The absence of genetic linkage between the catalase genes and peroxide

survival complements the results obtained in Chapter 3. Catalase activity was ex-

ceedingly low during exponential phase and the parental strains and the hybrid did

not differ in catalase activity at that time point. Catalase expression levels could

not be detected during exponential growth in the S and Y background and their

hybrid YJS. The genetic data attained here strengthen the conclusion that a novel,

non-catalase based, mechanism is acting.

A secondary candidate gene screen, employing sequence conservation across fungi

and gene function, resulted in the identification of RDS2. Two other approaches that
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have been successful in identifying yeast QTGs are candidate gene screens based on

gene function alone (81, 281) or reciprocal hemizygosity analysis (16, 82, 299). The

latter has been applied to the problem of peroxide survival as well. Yet, it relies on

a large number of experimental replicates for the statistical analyses to be powerful

enough to detect subtle differences in allele contribution. Focusing on select putative

peroxide QTGs and conducting more replicates for each would have strengthened the

RHA effort.

The basis for successful mapping of RDS2 was provided by a novel combina-

tion of SSA and BSA for selective genotyping of high-survival segregants. SSA via

custom-designed Combimatrix 4x2k arrays provides an economic application that

facilitates genotyping of segregants of any cross between strains whose genomes have

been sequenced. This method will be even more useful as the Sanger Center Sac-

charomyces cerevisiae sequencing project produces more and more genome data. To

date, the genomes of 14 wild S. cerevisiae strains have been sequenced by the Sanger

Center and 22 more genomes are in the pipeline. The ecological and genetic di-

versity captured by this massive sequencing effort, together with ongoing sequencing

projects at other institutions, is unsurpassed in eukaryote genomics. More than 1,000

potential crosses between genome strains can be exploited for the study of diverse

phenotypes that are important to yeast biology or for yeast as a model system for

human diseases. The resolution of the 4x2k arrays, designed and used here, suffered

from sequencing errors in the S288c genome, the first ever eukaryotic genome to be

sequenced (123). However, the S288c re-sequencing project at the Sanger Center

(http://www.sanger.ac.uk/Teams/Team118/sgrp/) should remedy this situation

soon, allowing for the design of more accurate probes.

SSA was combined with BSA. Previous BSA-based studies either confirmed the

large effect of single genes (29, 281) or identified QTLs, whose candidate gene had

already been identified or linked to the trait by other methods or studies (16, 81).
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This study is the first to identify a QTN using custom-designed arrays and BSA

in a gene that had not been previously linked to oxidative stress in S. cerevisiae.

Diagnostic RFLP verification of candidate QTLs indicated that QTLs identified in

BSA are not necessarily linked to the phenotype. In fact, only the QTL that was

recognized in both BSA and at least one SSA resulted in marker-trait linkage. The

example of the QTL on ChrXVI suggests that BSA alone might not be sufficient

to detect QTLs but can be economically supplemented by 4x2k SSA. Following this

reasoning, candidate QTLs on chromosomes VII, XI, XII and XIV represent excellent

choices for further study.

Candidate QTLs that were identified by A, B and either C and/or D were screened

for preliminary candidate genes, whose functions would suggest an involvement in

ROS defense. One of these high-quality candidate QTLs contains MKT1 and END2

(XIV) and another HSP104 (XII). QTNs in the first two genes have been shown to

affect high-temperature growth and sporulation efficiency and HSP104 is a chaperone

that refolds proteins in response to heat, ethanol and sodium arsenite (82, 275).

These findings suggests that yeast responds to multiple stressors with a select set

of proteins and emphasizes that the oxidative stress response may be more complex

than appreciated.

Contrasting the quantitative architecture of peroxide survival obtained by natural

and laboratory selection (338), reveals that different evolutionary trajectories can

lead to the same, or a very similar, phenotype. Two S. cerevisiae strains were evolved

from an ancestral strain with slow growth in H2O2, via a rapid selection scheme (36).

Both evolved strains grew about twice as fast when challenged with H2O2 than the

ancestral strain. Crossing the evolved strains with each other revealed that resistance

is a quantitative trait and that the same major-effector mutation had been acquired

by both evolved strains but that they differed in the nature of the modifiers (338).

The identities of the major mutation and the modifiers remain unknown but sequence
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analysis of RDS2 in the evolved strains would establish if the C751G substitution is

affecting selection for oxidative stress resistance in the laboratory.

Transgression in F1 segregants confirms the actions of different modifiers in the

S288c and YJM789 genomes. The presence of segregant phenotypes exceeding parental

phenotypes indicates nonadditive gene action, i.e. epistasis and/or overdominance

or the fixation of particular alleles with opposing effects in the parental lines (200).

Epistatic interactions between QTNs have been identified in high-temperature growth

(288) and sporulation efficiency (82). This investigation compared strains that are

homozygous for either background but heterozygous for the C751G polymorphism.

The Y background exhibits reduced survival when heterozygous for the QTN (Y/y),

strongly suggesting epistasis between the S288c-derived allele and a locus in the Y

background. This finding is supported by survival data from hybrids homozygous

for either allele. A homozygous S/S hybrid resembles the heterozygous hybrid but

the homozygous Y/Y hybrid exhibited increased survival. Deletion of RDS2 or

allele replacement does not affect survival of the S strain. This pattern suggests

that downstream targets have diverged between S344 and YJK1272, and that the

YJM789-derived allele can no longer interact with targets in S344. However, these

might be the genes whose products are required for stress response. Evolutionary

conservation of the acidic amino acid residue in fungi and the presence of a neutral

histidine residue in S344 suggest that the aspartic acid residue is the evolutionary

ancestral state.

RDS2 encodes a zinc cluster protein of the fungal-specific GAL4 family (4).

Zinc cluster proteins are intimately involved in the development of pleiotropic drug

resistance (PDR), which is defined as the rapid acquisition of resistance to multiple

drugs (169). S. cerevisiae zinc cluster PDR genes encode transcriptional activators,

such as PDR1 and PDR3, that initiate transcription of genes whose products have

detoxifying function, such as drug transporters. Zinc cluster proteins contain N-
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terminal zinc finger motif (Zn(II)2Cys6) and a C-terminal activation domain (227).

Activation of Gal4, for example, occurs by phosphorylation of a serine residue at

position 699 in the C-terminus (273).

The rds2 deletion mutant is sensitive to calcofluor white and ketoconazole but re-

sistant to osmotic stress and unable to grow on the non-fermentable carbon sources

glycerol and lactose (4, 5, 222). In the deletion strain, the cell wall composition

changed depending on the growth stage, suggesting that Rds2 regulates drug sen-

sitivity by altering the permeability of the cell surface (222). This result offers an

explanation why YJK1272 as well as S344 survived peroxide equally well in station-

ary phase but exhibited different phenotypes in exponential phase (Chapter 3).

Rds2 possesses a zinc finger motif, has DNA binding activity and binds to the

promoters of metabolic genes when cells are grown in glucose (294). Upon shifting

cells to the non-fermentable carbon source ethanol, however, Rds2 is phosphory-

lated by Snf1 and activates transcription of genes involved in gluconeogenesis, the

tricarboxylic acid cycle and glucose metabolism (294). Interestingly, ethanol is toxic

to yeast cells because it elevates ROS levels in the mitochondria creating oxidative

stress (65). Other zinc cluster proteins that are phosphorylated in response to stress

exerted by acids and differential nitrogen sources are War1 (175) and Put3 (152).

Sites of phosphorylation in these PDR genes have not yet been determined but a

lysine to glutamic acid substitution near the activation domain of Pdr3 results in

increased drug resistance (238), indicating a critical role for the acidic amino acid

residue in stress response.

Stress-induced phosphorylation and the presence of an aspartic acid residue in

the putative C-terminal activation domain of Rds2 resemble activation by phospho-

rylation of D427 in Skn7. This OSR transcription factor acts as a response regulator

in a phosphorelay signal transduction system (174). It could be hypothesized that

that Rds2 D251 is the site of activation upon oxidative stress that is required for the
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activation of detoxifying genes and Rds2 may even be part of a novel phosphorelay

system.

This study provides genetic evidence for a novel function of RDS2 in the oxidative

stress response. The quantitative trait nucleotide C751G influences stress response

in an as of yet unknown mechanism or pathway. Since both alleles are found in

multiple strains sequenced as part of the Sanger Center initiative, it suggests that

these alleles are differentially functional, and not that one allele is defective.

Rds2 is a fungal-specific transcription factor that regulates cell wall architecture

and pleiotropic drug resistance. The presence of an aspartic acid residue in the

activation domain, resembling Skn7, makes Rds2 a promising drug target. Two-

component and phosphorelay signaling systems appear to be absent from mammals

and are consequently considered potential drug targets in other fungi and cell wall

synthesis is already utilized as a powerful drug target (48, 68, 146). The identifica-

tion of a QTN affecting a virulence-related trait furthers our understanding of yeast

biology and provides a novel target for the study of drug actions.
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Table 4.3: Primer sequences for allele-specific multiplex PCR to genotype F1 segregants
for candidate genes CTA1 and CTT1.

Genes Primer Primer sequence (3’ → 5’) Fragment
length
(bp)

CTA1 CTA1-S-F AACCACTATTTAAAGCCGCA 615
CTA1-S-R TGTTAGACATTTCGTTCTTTTC
CTA1-Y-F AACCACTATTTAAAGCCGCC
CTA1-Y-R TGTTAGACATTTCGTTCTTTTA

CTT1 CTT1-S-F TTGGGTAAAGTCATTGCAGAAT 1012
CTT1-S-R TATGTGCGCCACTTCACC
CTT1-Y-F TTGGGTAAAGTCATTGCAGAAG
CTT1-Y-R TATGTGCGCCACTTCACT

114



Table 4.4: Physical locations, sizes and map lengths of seven candidate QTLs identified
in analysis B and at least one other genotyping analysis. For comparison the chromosomal
and physical location of ROS detoxifying candidate genes from the primary candidate gene
screen are indicated.

Chromosome Region (kb) Physical
size (kb)

Map
length
(cM)

Analyses

II 368,678 – 474,302 105.6 35.9 B, D
VII 769,508 – 1,071,337 301.9 102.6 A, B, C
XI 72,059 – 285,440 213.4 78.7 A, B, C
XII 77,543 – 277,809 200.3 68.1 A, B, C, D
XIII 195,745 – 598,203 402.5 136.8 A, B, C, D
XIV 403,929 – 634.658 230.7 78.4 A, B, C, D
XVI 220,020 – 291.835 71.8 24.4 A, B, C
IV CTA1 969,677 – 968,130
VII CTT1 654,638 – 656,326
X SOD1 623,003 – 622,539
XI CCP1 566,840 – 565,755
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Table 4.7: Genotyping results for seven allele-specific PCR and diagnostic RFLP marker
used to genotype high- and low-survival segregants in the BCI and F1 (Table 4.6).

ChrXVI1 H2 BCI (Y/S)3 L4 BCI (Y/S) H F1 (Y/S) L F1 (Y/S)

100 14/8
200 0/21
250 6/5
300 17/4 3/16 26/16 3/13
322 17/4 4/16 25/16
335 17/5 4/15 25/17 3/13
350 14/7 5/14 20/20 3/13

1 Marker position on chromosome XVI as indicated in Table 4.6
2 High-survival segregants
3 Number of Y-derived alleles/S-derived alleles
4 Low-survival segregants
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Table 4.8: Genes found in the QTL on chromosomes XVI and their functions as described
in the Saccharomyces Genome Database (www.yeastgenome.org). Genes are sorted into
three groups depending on the presence of synonymous and non-synonymous polymor-
phisms in the open reading frame. Gene order in the QTL is: RDS2, COX11, RPL5,
SPO19, TAF14, TBF1, HHO1, NAN1, KAP120, SPC29, RNY1, TFB2, MEI5, VPS30.

Gene Function/Description

Identical DNA sequence
COX11 Copper ion binding, cytochrome c oxidase
RPL5 RNA binding, protein component of the large ribosomal subunit
TFB2 General RNA polymerase II transcription factor
MEI5 Meiosis-specific protein, involved in meiotic recombination

Only synonymous polymorphisms
SPO19 Meiosis-specific protein, involved in completion of nuclear division
TBF1 Telobox/containing general regulatory factor
KAP120 Karyopherin, structural constituent of nuclear pore
SPC29 Inner plaque spindle pole body compoment

Non-synonymous and synonymous polymorphisms
RDS2 Zinc cluster transcriptional activator conferring ketoconazole resistance
TAF14 General RNA polymerase II transcription factor activity
HHO1 Linker histone required for nucleosome packaging
NAN1 U3 snoRNP protein, component of the small ribosomal subunit
RNY1 RNAse
VPS30 Subunit of phophatidylinositol 3-kinase complexes I and II
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Figure 4.1: (A) Survival of parental isolates and their hybrid in the CFU assay (20 mM
TBHP). The bar graph represents the mean of three experimental replicates per strain
and its standard error. (B) The histogram shows experimental data collected for 200
F1 segregants that are clustered by survival in bins of size 0.1. Parental means (bold
vertical line) and standard errors (horizontal lines) are indicated above the histogram. (C)
Candidate gene genotypes for 200 F1 segregants. The presence of either parental allele of
the four candidate genes CTA1, CTT1, CCP1, and SOD1 is indicated by applying the
appropriate parental color to each cell. Each row represents data for one gene and each
column shows the genotype of each segregant. Segregants are sorted by survival from lowest
(0) to highest (1), reflecting the phenotypic data from (B). Arrows below the chart point
at segregants whose phenotypes are closest to the parental means. Arrows above the chart
indicate the three F1 segregants that were crossed to S344 to generate backcross lines I, II,
III (BCI, BCII, BCIII). Gaps mark missing genotype data.
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Figure 4.2: (A) The bar graph compares the parental and hybrid means (± SEM) (20
mM TBHP) to survival of F1 segregants (1 replicate), denoted by F1 – prefix that have
been used to set up backcross lines (black columns). The colored columns represent the
survival of hybrids from the F1 x S crosses showing a decline in survival. The grey column
represents the phenotype of a second backcross hybrid derived from a BCI individual.
(B) Phenotypic distributions of backcross lines I, II, and III (BCI=red, BCII=turquoise,
BCIII=green) and the F1 (black) are plotted as a X-Y straight marked scatter plot, after
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Figure 4.6: Each bar graph represents the four comparisons conducted for each gene
and is labeled with the gene’s name at the top. RHA has been conducted twice for RDS2
on four different transformants. The different sets are indicated as RDS2-1 and RDS2-2.
Survival in 16 mM TBHP is compared directly between a hybrid strain having the wild type
S allele but the Y allele replaced with a kanMX4 (G) drug resistance marker and a strain
with the Y allele and the S allele replaced with the hphMX4 (H) drug resistance marker
(first two columns). The same comparison was repeated on one more pair of transformants
(columns three and four) and on strains with switched drug markers (columns five to eight).
Shown are the mean ± SEM. Light and dark blue colors indicate which allele is present in
the hybrid.
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Figure 4.7: (A) S. cerevisiae strains carrying either the Thr/His S allele or the Ala/Asp
Y allele were compared for peroxide survival in 20 mM TBHP. (B) Rds2 BLAST results
for nine different fungal species. The alignment shows evolutionary conservation around
amino acid position 251, but not for 169. Both positions are marked with the S. cerevisiae
substitutions (Thr/Ala, His/Asp). All species, except C. neoformans, have either an as-
partic acid or glutamic acid (Glu) residue on that position. The dash at amino acid residue
169 in A. gossypii denotes a gap in the alignment.
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Figure 4.8: (A) Homozygous deletions of RDS2 in the S and the Y backgrounds lead to
decreased survival in the Y background. The bar graph presents the mean of three replicates
and its standard error of survival in 16 mM TBHP. Wild type strains (S344, YJK1272) and
deletion mutants are color-coded as before and the hybrid (YJS) is added to the chart in
green. (B) The non-synonymous SNP on position 751 was exchanged between the S and the
Y background. Plotted are the means and their errors for six (S) and eight (Y) replicates.
Strains are color coded by background and for clarity allelic configurations on position 751
are indicated in brackets. (C) Testing survival of homozygous SNP configurations in the
hybrid background. Shown is the mean of six replicates and its error.
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5

Summary and Future Directions

5.1 Summary

The generation of ROS is a universal host defense mechanism and the ability of

pathogens to respond to oxidative stress is correlated with bacterial virulence (257,

260). I showed that clinical isolates of S. cerevisiae survived peroxide treatment

better than strains from other ecological backgrounds. This pattern is of interest

for two reasons. First, S. cerevisiae is one of the most versatile genetic model sys-

tems. Major insights into the eukaryotic oxidative stress response, damage control

and consequences have been gained from studies on this simple eukaryote. Second,

until recently little was known about S. cerevisiae population biology and evolution.

Others have shown that strains associated with fermentation differ from wild strains

in the soil. Yet, little is known about the forces that shaped population structure. In

addition to the previously recognized ecological niches of brewery, vineyard, spoiling

fruit, and soils, S. cerevisiae has recently been isolated in clinical settings, where it

causes infections similar to C. albicans. The origin and evolution of clinical strains

and virulence-associated traits remain elusive.
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Investigating the difference in peroxide survival observed in a clinical and a labo-

ratory strain of S. cerevisiae provides knowledge about the eukaryotic oxidative stress

response, the contribution that this phenotype has had on the origin of pathogenic-

ity in S. cerevisiae and insights into how pathogens respond to mechanisms of host

defense. I devised three sets of experiments for my thesis research to address: (i)

population structure in S. cerevisiae and the evolutionary history of pathogenicity

and peroxide survival, (ii) the biochemistry of peroxide survival and the effect of

oxidative stress response candidates, and (iii) the genetic basis of peroxide survival

in S. cerevisiae.

By applying population genetic methods of DNA sequence analysis and compar-

ing a diverse set of 103 wild and clinical strains of S. cerevisiae for peroxide survival,

I was able to identify three genetically diverse subgroups. In addition to the do-

mesticated and soil strains, PCA analysis indicated a third group that included the

majority of clinical isolates and some fruit and brewery strains. Interestingly, the

soil isolates from the Eastern United States are genetically homogenous, while ge-

netic exchange occurs between the major groups and populations. When tested for

peroxide survival the clinical and soil strains survived better than any other group.

This suggests, in combination with the population genetic data, that resistance to

peroxide is a prerequisite for pathogenesis, and that it has potentially originated

multiple times independently.

I conducted biochemical assays to determine killing efficiency and the effect

that growth phase and catalase enzyme activities have on peroxide survival. Semi-

quantitative expression profiles of the catalases, as well as OSR and GSR candidates,

were recorded and compared between the clinical and the laboratory strain and their

hybrid. The experiments demonstrated that TBHP kills cells immediately, that

YJK1272 secretes a factor that improves the survival of S344 slightly and that lower

survival of S344 compared to YJK1272 and the hybrid is restricted to the expo-
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nential growth phase. Neither the catalase activities nor the expression profiles of

the other oxidative stress response candidates differed consistently among strains.

These results suggest that the phenotypic difference is not due to catalase activity

or Oxidative or General Stress Response mechanisms but to a novel phentoype that

requires the cells to be metabolically active.

Genetic and phenotypic analyses of the parental strains, their hybrid, and F1 and

backcross segregants by microarray-assisted QTL mapping, reciprocal hemizygosity

analyses and homologous allele replacements showed that peroxide survival is a dom-

inant quantitative trait that is affected by a recessive non-synonymous polymorphism

in the zinc cluster protein encoding gene RDS2. This quantitative trait nucleotide

reduces survival of YJK1272 by 15% but has no effect on S344, suggesting divergence

in the downstream targets of this transcription factor. Evolutionary conservation of

the acidic amino acid present in YJK1272 implies that the Y allele is ancestral and

the S allele of recent origin.

5.2 Future Directions

5.2.1 Investigation of high-quality candidate QTLs and QTNs

In addition to the QTL on chromosome XVI that exhibited marker-trait associa-

tion and eventually led to the identification of a novel QTN, the previous chap-

ter presented data for five additional high-quality QTLs. These should be tested

for marker-trait associations, using a similar RFLP approach. Furthermore, one of

these loci contains genes containing QTNs that have previously been implicated in

high-temperature growth and sporulation (82, 299). Strains carrying the D30G sub-

stitution in MKT1 and S258N in END3 should be tested for peroxide survival to

determine if either gene might be involved in a multiple stress responses.
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5.2.2 RDS2 allele frequency, natural selection and evolutionary history

DNA sequence data from the Sanger Center show that the C751G substitution oc-

curs in multiple S. cerevisiae strains. Hence, it will be important to assess allele

frequency of RDS2, determine the selective pressures that have shaped the patterns

of polymorphism in the gene and linked loci to further understand its impact on S.

cerevisiae pathogenicity. The same DNA sequence data and sequences from sibling

species should be tested for positive selection along lineages using PAML (342). The

evolutionary history and relative age of RDS2 could be investigated by sequencing

the entire locus and identification of haplotype blocks and linkage disequilibrium.

5.2.3 Biochemical characterization of the secreted factor

The physical nature of the short-lived factor secreted by YJK1272 that improves

survival of S344 is unknown. Survival of S344 improves in co-culture experiments

but only marginally in conditioned media, suggesting that activity declines over time

due to unfavorable media conditions, i.e. TBHP, pH, salt content, and temperature.

Conditioned media experiments should be repeated at different time points to deter-

mine the factor’s activity profile. To determine if the factor is a protein, a sample

of YJK1272 conditioned media should be digested with Proteinase K and tested

on S344. Assuming that the factor is a protein, its size and thermostability could

be identified by size exclusion chromatography with subsequent SDS-electrophoresis

and heating to different temperatures.

Conditioned media from cells in stationary phase provided protection from H2O2

and superoxide in C. albicans and induces pseudohyphal and invasive growth in

S. cerevisiae (50, 120, 265, 328). These phenotypic changes are elicited by the

quorum sensing molecules farnesol, phenylethanol and tryptophol (50, 328). To

assess the impact of quorum sensing molecules on peroxide survival in S. cerevisiae,

(i) S344 cells should be treated with TBHP in YJK1272 media conditioned by cells
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in stationary phase, (ii) YJK1272 media should be tested for the presence of quorum

sensing molecules (50), and commercially available quorum sensing molecules, should

be added to S344 survival assays.

5.2.4 Functional characterization of Rds2

As described in Chapter 1 the transcription factors Yap1 and Skn7 are intimately in-

volved in the OSR and adaptation to oxidative stress in S. cerevisiae. Their genes are

in the same epistasis group and co-activate transcription of oxidative stress response

genes (173, 223). To determine if Rds2 acts in the same pathway, complementation

analysis of double mutants could be carried out. To do so, rds2, yap1 and skn7 mu-

tants in the Y background should be crossed to generate double mutants. A double

mutant that exhibits lower survival than the wild type would suggest that Rds2 acts

in the same pathway as the other two transcription factors.

rds2 deletion mutants are sensitive to ketoconazole and calcoflour white (4, 5).

To assess the influence of C751G ketoconazole and calcoflour sensitivity, homozy-

gous allele replacement and hybrids homozygous for either SNP should be assayed.

If C751G affects resistance to ketozonazole and calcoflour white, their mode of in-

heritance should be investigated by quantitatively phenotyping the hybrid YJS and

the F1 segregants. Given the complex nature of drug resistance and cell wall archi-

tecture, both traits are likely to be quantitative and continuous variation in the F1

segregants would be a likely result.

Rds2 is phosphorylated by the serine/threonine kinase Snf1 at an unknown site

upon shifting cells to ethanol as the sole carbon source (294). Furthermore, Rds2

localization data show that the protein localizes to the cytoplasm and the nucleus

(153), supporting a model in which Rds2 is phoshorylated in the cytoplasm and

moves to the nucleus to activate transcription. To test the hypothesis that Rds2 and

its aspartic acid residue (D251) are parts of a second phosphorelay signaling system

133



involved in oxidative stress response in S. cerevisiae, Rds2 phosphorylation patterns

and consequences during oxidative stress need to be investigated. It needs to be

demonstrated that the aspartic acid residue is indeed phosphorylated in oxidative

conditions. If phosphorylation of D251 is critical, transcriptional activation should

be detected upon phosphorylation. The kinase and phosphorelay intermediate that

phosphorylate D251 need to be characterized. Phosphorylation of D251 by Snf1 can

be tested by employing the β-galactosidase reporter system in a strain with aspartic

acid, histidine, or alanine on position 251 in RDS2. If Snf1 does not phosphorylate

D251, phophorylation by Ypd1, the phosphorelay between Sln1 and Skn7, should be

tested using β-galactosidase reporter screens and phosphotransfer assays (192). If

neither of these factors is involved, a synthetic genetic array analysis with rds2 as

query could be conducted to identify other Rds2 interactions (313). To rule out the

possibility that H251 is oxidatively damaged and the protein rendered non-functional,

His-tagged Rds2 should be extracted from S and Y strains treated with TBHP and

investigated using mass-spectrometry.

The presence of both alleles in the S. cerevisiae population strongly suggests

that both alleles are functional. It is conceivable that both alleles respond to dif-

ferent conditions, similar to the findings in Yap1, which activates different genes

in response to diamide and H2O2 (324). Additionally, Rds2 appears to differen-

tially activate gene transcription depending on the available carbon source and in

response to stress (294). This raises the question for the environmental conditions

that lead to transcriptional activation by Rds2 and the down stream targets of Rds2

in S288c and YJM128. Expression profiles recorded for wild type and allele replace-

ment strains during different oxidative stresses and other stress conditions, such as

high-temperature, osmolarity, and pH would identify different target genes during

oxidative stress in S288c and YJM789 and demonstrate if Rds2 activates gene ex-

pression in response to other common stressors as well.
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My thesis research has provided novel insights into the evolutionary history of

one of the oldest domesticated organisms turned pathogen. By applying a popula-

tion genetic framework in combination with QTL mapping in natural variants of S.

cerevisiae, I was able to show that the ability to survive oxidative stress is indeed

associated with the clinical origin of S. cerevisiae strains and that a single nucleotide

in RDS2 is responsible for parts of this dramatic association. By identifying a novel

function for the zinc cluster protein Rds2 this research has contributed to under-

standing fungal oxidative stress response and opened the possibility of a novel drug

target.
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Appendix A

Comparison of Peroxide Survival in Candida
Species and S. cerevisiae

Opportunistic ascomycetous yeasts vary in clinical frequency, affected patient pop-

ulations and disease spectrum. For example, the commensal C. albicans is the

most commonly isolated yeast in the hospital, causing a range of infections from

thrush to systemic candidiasis in immunocompetent and immunocompromised in-

dividuals (217, 345). C. glabrata is the second most common cause of candidiasis

and commonly associated with infections of oral cavities in HIV infected individuals

(204, 251). C. parapsilosis is particularly often isolated from the blood of patients

in neonatal intensive care units and from the hands of health care workers (315). C.

lusitaniae and S. cerevisiae are much less frequently found in clinical settings and are

currently classified as emerging pathogens (142). These differences in opportunistic

lifestyles are likely to be due in part to inter-species variation in resistance to host

defense mechanisms, such as oxidative stress.

To assess phenotypic variation in oxidative stress resistance between and within

species, nine C. parapsilosis strains and ten isolates of C. albicans, C. glabrata, C.
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lusitaniae, and S. cerevisiae were subjected to disc diffusion assays (see below) and

the zone of clearing measured as an expression of resistance (Table A.1). Zones

of clearing differ within and between species. The smallest zones of clearing were

measured in C. glabrata and the largest in S. cerevisiae and C. lusitaniae (Figure

A.1), suggesting a high degree of oxidative stress resistance in C. glabrata but not

S. cerevisiae and C. lusitaniae. Differences were detected between almost all species

(P < 0.0001), with two exceptions: C. albicans vs. C. parapsilosis and C. lusitaniae

vs. S. cerevisiae. Intra-species comparisons showed that S. cerevisiae (16.1) and C.

parapsilosis (14.4) had highest variance, C. lusitaniae (8.5) and C. glabrata (11.7)

were intermediate and C. albicans (3.4) had the lowest levels of variance.

Three levels of oxidative stress resistance were observed in this set of ascomyce-

tous yeasts: C. glabrata > C. albicans & C. parapsilosis > C. lusitaniae & S. cere-

visiae. The clinically most prevalent yeasts were also most resistant to oxidative

stress, providing one possible explanation as to why some species appear more often

in clinical settings than others. Intra-species variation ranged from smallest in C.

albicans to largest in C. lusitaniae and S. cerevisiae. Meiotic recombination, which

is largely absent from C. albicans but present in C. lusitaniae and S. cerevisiae could

be the cause for differences in variation. Note that the S. cerevisiae isolate YJM145,

a derivative of the clinical isolate YJM789, was almost as resistant as C. albicans,

whereas the laboratory strain S288c was the most sensitive S. cerevisiae strain. This

is the initial observation that lead to the development of my thesis research.

Disc diffusion assay. Yeast cultures were grown over night in SD media (Chapter

2) at 30oC while shaking (250rpm), diluted to a starting optical density of 0.1 in

50 ml SD media and incubated until OD600=0.6 at 30oC while shaking (250 rpm).

Cells were washed twice with 5ml of 0.9% (w/v) NaCl and cell numbers adjusted to

1x107 cells/ml in 10 ml of 1.25% (w/v) pre-heated (37oC) top agar. Immediately

after inoculation, the top agar was poured into dishes containing 20 ml SD agar
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(Chapter 3). Upon polymerization of the top agar, a 10 mm paper disc was placed

in the center of the dish and 10 µl 1xPBS containing 0.5 mM TBHP added. Plates

were transferred to the incubator after 30 minutes, incubated for 48 hours at 37oC

and the zones of clearing measured. All experiments were done in triplicates and

inter-species differences analyzed with one-way ANOVAs with Bonferroni correction

and intra-species variances calculated.
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Figure A.1: Triplicates of each strain in each species are combined and the zones of
clearing (mm) in response to 0.5 mM TBHP represented. The box marks the 25 to 75
percentile and the bar inside the box the mean. The whiskers on the top and the bottom
of the box represent the most extreme outliers in each species (Table A.1). Species are
ranked by resistance from most to least resistant.
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Appendix B

Escaping from Concerted Evolution –
Domestication and the Relaxation of Evolutionary

Constraints on the rDNA Array

Concerted evolution ensures that the DNA sequences of all members of a gene family

are more similar to each other than to orthologous repeats in related species (347).

The fungal rDNA array is an example of a non-coding genomic region that evolves in

a concerted fashion (107). The molecular mechanism by which sequence similarity

between gene copies is maintained is known as homogenization but remains to be

fully elucidated (87). To investigate the distribution of ITS sequence types among

ecologically distinct S. cerevisiae isolates and to verify correct species identification,

the ITS of 90 strains was amplified and sequenced using standard primers ITS1 and

ITS 4 (Chapter 2) (329). ITS sequences from strains with multiple types were cloned

using the TOPO TA Cloning Kit (Invitrogen).

62 different ITS types were identified and numbers of types per strain vary be-

tween S. cerevisiae isolates from different backgrounds. Four of 16 brewery strains

have three or seven different ITS types. One clinical and one fruit isolate have four
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types. All other isolates have one or two ITS types, consistent with allelic variation

in diploids. The fruit strain with four ITS types has been isolated from pozol, a

Mexican fermented beverage. This pattern of multiple ITS sequence types found

almost exclusively in isolates employed in fermentation strongly suggest a role of

domestication in release from concerted evolution. The ITS phylogram shows that

isolates with multiple ITS types have been derived multiple times from brewery and

fruit strains with only one type (Figure B.1), suggesting that with the discovery of

fermentation and subsequent domestication of brewery strains concerted evolution

of the rDNA relaxed.
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Figure B.1: 62 ITS sequence types from S. cerevisiae strains used in Chapter 2 were
analyzed using the Maximum Parsimony criterion with gaps coded as fifth character state
and the tree mid-point rooted. Strains are color -coded by origin and the size of each circle
reflects the number of identical sequence types as indicated in the legend.
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Appendix C

S. cerevisiae Soil Isolates from North Carolina
Live in Sympatry with Sibling Species and Exhibit

Very Little Genetic Variation

S. cerevisiae strains were isolated from soil at the base of oak and other trees at

two locations in North Carolina using a modified version of a previously described

enrichment protocol (292). Two approaches, species-specific multiplex PCR primers,

amplifying parts of the coding regions of GDP-mannose pyrophosphorylase (PSA1 )

and chitin synthase I (CHS1 ) and ITS sequencing were used to identify S. cerevisiae

and distinguish it from its sibling species S. paradoxus. From 30 samples collected at

Occoneechee State Natural Area, twelve were culture positive and eight of those were

identified as S. cerevisiae. In Stone Mountain 70 samples were collected 45 of which

were culture positive and six S. cerevisiae (Figure C.1). Four of eight Occoneechee

State Natural Area samples and five of six Stone Mountain State Park samples were

collected in close proximity to oak tress. At the second location between two and

six samples were collected from 23 different trees along the Widows Creek trail. S.

cerevisiae was found under five trees (four oak, one maple) and in each case it was
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found to co-habit with other yeast species, including Zygosaccharomyces fermentatii,

S. cariocanus, S. paradoxus, and Candida spp. All North Carolina soil isolates are

homothallic, MATa/α, have the same ITS type and are genetically identical at three

of five nuclear coding loci (ACT1, MLS1, RPB1 ). Strains from North Carolina have

a different PHD1 allele than isolates from Pennsylvania and two Stone Mountain

isolates differ at ADP1 from all other soil isolates (Chapter 2).

Soil sampling and enrichment media. Soil samples from the base of oak and other

trees were collected at two sites in North Carolina. In a preliminary study to test

sampling procedure and enrichment protocol, a total of 30 samples, one per tree,

was collected in February 2005 in Occoneechee State Natural Area in Hillsborough

(OS) from 12 chestnut oaks (Quercus prinus), 8 oaks (Quercus spp.), 3 loblolly

pines (Pinus taeda), 2 maples (Acer spp.), 1 tulip poplar (Liriodendron tulipifera), 2

decomposing tree trunks of unknown species, 1 wintergreen bush (Gaultheria spp.),

1 shrubbery. At the second site, Stone Mountain State Park in Roaring Gap (SM),

70 samples were collected in July 2006 from 23 trees. This time, 2-6 specimens per

tree were collected from 10 chestnut oaks (Q. prinus), 9 white oaks (Q. alba), and

one each from loblolly pine (P. taeda), maple (Acer spp.), tulip poplar (L. tulipifera)

and Quercus spp.

Soil sampling and enrichment culturing was executed as follows. A 1.5 ml Ep-

pendorf tube was filled 2/3 with soil from the tree base and refrigerated over night.

All samples were processed using the two-step enrichment protocol described by

Sniegowksi, Dombrowski, and Fingerman, with two modifications of the PIM2 me-

dia, (i) no antifoam was added and (ii) the YNB did not contain amino acids and

(NH4)2SO4 (292). Instead, 37.8 mM (NH4)2SO4 were added to PIM2. After success-

ful enrichment and isolation of yeast-like colonies, all isolates were microscopically

inspected for yeast morphology. Positive samples were cultured on YPD plates for 2

days at 30oC and DNA extracted using the CTAB-method (108).
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Molecular species identification. Two approaches were taken to identify S. cere-

visiae and distinguish it from S. paradoxus. In a primary screen, species-specific

PCR primers for multiplex PCR were designed. Primers amplify parts of PSA1 and

CHS1 from S. cerevisiae and S. paradoxus and produce differently large amplicons

(Table C.1). The PSA1 forward primers are species-specific because the 3’ position

is designed to fit only one or the other species. The PSA1 reverse primers anneal

to different position in the gene and generate differently sized amplicons. The CHS1

primer pair amplifies DNA in a species-specific fashion because the primers anneal

to unique regions in the coding regions of each species, generating amplicons of dif-

ferent size (Table C.1). Multiplex PCR was conducted by mixing 0.6 µM of each of

the species-specific primers for one gene with the TaKaRa Ex Taq kit. The PCR

routine consisted of 5 minutes denaturing at 95oC, 35 cycles of 30 seconds at 95oC,

30 seconds at 53oC, 45 seconds at 72oC, followed by a 10 minutes extension at 72oC.

The amplicons were separated in a 1.5% (w/v) agarose gel. To verify PCR results

the ITS was amplified and sequenced for each sample collected at OS and SM using

the previously described primers and protocol (Chapter 2). Each site was analyzed

for how many soil specimens gave rise to yeast isolates, species composition, associa-

tion of S. cerevisiae with a particular tree species sampled, and species richness and

composition for each tree from the SM site (Figure C.1).
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Table C.1: Species-specific primers that differentially amplify parts of PSA1 and CHS1
S. cerevisiae (SC) and S. paradoxus (SP) from soil samples.

Locus Primer Position Primer sequence (3’ → 5’) Fragment
length
(bp)

PSA1
PSA1-SCF 310-330 ATTTTTCGTCCTAAACTCCGAC
PSA1-SCR 888-907 AGGAGTGGTTCTTGATGGTG 597

PSA1-SPF 309-330 CATTTTTCGTCTTGAACTCAGAT
PSA1-SPR 648-666 TTGACCAACGTCCATCCAA 357

CHS1
CHS1-SCF 51-72 GAATGAACCTTCCTATGAACTC
CHS1-SCR 551-570 CATAACCATCGCTACTAGAAG 519

CHS1-SPF 69-90 GCTACAAAATTCCCATAGTGGA
CHS1-SPR 675-695 CTTTTCGCCTGTAAGCCATGA 626

149



Occoneechee State Natural Area (OS) Stone Mountain State Park (SM)

A

S. cerevisiae Z. fermentati

S. pombe

S. cariocanus

Candida spp. Pichia spp.

S. paradoxus

N=12 N=45

B N=8 N=6

Quercus spp. Acer spp. Liriodendron spp. Gaultheria spp.

Widow's Creek Trail in Stone Mountain State Park

C Quercus spp.

Pinus spp. Acer spp. Liriodendron spp.

N=2

Legend

Yeasts

Trees

Figure C.1: (A) Species composition at OS and SM sites. Pie charts represent sampling
success at OS and SM. The size of the pie charts indicates the number of samples, each
piece of the pie chart represents a subset of data. (B) Species that were identified by ITS
sequence identity in either place. (C) S. cerevisiae is preferentially associated with Quercus
spp. tree.
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Appendix D

Fertility Parameters of S. cerevisiae Strains Used
in Chapter 2

In order for a S. cerevisiae strain to be amenable for genetic analyses it must sporu-

late sufficiently and give rise to viable spores. Since sporulation conditions can vary

between strains, combinations of two different media, as liquid and solid preparations,

and two temperatures were tested to determine which conditions promote sporula-

tion. Spore viability was assessed as the percentage of colonies that grew from ten

to twelve tetrads dissected for each strain. Up to four segregants per strain were

subsequently tested for sporulation to identify homothallic and heterothallic strains.

In addition to sporulation parameters, the mating type configuration was determined

for each strain using allele-specific PCR primers (B. Nicholson, pers. comm.).

Sporulation frequency among 103 strains varied widely. As expected the S.

boulardii isolates were sporulation negative and so were three brewery and one fruit

isolate. Spore viability was zero in four brewery and one fruit isolate. All soil isolates

and strains from North Carolinian vineyards are homothallic. In all other groups ho-

mothallic and heterothallic strains were found. All, but one clinical isolate, are
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MATa/α. The clinical strain YJM308 is MATα, sporulated with low frequency and

yielded spores with very low viability. Table D.1 summarizes sporulation conditions,

frequency and spore viability for each strain.

Sporulation media. S. cerevisiae strains were tested for sporulation in liquid 0.5%

(w/v) potassium acetate (KAc), on diet KAc plates (2% (w/v) KAc, 2% (w/v) agar)

and on regular KAc plates (0.22% (w/v) yeast extract, 0.05% (w/v) dextrose, 2%

(w/v) KAc, 2% (w/v) agar). Plates were incubated at 25oC or 30oC and liquid

KAc at 30oC (59) for up to seven days. Sporulation frequency was determined

microscopically and rated +, ++, and +++. With + reflecting lowest sporulation

efficiency and +++ highest.

Mating type PCR. Mating type PCR was carried using the TaKaRa Ex Taq

kit with 0.6 µM of each primer in 25 µl total volume. Primers BN269 (GCACG-

GAATATGGGACTACTTCG) BN270 (ACTCCACTTCAAGTAAGAGTTTG) are

allele-specific forward primers, annealing to the MAT locus and the silent cassettes

and BN271 (AGTCACATCAAGATCGTTTATGG) is a general reverse primer that

anneals specifically to the MAT locus. The PCR regime encompassed 10 minutes of

denaturation at 95oC, 35 cycles of 20 seconds at 92oC, 30 seconds at 53oC, and 2

minutes 30 seconds at 72oC, followed by final extension for 6 minutes at 72oC. PCR

products differed in length (MATa=492bp, MATα=369) and were electrophoretically

separated in 1.2% (w/v) agarose.
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