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Abstract 

Using a Tn7 transposon library of C. albicans, we have identified a mutant that 

exhibited sensitivity in drop plate assays to oxidants such as menadione and 

hydrogen peroxide.  To verify the role of the mutated gene in stress adaptation, 

null mutants were constructed and phenotypically characterized.  Because of its 

apparent functions in growth and oxidant adaptation, we have named the gene 

GOA1.  Goa1p appears to be unique to the CTG subclade of the 

Saccharomycotina, including C. albicans.   Mutants of C. albicans lacking goa1 

(strain GOA31) were more sensitive to 6 mM H2O2, 0.125 mM menadione, and 

1.5 M NaCl than wild type or a gene reconstituted (GOA32) strain.  The 

sensitivity to oxidants correlated with reduced survival of the GOA31 mutant 

in human neutrophils (PMNs) and avirulence compared to control strains. 

Other phenotypes of GOA31 include reduced growth and filamentation in 10% 

serum, Spider, and SLAD agar media, and an inability to form chlamydospores.  

Transcription of GOA1 increased during stress with 1 M NaCl. Transcription of 

GOA1 was also studied in the MAPK mutants hog1, mkc1, cek1, and cek2 as well 

as in a cap1 mutant.  Since Goa1p has an N-terminal mitochondrion localization 
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site, we demonstrated that GFP-tagged Goa1p was translocated to the 

mitochondria during osmotic and oxidant stress.  Further, the inability of 

GOA31 to grow in media containing lactate, ethanol, or glycerol as the sole 

carbon source indicates that the mitochondria are defective in the mutant.   
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Introduction 
 

General Information 
  
 Candida albicans is a diploid, eukaryotic organism found in the Kingdom 

Fungi.  It is a member of the Family Saccharomycetaceae and can be further 

classified as part of the “CTG” subclade of this family.  Members of the CTG 

subclade have a leucine to serine substitution at this particular codon (1, 2).  

Candida species were first described by Christine Marie Berkhout in 1923 as a 

part of her doctoral thesis (3). 

 C. albicans is an opportunistic commensal organism.  It colonizes the 

gastrointestinal and genitourinary tracts with, generally speaking, no harmful 

effects to the host.  Candidiasis occurs as the result of an overgrowth of the 

organism.  This is commonly seen in immunocompromised individuals, such as 

those with HIV, or in individuals who have taken antibiotics and thus changed 

the composition of their normal flora, eliminating competing organisms. 

 

Clinical Importance 
 

Infections with Candida species are of great clinical importance.  In the 

United States Candida species account for 8-10% of all blood stream infections, 

ranking 4th among all nosocomial bloodstream infections (4).  These invasive 

candidiasis infections are associated with high mortality; in fact, a delay of just 12 

hours in treatment of these infections after a positive blood culture is a predictor 

of hospital mortality (5).  From 1979 until 2000, there has been a 207% increase in 
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cases of fungal-induced sepsis (6).  Of these, Candida species are the most 

prevalent, with C. albicans being the most common cause of fungal sepsis, 

accounting for 66% among Candida species (7).  Treatment options are somewhat 

limited and also pose other problems.  Development of drug resistance is being 

seen more often, especially with use the of azoles (8).  Some drugs are toxic to the 

patient, such as Amphotericin B, which is able to bind to human cholesterol (9).  

Drug-drug interactions must also be considered, especially with the use of azoles 

(10).  With all of these factors, patient costs are exceptionally high due to an 

increase in the length of stay of infected patients for an additional 2 weeks (11).  

There is an obvious need for better diagnostic assays as well as better treatment 

options. 

Candida albicans is a pathogen primarily in immunocompromised patients, 

although in the healthy females, acute Candida vaginitis is a common occurrence 

(12).  It is estimated that 75% of women will acquire a Candida vaginal infection 

at some point in their lifetime, with as many as 50% of those women 

experiencing multiple reinfections (13).  There are many risk factors associated 

with candidiasis.  They include, but are not limited to, neutropenia (which will 

be discussed in more detail to follow), use of broad-spectrum antibiotics, use of 

an indwelling vascular catheter and mucosal colonization by Candida species (7). 
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Mutagenesis 

The pathogenesis of candidiasis has been the subject of intensive 

investigation not only to understand the basic factors that enable the organism to 

cause disease, but also to identify protective antigens as well as new drug targets.  

Most often, the evaluation of single genes in pathogenesis, growth, or other 

functions is accomplished by constructing knock out strains.  The diploid 

genome of the organism does pose problems in this regard since both copies of a 

gene need to be deleted, and then a reintegrant strain containing a single copy of 

the gene under study must be constructed.  Prior to a method that allowed 

recycling of selectable marker, transformants were identified by sequential gene 

deletion using two different selectable genes that convert auxotrophy to 

prototrophy.   However, the urablaster method in which the URA3 gene is 

recycled through a second transformation after initial deletion of the first allele 

has been the primary method for constructing null mutants (14).  This method 

does have its problems since the integration of the URA3 gene at the locus of the 

gene that is being deleted may influence phenotype (referred to as the Ura3 

positional effect) (15-17).  Therefore, if the urablaster is used as a method for gene 

deletion, an additional strain may need to be constructed in which both alleles of 

a gene of interest are deleted and the URA3 is integrated into its locus.  The 

UAU1 method of gene disruption requires a single transformation, employs two 

marker genes, ARG4, for selecting initial transformants and URA3 which 

indicates interchromosomal recombination and deletion of the second allele (18).  
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An advantage of the UAU1 method is the possibility to identify essential genes, a 

result which is more difficult to determine with the urablaster method.  Recently, 

a C. albicans random homozygous insertion mutant library has been reported 

(19).  This library offers the possibility of screening approximately 700 mutants 

for phenotypes and hence identifying gene function.  These methods will be 

discussed in more detail in Chapter 2. 

 

Interaction with Host Phagocytes 

It is clear that for C. albicans (as well as other human pathogens) to be 

pathogenic, it must be able to survive following its phagocytosis by neutrophils 

and activated macrophages which possess several mechanisms to kill pathogens 

including the production of toxic metabolites such as H2O2, superoxides, as well 

as non-oxidative biomolecules. Innate immunity including phagocytic killing by 

human neutrophils and activated macrophages is critical in protection, while 

unactivated macrophages are relatively less able to protect than neutrophils.  

This important point has been demonstrated in experiments with populations of 

blood cells that were incubated with C. albicans (20-22).  Blood PMNS arrested 

growth of phagocytized yeast cells and induced the expression of many genes 

associated with oxidative stress responses, one of which, SOD5, was especially 

prominent (20).  By comparison, the organism readily germinated when 

incubated with monocytes, erythrocytes, or peripheral blood depleted of PMNs. 

In fact, a 7-fold greater killing by PMNs of C. albicans was reported compared to 
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monocytes, similar to that previously reported by another group (20, 23).  Thus, 

in neutropenic patients, the paradigm is that mononuclear phagocytes are less 

able to kill the organism that, in turn, favors spread of the organism into tissues.  

Thus, survival in the host may depend in part upon oxidant adaptation at least in 

monocytes. 

 

Stress Adaptation 

Anti-oxidant proteins are part of the fungal cellular response to reactive 

oxygen species (ROS) in C. albicans, both in vivo when the organism encounters 

phagocytic cells or in vitro when confronted with external ROS or ROS generated 

from its own metabolism.  Interestingly, increased ROS production in C. albicans, 

and probably fungi in general, occurs following treatment with anti-fungal 

compounds, such as diallyl disulphide (the active ingredient in garlic) and with 

miconazole, observations that may explain in part the activity of these 

compounds (24, 25). 

To counter the stress induced by ROS, a number of anti-oxidant proteins 

are induced in C. albicans, including catalases (26, 27), superoxide dismutases (25, 

28) and glutathione reductase (29).  Biosynthesis of trehalose also provides 

protection against oxidant stress (30-32).  Regulatory proteins include the 

transcription factor Cap1p, which appears to be one of the major transcription 

factors that adapts cells to oxidant stress in C. albicans (33-36).   Of the MAPK 

signal pathways that regulate new gene transcription during stress, the HOG1 
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MAPK (hyperosmotic glycerol) pathway is prominent in a number of yeasts and 

filamentous fungi in regard to adaptation to hyperosmotic and/or oxidant stress 

(37-45).  

Stress adaptation in C. albicans via MAPK is complex but in general, genes 

can be assigned to three categories based upon transcriptional profiling, 

including those that: 1) make up a core response profile to common stress 

conditions such as osmotic, oxidative and heavy metal; 2) are specific for each 

stress condition; and 3) genes that are co-regulated, i.e., during osmotic and 

oxidative stress (14, 34, 46).  Interestingly, the core stress response set of genes in 

C. albicans is much smaller than that of Saccharomyces cerevisiae or 

Schizosaccharomyces pombe indicating that C. albicans relies more upon diversity in 

gene transcription to counter stress conditions (34).  Nevertheless, a response to 

stress conditions results in a number of cellular activities to counter that stress.  

The same paradigm has also been demonstrated in S. cerevisiae (47).   In C. 

albicans a core transcriptional response to all stress conditions included genes 

that encode redox regulation, mitochondrial activity, carbohydrate metabolism, 

and cell wall biogenesis, among others (34).  Therefore, a consequence of 

osmostress is an increase in ROS during cellular respiration.  Thus, adaptation 

requires in part restoration of redox potential, reduction of ROS, and 

mitochondrial function. 

Many of the genes that are responsible for the adaptation of C. albicans to 

stress conditions, such as those described in the preceding paragraphs, are 
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turned on as a result of a two-component signal transduction pathway (48, 49).  

A typical eukaryotic two-component signal transduction pathway includes a 

sensor, histidine kinase and response regulator protein (49).  Three histidine 

kinases (Chk1p, Nik1p and Sln1p) and two response regulators (Skn7p and 

Ssk1p) have been identified in C. albicans (33, 49-56).  Also present in C. albicans is 

Ypd1p, a phosphohistidine intermediate that transfers phosphate from the 

histidine kinase to the response regulator protein, for which no function is 

described as a deletion mutant has not yet been constructed (41, 57). 

As mentioned before, the HOG1 MAPK pathway is important in the 

ability of C. albicans to adapt to oxidant and osmotic stress (Figure I1).  When the 

cell is unstressed, Sln1p is autophosphorylated.  Sln1p then phosphorylates 

Ypd1.  When Ypd1 is phosphorylated, Ssk1p is autophosphorylated.  The 

phosphorylation of Ssk1p inhibits activation of the MAPKKK Ssk2p.  Thus 

Hog1p remains unactivated and is unable to translocate to the nucleus.  When 

the cell is stressed, Sln1p, Ypd1p and Ssk1p remain unphosphorylated.  This 

allows Ssk1p to activate Ssk2p.  Once phosphorylated, Ssk2p phosphorylates 

Pbs2p (a MAPKK), which in turn activates Hog1p (a MAPK) via 

phosphorylation.  Hog1p is then able to translocate into the nucleus, allowing 

transcription of the genes needed for an adaptive response (41).  Other MAPKs, 

such as Cek1p, Cek2p and Mkc1p, will be further reviewed in Chapter 5. 
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Figure I1: The HOG MAPK Pathway in C. albicans.  A. When cells are 
unstressed, Sln1p, Ypd1p and Ssk1p are sequentially phosphorylated.  This 
inhibits the activation of the MAPK Hog1p.  B.  When cells are subjected to 
osmotic or oxidant stress, Sln1p, Ypd1p and Ssk1p remain unphosphorylated.  
This allows the interaction of Ssk1p with Ssk2p, thus activating Hog1p via 
phosphorylation by Pbs2p.  Phosphorylated Hog1p then translocates into the 
nucleus to activate the genes appropriate for the stress response. 
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Mitochondria and Stress 

One of the features of stressed cells is a coordination of a number of 

events, including an increase in respiration and the generation of ROS as a 

consequence of increased metabolism.  Since we have shown (Chapter 8) that 

Goa1p is translocated to the mitochondria during stress, one aim of my research 

was to understand this process.  However, there is little information in the C. 

albicans literature on the translocation of proteins to mitochondria during stress 

adaptation.  There are a few mitochondrial proteins encoded by the 

mitochondrial genome; these proteins tend to be predominately inner membrane 

proteins that may be inserted into the membrane as they are translated.  The 

majority of mitochondrial proteins are encoded in the nuclear genome with a 

mitochondrial targeting sequence and are sorted once they reach the 

mitochondria (58).  There are three types of mitochondrial targeting sequences: 

those that are located in the N-terminus of the protein (most common), those that 

are located within the protein and those that are located in the C-terminus of the 

protein (rare) (59, 60).  These sequences will react with the TOM (Translocase in 

the Outer mitochondrial Membrane) via the acidic residues of the protein to 

initiate translocation across the outer membrane (59). 

Proteins that are destined for the mitochondria tend to be more 

hydrophobic than proteins that remain in the cytoplasm (61).  Since some of 

these proteins may be prone to aggregation or misfolding, there are chaperones 

available to help these proteins reach the mitochondria (62).  One such chaperone 
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is the cytosolic HSP70; in vitro studies show that addition of HSP70 stimulates 

the import of many mitochondria precursor proteins (63-66).  A 14-3-3 protein, 

MSF, is a different kind of chaperone.  It can bind many mitochondria precursor 

proteins and present them to the mitochondrial import machinery in a suitable 

confirmation, known as an “import competent” state (67). 

Location of the translation machinery in relation to the mitochondria can 

also be important.  In a yeast cell, there are only one to two mRNA molecules 

encoding a particular mitochondrial protein (68).  In some cases the ribosomes 

can accumulate on the surface of the mitochondria, eliminating the need for 

chaperone proteins (69).  One such model predicts that once the mRNA is 

translated and the resultant proteins are made, they are imported directly into 

the mitochondria (70). 

 Since Candida species remain important in the clinical setting, research to 

better understand these pathogens also remains important.  By understanding 

the basic biology of Candida, exploring every aspect from genes important for 

interaction with the immune system to protein trafficking, the goal of developing 

more efficient methods to diagnose and treat infections can be attained. 
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In this thesis project, my specific aims included: 

 

1. Identify and characterize a novel gene in C. albicans that is sensitive 

to oxidant and osmotic stress; 

2. Determine the cellular localization of the novel protein; and 

3. Determine whether this gene is important to survival in human 

neutrophils and whether it plays a role in establishing infection. 

 

I chose to screen genes for sensitivity to oxidants since neutrophils play such an 

important role in the disease process. 
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Chapter 1: Identifying a Gene of Interest 

 

Identifying a Gene of Interest.  As mentioned previously, the ability of 

Candida, as well as other organisms, to adapt to stress is important for their 

survival.  Since the ability of C. albicans to adapt to oxidants is critical in its ability 

to cause disease, identifying genes involved in this process is of great interest.  

We were helped in this regard by the availability of a Tn7 transposon 

mutagenesis library.  This library contains ~400 mutants of C. albicans.  

 

Creation of the Transposon Mutant Library.  The UAU1 Transposon 

Library was created by Davis et al (1).  Briefly, C. albicans DNA was isolated from 

strain CAI4 and digested with SpeI.  Digested DNA was then ligated into SpeI-

digested pDDB124.  The Tn7 transposon cassette consists of a Kanamycin 

resistance marker as well as ARG4 flanked by 5’ and 3’ ends of URA3.  The 

cassette was used for random mutagenesis of the SpeI- digested DNA using the 

GPS-M mutagenesis system (New England Biolabs).  Plasmids were then 

sequenced to ensure that the transposon had inserted into an open reading 

frame.  Once it had been determined that the transposon had inserted into a 

desired region, the mutagenized DNA was released by digesting the plasmid 

with NotI.  Digested DNA was transformed into C. albicans strain BWP17.  

Transformants were grown on Arg- agar plates and then replica plated on Arg-

Ura- agar plates to select for homozygous insertion mutants.  Isolates were 
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screened by PCR for the presence of the Tn7 transposon cassette and for the lack 

of the wild-type allele (Figure 1.1). 

 

 

 

 

 

Figure 1.1. Creation of the Tn7 Transposon Insertion Mutant Library.  C. 
albicans genomic DNA was isolated, digested with SpeI and inserted into a SpeI-
digested plasmid.  The Tn7 transposon cassette was then allowed to randomly 
integrate into the plasmids.  Plasmids were sequenced to ensure that the 
transposon had been integrated into an open reading frame.  Those plasmids 
were then linearized and transformed into BWP17.  The process was repeated to 
create homozygous insertion deletents. 
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          Screening of the Transposon Mutant Library for Oxidant Sensitivity.  A 

total of approximately 400 transposon mutants were evaluated for oxidant 

sensitivity as follows. Using a pin replicator, each strain was plated on YPD Agar 

medium containing 0, 4, 6 or 8 mM H2O2 peroxide.  Plates were incubated at 30ºC 

for 48 hours and growth was evaluated (Figure 1.2).  Those strains which failed 

to grow or exhibited reduced growth from at least 3 of 5 experiments were 

screened further by plating known numbers of cells onto plates containing either 

hydrogen peroxide or menadione as described below. 

 

 

 
Figure 1.2. Screening the Tn7 Transposon Library for Oxidant Sensitive 
Mutants.  The library was originally screened using a pin replicator on large 
YPD plates containing various concentrations of hydrogen peroxide.  Colonies of 
interest were then screened using a drop plate assay.  From this screen, GOA1 
was identified for further characterization. 
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Isolation of goa1∆ from the UAU Insertion Mutant Library.   A library of 

transposon insertion mutants was used to screen for oxidant sensitive clones on 

YPD agar plates (1).  The mutant library was screened in YPD containing 0, 4, 6 

and 8 mM hydrogen peroxide. From this primary screen, 34 strains exhibited a 

peroxide sensitive phenotype and were further evaluated for sensitivity to both 

peroxide and menadione in drop-plate assays, which will be further described in 

Chapter 5.  Of these strains, a single mutant designated as GOA21, (growth and 

oxidant adaptation) was chosen for further study based upon its sensitivity to 

both peroxide and menadione and its slower growth rate (see Chapter 2).   

 

GOA1.  GOA1 is 837 base pairs in length.  The gene sequence (ORF 

19.3818) was provided by A. Mitchell. The ORF encodes a protein of 279 amino 

acids in length.  SMART analysis indicated protein domains that include a 

putative mitochondrial localization signal (aa 1-15), areas of intrinsic disorder (aa 

1-23, 93-103 and 202-211) and a coiled-coil domain (aa115-142) (Figure 1.3). 
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            Intrinsic Disorder.  Areas of intrinsic disorder and intrinsically 

disordered proteins are capturing more attention.  These are proteins or areas 

within proteins that lack a defined three-dimensional structure; therefore, they 

are able to exist in a variety of conformations depending on their interacting 

partners (2,3).  Eukaryotic organisms, such as yeast, are thought to contain more 

of these proteins than prokaryotic proteins due to the complexity of signaling 

pathways (4-6).  This is important because one protein will have the ability to 

bind multiple “partners.”  These proteins are referred to as “hub proteins,” 

whereas a protein that interacts with less than ten partners is known as an “end 

protein” (7).  An intrinsically disordered protein or areas of intrinsic disorder 

within a protein can give insight into its function, suggesting a role interacting 

with multiple proteins. 

Coiled Coils.  Coiled coils are structural motifs in proteins.  In this motif, 

two or more (up to seven) alpha helices are coiled together (8).  These motifs are 

important in protein-DNA and protein-protein interactions.  Proteins with these 

motifs play an important role in the cell, such as the regulation of gene 

expression (transcription factors). 

Homologies.  Orthologs of Goa1p were identified by BLAST comparison 

with fungal genomes in the NCBI database and genomes provided by the Fungal 

Genome Initiative at the Broad Institute.  The presence of orthologs was confined 

to species with the “CTG” subclade of the Saccharomycotina, so named because 

the CTG codon of most of the species within this subclade has been reassigned 
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from leucine to serine (9, 10).  An apparent ortholog was present in each of the 

available genome sequences of the species within this subclade, even those that 

have lost the codon reassignment (Figure 1.4) (9, 10).  There are no known 

homologues in Saccharomyces cerevisiae or other human pathogens outside of the 

Candida species. 

 

 
 
 
 
 
 
 
Figure 1.4. Goa1p Distribution.  The GOA1 protein is found in 
Saccharomycotina and only in the “CTG” subclade.  Goa1p from C. albicans is 
most closely related to that from C. dublinienisis (88% identity), followed by C. 
tropicalis (53%), C. parapsilosis (41%), Debaromyces hansenii (32%), C. lusitaniae 

(29%) and C. guilliermondii (25%).  Figure adapted from Fitzpatrick et al (10), 
showing only the CTG sublcade of Saccharomycotina.  Percent identities to 
GOA1 shown in red. 
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Discussion 
 

The UAU1 transposon library offers a quick and convenient method to 

screen many different insertion mutants for a variety of conditions.  Using this 

library I have identified GOA1, a gene that is involved in adaptation to oxidants 

as well as important for growth.  However, this method does have its limitations.  

The authors state that the main limitation of this method is “the requirement for 

mitotic recombination or gene conversion to generate a homozygous mutation” 

(1).  First, if the gene is determined to be essential, then no homozygous insertion 

mutant will be recovered without triploidy.  The creation of this library may hint 

at essential genes (by the ability to only create the heterozygote), but this would 

need to be confirmed by other methods.  Second, if there is a heterozygous lethal 

mutation near the gene of interest, then it would be impossible to recover a 

homozygous insertion mutant (1).  Third, there is no guarantee that an insertion 

mutant will completely abolish gene function.  Fourth, the background strain 

used to create this library was BWP17.  This particular background strain is 

missing a piece of chromosome 5; there are concerns about the stability of this 

strain, making it inappropriate for general studies (11).  It is therefore difficult to 

draw conclusions from experiments using this strain: is the result seen due to the 

absence of gene function only, or is it due to the loss of part of chromosome 5?  

For these reasons, it is important to create a deletion mutant in a different 
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background strain, as well as to create a reconstituted strain to confirm any 

phenotypes observed using the UAU1 transposon library. 
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Chapter 2: Strain Construction 
 

 

Background 

Constructing deletion mutants is a common way to assess and determine 

gene function.  In Candida albicans this is somewhat more time consuming and 

difficult due to its diploid genome and lack of a sexual cycle.  The most common 

methods to assess function involve identifying a gene of interest and then 

deleting both copies of the gene from the genome.  Since the completion of the 

Candida genome sequence, comparing genes between C. albicans and 

Saccharomyces cerevisiae has given a lot of insight into potential gene function.  

However, there is no guarantee that a particular gene will have the same 

function in both organisms.  Codon usage also poses a unique problem: most 

organisms translate CUG as leucine.  In C. albicans, this is translated to serine (1).  

In many cases the codon must be modified in order to function in S. cerevisiae. 

 The original method for making deletion mutants was developed by Fonzi 

and Irwin in 1993 (2).  Referred to as the Ura-Blaster method, this method uses a 

recyclable hisG-URA3-hisG cassette.  PCR is used to generate pieces that flank the 

gene of interest.  The Ura-Blaster cassette and flanking pieces are then digested 

using restriction enzymes and ligated.  Once transformed into C. albicans, Ura+ 

strains are induced by plating these transformants onto media containing 5-

fluoro-orotic acid (5-FOA).  This causes the hisG repeats to combine in order to 

loop out URA3 since 5-FOA kills Ura+ cells.  The transformants are also replica 
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plated on media not containing 5-FOA in order to select the correct colonies for 

further study.  The original Ura-Blaster cassette can then be used to delete the 

second allele.  There are a couple of drawbacks to this system.  First of all, the 

Ura-Blaster cassette is too large to generate using PCR.  Second, it appears that 

URA3 itself, as well as its position within the genome, affects virulence (3-5). 

 Since the development of the Ura-Blaster method, many other methods 

have been introduced to delete genes.  Strains that are auxotrophic for multiple 

markers, such as the widely used BWP17 (lacks ura3, his 1 and arg4), has made 

the process of making mutants, double mutants and reconstituted strains much 

simpler (6).  New cassettes have also been designed, such as the UAU1 cassette, 

which offers a one step transformation method to delete both alleles (7).  In this 

method ARG4 is flanked by 5’ and 3’ portions of URA3.  Transformants are first 

screened on media lacking arginine.  Those colonies that grow (the 

heterozygotes) are plated on media lacking arginine and uridine to yield 

homozygous deletion mutants.  This cassette formed the basis for creating the 

UAU1 transposon insertion library described above (8).  What makes this method 

particularly useful is that it is easy to determine if a gene is essential.  Arg+Ura+ 

transformants are obtained via an allelic triplication to maintain one wild type 

copy (7). 

 Another method, and the one which we chose to generate deletion 

mutants, involves the creation of long primers to amplify selectable markers, 

such as ARG4 and URA3, from plasmids (6).  Primers are designed to include ~60 
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base pairs of homology upstream/downstream of the gene of interest and ~30 

base pairs of homology to the selectable marker of interest.  The cassettes are 

generated by PCR and transformed into C. albicans. 

 If a gene is essential, a deletion mutant will not be obtained using the 

above methods alone.  Sometimes the generation of a heterozygote 

(haploinsufficiency) will give a clue to gene function.  When this is not enough, 

one allele may still be deleted using one of the methods already described, but it 

will be necessary to place the second allele under the control of a regulatable 

promoter.  There are a few options, such as the MET3 and tetR promoters.  

Expression of the gene of interest is repressed with the addition of methionine 

when using the MET3 promoter (9).  When the tetR promoter is used, expression 

is repressed in the presence of tetracycline (10).   

 Once a deletion mutant has been created, it is common practice to place 

one copy of the gene of interest back into its native locus.  This is to ensure that 

the phenotypes observed were due to the deletion of the gene of interest and not 

to any other recessive mutation which may have been revealed when mitotic 

recombination occurred.  It is also a useful tool in determining whether there is a 

gene dosage effect: whether both copies of the gene are needed in order to obtain 

wild type-like function. 

 Each of the deletion methods described above is useful in generating 

mutant sets to evaluate virulence, a phenomenon referred to as “Koch’s 

Molecular Postulates.”  This practice serves a function much like that of “Koch’s 
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Postulates” for determining if a bacteria/fungus is capable of causing disease.  In 

the molecular version of these postulates, the emphasis is on a gene and its role 

in virulence.  Virulence will be further discussed in Chapter 7. 

 Below the construction of two deletion mutants and their reconstituted 

strains in different backgrounds is described as well as the construction of the 

reconstituted strain for the insertion mutant. 

 

Methods 

Strains and Strain Maintenance.  The Candida albicans strains used in this study 

are listed in Appendix, Table 1.  All strains were maintained as frozen stocks and 

propagated on YPD agar when needed (1% yeast extract, 2% peptone, 2% 

glucose). 

 

Plasmids.  Plasmids pGEM-URA3, pRS-ARG4 and pGEM-HIS1 were provided 

by Aaron Mitchell (11). To create pGEM-HIS1-GOA1-Nde, GOA1 was amplified 

using primers listed in Appendix, Table 2.  The PCR product was purified and 

digested with NdeI restriction enzymes and ligated into pGEM-HIS1, which had 

been digested using NdeI.  PCR was used to confirm orientation. To create 

pGEM-HIS1-GOA1-Bam, GOA1 was amplified using primers listed in Appendix, 

Table 2, which contained flanking BamHI restriction sequences.  The PCR 

product was purified and digested with BamHI restriction enzymes and ligated 
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into pGEM-His1, which had been digested using BamHI.  PCR was used to 

confirm correct orientation. 

 

Enzymatic Reactions.  All reagents for restriction digestions, ligation reactions 

and PCR, such as buffers and enzymes, were obtained from New England 

Biolabs.  For restriction digests, protocols were performed as recommended by 

the manufacturer.  For PCR, the following basic protocol was used: 5 minute hot 

start (94°C) followed by 25-35 cycles of denaturing (1 minute, 93°C), annealing (1 

minute, usually ~58°C, depending on the GC content of the primers) and 

extension (1 minute per kb of amplified product, 72°C), followed by a final 

extension of 10 minutes (72°C). 

 

Generation of Electrocompetent E. coli Cells.  Competent cells were made 

according to the protocol of Simone Spreng.  Briefly, DH5α E. coli cells were 

grown overnight in LB media at 37°C.  Cells were then diluted to a starting OD600 

= 0.1.  Cells were incubated at 37°C until OD600= 0.5-0.7, around 2-2.5 hours.  

Cells were harvested by centrifugation and resuspended in decreasing 

concentration of glycerol (25, 15 and 10%).  All steps were carried out at 4°C.  

Cells were resuspended in 3-4ml 10% glycerol, aliquotted and stored at -80°C 

until use.  
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Plasmid Isolation.  E coli cells with the plasmid of interest were grown overnight 

in 250ml LB plus ampicillin.  Cells were harvested by centrifugation and lysed 

using 0.2 M NaOH, 1% SDS and 1 M potassium acetate.  After centrifugation the 

supernatant was filtered using cheesecloth.  RNase was added and incubated at 

37°C for 30 minutes.  DNA was precipitated using 100% ethanol at -20°C.  

Plasmid DNA was further isolated and purified using a phenol-chloroform 

extraction.  Plasmid DNA was precipitated using 100% ethanol and 4 M sodium 

acetate and resuspended in TE (Tris-EDTA), pH 8.0.  Plasmids were stored at -

20°C. 

 

Colony PCR using E. coli.  Single colony transformants were plated on LB media 

containing ampicillin and incubated for 24 hours at 37°C. A small sample of the 

colony was also placed in 50 µL of water, heated at 95°C for 10 minutes and 

centrifuged briefly.  For the PCR reaction, 5 µL of the supernatant was used. 

 

Generation of Competent C. albicans Cells and Transformation.  To generate 

competent C. albicans cells, the methods of Shiestl et al (13) and Gietz et al (14) 

were followed.  Briefly, cells were grown overnight and diluted to a starting 

OD600= 0.1.  Cells were grown to log phase, centrifuged, resuspended in water as 

1 ml aliquots.  Cells were washed in TE/LiAc (lithium acetate) and 10x LiAc and 

resuspended in 1x TE/LiAc.  50µl of cells were mixed with 1µg DNA, 50µg of 

salmon sperm single stranded carrier DNA and 40% PEG (polyethylene glycol).  
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This mixture was allowed to incubate at 30°C for 30 minutes to 18 hours.  After 

incubation the mixture was heat shocked at 42°C for 15 minutes.  Cells were 

centrifuged and immediately plated on the appropriate dropout media. 

 

Construction of GOA1 Deletion Mutants. GOA21 was obtained from a 

transposon mutant library (6, 15).  In addition to GOA21, two other GOA1 

deletion mutants (GOA31 and GOA 41) were constructed using the method of 

Wilson et al (6).  To do this, cassettes for transformation were designed by 

amplifying ARG4 and URA3 from plasmids pRS-ARG4 and pGEM1-URA3 using 

primers containing ~60 base pairs of sequence up/downstream of GOA1 and ~30 

base pairs of sequence from the above plasmids as described in Appendix, Table 

2.  This method generated cassettes with ARG4 or URA3 flanked by sequence 

homologous to the upstream and downstream regions of GOA1.  Cassettes were 

then transformed into SN148 to generate GOA31 or used to construct GOA41 

using BWP17 (Figure 2.1, only GOA31 is shown).  Strains were confirmed by 

Southern Blot. 

 

Construction of the Gene Reconstituted Strains GOA22, 32 and 42.  GOA22 

was constructed as follows: the pGEMT-HIS1-GOA1-Nde plasmid was 

linearized using SalI and subsequently transformed into GOA21 at its native 

locus (Figure 2.11B).  The integration of GOA1 was confirmed by PCR using 

primers listed in Appendix, Table 2 and by Southern Blot.  GOA32 and GOA42 
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were constructed as follows: the pGEM-HIS1-GOA1-Bam plasmid was linearized 

using EcoRI and subsequently transformed into GOA32 and GOA42 at its native 

locus.  Integration was confirmed by PCR and Southern Blot. 

 

DNA Isolation.  DNA was isolated according to Sambrook et al (12).  Briefly, 

strains were grown overnight in YPD and centrifuged.  Cells were lysed using 

breaking buffer (2% Triton X-100, 1% SDS, 100mM NaCl, 10mM Tris-Cl, pH 8.0 

and 1mM EDTA, pH 8.0) and glass beads.  TE pH 8.0 was added to stabilize 

nucleic acids.  RNase A (1mg/ml) was added to digest RNA.  DNA was 

precipitated in 100% ethanol and 4 M ammonium acetate.  DNA was 

resuspended in TE.  DNA was stored at -20°C. 

 

Confirmation of Strain Genotype by Southern Hybridization.  We utilized 

standard methods for doing Southern blot hybridization (16).  C. albicans 

genomic DNA from all strains was isolated and digested with NdeI.  Digested 

DNA was separated by gel electrophoresis and transferred to a nitrocellulose 

membrane via upward capillary transfer.  The reaction proceeded overnight in a 

solution containing 0.4 M NaOH and 1 M NaCl.  The membrane was then placed 

in a neutralization buffer (0.5 M Tris, 1 M NaCl, pH 7.2), UV cross-linked and 

placed in a 2x SSC solution for hybridization.  A 600 base pair probe was created 

by PCR with primers (Appendix, Table 2) containing sequences upstream of and 

within GOA1. The probe (Figure 2.1C) was purified and labeled with 32P-dCTP.  
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All blots were hybridized at 68°C in a solution containing 0.5M NaH2PO4 (pH 

7.2), 7% SDS (sodium dodecyl sulfate), and 1 mM EDTA. After hybridization, the 

membranes were washed with decreasing concentrations of SSC and SDS.  All 

membranes were imaged using a phosphoimager (Storm, Amersham 

Biosciences) (Figure 2.1D). 

 

 

 

 

Figure 2.1: Construction of goa1 Deletion Mutant (GOA31) and its Gene-

Reconstituted Derivative GOA32. 	 “‡”	 indicates relative location of restriction 

sites in the following figures.	  A. Cassettes for transformation were constructed 
by amplifying ARG4 and URA3 from plasmids pRS-ARG4 and pGEM-URA3 
using primers containing sequence homologous to regions upstream and 
downstream of GOA1 (Appendix, Table 2).  These cassettes were then 
transformed into SN148 to create GOA31.  B. GOA1 was amplified using primers 
containing BamHI restriction sites.  pGEMHis and amplified GOA1 were digested 
with BamHI and GOA1 inserted into pGEMHis.  The plasmid was digested with 
EcoRI and transformed into GOA31 to create GOA32.  C. Maps of GOA1 and 
derived constructs indicating the location of the NdeI restriction site and size of 
expected restriction producs.  D. Southern hybridization.   Strains were digested 
with NdeI.  1- wild type, 2- heterozygote, 3- GOA31, 4- GOA32.  The probe for 
each blot is shown in Figure 2.1C. 
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Results 

Construction of Null Strains GOA31 and GOA41.  To address the concern of 

secondary mutations due to the use of the TN7 transposon insertion cassette in 

the original library, deletion mutants were constructed in which the entire open 

reading frame of GOA1 was deleted (Figure 2.1A). Cassettes for transformation 

were constructed by amplifying ARG4 and URA3 from plasmids pRS-ARG4 and 

pGEM-URA3 using primers containing sequences homologous to regions 

upstream and downstream of GOA1.  The null mutant GOA31 was constructed 

by using these cassettes in the transformation of strain SN148 (17).  The same 

cassettes were used to construct a second null mutant (GOA41) using BWP17 as 

the parental strain (not shown). 

To reconstitute GOA1 into its native locus, the gene was amplified using 

primers containing BamHI restriction sites (Figure 2.1B).  pGEMHis and 

amplified GOA1 were digested with BamHI.  These fragments were ligated to 

create pGEMHIS-GOA1.  To ensure that GOA1 had been inserted in the same 

orientation as found in the wild type strain (so that its expression would be 

regulated by the native promoter), plasmids were screened by PCR.  Those that 

contained the gene in the correct orientation were then digested with EcoRI and 

transformed into GOA31 to generate GOA32.  The same plasmid was used to 

construct GOA42 in GOA41.  GOA22 was constructed in a similar manner, using 

NdeI restriction sites and linearizing the resulting plasmid with SalI.  Both EcoRI 

and SalI restrictions sites were located in sequence upstream of the GOA1 locus.  
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All strains were confirmed by Southern Blot (Figure 2.1C, 2.1D).  Subsequent 

results will focus on strains GOA31 and GOA32, although we have obtained 

similar phenotypic results for all three mutant strains (GOA21, GOA31 and 

GOA41). 

 

Discussion 

Even though GOA1 is not an essential gene, it was nonetheless difficult to 

create the insertion mutants (it was not included in the original library (8)) as 

well as the deletion mutants.  In the original Tn7 transposon library the authors 

were unable to create a homozygous insertion mutant (8).  To construct GOA31, 

it was relatively easy to delete the first allele but considerably more difficult to 

delete the second allele.  When the ARG4 and URA3 cassettes were used to delete 

the first allele, both cassettes worked equally well, as roughly the same number 

of colonies grew (from three independent experiments, data not shown).  

However, when using the other cassette to delete the second allele, efficiency 

dropped significantly, resulting in few, if any transformants.  Another interesting 

detail to note is the order in which the cassettes were utilized.  Only when the 

first allele was deleted with the URA3 cassette was I able to delete the second 

allele with the ARG4 cassette.  It did not work in reverse.  Even though GOA1 is 

not essential, its absence appears to affect growth.  Perhaps there is not a suitable 

compensatory mechanism in the absence of GOA1.  Since GOA1 is important but 

not essential, this could have added to the difficulty of creating mutant strains.  
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However, after many attempts, an insertion mutant was created and included in 

the Tn7 transposon insertion library as well as two deletion mutants in our 

laboratory.  

The difficulty in constructing these mutants may hint at a potential role 

GOA1 may play in the cell: perhaps it is important for survival of C. albicans in 

both stressed and unstressed conditions.  This is also supported by the screen of 

the original library (Chapter 1, Figure 1.2) in which the GOA1 insertion mutant 

grows slower even on YPD without any stress conditions.  Therefore, it is 

important to explore potential growth and cell cycle defects (Chapter 3). 

In the rest of this work, all experiments were conducted with all strains 

(GOA21, GOA22, GOA31, GOA32, GOA41 and GOA42) unless otherwise noted.  

I chose to use all strains because I feel it offers a great comparison between 

methods of creating mutants (insertion vs. deletion) as well as between 

background strains (BWP17 vs. SN148).  Insertion mutants may not completely 

abolish gene function, depending on the location of the insertion and the location 

of important domains within the protein.  If the insertion mutant displays 

different phenotypes than the deletion mutant, this may give insight into the 

function of GOA1. 
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Chapter 3: GOA1 and Growth 
 

 
Background 
 
 As shown previously (Chapter 1, Figure 1.2), it appears that GOA1 has a 

slight growth defect on YPD agar without stress.  There are many possible 

explanations for this phenomenon.  By measuring growth over a period of time, 

it is possible to determine if the slow growth might be related to a longer lag 

phase or an early arrival at stationary phase.  It is also possible to determine 

generation times, as perhaps the time in between doublings is longer. 

 Explaining why is the difficult task.  Being able to progress through the cell 

cycle (Figure 3.1), to form buds and have the daughter cells separate from the 

mother cell, is required for survival.  This progression requires many genes and 

encompasses many processes (1).  The events must be coordinated in order for 

the cell to progress through the cell cycle.  These events include DNA replication, 

cytoskeleton integrity, protein synthesis, cell wall construction and directed cell 

wall biosynthesis so that growth of the daughter cell occurs in the intended 

direction (2).  Since many genes are involved in these processes, there are many 

places in which the cell cycle can be arrested, prohibiting the cell from 

progressing from G1 to S or from G2 to M.  One such example is the C. albicans 

cdc14 mutant.  The lack of cdc14 makes the cells aggregate, as the daughter cell is 

unable to separate from the mother cell (9).   
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Figure 3.1: General Cell Cycle Progression.  Unbudded cells can either be 
resting in stationary phase or preparing to form a daughter cells.  Cells that enter 
G1 progress into S, where DNA is synthesized.  At this time the yeast cell begins 
to bud.  When the cells finishes DNA synthesis, it progresses into G2.  G1, S and 
G2 are the interphase stages in the cell cycle.  Once a cell enters M, the bud is 
relatively equal to the mother cell and cell division begins.  This is the mitosis 
stage of the cell cycle. 
 
 

S 

G2 M 

G1 
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 Cell cycle arrest and defects can be determined several ways.  One method 

is elutriation, which separates cells based on which stage in the cell cycle they are 

in (4, 5).  Cells in G1 are the “lightest;” they are unbudded yeast cells.  Cells in M 

are the “heaviest;” they are preparing to separate the daughter cell from the 

mother cell.  Cells can then be stained with DAPI to look at nuclear division, 

rhodamine-phalloidin to look at actin organization or calcofluor white to look at 

cell wall.  Cell size and DNA content can be determined by flow cytometry.  In 

the absence of the ability to perform elutriation, cell cycle can also be arrested 

with the use of certain drugs, such as hydroxyurea, which prevents cells from 

progressing into M from G2 (6).  After 2 hours (approximately one generation 

time), cells can be released from the G2/M arrest and followed through the cell 

cycle using the methods described above. 

 This chapter focuses on growth of the GOA1 mutant and generation times 

compared to wild type, the reconstituted strain and the background strain.  We 

also look at possible cell cycle defects.  Being able to grow and progress through 

the cell cycle is not only important for overall survival, but is also important in 

the ability to cause disease, as a growth defect may give the immune system 

more time to clear the pathogen. 
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Methods 
 
Determination of Generation Time and Growth Measurements.  To determine 

generation times of all strains, yeast cells from overnight cultures grown at 30°C 

were diluted to a starting OD600 =0.10 in 50ml of YPD broth.  Cells were 

incubated at 30°C and the OD600 was recorded for every one hour for a total of 12 

hours.  Generation times were calculated using the method of Walia and 

Calderone (7). 

 

Statistical Analysis.  The 2-tailed student’s t test was used for all analyses.  

Differences were considered significant when P was <0.05. 

 

Elutriation.  Elutriation experiments were conducted in Germán Larriba’s 

laboratory following the protocol of Andaluz et al (4).  Strains GOA21, GOA22 

and DAY286 were grown overnight in 1.5 L YPD medium at 30°C with shaking 

so that the starting OD600= 1.  Cells were subjected to elutriation using a Beckman 

centrifuge.  Following elutriation cells were transferred to YPD at 30°C and 

allowed to recover for 30 minutes from elutriation stress.  After the 30 minute 

recovery, samples were taken every 15 minutes for 195 minutes and 100 cells 

counted.  Cells were viewed using a light microscope to determine cell cycle 

progression: unbudded cells (G1), cells with small buds (G1/S) and cells with big 

buds (G2/M).  Cells were also stained with DAPI to observe nuclear division.   
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Hydroxyurea.  Cell cycle arrest was achieved using hydroxyurea (6).  To arrest 

cells in G2/M, strains GOA21, GOA22 and DAY286 were grown overnight and 

then diluted to a starting OD600= 0.1.  Cells were then grown to log phase and 

treated with 200 mM hydroxyurea for 3 hours.  This allowed at least one 

progression through the cell cycle for all strains tested.  Cells were washed and 

allowed to recover for 15 minutes in YPD at 30°C.  Light microscopy was again 

used to determine cell cycle progression.  Cells were also stained with DAPI. 

 

4',6-diamidino-2-phenylindole (DAPI) Staining.  After counting cells to 

determine cell cycle progression, cells were fixed in 70% ethanol and stained 

with 5 µl of 1 mg/ml DAPI solution (Invitrogen) to view nuclei.  Cells were 

viewed using fluorescent microscopy. 

 

Calcofluor White Staining.  Staining with calcofluor white was carried out as 

previously described (8).  Cells were fixed in 70% ethanol and stained with 10 µl 

of 0.1 mg/ml calcofluor solution (Sigma). 

 
Results 
 
GOA31 Exhibits Slower Growth than Wild Type Cells.  In order to determine a 

generation time for each strain, cells were initially grown overnight in YPD 

(30ºC).  Subsequently, cells were diluted to a starting OD600=0.10, then growth 

was measured every hour using a spectrometer (OD600) for a total of 12 hours at 

30°C as shown in Figure 3.2.  The data represent averages from 3 independent 
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experiments with 3 replictes per time point for the strains indicated.  Wild type 

cells (SC5314) doubled every 1.88 hours, whereas the doubling time of GOA31 

(goa1/goa1) was approximately 2.9 hours.  The GOA1 reconstituted strain GOA32, 

with one copy of GOA1, restored the doubling time to that of the wild type, 1.86 

hours.  The growth and doubling time of the background strain SN148 was also 

evaluated.  This strain had a doubling time of 2.09 hours.  There are statistically 

significant differences between the doubling times of strain GOA31 versus wild 

type (p=0.0002), GOA32 (p=0.0002) and SN148 (p=0.0005).  There is a slight 

statistical difference between the growth of wild type versus SN148 (p=0.05) and 

a statistically significant difference between the growth of GOA32 versus SN148 

(p=0.0002).  There was no significant difference between GOA32 (the 

reconstituted strain) and wild type (Table 3.1).  Therefore, GOA1 is required for 

optimum growth. Growth curves of all strains are shown in Figure 3.2.  GOA31 

had a longer log phase and initiated a much earlier stationary phase than the 

parental, gene-reconstituted or background strains.  The goa1 mutant strains did 

not reach the same stationary phase as the other strains, even after 20 hours of 

growth (data not shown).  Similar results were observed using GOA21, GOA41 

and their gene reconstituted strains. 
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Figure 3.2.  Deletion of GOA1 Results in a Longer Generation Time.  Growth 
curves of strains SN148, SC5314, GOA31 and GOA32. From these data, 
generation times were determined for each strain.  Cells were grown overnight in 
YPD and then transferred to fresh YPD at OD600=0.1.  Cultures were incubated at 
30°C and absorbance was then measured every hour for 12 hours and generation 
times calculated.  This growth curve represents averages of 3 experiments and 3 
replicates per time point; two other mutants (GOA21 and GOA41) and their 
paired control strains had similar growth curves.  Log plot is shown below.  
Generation times: GOA31 - 2.9 hours, GOA32 – 1.86 hours, SC5314 – 1.8 hours, 
SN148 – 2.09 hours.  See Table 3.1 for statistical significances (NS = not 
statistically significant). 
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Table 3.1: Statistical Analysis (p values) of the Growth of GOA31 
 

vs. GOA31 GOA32 SC5314 
GOA31 - - - 
GOA32 0.0002 - - 
SC5314 0.0002 NS - 
SN148 0.0005 0.003 0.05 
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There is No Apparent Cell Cycle Defect in the GOA1 Insertion Mutant 

(GOA21).  To determine whether the slower generation time of the GOA21 

mutant could be correlated with cell cycle defects, such as the inability to 

progress from G1 into S or from G2 into M, cells were sorted by elutriation and 

followed microscopically through the cell cycle (Figure 3.3A).  Overnight 

cultures of GOA21 were grown in 1.5 L YPD until OD600 = 0.1 was reached.  Cells 

were then eluted using a Beckman centrifuged and allowed to recover for 30 

minutes at 30°C.  Cells were then followed through the cell cycle by counting 

unbudded and budding cells.  As shown in Figure 3.3A, cells are able to progress 

from G1 into S and from G2 into M.  These results are typical for cells normally 

progressing through the cell cycle, as previously described (4).  To confirm these 

results, cell cycle was arrested using 200 mM hydroxyurea (Figure 3.3B).  The 

addition of hydroxyurea prevents cells from entering S from G1.  Cells were 

treated with hydroxyurea for 3 hours, washed and allowed to recover for 15 

minutes in YPD at 30°C.  Cells were then followed through the cell cycle as 

described above.  Again, cells were able to progress through the cell cycle.  

Therefore the slow growth phenotype observed is not due to defects in the ability 

of the cells to progress through the cell cycle. 
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Figure 3.3: The GOA1 Mutant is Able to Progress Through the Cell Cycle.  
Cells were either eluted (A) or treated with 200 mM hydroxyurea (B) to 
determine if there was a cell cycle defect.  After cells were allowed to recover, 
they were followed through the cell cycle microscopically.  Unbudded (G1), 
budding (G1/S) and cells with equal sized buds (G2/M) were counted and 
plotted as shown below.  Data are shown as the percentage of cells counted that 
were in G1/S or G2/M.   
 
 
 
 
 
 
A. 
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B. 

 
 



 63 

GOA1 Mutant Cells Display Normal DAPI Staining.  Cells were stained with 

DAPI to view nuclei (Figure 3.4).  Cells were stained every 15 minutes after 

recovery from elutriation or treatment with hydroxyurea.  Figure 3.4A shows a 

representative picture.  There was no difference in DAPI staining of the cells at 

any time point tested and there was also no difference in staining between 

strains.  It was interesting to note that if cells were grown for 7 days or more on 

YPD agar at 30°C, multiple nuclei were seen in roughly 30% of the cell 

population (Figure 3.4B).  This phenomenon was only observed in GOA21.  

However, this observation was not pursued due to the relatively low number of 

cells in the population displaying the phenotype as well the conditions needed to 

obtain this phenotype. 

 
 
 
Figure 3.4: Cells Separated by Elutriation Display Normal DAPI Staining.  
GOA21, GOA22 and wild type cells were stained with DAPI and calcofluor 
white (to aid in viewing cells) every 15 minutes following recovery from 
elutriation or treatment with hydroxyurea (A).  Cells from 7 day-old cultures on 
YPD agar plates were stained with DAPI (B). 
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B.
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Discussion 
 
 The original observation that the GOA1 insertion mutant was slower 

growing than wild type, even on rich media like YPD, led us to test whether or 

not GOA1 was required for optimal growth.  When grown at 30°C in YPD, the 

GOA1/GOA1 null strain did have a doubling time that was statistically lower 

when compared to all other strains tested (wild type, reconstituted and 

background strains).  The GOA1 mutant also appeared to have a longer lag phase 

and reach stationary phase faster than the other strains.  This may be important 

in interactions with the immune system as a slow growing strain may mean that 

immune cells have a chance to clear C. albicans before it is able to cause an 

infection. 

 A longer doubling time as well as a longer lag phase and shorter log phase 

also led us to test whether GOA1 mutants are unable to progress through the cell 

cycle.  After cells were sorted by elutriation or halted at G1/S by the addition of 

hydroxyurea and then followed through the cell cycle 2-3 times, it was apparent 

that there is no defect in cell cycle progression.  Cells are able to progress from 

G1 to S and from G2 to M.  Strains were stained with DAPI to look at nuclear 

division and distribution.  There were no defects in nuclear division. 

 An interesting observation was made in regards to nuclear number in cells 

that had been growing on YPD agar for 7 days at 30°C.  When stained with 

DAPI, some of these cells, especially the “giant cells” (cells that were twice as 

large as normal cells), had multiple nuclei, up to 16 per cell were observed.  This 
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phenotype was only seen in roughly 30% of the population and was only 

observed in GOA21.  It is possible that this is due to age of the cells and a 

breakdown of cell cycle control after so many generations.  We did not pursue 

this observation further. 

 What remains unexplained is the reason for the slower generation times.  

Perhaps there is a cell wall defect not seen by chitin staining.  This will be 

explored further in Chapter 3.  It is also possible that GOA1 plays a role in 

controlling genes responsible for growth or general cell survival.  These 

possibilities will be explored in further chapters. 
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Chapter 4: GOA1, Morphogenesis and Cell Wall 
 

 

Background 

 

Morphogenesis 

C. albicans exists in 3 growth forms: yeast, hyphal and pseudohyphal. 

Yeast cells are ovoid in shape, bud readily and easily separate from one another.  

Hyphal cells, also known as “true hyphae,” have long, parallel sides with cross-

walls that are perpendicular to the long axis without any constriction between 

cells.  Pseudohyphae are also elongated but are more elipse in shape.  They are 

yeast cells of various sizes and branch with a clear constriction point between 

cells (1-4).  One possible role for pseudohyphae is the foraging of nutrients away 

from the parental cell (5). 

 Many believe that the ability to switch between these forms is important 

in the process of establishing disease in the host (2, 6), although both unicellular 

and filamentous forms are required for disease to occur.  However, when 

observing tissue samples of a C. albicans infection, it is often the hyphal form that 

is seen (2).  It has also been reported that cells that are unable to form hyphae are 

also avirulent in mouse models of Candidiasis.  Clinically, C. albicans strains that 

are unable to form hyphae are rarely isolated from the patient population (5).  

The reverse is also true; that is cells that are unable to grow in the yeast form are 

also rarely isolated from the patient population and most of these strains are also 
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avirulent in the mouse model of infection (2, 7-9).  The general model of infection 

is that the yeast cells are important in the disease process because they are able to 

disseminate easily throughout the blood and that hyphal cells are important 

because they are able to invade tissues which may be due to cell wall proteins 

(adhesins) they express (5).  More than likely it is the ability to switch between 

these forms that is most important. 

 There are many genes responsible for the yeast, hyphae and 

pseudohyphae transition.  Three genes we decided to focus on are Cph1, Efg1 and 

Tup1.  Cph1, a transcription factor, is required for hyphal growth on solid media 

(10, 11).  Efg1 is a helix-loop-helix transcription factor that is required for hyphal 

growth and invasion into oral epithelial cells (12).  Both Cph1 and Efg1 turn on 

hyphal specific genes.  On the other side of the story is Tup1, a transcriptional 

corepressor responsible for inhibiting hyphal growth (13). 

 Many environmental conditions that influence whether the cell will grow 

as yeast, hyphae or pseudohyphae (5).  Cultures grown at 30°C, at a cell density 

of less than 106 cells per ml or at a pH=4.0 will grow as yeast.  Cultures that are 

grown on solid media with limited nitrogen (SLAD) or at a pH=6.0 at 35°C will 

grow as pseudohyphal cells.  Cultures grown in serum at a temperature greater 

that 34°C, at pH=7.0 or at 37°C or in Lee’s Medium at 37°C will grow as hyphal 

cells.  Other filamentation-inducing conditions include growth on Spider agar, 

iron deprivation, engulfment by macrophages and growth in mouse kidneys. 
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 Under very specific conditions, C. albicans cells are able to form another 

structure: the chlamydospore (2). The chlamydospore has a thick wall, is larger 

in diameter than other growth forms and generally appears at the growing end 

of hyphal cells.  In order for these structures to form, inoculums must be grown 

on cornmeal-tween agar in the absence of light in a microaerophilic environment 

at room temperature (11, 14). The function of the chlamydospore is still debated.  

C. albicans and C.  dubliniensis are the only species able to form chlamydospores 

(15).  They are generally not detected in vivo, although chlamydospore-like cells 

were found in immunocompromised mice (16).  Originally, it was suspected that 

chlamydospores were important for long-term survival, but Raudonis et al 

showed that these cells lose viability quickly (17). 

 Since the ability to transition between yeast, hyphal and pseudohyphal 

cells is important in virulence, we decided to test whether the GOA1 mutants 

were able to form hyphae in some of the conditions listed above.  We also looked 

at the expression of GOA1 in the absence of some of the important genes 

necessary for these transitions. 

 

Cell Wall 

The cell wall is an important, dynamic structure that has many functions.  

There is much interest in investigating the cell wall, since cell wall composition 

can give insight into biofilm formation, drug targets, infection and diagnostics.  

The following paragraphs will give a brief overview of the cell wall of C. albicans. 
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The cell wall has two important functions: it must, through the expression 

of different biomolecules on its surface, interact with the environment (and 

human cells) as well as maintain cell integrity.  Contact with the environment is 

especially important as the cell wall plays a role in the interaction with immune 

system cells such as neutrophils and with host tissues (18). 

Carbohydrates make up the majority of the C. albicans cell wall, 

accounting for 80-90% by dry weight (18).  The carbohydrates include 3 major 

polysaccharides: ß-glucans (includes ß-1,3 and ß-1,6 linkages of branched 

polymers of glucose), chitin (GlcNAc, unbranched polymers of N-acetyl-D-

glucosamine containing ß-1,3 bonds), and mannan (polymers of mannose, 

associated with proteins via covalent bonds, also known as glycomannoproteins) 

(18).  Some lipids (1-7%) and other non-mannose associated proteins (6-25%) are 

also found in the cell wall (19-22). 

 There adhesions are a particular class of proteins found in the cell wall 

that are important for establishing infection in the host (23).  Adhesins are cell 

surface glycoproteins that can promote binding to surfaces such as plastics or 

mammalian cells by binding to sugar residues or amino acids of human cells 

(24).  Adhesins have three common features: they are anchored to the cell wall 

via a GPI anchor (glycosylphosphatidylinositol) (25, 26), the N-terminal end 

protrudes from the cell wall and contains a binding domain for carbohydrates or 

peptides (27-29) and the middle part contains conserved DNA sequences to 

allow frequent recombination to generate new adhesins (30).  In spite of these 
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commonalities, there are many different adhesins that are expressed at different 

times on the cell depending on its environment.  Some adhesins are expressed in 

a vaginal model of candidiasis whereas a different set of adhesins is expressed 

from specimens obtained from the oral cavity (31, 32). 

 The C. albicans cell wall is also a tempting target for drug development, as 

human cells do not have a cell wall.  There is currently one class of drugs that has 

been developed that target the cell wall: the echinocandins.  This group includes 

two drugs, caspofungin and micafungin, which have been the only new drugs to 

be approved for use in the clinical setting in the past couple of decades (33).  Both 

drugs inhibit ß-1,3 glucan synthase, which in turn disrupts the integrity of the C. 

albicans cell wall (and the cell wall of other Candida species).  Since many fungal 

species have this enzyme, this class of drugs is considered to be broad spectrum 

and is also consider safer to use than other antifungal drugs, such as 

amphotericin B (34). 

 When growing cells overnight in YPD, we began to notice that GOA1 

mutant cells (strains GOA21, 31 and 41) would clump more than the other strains 

and that there was a lack of single cells in the culture, unlike cells in the wild 

type and reconstituted strain cultures.  This led us to test whether or not GOA1 

may be involved in maintaining the integrity of the cell wall. 
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Methods 

Morphogenesis Assays on Filamentation-Inducing Agar.  For these 

experiments, cells from an overnight culture grown in YPD were washed, and 

250 cells of each strain were plated on YPD, 10% serum, Spider and SLAD agar 

media (35).  The latter three media reflect nutritionally poor growth conditions.  

Plates were then incubated at 37°C for 5 days and representative colonies 

photographed using an Olympus DP12 microscope equipped with a digital 

camera. 

 

Chlamydospore Formation.  Chlamydospore formation was evaluated by 

spotting 10µl of an overnight yeast culture (diluted to 1 X 105 cells/ml) of each 

strain onto cornmeal agar, placing a cover slip over the cells, and incubating 

cultures for 5 days in the dark at room temperature. Subsequently, 

chlamydospore formation was evaluated for each strain by light microscopy. 

Cultures were photographed using an Olympus DP12 microscope equipped with 

a digital camera. 

 

RNA Isolation.  Strains were grown in appropriate media depending on the 

conditions tested.  RNA was isolated according to the hot phenol method (36).  

Briefly, strains grown overnight were diluted to a starting OD600= 0.1.  Strains 

were grown to log phase, centrifuged, resuspended in TES (Tris-EDTA-SDS) and 

acid phenol and incubated at 65°C for 1 hour with vortexing every 10-15 
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minutes.  RNA was extracted with phenol and chloroform.  To precipitated RNA 

3M sodium acetate, pH 5.3 in DEPC (diethylpyrocarbonate) treated water, and 

100% ice cold ethanol were added.  Cells were pelleted, allowed to dry and then 

resuspended in DEPC water.  All samples were stored at -20°C. 

 

Reverse Transcriptase PCR.  For these experiments all strains were grown to log 

phase in YPD and then stressed with 5 mM hydrogen peroxide or left unstressed 

for 20 min. Total RNA was isolated from Day286, GOA21 and the gene deleted 

strains, cph1/cph1, efg1/efg1 and tup1/tup1 using standard protocols (37).  

Transcription of β-actin was used as an internal loading control.  The Qiagen 

one-step RT-PCR kit was used to amplify a total of 1µg of RNA per PCR.  PCR 

products were electrophoresed in 1% agarose gel following the manufacturer’s 

instructions and photographed. 

 

Flocculation.  This experiment was conducted according to the method of Calera 

and Calderone (24).  All strains were grown overnight in YPD media at 30°C and 

inoculated into M199, pH 7.5, at a starting cell density of 104 cells per ml (10 ml 

total culture).  Cultures were grown at 37°C with vigorous shaking.  After 3 

hours, 10 µl was removed to view filamentation and photographed.  The 

remaining culture was allowed to sit at room temperature to view flocculation. 

 Hyphae formation was also established in 10% serum using the method 

described above. 
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Sensitivities of Strains to Cell Wall Inhibitors.  Strains GOA21, GOA22 and 

DAY286 were grown overnight in YPD, washed, counted and plated on the 

following media: YPD containing 400 µg hygromycin B, 2 µg tunicamycin, 25 

mM caffeine, or 10 or 15 mM sodium orthovanidate.  Strains were plated at the 

following cell densities: 5 x 105, 104, 103, 102 and 101.  Plates were incubated at 

30°C for 48 hours and photographed. 

 

Results 

GOA1 is Required for Morphogenesis and Chlamydospore Formation.  To 

determine if GOA1 is required for the yeast to hyphal transition, we evaluated 

the morphogenesis of all strains on YPD, 10% serum, spider, and SLAD agars at 

37°C for a minimum of 5 days (Figure 4.1A, GOA31, GOA32 and SC5314 shown).  

On YPD agar, GOA31 colonies were smaller than that of wild-type colonies and 

GOA32.  On 10% serum agar, all strains formed filaments, although GOA31 

colonies were significantly smaller than those of the wild type and GOA32 

strains.  On Spider and SLAD agar, GOA31 colonies were also significantly 

smaller and did not form filaments.  Each of these phenotypes was partially 

restored in GOA32 indicating a gene-dosage related phenotype. Thus GOA1 is 

required for morphogenesis under the conditions tested.  

To determine if chlamydospore formation is deficient in GOA31, 10µl of 

overnight YPD cultures of all strains was first spotted onto cornmeal tween agar 
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plates and then covered with a glass cover slip.  Plates were then allowed to 

incubate at RT for up to 5 days in the dark.  Cultures were viewed using light 

microscopy (Figure 4.1B).  GOA31 was unable to form chlamydopores compared 

to wt cells, while chlamydospore production in GOA32 was intermediate to that 

of wild type and GOA31, indicating that GOA1 is required for chlamydospore 

formation. 

 
 

 
 
 
Figure 4.1: Colony Morphology and Chlamydospore Phenotypes of Strains. 

A. Strains were grown overnight at 30°C, counted and incubated at 30°C on 
YPD, 10% Serum, Spider and SLAD agar media and 37°C (10% serum) for 
48 h.  Representative colonies are indicated.  Strains used are: SC5314, left 
panels; GOA31, center panels; and GOA32, right panels.  GOA31 fails to 
filament under certain conditions. 

B. GOA31 fails to form chlamydospores compared to wild type and GOA32 
which is intermediate in spore formation compared to wt and GOA31. 
Cells of all strains were plated on cornmeal-tween agar and incubated in 
the dark at RT for 5 days. Chlamydospore formation was viewed using 
light microscopy and colonies photographed. 
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The Transcription of GOA1 is Not Affected in the Absence of Genes that 

Regulate Morphogenesis.  To determine whether GOA1 is regulated by CPH1, 

EFG1 or TUP1, all strains were grown as described above.  Once log phase was 

reached, cells were stressed with 10 mM hydrogen peroxide for 10 minutes or left 

unstressed.  Total RNA was isolated from unstressed and stressed cells and RT-

PCR performed using the GOA1 primers (Figure 4.2).  ACT1 served as a loading 

control.  In all mutant strains, GOA1 was still transcribed, indicating that it is not 

regulated by any of the transcription factors/signal pathway proteins listed 

above.  Transcript levels of GOA22 were intermediate to that of parental and 

GOA21 (Figure 4.2, compare lanes 1-3 in unstressed and stressed cells). 

 
 
 
 
 
 
Figure 4.2: Transcription of GOA1 is Not Affected by the Absence of CPH1, 
EFG1 or TUP1.  Cells were stressed with 10 mM hydrogen peroxide or left 
unstressed once log phase was reached.  After 10 minutes, total RNA was 
isolated and RT-PCR performed of GOA1.  GOA1 was transcribed in all 
conditions tested. 
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Overnight Cultures of the GOA1∆ are “Sticky” in YPD and Flocculate in M199.  

After strains were grown overnight in YPD at 30°C, GOA1 mutant cells failed to 

separate, forming clumps (Figure 4.3A).  Since this might be indicative of a cell 

wall adhesin defect, as a relationship between adherence and flocculation has 

been previously shown (40), strains were also tested for their ability to flocculate 

and form hyphae in M199 broth, pH 7.5, 37°C.  As seen in Figure 4.3B, cells in the 

GOA1 mutant flocculate.  These cells form hyphae, as seen in Figure 4.3C.  

However, the hyphae are not as elongated in the mutant cells as they are in the 

wild type, and there are not as many cells in the mutant culture, again showing 

the slow growth phenotype.  These phenotypes are restored in the reconstituted 

strains.  Similar results were seen for filamentation when cells were grown in 

10% serum (data not shown). 
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Figure 4.3: GOA1 Mutants Flocculate and Form Hyphae in M199 Broth.  A. 
Cells grown overnight in YPD at 30°C fail to separate in the GOA1 mutant 
cultures.  This phenotype is partially restored in the reconstituted strain.  B and 
C.  Strains were grown overnight in YPD broth and switched to M199, pH 7.5, at 
a starting cell density of 104 cells per ml.  After 3 hours of growth at 37°C, 
cultures were observed for flocculation (B) and hyphae formation (C).  GOA31, 
GOA32 and SC5314 shown.  Strains were also grown in 10% serum to view 
hyphal formation.  Cells of all strains were able to form hyphae similar to those 
seen for M199 (data not shown). 
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GOA21 is Sensitive to Certain Types of Cell Wall Stress.  The sensitivity of 

GOA21 to certain selected wall inhibitors was also evaluated (Figure 4.4).  

Overnight cultures were diluted and plated on YPD agar containing the 

following substances: 400 µg hygromycin B (translational inhibitor), 2 µg 

tunicamycin (inhibit incorporation of certain mannoproteins into the cell wall), 

10 and 15 mM sodium orthovanidate (indicates protein processing defect in 

golgi), and 25 mM caffeine (inhibitor of cyclic AMP phosphodiesterases).  No 

differences were observed between strains plated on YPD agar containing 

tunicamycin or caffeine, as the growth differences observed on these plates is 

similar to those seen without these compounds (Figure 4.4).  However, GOA21 

was more sensitive to hygromycin B when compared with DAY286His+.  Further, 

GOA21 did not grow on YPD agar plates containing 10-20 mM sodium 

orthovanidate.  Resistance to these compounds was partially restored in GOA22. 

 
 
 
 
 
Figure 4.4: GOA1 Mutants are Sensitive to Some, but Not All, Types of Cell 
Wall Stress.  Strains GOA21, GOA22 and DAY286 were grown overnight, 
washed and plated on YPD agar plates containing the following inhibitors: 400 
µg hygromycin B, 2 µg tunicamycin, 25 mM caffeine or 10 or 15 mM sodium 
orthovanidate.  Cells were plated at a concentration of 5x 105, 104, 103, 102 and 101.  
Growth was evaluated after incubation at 30°C for 48 hours. 
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Discussion 

The ability to reversibly switch from yeast form to hyphal form is 

important in the disease process.  Here we show that cells lacking GOA1 are 

unable to undergo this transition effectively on solid filamentation-inducing 

agar, such as 10% serum, Spider and SLAD.  The GOA1 mutant strains also 

exhibit much smaller colony sizes on these types of media, once again giving 

support to a growth defect phenotype as discussed in Chapter 3.  These 

phenotypes are partially restored in the reconstituted strain.  However, cells 

lacking GOA1 are able to form filaments in liquid media, such as M199, pH 7.5, 

and 10% serum at 37°C.  The filaments are not as long as those formed by the 

wild type and reconstituted strains.  Also, GOA1 mutants are unable to grow as 

well in M199 and 10% serum as the wild type, as there are less cells per ml.  The 

conditions established in the liquid media, such as the lack of readily available 

nutrients, may more closely resemble what the cells may encounter in vivo. 

Therefore, we believe that if GOA31 is unable to establish an infection in the 

mouse model of candidiasis (Chapter 7), it may have less to due with the 

inability to form hyphae on solid media than with other deficiencies that cells 

lacking GOA1 may have. 

 We also observed that GOA1 is transcribed in the absence of known 

transcription factors or repressors involved in filamentation pathways.  

Therefore, if GOA1 plays a direct role in controlling filamentation, it may be 

through an undefined regulatory mechanism. 
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 Another interesting observation made was the “clumps,” or lack of 

separation, of cells in overnight cultures of the GOA1 mutants.  Since cell cycle is 

unaffected by the absence of GOA1 (see Chapter 3), we hypothesized that this 

might be due to a cell wall defect.  Strains were grown in M199 to determine 

whether or not they would flocculate.  In fact, the GOA1 mutants do flocculate 

under these conditions.  Flocculation has long been important in beer 

production, which, in turn, depends on the expression of the FLO family of genes 

(38).  The FLO family of genes is responsible for cell-cell adhesion and cell-

substrate adhesion (39).  Fu et al have also shown a relationship between 

flocculation and adherence (40).  Perhaps in the absence of GOA1 one or more of 

the FLO genes are constitutively active, which could help to explain the “sticky” 

phenotype seen in overnight cultures grown in YPD.  Looking at the expression 

of the FLO genes, as well as some adhesins, in the absence of GOA1 might give 

us more insight into this relationship. 

 The alternative hypothesis for the clumping seen in overnight cultures of 

the GOA1 mutant was a cell wall defect.  Therefore we decided to look at growth 

of the GOA21, GOA22 and DAY286 strains in the presence of known cell wall 

inhibitors.  When strains were grown on tunicamycin, a compound that inhibits 

the incorporation of certain mannoproteins into the cell wall, all strains grew 

equally well, indicating that GOA1 is not involved in this process.  When strains 

were grown on caffeine, an inhibitor of cyclic AMP phosphodiesterases, GOA21 

did not grow as well as wild type.  This phenotype was partially restored in 
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GOA22.  GOA21 growth was also inhibited on sodium orthovanidate, a 

compound that affects protein processing in the golgi.  This phenotype was fully 

restored in GOA22.  The lack of GOA21 growth in the presence of these two 

compounds can indicate a direct role of GOA1 in protein processing.  More likely 

is that protein processing is indirectly affected.  It is possible that Goa1p is 

responsible for regulation or interacting with/shuttling proteins responsible in 

protein processing.  More research is needed in these areas to determine the role 

of GOA1 in this process. 
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Chapter 5: GOA1 and Stress Adaptation 
 

Background 
 
 As discussed in the Introduction, the ability to adapt to external and 

internal stresses is key to survival.  There are many types of stress a cell can 

experience: oxidative, osmotic, heavy metal, nutrient, etc.  In this chapter we will 

focus on the adaptation to oxidant and osmotic stress. 

 The major signaling pathway responsible for adaptation to osmotic and 

oxidant stress is the HOG pathway, or high osmolarity glycerol pathway 

(Introduction, Figure 1) (1, 2).   The HOG pathway is not just responsible for 

sensing these types of stress; it is also responsible for the regulation of 

chlamydospore formation and filamentation (3).  There are three other major 

MAPK signal transduction pathways in C. albicans, although not all of them are 

responsible for adaptation to osmotic and oxidant stress.  These pathways 

respond to environmental signals such as low temperature, pheromones and 

carbon sources (2).  Figure 5.1 from Alonso-Monge et al provides an overview of 

these four MAPK signal transduction pathways (2). 
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Figure 5.1: Overview of the Major MAPK Signal Transduction Pathways in C. 
albicans. Main elements of the MAPK signal transduction network in C. albicans. 
Genes are represented in normal characters where deletion and/or phenotypic 
characterization of the corresponding strain has been carried out in C. albicans or, 
alternatively, in italics, where their position and role are just presumed based on 
the S. cerevisiae model and/or inspection of the genome. The existence of 
additional putative elements that may play a role in the activation of the 
corresponding MAPK is shown as question marks. The stimuli leading to the 
activation/repression of the pathways are shown either as stimulating (--) or 
inhibitory (--|) arrows. It is important to note that the arrows do not establish 
whether the interaction/crosstalk takes place through a direct or an indirect 
mechanism. The role of each MAPK in the physiological response is highlighted, 
but it must be taken into account that the interaction between pathways extends 
their indicated roles and generates a proper balanced response in the fungal cell. 
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The CEK1 pathway is involved in the following processes: morphogenesis 

and filamentation, growth, cell wall construction and mating (2).  Direct evidence 

for its role in filamentation comes from the deletion of CEK1: these mutants are 

unable to form hyphae on solid media (4).  It has also been hypothesized that 

CPH1, a transcription factor responsible for inducing transcription of genes 

responsible for hyphal formation (Chapter 4), is regulated by this signaling 

cascade (5, 6).  Marcil et al has shown that deletion of CEK1 and other proteins in 

this pathway results in reduced virulence in the mouse model of invasive 

infection (7). 

To demonstrate the role of CEK1 in regulating growth, cells in stationary 

phase were placed in fresh media and the phosphorylation of Cek1p was 

followed over time.  Roman et al determined that phosphorylation (activation) of 

Cek1p reaches its peak within the first two hours of this transition and decreases 

as cells enter stationary phase (8).  Roman et al also showed that SHO1 mutants 

are sensitive to cell wall interfering compounds and fail to activate CEK1, hinting 

at a possible role in cell wall construction (8).  Sho1p is upstream of Cek1p. 

Little is known about the specific role of CEK1 in mating.  In fact, the role 

mating and its clinical significance in C. albicans is still debated (9).  Deletion of 

CEK1 results in cells that are partially defective in the mating process (10).  

However, when CEK2, another MAPK, is deleted in the CEK1∆ background, cells 

are unable to mate, showing the need for both proteins in the mating process 

(10).  The other roles of CEK2 in C. albicans are still being defined. 
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 The Mkc1p MAPK of C. albicans has 3 roles: cell wall integrity, stress 

adaptation and invasive growth.  Cells lacking MKC1 are sensitive to cell wall 

interfering compounds; however, this phenotype is restored with the addition of 

sorbitol into the media, showing a role for MKC1 in both cell wall integrity and 

adaptation to osmotic stress (11, 12).  Navarro-Garcia et al also showed a slightly 

altered cell wall composition of MKC1 mutants, including a different deposition 

of mannan (13).  Mkc1p is phosphorylated in many stress conditions, including 

osmotic and oxidant stress and in the presence of antifungal drugs and calcium 

ions (14).  Kumamoto et al showed that when biofilms are formed, MKC1 is 

important for invasive growth (15).  An MCK1 mutant is avirulent in the mouse 

model of invasive infection (16). 

 A non-MAPK protein that plays a large role in the adaptation to oxidant 

stress is CAP1.  The Cap1 mutant is hypersensitive to hydrogen peroxide (17).  

When the cell is stressed with oxidants, Cap1p localizes to the nucleus (18).  

CAP1 is thought to be important in the disease process: its transcription is 

increased when cells are phagocytised by human neutrophils and cells lacking 

Cap1 are avirulent in an invasive mouse model of candidiasis (19, 20).  The 

current belief is that CAP1 and HOG1 act independently of each other but that 

both are important in oxidant adaptation and survival: the absence of CAP1 does 

not affect Hog1p phosphorylation, and nor does the absence of HOG1 affect the 

ability of Cap1p to translocate to the nucleus (21). 
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 It is important to study stress adaptation in C. albicans because of its 

critical role in survival and in the disease process.  Being able to adapt to reactive 

oxygen species (ROS), such as those found in neutrophils (discussed further in 

Chapter 6), is important in order to establish infection in the 

immunocompromised host (22-24).  Due to the fact that adaptation to stress is 

important for survival, we wanted to determine what role GOA1 might play, if 

any, in the stress adaptation process. 

 

Methods 

Drop Plate Osmotic and Oxidant Sensitivity Assays.   Following the method of 

Chauhan et al (25), the sensitivity of all strains described below to oxidant and 

osmotic stress was tested by plating dilutions of 5 x 101 to 5 x 105 cells (each in a 

total of 5 µl) onto YPD agar plates containing increasing concentrations of H2O2 

(4, 5 and 6 mM), menadione (0.100 and 0.125 mM), tert-butyl hydrogen peroxide 

(0.5 and 1 mM), sodium chloride (1 and 1.5 M) and potassium superoxide (1 and 

2 mM).  Yeast cells were obtained from overnight cultures grown in YPD broth at 

30°C, washed with saline, and standardized by hemocytometer counts.  The 

growth of each strain was evaluated for sensitivities after 48 h of incubation at 

30°C.  
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RT-PCR of Hydrogen Peroxide and Sodium Chloride Stressed Cells.  Wild 

type strains were grown overnight and diluted to a starting OD600 = 0.1.  Cells 

were grown in YPD at 30°C until log phase was reached and then either left 

unstressed or stressed with 5 mM H2O2 or 1 M NaCl.  RNA was isolated as 

described in Chapter 4 at 5, 15, 30 and 60 minutes post stress.  RT-PCR was 

performed as described in Chapter 4 using GOA1-specific primers (Appendix, 

Table 2). 

 

RT-PCR of GOA1 in cap1, cek1, cek2, hog1 and mkc1 Deletion Strains.  The 

following strains were used: SC5314, cap1∆, cek1∆, cek2∆, hog1∆ and mkc1∆ were 

grown overnight and then diluted to a starting OD600 = 0.1.  Cells were grown in 

YPD at 30°C until log phase was reached.  Cells were left unstressed or stressed 

with 5 mM H2O2 or 1 M NaCl.  After 15 minutes, RNA was isolated and RT-PCR 

performed as described in Chapter 4 using GOA1-specific primers (Appendix, 

Table 2).  

 

Killing of Yeast During Oxidant Stress.  To determine if GOA21, GOA22 and 

DAY286 cells were growth-inhibited or killed by H2O2, cells were grown 

overnight in YPD and then diluted to a starting OD600 = 0.1.  Cells were grown in 

YPD at 30°C until log phase was reached and then left unstressed or stressed 

with 4 mM, 5 mM and 6 mM H2O2.  After 4 hours, cells were washed, diluted, 

plated and incubated on YPD agar at 30° for 48 hours.  Colonies were counted 
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and percent killing calculated as follows: (# colonies from stressed culture/# 

colonies from unstressed colonies) * 100. 

 

Determination of Intracellular Glycerol Production.  Strains grown overnight at 

30°C were diluted to a starting OD600= 0.10 in 50ml of YPD broth.  Cells were 

incubated at 30°C they reached log phase (4-6 hours, depending upon the strain), 

at which time they were stressed with 1 M NaCl.  Samples were taken at 0 - 4 h 

after stress and the cells lysed. Then, glycerol production was measured through 

the production of NADH, as the amount of NADH oxidized is stoichiometric to 

the amount of glycerol produced.  Intracellular glycerol levels were determined 

using the Glycerol Determination Kit (Roche).   

 

Protein Isolation and Phosphorylation of Hog1p.  Strains GOA21, GOA22 and 

DAY286, which were grown overnight in YPD, were diluted to OD600 = 0.1 and 

were grown until log phase, at which time they were stressed with 10 mM H2O2.  

At time points 0, 2, 10, 30 and 60 minutes after stress, cell extracts were prepared 

from whole cells using glass beads in a fast-preparation cell breaker protocol 

(3,26).  Briefly, cells were resuspended in lysis buffer (50 mM Tris/HCl, pH 7·5, 

10 % glycerol, 1% Triton X-100, 0.1% SDS, 150 mM sodium chloride, 50 mM 

sodium fluoride, 10 mM sodium orthovanidate, 50 mM glycerol phosphate, 

50 mM sodium pyrophosphate, 5 mM EDTA, pH 8 and 1 mM PMSF). Cell 

extracts were obtained by vortexing for 30 seconds and incubating on ice for one 
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minute.  Extracts were centrifuged and incubated at 4°C for 15 minutes.  The 

supernatants were collected and stored at –80 °C until further use.  Similar 

amounts of protein, as determined by the Bradford Assay, were loaded into SDS-

polyacrylamide gels and separated by electrophoresis.  The blots were analyzed 

following the methods of Chauhan et al and Menon et al (25, 27).  The blots were 

first probed with a phospho-p38 MAP kinase (Thr180/Tyr182) 28B10 monoclonal 

antibody (anti-TGYP, Cell Signaling Technology).  After the blot was developed, 

it was stripped and probed with an ScHog1p polyclonal antibody (anti-ScHog1p, 

Santa Cruz Biotechnology).  All blots were developed using the Hybond ECL kit 

(Amersham Pharmacia Biotech). 

 To determine the phosphorylation of Mkc1p, blots were first probed with 

an anti-phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody (anti-42-44-P, 

Cell Signaling Technology).  After the blot was developed, it was stripped and 

probed with anti-GST-Mkc1p antibody (Anti-MKC1) (14).  Blots were developed 

as described above. 

 

Results 

Goa1p Protects Cells Against Some Oxidants.  We tested the sensitivity of all 

strains to hydrogen peroxide, tert-butyl hydrogen peroxide, menadione, and 

potassium superoxide.  Cells were grown overnight, dilutions were plated on 

YPD agar containing each oxidant mentioned above, and plates were incubated 

at 30°C for 48 hours.  Compared to wild type, the GOA1 mutant was more 
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sensitive to 6 mM hydrogen peroxide and to 0.125 mM menadione (Figure 5.2).  

Resistance to these oxidants was partially or completely restored in the 

reconstituted strain.  There was no difference in growth among strains on YPD 

agar containing tert-butyl hydrogen peroxide and potassium superoxide (Figure 

5.2).  Thus, GOA1 is required for protection to some but not all types of oxidants. 

 
 
 
 
 
 
 
 
Figure 5.2.  The GOA1 Mutant Strain is More Sensitive to H2O2 and 
Menadione, but not to Tert-Butyl Hydrogen Peroxide.  Drop plate assays of 
GOA1∆, wild-type and reconstituted strain cells in the presence of H2O2, 
menadione or tert-butyl hydrogen peroxide. Strains were grown overnight and 
standardized as described in the Methods section. Indicated is growth of strains 
on YPD or YPD containing H2O2 (4, 5 or 6 mM), menadione (0.100 or 0.125 mM) 
and tert-butyl hydrogen peroxide (0.5 and 1 mM) at yeast cell concentrations of 
5x 105, 104, 103, 102 and 10 cells.  Plates were incubated at 30°C for 48 hours. 
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GOA21 is Killed by Hydrogen Peroxide Stress.  Since the GOA1∆ is more 

sensitive to some oxidants than wild type, we wanted to determine if the cells 

exposed to oxidative stress were being killed or merely growth inhibited.  

GOA21, GOA22 and DAY286 were grown until log phase, at which point they 

were stressed with 4, 5 and 6 mM H2O2, or left unstressed.  After 4 hours cells 

were pelleted and plated on YPD agar.  Plates were then incubated for 48 hours 

at 30°C.  Percent killing was determined based on the number of colonies on the 

H2O2 plate divided by the number of colonies on the unstressed plate.  As seen in 

Figure 5.3, GOA21 does not survive in the presence of hydrogen peroxide.  At 4 

mM H2O2, less than half of the GOA21 cells survive when compared to the wild 

type and gene reconstituted strain.  Survival decreases even more with 

increasing concentrations of H2O2.  Restoring one copy of the GOA1 gene almost 

completely restores survival to that of wild type levels.  Oxidative stress has a 

cidal effect on GOA21 survival. 
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Figure 5.3: GOA21 is Killed More than Wild Type During Hydrogen Peroxide 

Stress.  Strains GOA21, GOA22 and DAY286 were used for this experiment.  

Strains were grown overnight then transferred to fresh YPD media.  After log 

phase was reached (30°C incubation), strains were stressed with 4, 5 or 6 mM 

H2O2 or left unstressed.  Strains were incubated at 30°C for 4 hours then plated 

on YPD agar.  Percent survival was calculated for all strains.
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The GOA1 Mutant is Also Sensitive to Osmotic Stress.  As described in the 

Introduction, C. albicans utilizes genes that make up a general response (or core) 

profile to common stress conditions such as osmotic, oxidative and heavy metal.  

Therefore, to determine if Goa1p is functionally important in protection against 

other stress conditions, we grew all strains in YPD agar drop plates containing 1 

or 1.5 M NaCl or 1 or 2 mM potassium oxide; subsequently, growth was 

evaluated after incubation at 30°C for 48 h.  The GOA1 mutant was more 

sensitive than wild type cells to both concentrations of NaCl but was not 

sensitive to either concentration of KO2 (Figure 5.4).  The phenotype observed on 

NaCl was partially restored in the reconstituted strain.  Thus, Goa1p is required 

for optimal growth in the presence of H2O2, menadione, and NaCl stress. 

 
 
 
 
Figure 5.4.  GOA31 is More Sensitive to Osmotic Stress Produced by NaCl but 
not by KO2.  Drop plate assays were done as described in the Methods section. 
Strains were grown on YPD alone or YPD + 1.0 or 1.5 M NaCl or YPD + 1 or 2 
mM KO2. Other conditions of the assay are also described in Figure 5.2.  



 108 

GOA31 

SC5314 
GOA32 

5 X 

YPD 

1 M NaCl 

2 mM 
KO2 

1 mM KO2 

105 104 103 102 101 

1.5 M 
NaCl 

GOA31 

SC5314 
GOA32 

GOA31 

SC5314 

GOA32 

105 104 103 102 101 



 109 

Glycerol Production is Elevated in the GOA1 Mutant.  Glycerol production by 

cells plays an important role in adaptation to osmotic stress (28).  To investigate 

if glycerol production was altered in the strain GOA31, we determined the 

amount of glycerol produced under osmotic stress.  Overnight cultured cells 

were inoculated into fresh YPD and grown at 30°C until OD600=0.8, at which time 

the NaCl concentration was adjusted to 1.0 M, and samples were removed every 

hour for 4 hours.  Although all strains showed increased glycerol production 

once the NaCl concentration was elevated, GOA31 produced higher amounts of 

glycerol than the wild type or GOA32 strains, even under the non-stress 

condition (Figure 5.5, Table 5.1)  (Wt vs. GOA31, unstressed, p=.007; stressed 

p=.02 1, 2, or 3 hours, and p=.005 4 hours); (GOA31 versus GOA32, unstressed, 

p=.004; stressed, 1hour, p=.02; 2 and 3 hours, p=.008; 4 hours, p=.002); SC5314 

versus GOA32, NS). Thus, the sensitivity of the mutant to hyperosmotic NaCl is 

not associated with its failure to produce the osmolyte glycerol.   
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Figure 5.5: GOA31 Produces Significantly More Glycerol, Even Under 
Unstressed Conditions. Glycerol production in strain GOA31 is higher than wild 
type and the gene-reconstituted strain GOA32.  Cells were grown overnight at 
30°C and then transferred to fresh YPD adjusted to OD600 = 0.1.  Cells were grown 
at 30°C until OD600 = 0.8, at which time 5 M NaCl was added to a final 
concentration of 1.0 M.  Samples were taken every hour for 4 hours.  Cells were 
lysed and intracellular amounts of glycerol determined based upon the amount 
of NAD+ formed by absorbance at 340 nm.  Data are shown as averages of 3 
experiments.    
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Table 5.1: Glycerol Production in GOA31 is Elevated Compared with Wild 
Type Cells in 1 M NaCl Stressed and Unstressed Cells.  Data was evaluated for 
significance using the Student’s t Test.  Results are calculated from three 
independent experiments. 
 

 

Strain Unstressed 1 Hour 2 Hours 3 Hours 4 Hours 

SC5314 vs GOA31 p=0.007 p=0.02 p=0.02 p=0.02 p=0.005 

GOA31 vs GOA32 p=0.004 p=0.02 p=0.02 p=0.02 p=0.008 

SC5314 vs GOA32 NS NS NS NS NS 

NS: Not statistically significant (p>0.05) 
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GOA1 Transcription is Upregulated Only During Osmotic Stress.  We initially 

measured transcription of GOA1 in wild type (SC5314) log-phase cells in 

unstressed and stressed cells at 5, 15, 30 and 60 minutes following the addition of 

either 1 M NaCl or 5 mM H2O2 (Figure 5.6). Total RNA was isolated from all 

conditions and subjected to RT-PCR to measure GOA1 transcript using ACT1 as 

an internal loading control and GOA1 specific primers (Appendix Table 2).  In 

unstressed and H2O2-stressed cells, the transcription of GOA1 was constant at all 

time points.  However, we observed that in cells treated with 1M NaCl, 

transcription was induced 4-fold at 5 minutes and remained elevated for at least 

1 hour.  Even though GOA1 is transcribed at all time points tested and under all 

conditions tested, it may play a larger role in adaptation to osmotic stress. 

 
 
 
Figure 5.6: GOA1 Transcript is Elevated When Cells are Stressed with 1 M 
NaCl. GOA1 transcription (0-60 min) is similar in unstressed wild type cells (top 
panel) but is increased following treatment of wild type cells with 1 M NaCl 
compared to untreated cells (middle panel).  Transcription is not increased when 
cells are treated with H2O2 (bottom panel).  
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Transcription of GOA1 Increases in the Absence of MAPK Signal Pathway 

Proteins Cek1p and Hog1p.  To determine whether GOA1 is regulated by known 

MAPK signal pathway proteins, we measured its transcription in cek1∆, cek2∆, 

hog1∆ and mkc1∆ mutants compared to wild type cells using an incubation time 

of 20 minutes with either stress condition (Figure 5.7). We also compared 

transcription of GOA1 in a cap1 mutant since this gene plays a major role in 

peroxide adaptation. In unstressed cells, transcription at 20 minutes was 

increased significantly only in the cek2∆ mutant, about 2-fold compared to wild 

type and other mutants.  Following treatment with 1 M NaCl, GOA1 

transcription was similarly increased only in the cek2 mutant but that increase 

was similar to untreated cells (Figure 5.7).  In peroxide treated cells, again 

transcription of GOA1 was elevated in the cek2∆ but also in the hog1∆ mutant 

compared to other strains. However, in none of the MAPK mutants was GOA1 

transcription abolished during incubation with NaCl or peroxide.   Therefore, 

our results indicate that GOA1 transcription is effected only in the cek2∆ and 

hog1∆ mutants. The change in transcription in the cek2∆ occurred in the absence 

or presence of stress, indicating that it is unrelated to stress adaptation.  The 

change in GOA1 transcription in the hog1∆ could indicate a partial 

regulation/suppression of GOA1 transcription by Hog1p under normal 

(unstressed) cellular conditions. 

 
 
 
 



 115 

Figure 5.7: Transcription of GOA1 Increases in the Absence of CEK2 in All 
Conditions Tested and in the Absence of HOG1 when Stressed with Hydrogen 
Peroxide. GOA1 transcription is similar in all strains in unstressed media except 
for the cek2∆ mutant in which transcription increases (top panel). In osmotic 
stress, similarly, transcription is the same in all strains except for the cek2∆ 
mutant in which again transcription is increased (middle panel).  In peroxide-
stressed cells, GOA1 transcription is increased in the cek2∆ and hog1∆ mutants 
(lower panel) compared to other strains. All assays were done after 20 min of 
stress with either NaCl or peroxide.  Strains are indicated above each lane.  
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Hog1p and Mkc1p are Phosphorylated in the Absence of Goa1p.  To determine 

if GOA1 may be acting upstream of HOG1 or MKC1 when cells are peroxide 

stressed, strains GOA21 and DAY286 were grown to log phase and stressed with 

10 mM H2O2 for 0, 2, 10, 30 and 60 minutes.  Protein was isolated from these 

strains and separated by electrophoresis.  Blots were probed with antibodies to 

phosphorylated and unphosphorylated Hog1p and Mkc1p.  Under the 

conditions tested, both Hog1p and Mkc1p were phosphorylated in the presence 

of stress and in the presence or absence of Goa1p (Figure 5.8).  Therefore it is 

unlikely that Goa1p regulates phosphorylation of either of these proteins.  

 
 
Figure 5.8: Hog1p and Mkc1p Phosphorylation are Unaffected in the Absence 
of Goa1p.  Strains GOA21 and DAY286 were grown to log phase and stressed 
with 10 mM hydrogen peroxide.  Protein was isolated at 0, 2, 10, 30 and 60 
minutes following the addition of H2O2.  The top panels show the 
phosphorylation of Hog1p in the absence and presence of Goa1p.  An antibody 
to unphosphorylated Hog1p was used as an internal loading control.  The 
bottom panel shows the phosphorylation of Mkc1p in the absence and presence 
of Goa1p.  An antibody to unphosphorylated Mkc1p is used as an internal 
loading control. 
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Discussion 
 
 As mentioned above, the ability to adapt to stress is important for 

survival.  The cell can experience a variety of stresses: osmotic, oxidant, heavy 

metal or nutrient.  Of these, the ability to adapt to oxidative stress is one of the 

most important for survival in the human host and the ability to cause disease.  

This concept is discussed in detail in Chapter 6, as the ability to overcome the 

oxidative burst encountered in neutrophils/macrophages is important for 

establishing a systemic infection.  Here we have shown that cells lacking GOA1 

are susceptible to stress by hydrogen peroxide and menadione, but not from tert-

butyl hydrogen peroxide.  This suggests that adaptation to tert-butyl H2O2 may 

occur via a different mechanism.  Sensitivity to peroxide can be seen in 

concentrations beginning at 5 mM.  It is hypothesized that the concentration of 

peroxide encountered in a neutrophil is also around 5 mM (29); therefore, this 

may be physiologically relevant.  We also tested whether cells were killed or 

inhibited in the presence of peroxide.  Preliminary results suggest that GOA21 is 

killed by peroxide at all concentrations tested and that wild type cells at these 

concentrations may be merely inhibited at the lower concentrations.  Further 

experimentation is necessary to determine if this is indeed the case. 

 Cells lacking GOA1 are also sensitive to sodium chloride but not to 

potassium superoxide.  Again, the mechanism of adaptation to these stresses 

may be different so that GOA1 is necessary for adaptation to NaCl but not to 

KO2.  Since the production of glycerol is important in adaptation and survival 
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when cells encounter osmotic stress, we hypothesized that perhaps the goa1∆ is 

producing less glycerol than the wild type and gene reconstituted strains.  

However, we actually observed the opposite effect.  Even when cells were not 

stressed, GOA31 cells produced more glycerol than GOA32 and SC5314.  As cells 

were stressed with 1 M NaCl, the amount of glycerol produced by the goa1∆ 

remained elevated compared with the other strains.  These levels of glycerol 

production were statistically significant at all time points in the mutant as 

compared with the wild type and gene reconstituted strains.  This suggests that 

GOA1 may be involved in glycerol production by directly or indirectly 

interacting with genes responsible for this process.  Since the amount of glycerol 

increases in the absence of GOA1, GOA1 may be a negative regulator of glycerol 

production.  More experimentation is necessary to determine the role of GOA1 in 

this process.  It would be interesting to look at the transcript levels of known 

genes involved in glycerol production in the presence and absence of GOA1. 

 To determine which conditions may elevate the levels of GOA1 transcript, 

we stressed the cells with 1 M NaCl or 5 mM H2O2 or left the cells unstressed.  

Unstressed cells do not have any change in the transcript levels of GOA1 at any 

time point tested.  This was also the case for cells stressed with hydrogen 

peroxide.  However, cells stressed with NaCl showed an increase in GOA1 

transcript levels of ~2 fold after 5 minutes and ~4 fold after 15 minutes.  The 

transcript levels remain elevated throughout all later time points tested.  Perhaps 

GOA1 plays a larger role in adaptation to osmotic stress than oxidant stress.  This 
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is also supported by the fact that in the absence of GOA1 cells produce more 

glycerol than in wild type strains. 

 There are 4 major MAPKs in C. albicans: CEK1, CEK2, HOG1 and MKC1.  

These MAPKs are responsible for adaptation to a variety of stress conditions as 

well as cell wall biosynthesis and mating (Figure 5.1).  The transcription factor 

CAP1 has also been shown to be important in oxidant adaptation.  To determine 

if GOA1 may be downstream of these proteins, we looked at the transcription of 

GOA1 in the absence of the 4 MAPKs and CAP1 when cells were unstressed or 

stressed with 1 M NaCl or 5 mM H2O2.  In all conditions tested, GOA1 

transcription was increased ~2 fold in the absence of CEK2.  Little is known 

about CEK2; currently, its only known function is its requirement in mating.  

More research is needed into the role of CEK2 in C. albicans so that the 

significance of the increased transcription of GOA1 can be determined.  GOA1 

transcript levels were also slightly elevated in the absence of HOG1 when cells 

were stressed with H2O2.  This could suggest that GOA1 is part of an alternate 

adaptation pathway and is upregulated in the absence of HOG1 to aid in oxidant 

adaptation. 

 Since the HOG1 and MKC1 MAPK pathways are the 2 major oxidant and 

osmotic stress adaptation pathways in C. albicans, we determined if the absence 

of GOA1 affects the phosphorylation of these 2 proteins.  In the absence of GOA1, 

both Hog1p and Mkc1p are phosphorylated when stressed with H2O2.  Therefore 

the absence of GOA1 does not affect phosphorylation of Hog1p or Mkc1p.  This 
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is not surprising as most of the proteins upstream of HOG1 and MKC1 are 

known. 
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Chapter 6: GOA1 and Neutrophils 
 
 

Background 

As alluded to in previous chapters, the neutrophil, or polymorphonuclear 

(PMN) cell, is one of the most important lines of defense against a systemic 

Candida infection.  Patients who are neutropenic, meaning those that have a 

reduced number of circulating neutrophils, are more susceptible to invasive 

candidiasis (1-3).  The entire phagocytic process includes several steps: 1) the 

neutrophil must first find its way to the C. albicans yeast cell (chemotaxis); 2) the 

yeast cell must be recognized by the neutrophil as foreign; and 3) the yeast cell 

must be phagocytized.  At this point the yeast cell either survives or is killed by 

the oxidative burst and other stress encountered within the neutrophil. 

 A neutrophil “finds” its way to a site of infection based on the 

chemoattractants released by the invading organism.  For example, bacterial 

release formyl methyl peptides (fMLP), which attract neutrophils in vitro (4-6).  

Geiger et al have also shown this to be true for C. albicans as well as 4 other 

Candida species (7).  Based on chemotaxis assay they have developed, they 

estimate that the C. albicans chemoattractant is 1 kD (7). 

 Once the neutrophil has come into contact with the invading C. albicans 

cell, the neutrophil must phagocytize the yeast cell in order to kill it.  Although 

the process of phagocytosis can occur in the absence of serum opsinins, they are 

required for the yeast to be killed (1).  Some studies have shown that an 

unopsonized yeast that is ingested via phagocytosis only illicits a limited 
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oxidative burst, which may not be capable of killing the yeast (8).  Thus 

opsonization of the yeast cell by complement (for example) is important so that 

killing can take place within the neutrophil. 

 As the yeast cell is phagocytized, there are many changes that happen to 

both the neutrophil and the yeast cell.  First of all, in a neutrophil, germination of 

the yeast cell rarely occurs (9).  The neutrophil attempts to attack the yeast via an 

oxidative burst: reactive oxygen species (ROS) such as superoxide radicals and 

hydrogen peroxide are released, much of which is dependent upon glutathione 

metabolism by the PMN.  The yeast responds with an increase in anti-oxidant 

production (9).  If the yeast cell is unable to detoxify the ROS encountered in the 

neutrophil, it will be killed. 

 Previous in vitro data has show that cells lacking GOA1 are sensitive to 

both hydrogen peroxide and menadione at physiologically relevant 

concentrations.  Therefore, we hypothesize that cells lacking GOA1 will also be 

killed more by human neutrophils than wild type cells. 
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Methods 

Neutrophil Isolation.  PMNs were isolated from the peripheral blood of healthy 

human volunteers by dextran sedimentation and centrifuged through the 

lymphocyte separation medium Polymorphprep (Axis-Shield).  PMNs were 

enriched in number by a brief hypotonic lysis of erythrocytes and then 

suspended in RPMI 1640 medium containing 10% fetal bovine serum (FBS). Cells 

were judged as >99% viable by trypan blue dye exclusion. 

 

Neutrophil Killing and Phagocytosis Assays.  The neutrophil killing and 

phagocytosis assays were performed as previously described (10, 11).  Briefly, 

strains were grown in YPD broth overnight as described previously, washed 

with phosphate buffered saline (pH 7.4) and then opsonized with 50% human 

serum for 30 min at 37°C.  PMNs and opsonized yeasts (collected by 

centrifugation) were suspended in RPMI medium containing 10% fetal bovine 

serum (FBS) at a ratio of 10:1 (neutrophils to yeast: 107PMNs:106 yeasts).  

Cultures were incubated at 37°C for 2 hours, centrifuged, and suspended in 

water to lyse neutrophils.  Serial dilutions were performed of the yeast cells and 

100 µl plated on YPD agar.  Plates were incubated for 48 hours at 30°C at which 

time colony forming units were counted.  The percent killing was calculated 

using the following formula for each strain: [(CFU without PMNs) – (CFU with 

PMNs)/(CFU without PMNs)] x 100.  To determine the percentage of 

phagocytosis for each strain, smears of PMN and cell mixtures were stained with 
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Wright’s Blood Staining Solution.  The percentage of 100 neutrophils with 

phagocytized yeasts was counted microscopically. 

 

Chemotaxis Assay.  The chemotaxis assays were performed as previously 

described (7).  Briefly, 10ml of blood was collected from healthy donors and 

PMNs isolated as described above.  A final concentration of 105 PMNs was used.  

To prepare the “conditioned buffer,” 5ml of overnight culture (grown in YPD) 

from strains DAY286His+, GOA21 and GOA22 was centrifuged and cells washed 

3 times with H-HBSS (Hanks Buffered Salt Solution with 0.1M HEPES).  Cells 

were suspended in 3-ml H-HBSS and grown at 30°C for 3 hours, the cultures 

were centrifuged and the supernatent (“conditioned buffer”) filtered through a 

0.4µM syringe filter. To measure chemotaxis of PMNs for each strain, neutrophils 

were pipetted onto a cover slip.  After 10 min at room temperature, the cover slip 

was inverted onto the quartz bridge and clamped to the slide.  The slide was 

inverted and the wells to either side of the bridge filled with H-HBSS or the 

“conditioned buffer.”  Another cover slip was then clamped on top and the slide 

once again inverted and positioned on a light microscope.  Chemotaxis was 

measured at 37°C for 10 min.  Cells were viewed and analyzed at 15 frames per 

minute on a Macintosh computer using 2D-DIAS software. 
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Results 

GOA1 Mutants are More Sensitive to Killing by Human Neutrophils than 

Wild Type.  Since GOA21 is sensitive to oxidant stress, we examined the 

interaction of this strain with human polymorphonuclear cells.  Three types of 

experiments were done with human neutrophils, including chemotaxis, 

phagocytosis, and killing of strains. Since GOA31 is sensitive to oxidant stress 

imposed by incubating cells in media containing menadione or H2O2, we 

hypothesized that this strain would be more sensitive to killing by PMNs.  To 

measure killing of all strains, PMNs were isolated and mixed with opsonized 

yeast at a 10:1 (PMN to yeast) ratio in RPMI medium containing 10% fetal bovine 

serum (FBS) for 3 hours at 37ºC.  PMNs were then lysed with water, the yeast 

cells plated on YPD agar, and cultures were incubated for 48 hours at 30ºC.  

Colonies were counted and the average of 3 independent experiments shown in 

Figure 6.1.  The % killing of GOA31 cells was significantly greater than that of Wt 

cells (p=0.018) and less for GOA32 than GOA31 (p=0.05), while there was no 

significant difference observed between wild type and GOA32 strains.  Killing of 

the original transposon mutant GOA21 versus its parental strain (Day286) by 

PMNs was significantly greater, similar to the results with GOA31 (p=0.019) and 

GOA41 (data not shown). Thus, these experiments indicate a correlation between 

the sensitivity of the GOA1 mutant to hydrogen peroxide and menadione and 

survival in human PMN. 
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Figure 6.1: GOA31 Cells are Killed Significantly More by Human PMNs than 
Wild Type Cells.  GOA31 is more susceptible to killing by human neutrophils 
(PMNs).  Strains were grown overnight at 30°C, standardized, opsonized with 
human serum and mixed with human PMNs at a ratio of 10:1 (PMNs to yeast) 
and incubated at 37°C for 3 hours after which PMNs were lysed and the yeast 
cell suspensions were plated on YPD plates (30°C for 48 hours).  Colonies were 
counted and percent killing calculated.  GOA21 vs. DAY286 p=0.019 (data not 
shown).  GOA31 vs. SC5314, p=0.018. 
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There is No Difference in Phagocytosis by PMNs Among Strains.  Next, we 

measured phagocytosis of all strains to ensure that the increase in killing 

observed was not due to an increase in phagocytosis.  PMNs were isolated and 

mixed with opsonized yeast at a 10:1 (PMN to yeast) ratio in RPMI medium with 

10% FBS for 5 minutes at 37ºC.  Smears were stained with Wright’s Blood 

Staining Solution and number of phagocytised yeast versus non-phagocytised 

yeast counted.  All strains were equally able to induce phagocytosis (about 40% 

for each strain, data not shown). 

 
GOA21 and DAY286 Equally Attract Neutrophils. To conduct the chemotaxis 

experiments, PMNs were isolated from healthy adult volunteers and placed on a 

glass microscope slide.  Inocula for these studies was prepared by growing all 

strains overnight in YPD at 30°C.  Cells were centrifuged and washed three 

times, then suspended in 5ml Hank’s Buffered Salt Solution with 0.1 M HEPES 

(H-HBSS).  Cells were incubated in this buffer for 3 hours, centrifuged, and then 

the supernatant filtered through a 0.45 µM filter.  The “conditioned buffer” or H-

HBSS alone was placed on either side of the PMNs.  Chemotaxis of PMNs to each 

strain was measured after 10 minute incubation.  Subsequently, images were 

taken every 4 seconds for 10 minutes and then analyzed using 2D-DIAS 

software.  No differences in their ability of PMNs to chemotax were observed 

among strains (DAY286His+: 76% positive chemotaxis, GOA21: 82% positive 

chemotaxis, Figure 6.2 and Table 6.1). 
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Figure 6.2: GOA21 and DAY286 Induce Chemotaxis of Human Neutrophils.  
“Conditioned buffer” (source) for the strains indicated were spotted to the right 
of a neutrophil suspension. Controls for each assay (buffer only) were placed to 
the left of the neutrophils.  Chemotaxis of the neutrophils occurred toward the 
direction of both culture supernates.  Images reflect 3 individual neutrophils per 
strain.  Pictures were taken every 4 seconds for 10 minutes, neutrophils traced 
and images stacked to show the paths as displayed in this figure.
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Table 6.1: Analysis of Chemotactic Factors of Strains GOA21 and DAY 286.  
The chemotactic index (CI) formula takes into account many factors, such as 
speed that the neutrophil is moving, how many times it changes direction and 
how round the neutrophil is (an elongated cell is generally moving in a specific 
direction whereas a round cell is either unactivated or is constantly changing 
directions).  A CI of 0.2 or greater is an indication that a chemoattractant is 
present.  A CI of -0.2 or less is an indication that a chemorepellant is present.  A 
CI between -0.2 and 0.2 indicates that neither are present.  Percent chemotaxis is 
calculated by counting the number of cells that are activated and moving. 
 
 
 
 

Strain Number of cells CI % Positive Chemotaxis 

DAY286 22 0.34 76 

GOA21 35 0.52 82 
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Discussion 
 
 Host response is an important and sometimes overlooked factor in the 

disease process.  The ability of the host to respond to a microbe can be the 

difference between infection and clearance.  It has previously been shown that 

human PMNs are important in preventing systemic disease: patients who are 

neutropenic are far more susceptible to systemic candidiasis than those who have 

a normal number of circulating neutrophils.  As C. albicans is phagocytized by a 

host neutrophil, it encounters an oxidative burst, including ROS and other 

antimicrobial components, in an attempt by the PMN to kill the yeast cell.  

Oxidants that the yeast cell encounters include hydrogen peroxide and 

superoxide anions.  We have previously shown that cells lacking GOA1 are 

sensitive to H2O2 and menadione (generates superoxide anions).  Therefore, we 

wanted to test whether these mutants are killed more by human PMNs than wild 

type cells.  When GOA1 mutant strains are opsonized and mixed with human 

neutrophils at a 10:1 ratio, the GOA1 mutants are killed about 1.5x more than 

wild type cells.  The addition of one copy of GOA1 into its native locus restored 

killing to wild type levels.  To rule out the possibility that phagocytosis or 

chemotaxis were responsible for this increase, we also tested the strains to see if 

there was a difference in either of these processes.  Phagocytosis remained 

constant for all strains, ~40%.  Both GOA21 and DAY286 released a 

chemoattractant, so the difference was not due to an increase or decrease in 

chemotaxis.  Since the GOA1 mutants are killed more by human neutrophils, we 
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hypothesize that these strains may be avirulent in the mouse model of systemic 

Candidiasis.  This will be addressed in Chapter 7. 
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Chapter 7: GOA1 and Virulence 
 
 

Background 

Animal models are available for many types of Candida infections, 

including vulvovaginal, oral and gastrointestinal (GI) and esophageal 

candidiasis (1).  Of all the models available, the immune response to a Candida 

infection has been best characterized in various types of mouse models of 

infection.  The murine model that has been developed for hematogenously 

disseminated candidiasis is well characterized: by introducing 106 cells/ml into 

the mouse via the tail vein, an infection is established that closely resembles a 

disseminated infection in humans (2, 3). 

 Research thus far with GOA1 has concentrated on the interaction of cells 

lacking this gene with human PMNs.  GOA1 mutants were more susceptible to 

hydrogen peroxide in vitro and to killing by human neutrophils than wild type 

strains.  Thus, we wanted to determine whether strain GOA31 was capable of 

establishing an infection in the murine model of disseminated candidiasis. 

 

Methods 

Murine Model of Hematogenously Disseminated Candidiasis.  We followed 

the method of Calera et al (4) to evaluate the virulence of a set of wild type, null 

and the gene-reconstituted strains.  All strains were grown overnight in YPD 

broth at 30°C.  Cells were washed in phosphate-buffered saline (PBS, pH 7.2), 

counted using a hemacytometer and suspended in PBS.  Three groups of 13 
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female BALB/c mice (Harlan) were injected intravenously via the lateral tail vein 

with 50-µl of the following strains (each mouse received 1 X106 yeast cells): 

SC5314, GOA31 and GOA32.  At 24, 48 and 72 hours post-infection, one mouse 

per group was euthanized.  One kidney was removed, fixed in 10% formalin and 

prepared for histological examination using the periodic acid-Schiff stain.  The 

other kidney was removed, weighed and homogenized in PBS.  The 

homogenates were diluted and plated on YPD agar containing 50 µg per ml of 

streptomycin to inhibit bacterial growth.  Plates were incubated at 30°C and after 

48 hours the number of colonies counted to determine fungal load per gram of 

kidney.  All remaining mice were observed for signs of morbidity twice per day.  

If moribund, animals were euthanized by cervical dislocation. 

 

Results 

GOA1 is Required for Virulence in a Hematogenously Disseminated Murine 

Model of Candidiasis.  To investigate the role of Goa1p in virulence, wild type, 

GOA31 and GOA32 strains were inoculated intravenously into 

immunocompetent mice.  Survival of mice over a 21-day period of time was 

determined for each strain, as shown in Figure 7.1, and growth of the strains for 

colonization of mouse kidneys at 24-72 hours post infection (Figure 7.2).  We 

found that mice infected with wild type cells rapidly succumbed to the infection 

during 4 days, whereas mice infected with the null strain GOA31 survived for at 

least 3 weeks. Mice infected with the gene-reconstituted strain (GOA32) showed 
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attenuation of virulence, such that 40% survived for 21 days.  Tissue loads of the 

organism, expressed as cfu/g of kidney, were relatively constant for all strains 

over the course of 72 hours but much lower in strain GOA31 (Table 7.1).  These 

data clearly demonstrate that Goa1p is required for virulence in this murine 

model. 
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Figure 7.1: GOA31 is Avirulent in a Murine Model of Hematogenously 
Disseminated Candidiasis.  The virulence of wild type, GOA31 and GOA32 in a 
murine model of hematogenously disseminated candidiasis is shown as a 
function of survival of mice at 0-21 days post-infection.   
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Figure 7.2: Fungal Burden of All Strains in the Kidneys of Infected Mice at 24, 
48 and 72 Hours Post Infection.  Mice were sacrificed at 24, 48 and 72 hours post 
infection.  One kidney was used to determine fungal load (Table 7.1) and the 
other was fixed in 10% formalin.  The kidneys were then sectioned and stained 
with PAS (perdiodic acid-Schiff) stain by the Lombardi Comprehensive Cancer 
Center Histopathology and Tissue Shared Resource Center. 
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Table 7.1: Log10 CFU/g of Tissue in Mice Infected with Strains of C. albicans.  
At 24, 48 and 72 hours post infection, mice were sacrificed and the CFU of each 
strain were determined by plating homogenates of kidneys on YPD agar. 
Cultures were incubated at 30°C, and colonies were counted after a 48 hour 
incubation.  
 

 
 
 
 
 
 
 
 
 

C. albicans strains 
Log10 CFU/g (mean ± SD) in Kidneys 

 
             24 h                           48 h                            72 h 

SC5314 6.0 ± 0.3 6.6 ± 0.22 6.6 ± 0.26 
GOA31 3.7 ± 0.3 3.2 ± 0.15 3.0 ± 0.25 
GOA32 5.8 ± 0.4 5.5 ± 0.3 5.2 ± 0.28 
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Discussion 

Based on the sensitivity of strain GOA31 to hydrogen peroxide and 

menadione and its decreased ability to survive when exposed to human 

neutrophils in vitro, we hypothesized that GOA1 would be unable to establish an 

infection in the murine model of disseminated candidiasis.  After 21 days of 

infection with strains GOA31, GOA32 and SC5314, all of the mice in the GOA31 

group survived.  All the mice in the wild type (SC5314) succumbed to infection 

after 3 days and 40% of the mice infected with the gene reconstituted strain 

(GOA32) survived after 21 days.  Even though CFU/g of kidney tissue remained 

constant for each strain in the first 72 hours of infection, the kidneys from mice 

infected with GOA31 had a lower fungal burden than wild type and GOA32 

(Table 7.1).  When viewing kidney sections from the mice infected with SC5314, 

hyphal infiltration can clearly be seen 24 hours post infection.  No yeast or 

hyphal cells are visible in the GOA31 kidney at this time point.  In GOA32 some 

yeast cells are present.  At 48 hours post infection, yeast and hyphal cells are 

present in the wild type infected mice but not in those infected with GOA31 or 

GOA32.  No fungal cells can be seen in any of the kidneys after this time point 

(Figure 7.2).  Thus GOA31 is avirulent in the murine model of disseminated 

candidiasis and while it does appear in the kidneys of the mice, the amount of 

organism is much less than in mice infected with wild type cells.  We have 

previously shown that cells lacking GOA1 are unable to filament on solid media 

but are able to filament in liquid media.  Perhaps the lack of ability to switch 
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from yeast to a hyphal form in solid media contributes to the lack of virulence of 

GOA31 in the mouse model, as well as its sensitivity to oxidants.  Thus its 

presence in many clinically important Candida species combined with its absence 

in human cells may make it a potential target for anti-Candida therapies. 
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Chapter 8: Localization of the GOA1 Protein 
 
 

Background 
 
 
Localization 

In order to determine a possible role for Goa1p, in silico searches were 

conducted.  The tools exist online to determine the likelihood that a protein of 

interest will locate to the mitochondria, cell membrane, nucleus or cytoplasm, for 

example, or whether it may be secreted.  These predictions are based on 

sequences that have been characterized from other proteins known to localize to 

these areas.  Based on in silico searches we conducted, it was determined that 

there is a high probability that Goa1p localizes to the mitochondria. 

 There are many methods that can be utilized to localize a protein within 

the cell.  One of the most common methods involves the use of green fluorescent 

protein (GFP) tag.  This system has been developed and successfully utilized for 

C. albicans.  Briefly, the protein of interest, minus the stop codon is tagged with a 

GFP cassette containing GFP and a selectable marker (1).  These cassettes have 

also been constructed with cyan fluorescent protein and yellow fluorescent 

protein so that more than one protein per cell can be tracked.  Using confocal 

microcopy and the correct laser for excitation and then emission of the signal, the 

protein of interest can be followed through the cell. 

 A couple of different methods can be used to determine where a protein 

translocates, such as to the mitochondria.  Commercially available dyes, such as 

Mitotracker (Molecular Probes) are available.  These dyes diffuse passively 
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across the cell membrane and accumulate in actively respiring mitochondria.  

After entering the mitochondria, Mitotracker probes stay associated with the 

mitochondria via a thiol-reactive chloromethyl group that interacts with 

available thiol groups on peptides and proteins of the mitochondria (2).  These 

dyes are available in a variety of colors so that they can be combined with 

fluorescently tagged proteins or other dyes to view localization and cellular 

structures.  Traditional fluorescent mitochondrial stains also exist, such at 

rhodamine or tetramethylrosamine.  The disadvantage of using such dyes is that 

if the experiment causes the mitochondrial membrane to lose membrane 

potential, the dyes are washed out (3). 

 Cellular fractionation is another method to determine localization of the 

protein of interest.  Again, the protein must be tagged, such as with GFP or myc, 

or an antibody must exist against that protein so that it can be detected via 

western blotting.  Cells are first separated using a Ficoll gradient into an 

organellar pellet and a cytosolic fraction.  The organellar pellet can then be 

transferred into a Nycodenz gradient and further fractionated in organellar 

fractions, such as mitochondrial and peroxisomal (4).  After fractionation, 

western blotting is performed to determine location of the protein. 

  

Alternate Carbon Sources 

Much is known about mitochondrial function in the model yeast 

Saccharomyces cerevisiae and this knowledge is used to elucidate mitochondrial 
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function in C. albicans.  The ability to grow on nonfermentable carbon sources is 

an indication of overall mitochondrial health, as alternate energy production 

from these sources occurs in the mitochondria (5).  When cells are grown on 

glucose, there is no need for the electron transport chain to produce energy as the 

cells are doing this via fermentation (glucose to ethanol).  When cells are 

switched to a nonfermentable carbon source, such as ethanol, some of the first 

genes to be turned on are those responsible for the electron transport chain, 

located in the mitochondria (5). 

 Acetyl-Co enzyme A (acetyl-CoA) plays a major role in the ability of the 

cell to survive if grown on a non-glucose carbon source.  Under these conditions, 

acetyl-CoA must be converted from a 2C source to a 4C source in the glyoxylate 

cycle and transported to the mitochondria for use in the TCA cycle (4, 6).  

Research has shown that cells that lack some of the key enzymes in the 

glyoxylate cycle in C. albicans are unable to grow on alternative carbon sources (7, 

8).  Also interesting to note is the role that acetyl-CoA plays when C. albicans cells 

are phagocytized in that pathways requiring acetyl-CoA are utilized for survival 

and virulence under these conditions (8-14).  Carman et al have shown the 

importance of acetyl-CoA metabolism for growth on glucose and non-glucose 

carbon sources (15). 

 In this chapter we show the localization of Goa1p to the mitochondria 

when wild type cells are stressed.  We also show that in the absence of GOA1, 

cells are unable utilize nonfermentable, alternative sources of carbon. 
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Methods 

In silico Searches.  Subcellular localization of Goa1p was predicted using SubLoc 

v1.0 (http://www.bioinfo.tsinghua.edu.cn/SubLoc/) (16). 

 

Construction of GOA1-GFP.  Using primers (Appendix Table 2) containing 

sequences in the 3’ end of GOA1 (excluding the stop codon) and downstream of 

GOA1, as well as containing sequences of the GFP-URA3 cassette from plasmid 

pGFP-URA3, a GOA1-GFP cassette was amplified by PCR (1).  This cassette was 

transformed into CAI4.  The resultant strain was verified by PCR. 

 

Mitochondrial co-localization.  Strain GOA-GFP was grown at 30°C overnight 

in YPD, then diluted to a starting OD600=0.10 in 50 ml of YPD broth.  Cells were 

incubated at 30°C and upon reaching log phase were stained with 250nM 

Mitotracker Red (Invitrogen) for 45 minutes.  Cells were washed and stressed 

with 1 M sodium chloride or 5 mM hydrogen peroxide for 15 min, then imaged 

using an Olympus Fluoview-FV300 Laser Scanning Confocal System. 

 For co-localization studies with glycerol as the carbon source, cells grown 

overnight were diluted to a starting OD600=0.10 in 50 ml YNB + 2% glucose.  

After staining with Mitotracker Red (see above), cells were washed and 

transferred into YNB + 4% glycerol for 15 minutes and then imaged as described 

above. 
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Growth on Alternate Carbon Sources.  Strains were grown and prepared as 

described in Chapter 4.   All strains were evaluated for their growth in YNB agar 

supplemented with histidine (20mg/ml) and leucine (30 mg/ml) but lacking a 

carbon source, or with 2% glucose, 4% glycerol, 4% lactate or 6% ethanol.  Drop 

plates were incubated at 30°C for 5 days. 

 

Results 

Goa1p is Translocated from the Cytoplasm to Mitochondria During Oxidant 

and Osmotic Stress.  Since Goa1p has a putative mitochondrial localization 

signal (84% expected accuracy), we tagged Goa1p with GFP and performed 

fluorescence microscopy.  Cells were grown to early log phase, then either 

treated with 5 mM H2O2 or 1.0 M NaCl or left untreated.  Prior to treatment, cells 

were stained with Mitotracker (Molecular Probes) in order to visualize the 

mitochondria.  We observed that in unstressed cells, Goa1p was located in a 

punctuate pattern in the cytoplasm; the fluorescent signal was not coincident 

with the mitotracker signal, indicating that Goa1p is not found in the 

mitochondria (Figure 8.1A).  However, upon either peroxide or osmotic stress, 

translocation of Goa1p occurred to mitochondria as evidence by merged 

fluorescence that indicated superimposition of GFP and Mitotracker (Figure 8.1B, 

peroxide; 8.1C, osmotic). These data indicate that during peroxide or osmotic 

stress, the function of Goa1p is related to its ability to translocate to 

mitochondria.  
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Figure 8.1: Goa1p Translocates to the Mitochondria Under Oxidative and 
Osmotic Stress.  Goa1p is localized to the mitochondria under conditions of 
osmotic and oxidant stress.  A Goa1p-GFP fusion strain was constructed in the 
CAI4 background.  Cells were incubated at 30°C, grown to early log phase, then  
stained with Mitotracker Red (Molecular Probes, Invitrogen) for 45 minutes, 
washed, stressed with 5 mM hydrogen peroxide or 1.0 M sodium chloride for 20 
minutes.  Cells were immediately viewed using fluorescent confocal microscopy.  
(A) Unstressed; (B) 5 mM hydrogen peroxide; (C) 1.0 M NaCl.  
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GOA31 is Unable to Utilize Alternate Carbon Sources.  To determine if Goa1p 

is critical to mitochondria functions, we evaluated growth of all strains on YNB 

medium supplemented with 2% glucose or non-fermentable carbon sources such 

as glycerol, lactate, and ethanol.  We observed that while wild type and the gene-

reconstituted strain grew on all carbon sources and YNB alone, GOA31 was 

unable to utilize glycerol, lactate, or ethanol (Figure 8.2).  We surmise that 

mitochondria function in the mutant was compromised as the non-fermentable 

carbon sources were not utilized via mitochondrial oxidation. 

 
 
 
 
 
 
 
Figure 8.2: The GOA31 Mutant is Unable to Utilize Non-Fermentable Carbon 
Sources.  Drop plate assays of wild type, GOA32 and GOA31 on YNB agar 
medium supplemented with histidine, leucine, and either 2% glucose, 4% 
glycerol, 4% lactate or 6% ethanol.  GOA31 is able to grow only on YNB + 2% 
glucose.  
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Goa1p is Translocated to the Mitochondria When Glycerol is the Sole Carbon 

Source.  Since cells lacking GOA1 were unable to grow on nonfermentable 

carbon sources, we wanted to determine if Goa1p localized to the mitochondria 

under these conditions.  Cells were grown to log phase in YNB + 2% glucose.  

Once cells had been stained with Mitotracker Red, they were placed either in 

YNB + 2% glucose or YNB + 4% glycerol for 15 minutes before being viewed by 

confocal microscopy.  As seen in Figure 8.3A, when cells are grown in YNB + 2% 

glucose, Goa1p appears to be cytoplasmic, just as when they are grown in YPD 

(Figure 8.1A).  However, when glycerol was the carbon source, Goa1p localized 

to the mitochondria (Figure 8.3B).  These data indicate that Goa1p may be 

important for general mitochondrial function. 

 
 
 
 
Figure 8.3: Goa1p Translocates to the Mitochondria in YNB + 4% Glycerol.  
Goa1p is localized to the mitochondria when grown in an alternate carbon 
source, such as glycerol.  A Goa1p-GFP fusion strain was constructed in the CAI4 
background.  Cells were incubated at 30°C, grown to early log phase in YNB + 
2% glucose, then  stained with Mitotracker Red (Molecular Probes, Invitrogen) 
for 45 minutes.  Cells were washed and placed in YNB + 2% glucose or 4% 
glycerol.  Cells were immediately viewed using fluorescent confocal microscopy.  
(A) YNB + 2% glucose; (B) YNB + 4% glycerol.  
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Discussion 
 
 In silico searches led to the discovery of a putative mitochondrial 

localization sequence in the N-terminal end (amino acids 1-15) of Goa1p.  Since 

GOA1 is important in adaptation to oxidative and osmotic stress, and its 

transcription is upregulated in the presence of NaCl, we wanted to determine if 

Goa1p localizes to the mitochondria under any of these conditions by tagging 

Goa1p with GFP.  When cells are not stressed, Goa1p is observed as a punctate 

pattern within the cytoplasm.  We know that it is not located in the 

mitochondria; however, further experimentation is needed to determine Goa1p 

localization in this condition.  One hypothesis is that Goa1p is located in the 

golgi, as we have previously shown that cells lacking GOA1 are sensitive to 

sodium orthovanidate (Chapter 4, Figure 4.4), a compound that indicates a 

protein processing defect in the golgi. 

 When cells are stressed with hyperosmotic NaCl or hydrogen peroxide for 

15 minutes, Goa1p localizes to the mitochondria as indicated by the 

colocalization of the GFP-tagged GOA1 fluorescence with the Mitotracker 

fluorescence (Figure 8.1).  However, after 30 minutes of stress, Goa1p appears to 

be located in the elsewhere within the cell, possibly in vacuoles, although further 

experimentation is needed to confirm this observation (data not shown).  It is 

possible that Goa1p translocates to the mitochondria as part of the initial stress 

response, to shuttle genes to the mitochondria needed for a stress response or to 

interact with genes in the mitochondria associated with adaptation to oxidant 
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and osmotic stress.  It is interesting that GOA1 transcript increases only in cells 

stressed with NaCl, but the reason for this is unclear.  Since a cellular energy is 

needed to adapt cells to osmotic stress, thereby generating more toxic oxygen 

species, it is possible that Goa1p is indirectly responsible for turning on genes to 

detoxify ROS within the cell.  Further experimentation is needed to determine 

the role of GOA1 in these processes. 

 Since GOA1 appears to be important in the metabolism of nonfermentable 

carbon sources, we determined if there was a defect in mitochondria function by 

looking at the utilization of alternate carbon sources in wild type, GOA1 mutants 

and GOA1 reconstituted cells, as the ability to grow on nonfermentable carbon 

sources is an indication of overall mitochondrial health.  Cells lacking GOA1 

were only able to grown when glucose is the carbon source (Figure 8.2). It 

appears that Goa1p is needed in the mitochondria for this process, as when cells 

are grown with glycerol as the sole carbon source, Goa1p can be found in the 

mitochondria (Figure 8.3).  Therefore, it appears that in the absence of GOA1, the 

cells are unable to use any alternate source of carbon via the electron transport 

chain, which most likely causes cell death, although further experimentation is 

needed to determine the role of GOA1 in alternative carbon source utilization.   
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Chapter 9: Studies of a Chemoattractant in Candida albicans 
 
 

Background 
Chemotaxis is the response of a cell to chemicals in its environment.  

Positive chemotaxis occurs when a cell moves towards a chemical 

(chemoattractant), and negative chemotaxis occurs when a cell moves away from 

a chemical (chemorepellant). 

 Neutrophils are one such cell that migrate according to compounds 

present in their surroundings.  Many researchers have shown that neutrophils 

respond to fMLP (formyl methyl peptides) released by bacteria (1-3).  Other 

known chemoattractants include the chemokine interleukin-8 and gp120, a 

surface glycoprotein on the Human Immunodeficiency Virus (HIV). 

 Neutrophils are known to be an important in preventing a systemic 

Candida infection, as the lack of neutrophils is associated with an increased risk 

for this type of candidiasis (4).  However, neutrophils seem to be absent in 

mucosal Candida infections, such as vaginitis, and may therefore have another 

role (5, 6).  Many questions were thus raised.  Do these cells fail to release a 

chemoattractant?  Are yeast cells responsible for releasing a chemoattractant, or 

do host cells?  Are neutrophils unresponsive in vaginal infections versus 

systemic infections? 

 To address some of these questions, we began studies on Candida albicans 

and neutrophil chemoattractants.  Previously, Geiger et al showed that Candida 

species release a chemoattractant and estimated the size of the chemoattractant 
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peptide to be less than 1 kD.  They also showed that white phase cells release the 

chemoattractant, but that opaque phase cells do not (7).  In this chapter we 

demonstrate another strain that does not release the chemoattractant; also 

presented are experiments conducted in an attempt to identify the 

chemoattractant of C. albicans. 

 

Methods 

Neutrophil Isolation and Chemotaxis Assay.  Isolation of PMNs and the 

chemotaxis assays were performed as described in Chapter 6.  However, for 

purposes of identifying the chemoattractant, the “conditioned buffer” was 

prepared from 5 ml of an overnight culture from strains CAF2-1, CHK21 (chk1∆), 

CHK23 (gene reconstituted strain), SSK21 (ssk1∆) and SSK23 (gene reconstituted 

strain).  A diagram of the microscope set up is shown in Figure 9.1. 
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Figure 9.1: Chemotaxis Chamber Set Up.  Figure adapted from Geiger et al (7). 
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Neuroprobe Plates for Chemotaxis.  Other chemotaxis assays were done using 

the ChemoTx Disposable Chemotaxis System (Neuro Probe).  Briefly, neutrophils 

were isolated from healthy volunteers, and approximately 100 neutrophils were 

pipetted onto each ChemoTx filter.  The lyophilized crude supernates or 

fractions were reconstituted in RPMI containing 10% FBS, 30µl pipetted into 96-

well plate, and then the filter containing the neutrophils was placed on top.   The 

ChemoTx System filters were incubated at 37°C for 30 minutes.  Filters were 

removed and 10 µl of the supernates or fractions were counted on a 

hemacytometer.  The percent of neutrophils that migrated into the supernates or 

fractions was determined.  A positive control (10% FBS + IL-8) and a negative 

control (10% FBS), both in RPMI, were used in all assays. 

 

Reverse Phase Column Chromatography. To prepare strain supernates, 5ml of 

an overnight culture of each strain was centrifuged, cells were washed 3 times 

with H-HBSS (Hanks Buffered Salt Solution with 0.1M HEPES), suspended in 

3ml of H-HBSS and incubated at 30°C for 3 hours.  After incubation the cultures 

were centrifuged and the supernates from each strain filtered through a 0.4 µm 

syringe filter. The filtrates from the two strains CAF2-1 and CHK21 (with or 

without proteinase inhibitors) were further separated by molecule size above or 

below 5 kDa by ultrafiltration, and both pools were then fractionated using 

OASIS reverse phase chromatography.  Fractions (from flowthroughs and a step 

gradient of 0-100% methanol) were collected and stored lyophilized at -20°C 
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(Figure 9.2).  All fractions were stored lyophilized and reconstituted prior to their 

use in the chemotaxis assays. 
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Figure 9.2: Fractionation of CHK21 and CAF2-1 Culture Supernates. 
 

Fractionation of culture supernates 

Strains CAF2-1 or CHK21 

 Treated or not treated with 
protease inhibitors 
  size-filtered – 5 kDa 

> or < 5 kDa 

Oasis reverse phase column 
        chromatography; 
fractions eluted with 0-100 % methanol  

Fractions     #1 -   crude 
     #2 -   0 % methanol 
     #3 -   5%  methanol 
     #4 -  20%  
     #5 -  40% 
     #6 -  60% 
     #7 – 100%  

Chemotaxis 
assays 

Fraction 
#6 

Active Material: 
<5 kDa 
Protease 
sensitive 
Not in CHK21 
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High Performance Liquid Chromatography (HPLC).  An Agilent Zorbax 300SB-

CI8 column was loaded 5 times with 100 µl of fraction #6 and 0.1% trifluoroacetic 

acid (TFA) in double distilled water (solvent A).  The flow through was collected.  

100 µl of fraction #6 was again loaded onto the same column and eluted with 

0.08% TFA in acetonitrile (solvent B) gradient.  1 ml fractions were eluted every 

minute for ~20 minutes using the following gradient: 0% solvent B/100% solvent 

A for 4 minutes, 20% solvent B/80% solvent A for 1 minute, 30% solvent B/70% 

solvent A for 10 minutes, 80% solvent B/20% solvent A 2 minutes, 100% solvent 

B/0% solvent A for 2 minutes.  All fractionation was carried out on the Agilent 

1100 HPLC System at UV 280 nm (8).  Fractions were lyophilized and stored at -

20°C for further use. 

 

Results 

CAF2-1 and SSK21 Release a Chemoattractant, but not CHK21. To conduct the 

chemotaxis experiments, PMNs were isolated from healthy adult volunteers and 

placed on a glass microscope slide.  A “conditioned buffer” was prepared by 

growing all strains overnight in YPD at 30°C.  Cells were centrifuged and 

washed three times, then suspended in 5ml Hank’s Buffered Salt Solution (HBSS) 

with 0.1 M HEPES (H-HBSS).  Cells were incubated in this buffer for 3 hours, 

centrifuged, and then the supernatant filtered through a 0.45 µm filter.  The 

“conditioned buffer” or H-HBSS was placed on opposite sides of the PMNs.  

Cells were allowed to incubate at 37°C for 10 minutes; subsequently, images 
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were taken every 4 seconds for 10 minutes and then analyzed using 2D-DIAS 

software.  There was a marked difference in the ability of CHK21 to induce 

chemotaxis versus CAF2-1 and SSK21 (CHK21: <1% positive chemotaxis, CAF2-

1: 76% positive chemotaxis, SSK21: 82% positive chemotaxis, Figure 9.3 and Table 

9.1). 

 
 
 
 
 
 
Figure 9.3: CAF2-1 and SSK21 Induce Chemotaxis of Human Neutrophils, but 
not CHK21.  “Conditioned buffer” (source) of the strains indicated were spotted 
to the right of a neutrophil suspension. Controls for each assay (buffer only) were 
placed to the left of the neutrophils.  Chemotaxis of the neutrophils occurred in 
the direction of culture supernates for CAF2-1 and SSK21 only.  Images reflect 3 
individual neutrophils per strain.  Pictures were taken every 4 seconds for 10 
minutes, neutrophils traced and images stacked to show the paths as displayed 
in this figure. 
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Table 9.1: Analysis of Chemotactic Factors of Strains CAF2-1, CHK21 and 
SSK1. The chemotactic index (CI) formula takes into account many factors, such 
as speed that the neutrophil is moving, how many times it changes direction and 
how round the neutrophil is (an elongated cell is generally moving in a specific 
direction whereas a round cell is either unactivated or is constantly changing 
directions).  A CI of 0.2 or greater is an indication that a chemoattractant is 
present.  A CI of -0.2 or less is an indication that a chemorepellant is present.  A 
CI between -0.2 and 0.2 indicates that neither are present.  Percent chemotaxis is 
calculated by counting the number of cells that are activated and moving. 
 
 
 

Strain 
 

# of Cells 
 

C.I. 
 

% Positive 
Chemotaxis 

 

CAF2-1 
 

46 
 

0.34 
 

76 
 

CHK21 
 

22 
 

0.04 
 

<1 
 

SSK21 
 

35 
 

0.20 
 

82 
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Fraction #6 Contains the Chemoattractant.  Since many peptides and proteins 

are present in the conditioned buffer, the supernate was filtered by 

centrifugation to isolate peptides of 5 kD or less.  Samples were/were not treated 

with a proteinase inhibitor.  Supernates were fractionated according to Figure 9.1 

and all fractions were tested for chemotaxis using the Neuroprobe plates.  

Briefly, a 30 µl sample of each fraction was placed into the well of a 96-well 

Neuroprobe plate.  Freshly isolated neutrophils (~100 cells in 10 µl) were placed 

atop the 30 µm filter and incubated at 37°C for 30 minutes at which time the 

number of migrating neutrophils counted.  IL-8 was used as a positive control; 

RPMI plus 10% FBS was used as a negative control.  As seen in Figure 9.4, 

fraction #6 contains the chemoattractant(s) and was nearly equal to the IL-8 

positive control.  Fraction #6 that had not been treated with proteinase inhibitors 

did not induce neutrophil chemotaxis (data not shown).  Fractions from CHK21 

did not induce neutrophil chemotaxis (Figure 9.4). 

 
 
 
 
 
Figure 9.4: CAF2-1 Fraction #6 Induces Neutrophil Chemotaxis. Fraction #6, 
<5kDa, PMSF (phenylmethanesulphonylfluoride)-treated, from wild type cells 
induced a chemotaxis response of neutrophils.  The same fraction but from 
CHK21 was inactive.  IL-8 was used as a (+) control, the same diluent but 
without IL-8 as a (-) control. The active material is protease-sensitive and has a 
molecular mass of <5 kDa.   
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The Composition of Proteins in the Supernatent is Different Between the 

Strains of Fraction #6 as Determined HPLC.  Since fraction #6 induced 

neutrophil chemotaxis, HPLC was performed to determine the different peptides 

present in the CAF2-1 and CHK21 fractions. Figure 9.5 shows that the peptides 

from both samples vary.  There are some peaks that are present in CAF2-1 that 

are not present in CHK21 and vise versa.  There are also peaks that are more 

predominant in one sample than the other.  

 
 
 
 
 
 
 
 
Figure 9.5: HPLC of Fraction #6, CAF2-1 and CHK21.  A. The blue line and 
peaks represent the fractionated CAF2-1 sample.  The red line and peaks 
represent the CHK21 sample.  B. CHK21 (top), CAF2-1 (bottom).  Fractions were 
collected every 1 minute for 20 minutes and lyophilized. 
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Discussion 
 
 Cells lacking CHK1 display many phenotypes, including the inability to 

adhere to reconstituted human esophageal tissue (RHE) and the inability to 

establish infection in the systemic model of Candidiasis (9, 10).  Also interesting 

is that CHK1 mutants have a different cell wall composition than wild type cells: 

mannoprotein chains are much shorter and the ratio of ß-(1-3)/(1-6) glucan 

linkages was lower in CHK21 than in wild type cells (11).  SSK1 mutants are also 

avirulent in the mouse model of systemic infection and display decreased 

adherence to RHE tissue but does not appear to have changes in its cell wall 

composition, although it does have a function in cell wall biosynthesis (10, 12, 

13).  Both CHK1 and SSK1 mutants are killed more by human neutrophils (14, 

15). 

 The chemotaxis assay developed by Geiger et al determines whether a 

chemoattractant is released into the surrounding media in vitro.  In the case of 

most strains tested, such as the SSK1 mutant, a chemoattractant is released.  

However, in the CHK1 mutant, a chemoattractant is not present in the 

surrounding media.  There are many possibilities as to why a chemoattractant is 

not released.  It is possible that the chemoattractant is not produced in the 

absence of CHK1.  Since it appears that the chemoattractant is secreted, and since 

CHK1 has a different cell wall morphology, it is also possible that the CHK1 

mutant cell is unable to release the chemoattractant into its surroundings.  

Another possibility is that the chemoattractant is a compound normally located 
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on the cell exterior which is not present on the cell surface of the CHK1 mutant.  

More experimentation is necessary to determine why CHK1 mutant cells fail to 

attract human neutrophils. 

 Strain CHK21 is valuable as a negative control for chemotaxis and thus a 

good comparative strain to determine what the chemoattractant compound 

might be.  By comparing the composition of the CHK1 supernate to the wild type 

supernate, we will be able to determine what is different between the two, thus 

narrowing down the possible compounds.  Based on our studies, we have 

determined that the chemoattractant is a peptide since activity is lost in 

preparations lacking a protease inhibitor. The active peptide is less that 5 kD.  

We have also fractionated the “conditioned buffer” and determined that the 

peptide is mainly hydrophobic, based on the fact that it is found in the fraction 

eluted with 60% methanol.  This fraction has also been further fractionated using 

HPLC.  These fractions will need to be tested for chemotactic ability, which will 

hopefully correspond to peaks on the HPLC chromatograph.  If multiple peaks 

are present, further fractionation will be required.  Peptides in the sample can be 

identified by mass spectroscopy and BLAST search.  To confirm the identity of 

the chemoattractant, the active peptides can be synthesized and tested in the 

chemotaxis assay.  Identifying the chemoattractant will hopefully lead to a better 

understanding of the innate immune responses in protection against candidiasis 

and the role that neutrophils play in a systemic and/or vaginal infection. 
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Concluding Remarks and Future Research Directions 
 
 

 This research was conducted with the aim of identifying and 

characterizing a novel gene in Candida albicans that was involved in the 

adaptation to oxidant stress.  We chose to look at oxidative stress adaptation 

since adaptation to this type of stress is important for survival and the 

establishment of disease in the host. 

 A library of insertion mutants was created with at Tn7 transposon 

cassette.  With this method, over 400 insertion mutants were created.  We 

screened this library and discovered many mutants that were sensitive to 

hydrogen peroxide but only one, through our screens, that was sensitive to both 

hydrogen peroxide and menadione.  We also observed a slower growth of this 

mutant compared to wild type cells and thus named it GOA1 for Growth and 

Oxidant Adaptation. 

 The insertion library provides a very valuable tool in identifying genes of 

interest through characterization of phenotypes, which then may offer insights 

into gene function. However, transposon mutagenesis library generates a few 

concerns.  Is an insertion enough to abolish gene function?  Will recessive 

mutations become dominant through the process of generating the homozygous 

mutant?  Does the background strain BWP17 affect phenotypes observed in vitro 

and in vivo since it is missing a large portion of chromosome 5? 

 To address these concerns, we made additional deletion mutants in two 

different backgrounds: SN148 and BWP17.  Therefore we now had three mutants 
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to compare: GOA21 (insertion mutant in BWP17 background), GOA31 (deletion 

mutant in SN148 background) and GOA41 (deletion mutant in BWP17 

background).  In experiments in which we used all three strains, there was no 

significant phenotype difference among the mutants (data not shown).  Thus, in 

the case of GOA1, the background strain and method made no difference in 

phenotypes observed.  This may not be the case for every gene.  For example, a 

gene with a functional domain that is uninterrupted by an insertion mutation 

may continue to have partial function.  Thus, it may be better to create a deletion 

mutant to see a true phenotypic effect. 

 We have demonstrated many phenotypes for the GOA1 mutant strains.  

These include, but are not limited to, sensitivity to oxidant and osmotic stress, 

reduced generation time, inability to form hyphae on filamentation-inducing 

media, flocculation in M199 broth, inability to form chlamydospores on 

cornmeal-tween agar, increased glycerol production, inability to grow on agar 

containing alternate carbon sources, increased killing by human neutrophils and 

avirulence in the mouse model of disseminated candidiasis.  We have also shown 

that GOA1 transcript is increased ~4 fold when stressed with sodium chloride 

and that under conditions of both sodium chloride and hydrogen peroxide 

stress, Goa1p localizes to the mitochondria.  Therefore, it appears that GOA1 has 

many important roles within the cell. 

 In silico searches have shown regions of intrinsic disorder within Goa1p as 

well as a coiled-coil domain, which could indicate a region of protein-protein 
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interactions.  Proteins with regions of intrinsic disorder are referred to as “hub” 

proteins, in that the region allows for conformational changes so that the protein 

may interact with many partners.  It is possible that Goa1p is such a protein, 

whether it is involved in escorting proteins to the mitochondria or within the 

mitochondria once the cell experiences stress.  Further experimentation using 

myc-tagged Goa1p is needed so that interacting proteins can be pulled down and 

isolated in a variety of conditions, such as no stress, oxidant stress and osmotic 

stress.  By knowing the proteins with which Goa1p interacts, we may gain a 

greater of its cellular function. 

 The question remains: why does Goa1p translocate to the mitochondria 

(Model 1)?  Research has shown in other yeasts, such as Saccharomyces cerevisieae 

and Schizosaccharomyces pombe, that there is a 51% increase in energy demand 

when the cell is experiencing osmotic stress (1, 2).  Microarray data also show 

that genes encoding energy functions are the 2nd most common class of genes 

that are upregulated (2).  Alternatively, the increase in energy demand also 

results in an increase in the byproducts of respiration processes, such as ROS.  

The cell must detoxify ROS, which could also explain why the transcription of 

GOA1 is increased under conditions of osmotic stress.  In this model, therefore, 

Goa1p is crucial to ROS detoxification. 
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Model 1: Why Does Goa1p Translocate to the Mitochondria Under Osmotic 
Stress? 
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However, Goa1p may be critical for general mitochondria function.  Little 

is known however in regard to the coordination of events that involve the 

shuttling of cytoplasmic proteins to the mitochondria during stress in C. albicans 

although the literature is abundant with studies in other eukaryotes (3).  About 

10-15% of nuclear genes encode mitochondrial proteins, and once transcribed, 

they are recognized by receptors (translocases) that are of two general groups of 

proteins, transmembrane outer proteins (TOM) and transmembrane inner 

proteins (TIM).  It is clear that loss of mitochondria functions contributes to 

apoptotic programmed cell death as evidenced by mitochondrial swelling, 

reduction of mitochondrial inner membranes, and increased production of ROS 

(4).  In this case the absence of Goa1p could lead to general mitochondria 

dysfuntion (Model 2). When Goa1p is absent from the cell, functional proteins 

are not escorted to the mitochondria by Goa1p.  Both of these scenarios (lack of 

ROS detoxification and/or loss of mitochondrial integrity) result in cell death.  

We propose that Goa1p is required for the transport of key proteins (as of yet 

unidentified) to the mitochondria that are required to mitochondrial function.  

Our current studies are designed to identify the mitochondrial defects that are 

associated with a loss of Goa1p. 
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Model 2: Cell Fate in the Absence of Goa1p. 
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Appendix Table 1: Strains of C. albicans Used in This Study. 
 
Strain 
 

Genotype 
 

Reference 
 

DAY286 ura3::imm434/ura3::imm434 his1::hisG/his1::hisG 
arg4::hisG/arg4::hisG,ARG4,URA3 

(1) 

SC5314 
 

Clinical isolate; Ura+ parent of CAI4 (2) 

CAI4 ura3::1 imm434/ura3::1 imm434 (2) 

DAY185 
 

ura3Δ::λimm434/ura3Δ::λimm434 
his1::hisG/HIS1::his1::hisG 
arg4::hisG/URA3::ARG4::arg4::hisG 
 

(3) 

BWP17 ura3::imm434/ura3::imm434 his1::hisG/his1::hisG 
arg4::hisG/arg4::hisG 

(1) 

SN148 
 

arg4Δ/arg4Δ leu2Δ/leu2Δ 
his1Δ/his1Δ!ura3Δ::imm434/ura3Δ::imm434 
iro1Δ::imm434/iro1Δ::imm434  
 

(4) 
 

GOA21 
 

goa1::UAU1/goa1::URA3, ura3::imm434/ura3::imm434 
his1::hisG/his1::hisG arg4::hisG/arg4::hisG 
 

(3) 

GOA31 
 

goa1::URA3/goa1::ARG4, arg4Δ/arg4Δ leu2Δ/leu2Δ 
his1Δ/his1Δ!ura3Δ::imm434/ura3Δ::imm434 
iro1Δ::imm434/iro1Δ::imm434 
 

This study 
 

GOA41 
 

goa1::URA3/goa1::ARG4, ura3::imm434/ura3::imm434 
his1::hisG/his1::hisG arg4::hisG/arg4::hisG 
 

This study 
 

GOA22 
 

goa1::UAU1/goa1::URA3::GOA1-HIS1 
 

This study 
 

GOA32 
 

goa1::URA3/goa1::ARG4::GOA1-HIS1 
 

This study 
 

GOA42 
 

goa1::URA3/goa1::ARG4::GOA1-HIS1 
 

This study 
 

GOA-
GFP 

GOA1/GOA1-GFP-URA3, ura3::1 imm434/ura3::1 imm434 
 

This study 
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CNC13 
 

ura3::imm434/ura3::imm434 his1::hisG/his1::hisG 
hog1::hisG-URA3-hisG/hog1::hisG 
 

(5) 

CDJ20  
 

cap1::hisG-URA3-hisG/cap1::hisG or cap1::hisG/cap1::hisG 
 

(6) 
 

CK43B-16  
 

ura3/ura3 cek1Δ::hisG-URA3-hisG/cek1Δ::hisG or 
ura3/ura3 cek1Δ::hisG-URA3-hisG/cek1Δ::hisG 
 

(7) 
 

JYC11 
 

ura3::1imm434/ura3::1imm434 cek2::hisG/cek2::hisG-URA3-
hisG 
 

(8) 
 

CM-1613 
 

mkc1D::hisG-URA3-hisG/mkc1D::hisG 
ura3D::imm434/ura3D::imm434 
 

(9) 
 

CHK21 ∆ura3::imm434/∆ura3::imm434  ∆cahk1::hisG/∆cahk1::hisG-
URA3-hisG 

(10) 

CHK22 ∆ura3::imm434/∆ura3::imm434  ∆cahk1::hisG/∆cahk1::hisG (10) 

SSK21 ∆ura3::imm434/∆ura3::imm434  ssk1∆::hisG/ssk1∆::hisG-
URA3-hisG 

(11) 

SSK22 ∆ura3::imm434/∆ura3::imm434 ssk1∆::hisG/ssk1∆::hisG (11) 
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Appendix Table 2: Primer Sets Used in This Study. 
 
Primer 
 

Sequence 
  

Application 
 

AnuKOF cagccattaagagattgccaataaaataactaagaatcac 
aaaccctggtgctaaattgcgttttcccagtcacgacgtt 

URA3/ARG4 Disruption 
Cassette: 5’ region of 
GOA1 
 

AnuKOR ccaagtaaaacaccccttgaattatcagtatgccaacat 
gtttcattgtttgtgttagtaattgtggaattgtgagcggata 

URA3/ARG4 Disruption 
Cassette: 3’ region of 
GOA1 

ABA-REV-
BamHIF 
 

ggatccggcattcaatgtctgcgtgc Upstream region of 
GOA1 with BamHI 
restriction sequence to 
create GOA32 and 
GOA42 
 

ABA-REV-
BamHIR 
 

ggatccctcccatgacgaaatgacg Downstream region of 
GOA1 with BamHI 
restriction sequence to 
create GOA32 and 
GOA42 
 

19.3818F 
 

acgtgcacccacggtattacatca GOA1 specific 
 

19.3818R 
 

acttctgatctccaattcgggcaa GOA1 specific 
 

AnuDIAGF 
 

gggtcaggcaggggttaccta Confirm intergration at 
the GOA1 locus 
 

AnuDIAGR 
 

cacggtgttttgggtacctctc Confirm intergration at 
the GOA1 locus 
 

SouthernF 
 

acttctgaatttgatggatctcgga Generate probe for 
Southern Blot 
 

SouthernR 
 

agcaatccaacaggtggacctaga Generate probe for 
Southern Blot 
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GOA-GFPF 
 

cacaaagcttgaaagtaaagcattaatgcaaagtga 
catatacaaatctctcaacaaagaaaatcagaatggt 
ggtggttctaaaggtgaagaattatt 

GFP cassette, 3’ region of 
GOA1 excluding stop 
codon 
 

GOA-GFPR 
 

tatcagtatgccaacatgtttcattgtttgtgttagtaatt 
tttgagcttgcattcctagtcggaatacgtctagaagga 
ccacctttgattg 

GFP cassette, 
downstream of GOA1 
 

 


