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ABSTRACT 

 

Characterization of Dse1 a cell wall protein in Candida albicans 

 

By Jalil Y. Daher 

  

Candida albicans is the most common diploid fungal pathogen in humans and one of the leading 

causative agents of death in immunocompromised individuals. The fungus harbors an arsenal of 

factors that are implicated in its virulence. These virulence factors include but are not limited to 

filamentation inducing transcription factors, adhesins, lipases, proteases, heat shock proteins and 

superoxide dismutases. The cell wall in a pathogen is crucial in harboring key proteins which 

constitute many of the abovementioned virulence factors. Dse1 is a 724 amino acid 

uncharacterized cell wall protein which is involved in cell wall metabolism. The purpose of this 

study is to characterize the role of Dse1 by generating a dse1 homozygote null strain and 

comparing the phenotype of the mutant to the wild type parental strain. Characterization included 

extent of filamentation on solid and liquid media and adhesion to human epithelial cells and 

biofilm formation. Furthermore virulence was addressed in a mouse model of infection and 

resistance to oxidative stress and susceptibility to cell surface disrupting agents were also 

determined.  The results of our study show that DSE1 appears to be an essential gene as we were 

able to generate a heterozygous but not a homozygous null strain. The heterozygous mutant 

showed a significant degree of haploinsufficiency as it was overfilamentous on both liquid and 



solid PDA media compared to the parental strain at both 300C and 370C. It also exhibited 

increased susceptibility to calcuflor white and SDS, both cell surface disrupting agents. 

However, no differences in response to two other cell surface disruptants Congo red or 

caspofungin was observed. In addition, the mutant strain showed a decrease in oxidative stress 

tolerance, exhibited a 30% reduction in biofilm formation and a delay in adhesion compared to 

the parental strain. These phenotypes were mirrored by a reduction in virulence in a mouse 

model of infection. Bearing in mind that disruption of cell surface components usually weakens 

the cell wall resulting in a reduction in filamentation, the hyperfilamentous phenotype of the 

mutant warrants further investigation.  
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INTRODUCTION 

Candida albicans is the most common fungal pathogen in humans. This fungus lives as a 

commensal organism in healthy individuals by colonizing several niches of the human body 

(Larriba et al. 2000). These niches include skin and mucosal surfaces, oral cavity, vagina and 

gastrointestinal tract. An altered balance between the host immunity and this opportunistic 

fungus, as in the case of immunocompromised patients, is one of the leading causes of 

candidiasis in humans. After entering the bloodstream, the yeast cells can infect all internal 

organs and may cause life-threatening septicaemia (Karkowska-Kuletta et al. 2009). One of 

the main factors that can lead to the dissemination of C. albicans into the bloodstream is the 

use of contaminated medical devices introduced into the patient’s body, e.g. catheters, 

artificial joints and dental implants which harbors C. albicans biofilms (Chandra et al. 2001). 

In the U.S, candidiasis is considered the third most common blood-borne infection and the 

fourth major cause of nosocomial infections. Candidiasis can develop as superficial 

candidiasis (skin and mucosa) which occurs in healthy individuals, or invasive candidiasis 

which is seen in cancer patients, AIDS patients and immunocompromised individuals 

following transplantation (Larriba et al. 2000). The latter conditions have been shown to be 

associated with a high rate of mortality which can range between 35% and 60%. 

Consequently, it is crucial to understand the epidemiology of the disease burden which might 

be very important in developing the ability to effectively manage patients suffering from 

invasive candidiasis (Ruan et al. 2009). Moreover, advancement in the search for genes that 

are involved in C. albicans virulence may be fundamental and very essential in improving 

therapeutic practices in this field (Fu et al. 2008).  

            Chapter 1 
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1.1 Dimorphism and switching 

A remarkable characteristic of C. albicans is its ability to grow in two different forms: 

ellipsoidal buds (blastospores) or hyphae (Fig 1) (Molero et al. 1998). This asexual diploid 

fungus can form blastospores which are free floating cells that grow independently from each 

other or hyphae which are elongated cells attached to each other. The transition between the 

two forms can be stimulated by environmental factors such as body temperature (370C), 

neutral to basic pH or by some more critical filamentation inducing factors such as blood 

serum, hypoxia, physiological CO2 concentration, carbon and nitrogen starvation and 

macrophage contact (Molero et al. 1998; Dib et al. 2008). This capability to switch between 

these two distinct morphologies is interesting and is apparently relevant to the pathogenicity 

of this organism. By promoting the penetration into the epithelial and endothelial linings, the 

hyphae contribute to the dissemination and infection of different organs (Karkowska-Kuletta 

et al. 2009). Several signaling pathways regulate yeast-hyphae conversion in C. albicans. The 

major ones are the Cph1 mediated MAP Kinase pathway and the Efg1 mediated cAMP/PKA 

pathway. Blocking both pathways by deleting members of both pathways blocks the transition 

to hyphae and renders the strain avirulent (Braun et al. 2001). Additionally, a transcription 

repressor complex, formed by the two transcription factors Tup1 and Ssn6, regulates the 

filamentous growth by repressing filamentation genes under non-filamentation conditions. A 

tup1/tup1 mutant strain grows predominately as filaments but is also reduced in virulence. 

Overexpression of the transcription co-repressor Ssn6 leads to an attenuated virulence in a 

mouse model (Hwang et al. 2003). Thus even though hyphal formation is necessary for 

virulence, it is not sufficient as the cells need to shift reversibly between the two forms for 

successful infection (Braun et al. 2001). 
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Fig.1. Dimorphism in C. albicans. (A) Blastospores division by budding. (B) Some environmental factors stimulate the 

blastospore to form a germ tube, a type of a cylindrical outgrowth from the cell’s surface. (C) Germ tubes growth, elongation 

and septation forms hyphae. (D) The production of hyphal branches and/or secondary branches constitutes a mycelium 

(Molero et. al 1998).    

 

In addition to this the two above mentioned forms, C. albicans can naturally occur under 

numerous other forms that are related to specific cellular functions. These distinct forms 

include the opaque form, the pseudohyphal form and the chlamydospore (Fig 2). The opaque 

form is involved in mating competency whereas the pseudohyphal form is present during 

vegetative growth and infections. Little is known about the physiological role of 
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chlamydospores which are a thick-walled cell only observed under very poor growth 

conditions at the extremities of hyphal and pseudohyphal extensions. Interestingly, however, 

chlamydospores have been isolated from AIDS patients (Staib and Morschhauser 2006; 

Whiteway and Bachewich 2007).  

 

Fig 2. Four different morphological phenotypes observed in C. albicans.  A C. albicans cell can grow as yeast or 

blastospore, pseudohyphae, hyphae, mating competent cell that switches from the white form to the opaque form and finally 

as chlamydospore which is a form with a still unknown role (Whiteway and Bachewich 2007).  

 

Furthermore, switching is defined as the transition of white round colonies, designated white 

form, into gray flat colonies, designated opaque form or vice-versa. This phenomenon is 
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controlled at the transcriptional level and includes the expression of specific genes which are 

associated with either the white or opaque phenotypes. These include the SAP1, SAP3 and 

OP4 genes that are expressed in the opaque cells and the WH11 and EFG1 genes that are 

expressed in the white cells. The white form appears to be more virulent in a disseminated 

infection model while the opaque form is required for mating (Lan et al. 2002).  

 

1.2 Virulence factors 

Although candidiasis may arise from an immunologic dysfunction in the host organism, much 

credit should be given to the opportunistic pathogen itself, its ability to adapt to various niches 

and its capability to express many crucial genes that are involved in infection. These genes 

and the protein that they express are designated as virulence factors (Fig 3) (Karkowska-

Kuletta et al. 1998). An example of these virulence factors is the production of various 

hydrolytic enzymes and cell wall proteins called adhesins; the two play a central role in the 

pathogenicity of this fungal organism. There are also many properties and characteristics that 

confer pathogenicity to C. albicans including its ability to form biofilms and to switch 

between different morphologies and phenotypes (Chaffin et al. 1998). For instance, yeast cells 

or blastospores are thought to be more competent in finding new hosts by spreading 

themselves into the environment whereas the hyphal form is responsible for invading and 

damaging tissues. Biofilm formation on contaminated medical devices is also a seriously 

encountered problem because biofilm-forming C. albicans cells have the potential to resist 

numerous antifungal drugs which tremendously increases their pathogenecity. Yeast, hyphal 

and pseudohyphal cells can form biofilms whereas planktonic cells cannot. Biofilm-forming 
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cells express many virulence genes and their translated proteins can be adhesion proteins, 

efflux pumps conferring drug resistance, or proteins involved in quorum sensing (Karkowska-

Kuletta et al.  2009).  

 

Fig 3. Different factors mediate virulence in C. abicans. These factors primarily include the ability of phenotypic 

switching, hyphal formation, secretion of proteases and adhesion to host tissues (Yang 2003). 

 

The ability of C. albicans to invade host tissues is partially conferred by cell wall proteins 

called adhesins. These adhesins are mainly responsible for invasiveness which is considered 

as the first step toward infection. Many proteins belong to this family which include 

Agglutinin-like sequence or Als proteins, the Hwp1 (Hyphal wall Protein) and Eap1 

(Enhanced Adhesion to Polystyrene) protein and many other cell surface proteins (Daniels et 

al. 2003; Li et al. 2007). The Als protein family is one of the most characterized adhesins and 

it includes at least eight proteins with different functions but similar structures. These proteins 
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are responsible for adherence to various types of cells and structures including epithelial and 

endothelial cells, laminin, collagen, and fibronectin (Fig 4) (Sheppard et al. 2004).  

 

Fig 4. Schematic representation of the Als adhesin structure. Note the presence of a GPI anchorage site as well as the 

central region which is very rich in threonine and serine residues that are arranged in tandem repeats (Karkowska-Kuletta et. 

al 2009).  

 

Other important virulence factors implicated in the pathogenic nature of C. albicans are 

hydrolytic enzymes such as lipases, phospholipases and proteases. These factors are 
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instrumental in damaging host tissues and promoting the dissemination of fungal cells into the 

host organism (Karkowska-Kuletta et al. 2009). For instance, phospholipase activity is crucial 

during infection because it is responsible for the hydrolysis of the phospholipid bilayer 

forming the human cell membrane. There are four types of phospholipases (A, B, C and D) 

and each one has a specific function, with the major one being phospholipase B. This enzyme 

exhibits a dual activity: a lysophospholypase/transacylase and a hydrolase (Yang 2003). 

Furthermore, C. albicans has the ability to produce nine different lipases which catalyze the 

hydrolysis of mono, di, and tiacylglycerols (Shaller et al. 2005). Apart from lipases and 

phosholipases, a well-known family of secreted enzymes named Secreted Aspartyl 

Proteinases or SAPs plays a crucial role in the pahogenecity of C. albicans cells. This family 

consists of at least 10 different enzymes (SAP1-10) with similar functions but different 

molecular properties (Naglik et al. 2003). Only yeast cells secrete the enzymes SAP1, 2 and 3 

whereas only hyphal cells secrete SAP4, 5 and 6; both forms of C. albicans cells produce the 

two enzymes SAP9 and SAP10 which possess GPI anchorage sites and are connected with the 

cell wall of the fungus (Karkowska-Kuletta et al. 2009).  The role of these enzymes is to 

hydrolyze host proteins including fibronectin, laminin, collagen, almost all types of 

antibodies, interleukin1-β, cystatine A, lactoperoxidase and several coagulation factors 

precursors. SAPs enzymes provide C. albicans cells with the ability to invade different sites 

in the host organism because of their broad pH activity spectrum ranging between 2 and 7 

(Naglik et al. 2004).  

A critical virulence factor is also the ability of C. albicans to acquire iron from its surrounding 

environment during infection which is crucial for surviving inside the host. Proteins belonging 

to the Rbt5 family are needed by the pathogen to efficiently acquire iron from hemoglobin 



9 

 

and heme (Weissmen and Kornitzer 2004). Also, the Als3 protein was found to be necessary 

for iron acquisition by binding ferritin. An als3 double mutant strain was unable to damage 

epithelial cells in vitro and was significantly reduced in virulence (Almeida et al. 2008). 

Furthermore the capability of the pathogen to deal with oxidative stress is a valuable virulence 

factor. As a pathogen, Candida cells are exposed to ROS (reactive oxygen species) which are 

produced by the cells of the immune system to fight any pathogenic intruder. C. albicans 

confronts ROS by producing catalases, Hsps (heat shock proteins) and SODs (superoxide 

dismutases) (Brown et al. 2007).    

 

1.3 Cell wall 

As previously discussed, the ability of C. albicans to switch between different morphologies 

is considered a key factor promoting virulence. The structure responsible for the 

pleomorphism of this organism is its cell wall. Morphological changes in the fungus affect 

both the composition and properties of the cell wall. As a prerequisite for invasion, adhesion 

to host cells and tissues is fundamental in the progression of infection. The cell wall 

components which are implicated in binding host cells are the adhesin proteins. Other cell 

wall components, including chitin, glucans, and mannoproteins have the ability to modulate 

the host immune response (either activation or depression); consequently, these constituents 

play a major role in the pathogenecity of C. albicans (Chaffin et al. 1998). C. albicans cell 

wall consists of four major components which include the β-1,3-glucans (50%), β-1,6 glucans 

(5%), chitin(10%) and mannoproteins (40% of the cell wall biomass). β-1,3 glucans form a 

three-dimensional network that encircles and run in parallel to the surface of the cell. The 



10 

 

majority of the CWPs (cell wall proteins) consist of GPI-anchored 
(GlycosylPhosphatidylInositol) proteins (Fig 5). GPI anchored proteins have an N terminal 

signal sequence and a C terminal cell surface attachment site that usually covalently bind the 

β-1,6 glucans and help in stabilizing and strengthening the structure of the network. The role 

of the β-1,3 glucans is to provide a network for the non GPI anchored CWP to directly attach 

and face the cell exterior (Chaffin et al. 1998; Kapteyn et al. 2000). Because cross-linked β-

1,6 glucans are present outside the plasma membrane of the cell, most GPI-CWPs are 

considered a promising target for novel antifungal drugs. CWPs determine the 

immunogencity, charge, hydrophobicity and permeability of the cell wall. They are also 

responsible for iron acquisition, dealing with oxidative stress, endocytosis, adhesion and co-

aggregation with bacterial cells (by binding to their cell wall proteins). Probably, some CWPs 

may be also implicated in the production of the matrix enclosing C. albicans cells in biofilms. 

Another specific class of GPI-CWPs is the adhesin class discussed previously which can be 

subdivided into two different families: the Immunoglobulin-like adhesins (Ig-like family) and 

the Epithelial adhesion family (Epa family). These two families share a comparable structure 

with an amino-terminal effector region, a middle part containing tandem repeats of threonine 

(Als) or threonine-serine (Epa) and a highly glycosylated Serine/Threonine structure (Ten 

Cate et al. 2009). Other proteins, such as the Pir family (Proteins with internal repeats) are not 

modified by a GPI anchor and are directly linked to the β-1,3-glucan layer. All the proteins in 

this family have one or several units of a repetitive sequence at their N-terminus which 

consists of 18 to 19 amino acid residues. Although the role of these cell wall proteins is still 

unknown, a lack of the genes encoding the proteins of this family renders the cell more 

sensitive to tobacco osmotin and heat stress (Sumita et al. 2005). Interestingly, all the 
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previously discussed virulence factors including adhesins, SODs, Hsps and Rbt5 proteins are 

all cell wall proteins. 

 

 

 

Fig 5. Cell wall architecture and composition in C. albicans. Arrows indicate polysaccharide orientation in the cell wall 

(Kaptyen et al. 2000). 

 

1.4 DSE1 

DSE1 is a gene encoding a 724 amino acid uncharacterized predicted non-GPI anchored cell 

wall protein whose transcription is decreased in a C. albicans mutant strain lacking the 

transcription factor Ace2. Ace2p is a master regulator of the cell wall metabolism in C. 

albicans and is involved in the regulation of transcription during G1 phase of mitotic cycle. In 

Candida, an ace2/ace2 knockout strain exhibits many interesting phenotypes including an 

increased invasion of agar (hyperfilamentation), a cell separation defect, a reduction in 

adherence to plastic, an abnormal biofilm formation and avirulence in a mouse model of 

infection. The deletion of the ACE2 gene reduces the expression of the two putative cell wall 
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genes DSE1 and SCW11, and this effect is seen in both yeast and hyphal form. The deletion 

has also an effect on the CHT3 gene encoding a chitinase enzyme which is involved in chitin 

production in the cell (Kelly et al. 2004). CaACE2 has a homologue in Saccharomyces 

cerevisiae which is ScACE2. The protein encoded by the S. cerevisiae homologue is also 

involved in transcription of genes during the G1 phase of the cell cycle; this transcription 

factor is also responsible of the transcription of CTS1 which is a gene encoding an 

endochitinase in S. cerevisiae (Dohrmann et al. 1992). Although CaACE2 and ScACE2 show 

a low sequence identity, the two genes are reciprocal and they exhibit high and extensive 

sequence conservation in the DNA binding Zn finger region. 

In Candida, the DSE1 gene also shows a pattern of periodic expression with a peak 

expression at the M/G1 phase (Cote et al. 2009). The CaDSE1 othologue in S. cerevisiae is 

ScDSE1 which is specifically a daughter cell protein and it is involved in pathways 

controlling cell wall metabolism. Additionally, a mutant S. cerevisiae strain lacking the DSE1 

gene is defective in cell separation (Colman-Lerner et al. 2001; Doolin et al. 2001). An 

alignment of CaDse1p and ScDse1p revealed a 53% sequence homology between the two 

proteins.  

 

1.5 Purpose of the study 

The aim of the current study is to characterize Dse1. The work was performed by attempting 

to generate a dse1 homozygote null strain in which the two alleles of the DSE1 gene are 

deleted and then comparing the phenotype of the mutant to the wild type parental strain. In C. 
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albicans this is usually done using the “urablaster” cassette approach. The urablaster consists 

of the URA3 gene flanked by bacterial hisG direct repeats (Fonzi and Irwin 1993). The 

advantage of such a cassette is the fact that it is recyclable since intrachromosomal 

recombination at the hisG repeats excises the cassette. However it has recently been shown 

that expression of URA3 is decreased when flanked with the hisG repeats (Sharkey et al. 

2005) and, bearing in mind that in C. albicans proper expression of the URA3 gene is 

considered crucial for virulence (Kirsch & Whitney 1991), such a strategy was not adopted. 

Consequently, the strategy that was utilized to create the null strain made use of two non-

recyclable cassettes URA3-DSE1-URA3 and HIS1-DSE1-HIS1.  

 Comparison was carried out on different levels including growth on various filamentation 

inducing and non-inducing liquid and solid media, susceptibility to cell surface disrupting 

agents such as calcofluor white, Congo red, caspofungin, SDS and resistance to oxidative 

stress. Calcofluor white affects chitin assembly within the cell wall whereas Congo red and 

caspofungin alter glucan synthesis and assembly. SDS and hydrogen peroxide are cell 

membrane targeting agents. Adhesion of the mutant strain to human epithelial cells, biofilm 

formation on plastic surfaces, and the ability to cause fatal disseminated infection in mice 

were also determined. These various assays and experiments may shed light on the role that 

Dse1 plays in C. albicans.  

 

 

 



14 

 

Chapter 2 

MATERIALS AND METHODS 

2.1 Strains, cell lines and general growth conditions 

The RM1000 C. albicans strain (ura3Δ::λimm434/ura3Δ::λimm434his1::hisG/his1::hisG, 

Negredo et al. 1997), which is auxotrophic for uridine and histidine, was used in this study. 

Cells were grown without selection on Potato Dextrose Agar (PDA) medium (HiMedia, 

India). When selective growth was required, the Yeast Nitrogen Base (YNB) synthetic 

medium was utilized (Fluka, Switzerland) (Kaiser et al. 1994). All media were supplemented 

with 50µM uridine and histidine when assays were carried out. Images were generated 

utilizing an Olympus E330-ADU-1.2x stereomicroscope for colony morphology and an 

Olympus CX41 for cell imaging coupled with a Sony DSC-S40 digital camera. A Sony 

Cybershot Camera was used for colony spotting pictures. 

The human colon adenocarcinoma cell line HT-29 ATCC number HTB-38 was utilized in this 

study.  Cells were grown on RPMI 1640 medium supplemented with 25mM Hepes and L-

glutamine with 10% FBS.  100µg/ml of streptomycin and 100U/ml of penicillin were added 

and cells were grown in a 5% CO2 incubator. 

 

2.2 Construction of DSE1-URA3 and DSE1-HIS1 cassettes 

The two transforming plasmids, pABSK2 and pLHL, were utilized to amplify the URA3 and 

HIS1 deletion marker cassettes respectively as described previously (Dennison 2005; Hayek 
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et al. 2009). The amplification of the cassettes was performed by using long synthetic primers 

that contain 100 bp homologous regions to the DSE1 gene 5’ and a URA3 or HIS1 sequence 

3’. Amplification will create a cassette containing the functional URA3 or HIS1 allele flanked 

by 100bp of the 5’ and 3’ regions of DSE1 that upon transformation and homologous 

recombination will replace the DSE1 chromosomal alleles. 

The PCR mix that was used to generate the DSE1-URA3 cassette contained 50ng of pABSK2 

plasmid DNA carrying the URA3 marker (donated by Dr. Richard Zitomer, University of 

Albany, USA), 2µl of 2mM dNTPs, 3µl of 25mM MgCl2, 0.5µl (2.5 units) of Taq polymerase 

(Fermentas Life sciences, USA), 6µl of 10X Taq buffer, 1µl of 60mM forward and reverse 

primers and 45.5µl of distilled nuclease free water. The Polymerase Chain Reaction was 

performed using the Gene Amp PCR system 9700 (Applied Biosystems). The cycling 

conditions were as follows : Initial denaturation at 94ºC for 5 minutes, followed by 30 cycles 

of denaturation at 94ºC for 45 seconds, annealing at 53.5ºC for 50 seconds and elongation at 

72ºC for 2 minutes; a final extension step was performed at 72ºC for 10 minutes. 

The  HIS1-DSE1 cassette was generated by using the same procedure as outlined above but 

utilizing the pLHL plasmid carrying the HIS1 marker (Donated by Dr. Alistair Brown, 

University of Aberdeen, UK) (Dennison et al. 2005). (Table 1). 

 

2.3 Verification of integration 

The correct integration of the DSE1-URA3 and DSE1-HIS1 cassettes into the original DSE1 

loci was determined using PCR.  A forward DSE1 integration verification primer (that 
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hybridized at position -280 of the DSE1 ORF), and a reverse URA3 primer (that hybridized at 

position +30 of the URA3 ORF) were used to verify the correct integration of the DSE1-URA 

cassette into the DSE1 locus. Similarly, the proper integration of the DSE1-HIS1 cassette was 

verified using the same DSE1 integration verification primer and a reverse HIS1 primer that 

hybridized at position +30 relative to the HIS1 ORF. 

Besides, and to screen for the presence or absence of the DSE1 gene, DSE1 internal primers 

were utilized for this purpose. The forward primer hybridized at position +290 and the reverse 

primer at position +900 of the DSE1 locus. A pair of actin primers was used as a control. 

PCR was performed according to the following conditions: initial denaturation at 94ºC for 5 

minutes, followed by 30 cycles of denaturation at 94ºC  for 45 seconds, annealing at 52ºC for 

50 seconds, extension at 72ºC  for 2 minutes and a final extension at 72ºC for 10 minutes. 

(Table 2). 

 

Table 1. PCR primers used in this study. 

Primer name Primer sequence 5' hybridization site 

DSE1-URA3DelF 5’ATTTAGTAGAATCACC
TAATGCCAATTGTCCTT
GTTTTGTAACCGACCAA
CCAGCAGCATAAATAGC
ACCATGTTGAGGAGTAG
GTCCATCAAATTGAAAT
TCTAGAAGGACCACCTT
TGATTGTAA3’ 
 

-413 
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DSE1-URA3DelR 5’ATGATTCATTATTTGA
TTTTCCCCATATTATTAA
TTTTTTTCCAAATTATTA
AATCCAGCGGGTATTAT
GTACCAGCAAATGGTGA
TGATTGGACAATTTTGA
AAC 
CAGAAGTTAGTAGTAAC
AATTTGG3 
 

+953 

DSE1-HIS1DelF 5’TTAACATTCAATTAAT
TCAACAACATCTAAAGT
AACAGGATGACATTGGA
AAGCAATTGGTTCATCA
TATAAATTATAAAAATC
TCCAGAAGCACATTGAT
AAAATT 
ATAATATTTATGAGAAA
CTATCACTTC3’ 

 
 

-320 

DSE1-HIS1DelR 5’ 
CCAAGTAAACGCGCTGC
CAAATTCA3’ 

 

+926 

DSE1IntVerF 5’ 
GAGGATGATAACAATTC
AGCAGAAATCTGT3’ 

 

-10 

DSE1InternalF 5’TCCATCACCATGTCCT
GCGGC3’ 

+600 

DSE1Internal R 5’GTTGCTGCTTTAATTA
TCGATAACGGT TCTGG 
3’ 

 

+1080 
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 (Forward: F, Reverse: R. Primer sequences were designed based on gene sequences 
deposited in the Candida genome database www.candidgenome.org). 

 

 

Table 2. Expected sizes of PCR products. 

 

Product name Expected size 

DSE1 URA3 deletion cassette 1513bp 

DSE1  HIS1 deletion cassette 1420bp 

DSE1 URA3 integration verification 
fragment 

553bp 

DSE1HIS1 integration verification 
fragment 

460bp 

DSE1 internal fragment 480bp 

Actin fragment 1102bp 

 

 

Actin F 5’GGTGAACAATGGATG
GACCAGATTCGTC 

+674 

Actin R 5’CGGTCTGGTAAATGAT
TGACTAAATCCTCC3’ 

 

+1776 

URA3  verification 
R 

5’CGGTCTGGTAAATGAT
TGACTAAATCC3’ 

 

+30 

HIS1 verification R  +30 
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2.4 Gel electrophoresis 

Subsequently, agarose gel electrophoresis was carried out for size determination of the PCR 

products using the Pharmacia Biotech Gel Electrophoresis Apparatus (GNA-100, Sweden). 

0.8% agarose gels were utilized for separation and a 500 bp DNA marker was used for 

accurate size determination. 

 

2.5 Purification of the cassettes 

The specific and desired product that was separated by gel electrophoresis fragments was 

excised from the agarose gels and purified using the Nucleotrap PCR kit following the 

manufacturer's protocol (Macherey-Nagel, Germany). 

 

2.6 Transformation of the RM1000 strain  

C.albicans strain RM1000 was transformed with the previously constructed DSE1-URA3 and 

DSE1-HIS1 cassettes by using a modified protocol of the Alkali Yeast Cation Transformation 

Kit (Q-Biogene, Germany) (Khalaf and Zitomer 2001). Transformed cells were selected for 

by growing the cells on selective YNB medium supplemented with the appropriate amino 

acids. The parental strain RM1000 +pABSK2 was used as a control (Hayek et al. 2009). 
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2.7 DNA extraction 

DNA extraction from the transformed C.albicans cells was carried out according to the 

protocol described by Khalaf and Zitomer 2001. 

 

2.8 Filamentation assay 

The parental RM1000 strain containing the pABSK2 plasmid and the DSE1/dse1 

heterozygote were grown on PDA supplemented with uridine and histidine (Hayek et al. 

2009). The plates were incubated for 14 days at 30ºC and 37ºC and then checked for 

filamentous and invasive growth on the agar medium. 

Furthermore, the parental and heterozygote strains were grown in Potato Dextrose Broth PDB 

and 100% liquid Fetal Bovine Serum FBS (HiMedia) for 12 h at 30ºC and 37ºC and then 

observed under the microscope. 

 

2.9 Antifungal susceptibility test 

For the determination of the sensitivity of the DSE1/dse1 heterozygote mutant strain to the 

antifungal drug Caspofungin, the E-test was carried out. The test was performed on RPMI 

agar containing RPMI-1640 (supplemented with L-glutamine and 165 mM MOPS, 

BioWhittaker, Belgium). E-test strips Caspofungin (CS) (AB Biodisk, Solna, Sweden) were 

used for this test. 0.5 mL McFarland suspensions of the wildtype strain, reference strain and 

DSE1/dse1 heterozygote strain were spread onto the RPMI agar. The E-test strips were 
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applied onto the inoculated RPMI plates and the MIC was read after 48 h of incubation at 

37ºC according to the manufacturer's instructions. The C. albicans ATCC 90028 CLSI quality 

control reference strain was used in this study with the E-test MIC provided by the 

manufacturer. It should be noted here that the MICs of the control strains fell within the 

acceptable limits. 

 

2.10 Susceptibility to cell wall disrupting agents 

The wiltype and DSE1/dse1 mutant strains were grown in rich PDB media until exponential 

phase (OD600=0.6-0.8). Serial dilutions were performed (105 to 102 cells/ml) and a volume of 

5µl was spotted on PDA plates containing either one of the following cell surface disrupting 

agents: sodium dodecyl sulfate at a concentration ranging from 0.02% to 0.05%, calcuoflor 

white at a concentration ranging from 25 to 100µg/ml, and Congo red at a concentration 

ranging from 10 to 50µg/ml. Plates were incubated at 300C and monitored for 4 days. The 

wildtype and heterozygote strains were also grown with the same dilutions on plates lacking 

the disrupting agents and these plates were used as controls. 

 

2.11 Oxidative stress test 

The capacity of the heterozygote mutant strain to resist lethal doses of hydrogen peroxide was 

examined by comparing it to the wildtype strain. Briefly, the wildtype and heterozygote 

strains were grown in rich Potato Dextrose Broth media to exponential phase. Afterwards, 3 

sets of ten fold serial dilutions (105 to 102 cells/ml) were prepared from the original culture 
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and different concentrations of hydrogen peroxide (10, 25 or 50mM) were added to each set 

of these serial dilutions and incubated for one hour. 5µl of the treated culture were spotted on 

PDA plates. Untreated cultures were also spotted as controls. The cultures’ growth was 

monitored for 3 days. (Pederno et al. 2007). 

 

2.12 Adhesion to epithelial cells 

Adhesion to epithelial cells was assessed using the HT-29 human cell line and the assay was 

carried out as previously described (Sharkey et al. 1999): Strains were grown to exponential 

phase and then diluted to reach a cell count of approximately 100 cells that were added to six-

well microtiter plates containing the epithelial cells. One set of cells was incubated for 45 

minutes, the other for 90 minutes both at a temperature of 370C. After incubation, non-

adherent cells were aspirated by washing the wells twice with PBS; the wells were then 

overlaid with molten PDA agar. After 24 h, adhesion to epithelial cells was evaluated by 

counting the number of colonies present on the microtiter plates which was compared to the 

number of colonies present on a control Sabouraud media plates containing the initial 

quantities of cells (~100 cells). Adhesion was expressed as a percentage of the original 

inoculum. 
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2.13 Biofilm assay 

In order to assess the capability of the heterozygote strain to form biofilms on plastic surfaces, 

overnight cultures of the wildtype and heterozygote strains were diluted to a concentration of 

107 cells/ml and 500 µl of each strain dilution was added onto the wells of a polystyrene 

micro-titer plate pre-treated with 0.05% Fetal Bovine Serum and incubated for 24 h at 40C. To 

allow adhesion, the plate was incubated in a shaker at 370C and 75 rpm for 3 h. After the 3 h 

incubation, non-adherent cells were rinsed away with PBS, 1 ml YNB was added to each well 

and plates were re-incubated for 48 h at 370C.  Plates were rinsed again with PBS and 500µl 

of 99% methanol was added to each well to fix the newly formed biofilms. After 15 minutes, 

methanol was removed and the plate was allowed to air dry for 20 minutes; then, 500µl of a 

0.2% crystal violet solution was added to each well and the plate was incubated for 20 

minutes. Finally, unbound crystal violet was washed away with distilled water and bound 

crystal violet was released with 750µl of a 33% acetic acid solution. Absorbance of the 

released crystal violet solution was read at 590 nm. A negative control with no cells was also 

performed. 

 

2.14 Disseminated candidiasis assay in mice 

Eighteen 20-30 grams BALB/c mice were injected through the lateral tail vein with a volume 

of 200µl of PBS containing either 5x106 C. albicans wild type or heterozygote strains. Mice 

were monitored for survival over a period of three weeks; food and water were introduced to 

the mice ad libitum (Dib et al. 2008). 
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2.15 Homology assessment 

The C. albicans database (www.candidagenome.org) was used to retrieve the sequence of the 

DSE1 gene. BLASTing the Dse1 ORF onto the Saccharomyces cerevisiae database 

(www.yeastgenome.org) revealed the closest S. cerevisiae orthologue.  

 

2.16 Protein structure prediction 

In order to predict possible transmembrane protein domains within the Dse1 protein, the 

TMHMM tool at (http://www.cbs.dtu.dk/) was utilized.  

 

2.17 Statistical analysis 

The ANOVA f-test and the multiple comparison LSD (Least Square Differences) test were 

used to analyze the results of the biofilm assay. For the virulence assay, survival analysis was 

based on the Kaplan Meier method and the log Rank test. The student t-test was used for the 

adhesion assay. 
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Chapter 3 

RESULTS 

3.1 Integration verification 

The RM1000 parental strain was transformed with the 1513bp URA3 cassette or a 1420bp 

HIS1 cassette which were utilized to delete the native DSE1 loci. One URA3 cassette 

underwent homologous recombination at one of the two native DSE1 allele sites resulting in 

the formation of a DSE1/dse1::URA3 heterozygote strain. Similarly one HIS1 cassette 

integrated at the DSE1 locus generating a DSE1/dse1::HIS1 strain. To screen for successful 

transformation, the cells were selected for by growth on YNB medium lacking uridine, 

histidine or histidine and uridine. See Figure 6 for more details. 

 

Figure 6. DSE1 deletion scheme.  A) Generation of DSE1-URA3 cassette using long primers. B) The DSE1-URA3 cassette. 

C) The homologous recombination event at the native DSE1 locus. D) DSE1 deletion as a result of the recombination event.  
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An upstream forward primer that hybridized upstream of the DSE1 locus and a reverse primer 

that hybridized inside the URA3 or HIS1 gene were used for the verification of correct 

integration by homologous recombination. After running the PCR product on agarose gel, the 

presence of the expected fragment size was indicative of correct homologous recombination. 

To confirm the absence or presence of any DSE1 alleles a PCR reaction with DSE1 internal 

primers was carried out.  (Fig 7 and Fig 8). 

 

 

Figure 7.  Deletion verification scheme. A) Integration and verification primer annealing sites. B) DSE1 internal primers. 
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Fig8. Deletion verification. A) URA3 verification PCR, band present at 553bp (L1) indicating the presence of URA cassette 

at the correct position creating DSE1/dse1::URA3 strain.  B) Deletion verification PCR using DSE1 internal primers and 

Actin primers as control. One band at 1100bp (L1) indicating the presence of ACT1 and another band at 480bp (L1) 

indicating the presence of one copy of the DSE1 gene. C) HIS1 verification PCR, band present at 460bp (L1) indicating the 

presence of HIS1 cassette at the correct position creating a DSE1/dse1::HIS1 strain. 
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3.2 Protein modeling 

The TMHMM program at http://www.cbs.dtu.dk/  was utilized to determine where the Dse1 

protein is localized within the cell. The program showed that, as expected,  Dse1 lies 

completely outside the cell membrane within the cell wall with no transmembrane or 

intramembrane domains. 

 

 

Figure 9. Dse1 localization within the cell. As predicted by the TMHMM program, all the protein appears to lie within the 

cell wall.  
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3.3 Filamentation assay 

On solid media: 

The wild type parental strain RM1000 harboring the pABSK2 plasmid and the 

DSE1/dse1::URA3 heterozygote mutant strains were grown on PDA plates for 14 days at 

30ºC. The mutants showed a clear phenotypic difference with respect to filamentation and 

invasiveness levels compared to the wild type strain. The mutant was hyperfilamentous. (Fig 

10). 

              

Figure 10. Colony morphology on PDA plates. Colony morphology of both wild type (A) and heterozygote mutant (B) 

strains grown on PDA at 300C clearly indicates an increase in filamentation and invasivness of the mutant compared to the 

wild type. (30X magnification). 

 

In liquid media: 

The wild type RM1000 + pABSK2 and the DSE1/dse1::URA3 heterozygotes were grown in 

PDB and FBS at 30ºC and 37ºC for 24 h. A Similar, difference in filamentation levels was 

observed in PDB at 37ºC with the mutant strain exhibiting the hyperfilamentous phenotype. 

(Fig 11). 

A  B
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Figure 11. Cell morphology in PDB medium. Overnight incubation in PDB at 37 ºC. Note the increased filamentation in 

the heterozygote (B) as compared to the wild type (A) after 24 h incubation in PDB at 370C (1000X magnification). 

 

3.4 Antifungal susceptibility test 

The E-test method was used to determine the sensitivity of the mutant heterozygote strain to 

the antifungal agent caspofungin as compared to the wild type strain. After 48 h of incubation, 

the results were read and the mutant strain showed no significant discrepancy compared to the 

wild type. (Table 3). 

 

Table 3. Caspofungin MIC. The MIC of caspofungin was measured by the E-test method. No significant difference between 

the wild type parental and the mutant was observed. 

 

Strains MIC (µg/ml) 

Wild type 0.125 

Heterozygote 0.094 

 

A  B
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3.5 Adhesion assay 

The heterozygote and the wild type strains were assayed for adhesion to the human epithelial 

cell line HT-29. One set was incubated for 45 minutes, and another one for 90 minutes. At 45 

minutes, there was a clear and significant delay in adhesion of the mutant heterozygote strain 

as compared to the wild type strain (p-value less than 0.001). However, and after 90 minutes 

incubation, all mutant cells were able to adhere to the human cells at the same percentage as 

the parental wild type strain. Thus the mutant exhibits an adhesion delay phenotype rather 

than an adhesion defect. (Fig 12).  

 

 

 

     

 

 

 

 

 

 

Figure 12. Adhesion to human epithelial cell line. Both the parental and the mutant were incubated with cell line HT-29 for 

45 and 90 min. After washing away any non adherent C. albicans twice with PBS, the incubation wells were overlaid with 

molten PDA. Adhesion to epithelial cells was assessed by counting the number of colonies present on the micro-titers plates 

after 24 h. By comparing this number to the number of colonies present on the control plates (containing the original number 

of cells that were added to the microtiter plates), adhesion was expressed as a percentage of the original inoculums. As can be 

seen the mutant exhibited a significant delay in adhesion after 45 min (P<0.001).  
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3.6 Biofilm assay 

Both strains were assayed for biofilm formation capabilities on plastic polystyrene surfaces. 

As can be seen in Fig 13, the heterozygote mutant was defective in biofilm formation by 30% 

as compared to the wiltype with two respective p-values of 0.002 and 0.029 based on two 

statistical methods. 

 

Figure 13. Biofilm formation on polystyrene surfaces. Both strains were grown on polystyrene surfaces. The two strains 

were diluted, added to the micro-titer plates and incubated for an initial 3 h incubation at 370C; then the wells were rinsed 

with PBS to wash away any non adherent cells. After a second incubation step for 48 h, the wells were rinsed PBS and 

methanol was added to allow the fixation of biofilm-forming cells. Afterward, crystal violet was added to stain the newly 

formed biofilm cells. Unbound crystal violet was washed with distilled water, and bound crystal violet was released by 

adding acetic acid to the wells. O.D at 600 nm of the released crystal violet was read and it proportionally corresponded to 

the amount of biofilm forming cells present in the wells. The negative control corresponded to wells that didn’t contain any 

C. albicans cells but treated similarly as other wells. Note the significant defect in biofilm formation in the mutant strain. 

(p=0.002). 
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3.7 Mouse model of disseminated candidiasis 

18 mice (9 from each strain) were injected via the tail vein with 5x106 C. albicans cells of 

each strain. Mice were monitored for a period of 3 weeks for survival. Mice injected with the 

mutant cells survived for a significantly longer period when compared to mice injected with 

the wild type cells implying that the heterozygote mutant strain has a lower virulence 

(p=0.001). The median survival was 1.75 days for the wild type and 8 days for the 

heterozygote. (Fig 14). 

 

 

Figure 14. Disseminated model of candidiasis. Mice were injected in their tail vein with 5x106 C. albicans cells and 

survival was monitored daily. Numbers on the Y axis represent living mice. As can be seen from the graph, the mutant strain 

appears to be defective in virulence when compared to the wild type parental strain (p=0.001).  
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3.8 Oxidative stress assay 

The wild type strain and the DSE1/dse1::URA3 heterozygote mutant strains were subjected to 

various doses of hydrogen peroxide and then the strains were spotted on PDA plates. 

Interestingly, the mutant strain showed a decrease in resistance to oxidative stress when 

compared to the wild type. (Fig 15). 

 

 

 

Figure 15. Oxidative stress assay.  A) control plate; B) 10mM concentration of H2O2; C) 25mM concentration of H2O2.. 

Strains were grown in PDB, then ten fold diluted (105 to 102 cells/ml) and incubated in different doses of hydrogen peroxide 

for one hour. 5µl of the treated culture were spotted on PDA plates. Untreated cultures were also spotted as controls. Note the 

increased susceptibility of the mutant to hydrogen peroxide.  

 

A 

C 

B
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3.9 Cell surface disturbing agents 

The wild type and the mutant strains were also grown in the presence of different 

concentrations of various cell surface disrupting agents. The mutant strain was found to be 

slightly more susceptible to calcofluor white and SDS when compared to the wild type with 

no difference in susceptibility to Congo red. (Fig 16). 

 

 

Figure 16. Cell surface disrupting agents. A) control plate; B) 12.5µg/ml  calcofluor white; C) 0.0225% SDS; D) 50µg/ml 

Congo red . Strains were grown in PDB, then ten fold diluted (105 to 102 cells/ml) and spotted on PDA plates containing 

different concentrations of either one of the following cell surface disrupting agents: calcuoflore white, SDS Congo red. The 

control plate contained the same dilutions of both strains but with no disrupting agents added to it. A slight increase in 

susceptibility to SDS and calcofluor white was observed.  

 

A  B

C  D



36 

 

Chapter 4 

DISCUSSION AND CONCLUSION 

In this current study, we characterized Dse1, a predicted C. albicans cell wall protein. The 

reason behind our choice of this specific protein is that even though Dse1 has not yet been 

characterized, Ace2, its transcriptional regulator, and the Saccharomyces cerevisiae DSE1 

orthologue have both been which would help in predicting the possible role Dse1 plays in C. 

albicans. Kelly et al. (2004) have found out that DSE1 transcription is decreased in a mutant 

lacking the transcription factor Ace2. An ace2 null renders the mutant defective in cell 

separation, avirulent in a mouse model, increasingly invasisve of agar medium and reduced in 

adherence to plastic surfaces. Thus, we expected that a dse1 deletion might have a somehow 

similar phenotype as the mutant lacking Ace2.  

Because C. albicans is a diploid organism, the characterization and determination of Dse1 

function required knocking out both alleles. An interesting outcome of our study was our 

inability to generate a dse1 null strain. Twenty six colonies from 3 independent 

transformations of the DSE1/dse1::HIS1 heterozygotes with the URA3 cassette were obtained. 

In all the 26 screened colonies, the presence of the DSE1 internal PCR product indicated a 

failure in the generation of the homozygous null strain. On the other hand, 3 out of 5 colonies 

of the parental RM1000 strain transformed with the HIS1 cassette had the cassette integrated 

at the correct site and were thus heterozygous. This observation implied the possibility that 

the problem may have been in the URA3 cassette itself rendering it unable to successfully 

integrate at the correct DSE1 locus and thus preventing the formation of a dse1 null strain. To 

address this problem we attempted to recreate the DSE1 heterozygote strain but by 
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transforming the parental strain with the URA3 cassette first. Such a heterozygote was 

successfully generated (5 successful integrations out of 5 colonies screened). The fact that 

each cassette was independently transformed successfully but the combination cannot 

strongly imply that the DSE1 gene is essential. When dealing with an essential gene, only one 

allele can be disrupted or else the cell will be inviable.  

Since a heterozygote strain with only one copy of a particular gene usually produces less 

functional protein than a wild type strain with two functional alleles, a happloinsufficiency 

phenotype is very common in C. albicans.  This is especially true of cell wall proteins. For 

instance, a C. albicans mutant strain, heterozoygote for the DDR48 gene, has been shown to 

be haploid insufficient as it was defective in filamentation, hypersensitive to oxidative stress 

and showed many discrepancies when compared to the wildtype on the level of drug 

resistance (Dib et al. 2008).  Similarly, a SOD5 heterozygote strain was shown to be 

happloinsufficient and was more susceptible to oxidative stress and less virulent in a mouse 

model of infection (Martchenko et al. 2004). However, not all mutant heterozygote strains are 

happloinsufficient. An MNN4 heterozygote strain, which lacks one copy of the gene 

responsible of the transcription of a protein required for mannosylphosphorylation of 

oligosaccharides linked to cell wall proteins, does not show any significant difference on the 

level of virulence, adhesion, or hyphal growth when compared to the wildtype (Hobson et al. 

2004). Also, an RHD1/rhd1 (Repressed under Hyphal Development) heterozygote mutant did 

not show any significant discrepancies when compared to the wildtype strain and thus cannot 

be considered as happloinsufficient (Yazbeck 2008).  
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In our study, we determined the phenotypic difference between the Ura3+ heterozygote 

mutant strain and the wild type parental strain and we found that our mutant strain exhibited a 

significant degree of happloinsufficiency. Briefly, the overall phenotype is that of a weaker 

cell surface with a reduced rigidity which manifested itself though reduced resistance to cell 

surface disrupting gents, delay in adhesion and reduced biofilm formation, and decreased 

virulence. 

It was previously documented that the outcome of cell wall mutations in C. albicans is a 

weakened cell wall and in most cases of cell wall protein deletions, the resulting cell tend to 

be more susceptible to antifungal agents, drugs and oxidative stress (Dib et al. 2008). Such 

data agrees with the results of our study as far as a more weakened cell wall was seen after the 

deletion of one DSE1 allele. For instance, discrepancies were observed between the mutant 

and the wild type upon incubation of the cells with cell wall disrupting agents such as 

calcofluor white. When compared to wildtype, the mutant showed an increase in sensitivity to 

calcofluor white which is a drug that targets exclusively the C. albicans cell wall. This 

observation made sense because after entering the amino acid sequence of the Dse1 protein 

into the TTHM program at http://www.cbs.dtu.dk/ which analyzes and models possible 

transmembrane and extramembranal regions of a protein, we found out that our protein lies 

exclusively within the cell wall and as such a deletion is expected to affect cell wall 

properties. Interestingly however, there was no difference between our mutant and the 

wildtype as far as sensitivity to Congo red and caspofungin even though these two drugs also 

target the cell wall. A possible explanation of this phenomenon is that the mechanism of 

action of calcofluor white is somewhat different than that of Congo red and caspofungin. 
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Calcofluor white affects chitin assembly within the cell wall whereas Congo red and 

caspofungin alter glucan synthesis and assembly (Elorza et al. 1983; Lesage et al. 2004; 

kopecka and Gabriel 1992). It might be that the implicated mutation affected only the process 

of chitin synthesis within the cell wall with no impact on the glucan synthesis mechanism 

explaining why the difference was only seen on the level of calcofluor white.  

Interestingly, the mutant was found to be more sensitive to SDS and to oxidative stress when 

compared to the wildtype. SDS is known to disrupt and solubilize the plasma membrane and 

is thus not a cell wall specific compound (Plaine et al. 2008). However by weakening the cell 

wall, permeability to SDS might have increased rendering the cell more susceptible. As far as 

hydrogen peroxide is concerned, one possible explanation is that by decreasing the amount of 

Dse1 on the cell surface, the architecture of the cell wall proteome might have been changed 

possibly preventing correct positioning and anchoring of cell wall localized superoxide 

dismutases or other proteins that are directly or indirectly responsible for countering oxidative 

stress damage (Hwang et al. 2002). Since the protein modeling data suggests that Dse1 does 

not span the membrane these phenotypes are thus indirect and interesting.  

The above mentioned rational might also explain the defect observed in biofilm formation, as 

changes to the cell wall proteome brought on by the dse1 deletion might have hindered the 

ability of the strain to aggregate and form proper biofilm. Surprisingly the adhesion data does 

not go hand in hand with our biofilm data. A defect in biofilm can be in most cases explained 

as due to a defect in adhesion, the first and necessary step for biofilm formation to proceed 

(Chandra et al. 2001). However the adhesion data showed that the mutant strain is not 

defective in adhesion, it rather displays a delay in adhesion. Whether this delay affects biofilm 
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formation is debatable. The defect in biofilm formation is probably due to other factors 

besides adhesion to plastic-factors that are needed in advanced stages of biofilm formation 

that might involve protein aggregation or cell-to-cell recognition and adhesion. 

Furthermore, and after testing the degree of virulence of our mutant in a mouse model, it was 

observed that the mutant was decreased in virulence when compared to the wild type. While 

the wild type strain was able to kill all mice within two days post injection, the mutant strain 

took more than two weeks to kill the mice. Although the mutant strain was eventually able to 

kill all the mice, the delay is statistically significant and can be considered as a defect in 

virulence. Bearing in mind that virulence highly correlates with adhesion and vice versa (Gale 

et al. 1998), our results can be considered valuable and interesting because the delay in 

adhesion and defect in biofilm formation has been mirrored by a decrease in virulence. One 

possible explanation may be that the delay in adhesion allows for a crucial amount of time for 

the immune system to get rid of the fungus (Tsuchimori et al. 2000).  

By comparing our results to those obtained by Bahnan W (2009) who characterized PIR32, 

also a non-GPI anchored cell wall protein in C. albicans by generating a pir32 null strain, we 

found that our results resembled to his results on many levels. For instance, on the level of 

filamentation, his mutant null strain was also hyperfilamentous; also, in his study, the mutant 

was shown to be defective in biofilm formation and delayed in adhesion, results similar to 

what we have seen for the DSE1/dse1 heterozygote mutant strain. However his mutant was 

hypervirulent and showed increased resistance to many cell surface altering drugs 
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As previously mentioned Ace2, a transcription factor responsible for cell wall metabolism, 

has been previously characterized by generating an ace2 null strain. An ace2 deletion results 

in reduced transcription of many cell wall proteins including our Dse1 protein. An ace2 

mutation results in reduced adherence to plastic surfaces, abnormal biofilm formation, a 

complete avirulence in a mouse model (Kelly et al. 2004). These results show a high degree 

of similarity with our results although the phenotype is more severe in their study. The more 

severe phenotype exhibited by the ace2/ace2 mutant is logical because Ace2 controls not just 

Dse1 but many proteins implicated in cell wall metabolism. In addition, the ace2 null 

exhibited an increased invasion of solid agar medium. Such a phenotype was also mirrored in 

our dse1 null strain as our strain was overfilamentous on both solid and liquid media 

compared to the parental strain with an increase in invasion of solid agar. No explanation was 

given for such a phenotype. Whether the cell upregulates filamentation genes to compensate 

for the dse1 deletion and possible weakening of the cell wall remains to be determined.  

Another intriguing issue concerning our study was our inability to generate a homozygous 

null strain.  Since Ace2 activates DSE1 (Kelly et al. 2004) , the ability to generate an ace2 

null should imply an ability to generate a dse1 null A plausible explanation of this 

phenomenon may be that the DSE1 gene is possibly controlled by other pathways and 

mechanisms different than the Ace2 pathway alone. 

Additionally, a DSE1 orthologue named ScDSE1 is also found in S. cerevisiae and encodes a 

protein that has been shown to participate in pathways regulating cell wall metabolism. A 

dse1 deletion in S. cerevisiae renders the mutant cells more sensitive to cell wall targeting 

drugs (Colman-lerner et al. 2001; Doolin et al. 2001), a phenotype similar to what we 
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observed with our mutant. However again, and as is the case with the ace2 knockout strain, 

the Scdse1 null phenotype was more severe than the one observed for the mutant in our study. 

Nevertheless it is important to keep in mind here that both the ace2 and Scdse1 mutant strains 

were homozygous nulls. We were unable to generate such a null strain and as such we are 

comparing a null strain with a heterozygote strain that is still producing a functional protein. 

Bearing this in mind, it is not surprising that our phenotype is more subtle. 

In light of the results of our study, we can assume that the DSE1 gene might be an essential 

gene in C. albicans because we were unable to knock out both alleles. In addition, a deletion 

of only one allele of DSE1 led to a haploinsufficiency phenotype as our heterozygote mutant 

could not produce enough protein from one allele to maintain wild type characteristics.  

Although the DSE1 gene appears to be essential, more experimental work should be 

performed in the future to confirm that the gene is indeed so. For instance, the one allele left 

in the DSE1/dse1 heterozygote should be placed under the control of an inducible promoter 

such as MET3 which can be repressed by the addition of methionine to the growth medium. 

Colony growth on media lacking methionine but absence of growth when methionine is added 

to the medium will indicate without any doubt that DSE1 is essential (Care et al. 1999). 

Furthermore, we can test for the occurrence of a trisomy event whereby the deletion of both 

alleles of the essential gene is always compensated by a spontaneous triplication event which 

ensures the presence of one functional allele of the gene and hence viability (Enloe et. al 

2000).  
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Finally, many future studies should be carried out to answer some core issues related to our 

study. A revertant strain whereby a copy of DSE1 is reintroduced into the heterozygous strain 

should be performed to confirm that the observed phenotype is indeed due to knocking out on 

DSE1 allele and not to a secondary mutation. In order to explain the hyperfilamentous 

phenotype, microarray analysis of the mutant would be very useful in order to assess which 

filamentation pathways may have been modified to compensate for the deletion. Moreover, 

MALDI-TOF mass spectrometric analysis of the cell wall and cell membrane proteome would 

be essential in providing us with some insights as to what changes have occurred in these two 

compartments leading to the observable phenotype. Cell wall chitin content can also be 

quantified which would give us an idea about the degree of cell wall rigidity in the mutant 

strain, and whether indeed as theorized above, the decreased resistance to calcofluor white is 

due to a decrease in chitin assembly. Such experiments would be very valuable in completing 

our study resulting in further characterization of Dse1 and the exact role it plays in C. 

albicans.  
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