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Summary
Candida dubliniemis is a recently identified yeast species primarily associated with oral 

carriage and infection in HIV-infected individuals. Previous studies have shown that only a 

small number o f clinical isolates are resistant to the commonly used antifungal drug 

fluconazole and that stable resistance to fluconazole can be induced in vitro in this species. 

Overexpression of the multidrug resistance gene CdMDRl has previously been shown to be 

a major contributor to resistance in fluconazole-resistant isolates and in v/7ro-generated 

derivatives. However, given the inability of CdM drlp to mediate the transport of other 

azole drugs such as itraconazole and the high prevalence o f nonsense mutations in the 

multidrug resistance gene CdCDRl, the general aim of the present study was to investigate 

the prevalence and molecular basis of itraconazole resistance in C. dubliniensis.

In order to determine the incidence o f itraconazole resistance in clinical isolates of 

C. dubliniensis, it was first of all necessary to facilitate the identification of these isolates in 

clinical specimens. Consequently, an additional aim of this study was to develop a simple 

and reliable test to differentiate C. dubliniensis and C. albicans isolates. Based on the 

comparative growth of 120 C. dubliniensis and 98 C. albicans isolates at 45°C, it was 

shown that differential growth at 45°C is a simple, inexpensive, rapid, easily applicable 

assay that allows to distinguish C. dubliniensis isolates from C. albicans isolates.

In the present study 6 out of 58 clinical isolates o f C. dubliniensis from 56 separate 

patients exhibited reduced susceptibility to itraconazole (MIC range 0.25 to 0.5 |J.g/ml) 

which was also associated with reduced susceptibility to fluconazole (MIC > 8 |ig/ml).

An important aim o f the present study was to induce resistance to itraconazole in 

C. dubliniensis  in order to generate isogenic matched pairs in which the molecular 

mechanisms involved in the development of itraconazole resistance would be investigated. 

In order to induce resistance to itraconazole in vitro, three itraconazole-susceptible strains, 

two containing a non-functional CdCDRl gene and one with a functional version o f the 

gene, were sequentially exposed to increasing concentrations o f itraconazole on agar 

medium. This resulted in the recovery of seven derivatives exhibiting stable resistance to 

itraconazole and other azoles but not cross-resistance to a range o f metabolic inhibitors. In 

order to identify the mechanisms responsible for the resistance phenotype, the most 

common causes o f azole resistance in Candida  species were investigated. CdMDRl



expression was unchanged in the seven resistant derivatives and their parental isolates, 

however, all seven derivatives exhibited increased C dE R G ll expression and six of the 

seven derivatives exhibited increased CdCDRl expression compared to their respective 

parental isolates. In addition, sequence analysis of the C dERG ll gene revealed that there 

were no mutations present which could explain, at least in part the resistant phenotype. To 

further investigate efflux mechanisms, glucose-mediated efflux o f the fluorescent 

compound rhodamine 6G (R6G), a substrate of efflux pumps, was measured. Except for 

one derivative, rhodamine 6G efflux was decreased in the itraconazole-resistant derivatives 

compared to their parental isolates, suggesting altered membrane permeability in these 

derivatives. Analysis o f membrane sterol content by GC/MS revealed that the derivatives 

did not produce ergosterol but instead accumulated C5-saturated sterols which was 

consistent with a lack o f sterol C5,6-desaturase (CdErgSp) activity. The defect in 

C5,6-desaturation was confirmed by the identification of mutations in the alleles {CdERG3) 

encoding this enzyme and their lack of functional complementation in a Saccharomyces 

cerevisiae erg3 mutant. Therefore, in six of the seven C. dubliniensis derivatives, the 

primary mechanism of itraconazole resistance, with or without a functional CdCDRl gene, 

was loss o f function o f CdERG3. However, the mechanism(s) o f azole resistance in the 

remaining seventh derivative has yet to be determined.

Finally, the molecular mechanisms involved in mediating reduced susceptibility to 

itraconazole and other azole drugs in a clonal population o f C. dubliniensis isolates were 

investigated. Results showed that reduced susceptibility to azole drugs was associated with 

an increase in C d C D R l and C dC D R 2  expression which correlated with reduced 

intracellular accumulation o f fluconazole and an increase in energy-dependent efflux 

mechanisms. Despite a thorough investigation o f all possible mechanisms o f azole 

resistance, no other mechanism could be associated with reduced susceptibility to azole 

drugs in the isolates studied. This is the first report o f CdCDRl involvement in azole 

resistance in C. dubliniensis.

In conclusion, the present study has identified molecular mechanisms of resistance to 

azole antifungal agents not previously described in C. dubliniensis. Consequently, this 

study has helped to develop a more extensive understanding of the complexity and diversity 

of mechanisms by which C  dubliniensis isolates can develop resistance to azole drugs.
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DNA deoxyribonucleic acid
DNase deoxyribonuclease
dNTP dideoxynucleoside
dTT dithiothreitol

EDTA ethylenediamine tetraacetic acid
e.g. for example
et al. and others

g gram
g  gravity

h hour(s)
HIV human immunodeficiency virus

IPTG isopropyl-(3-D-thiogalactopyranoside
i.e. that is

kb kilobase pair
kDa kilodalton
kg kilogram

L agar Luria-Bertani agar
L broth Luria-Bertani broth
1 litre

M molar
Mb megabase
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mg milligram
l^g microgram
ml millilitre
|il microlitre
MIC minimum inhibitory concentration
min minute
mRN A messenger ribonucleic acid

NCCLS N ational Com m ittee for C linical Laboratory
Standards

ng nanogram
nm nanometre
no. number

ORF open reading frame
OD optical density

PBS phosphate buffered saline
PCR polymerase chain reaction
PDA potato dextrose agar
PEG polyethylene glycol
PFGE pulsed-field gel electrophoresis

R6G rhodamine 6 G
RAPD random amplified polymorphic DNA
rDNA ribosomal DNA
RFLP restriction fragment length polymorphism
RNA ribonucleic acid
RNase ribonuclease
rpm revolution per minute

s second
SC-LEU synthetic complete medium without leucine
SC-URA synthetic complete medium without uracil
SDS sodium dodecyl sulphate

TBE tris-borate EDTA
Tris tris (hydroxymethyl) aminoethane

U unit
UV ultra violet

v/v % volume in volume: expresses the number o f
millilitres of an active constituent in 100 millilitres of 
solution

w/v % weight in volume: expresses the number o f grams
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YPD agar yeast extract peptone agar
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< less than
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< less than or equal to
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Chapter 1 

General Introduction
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1.1 Clinical manifestations and epidemiology of infections caused by 
Candida species

1.1.1 Candida species as opportunistic pathogens
C andida  species are considered to be a normal part o f the oropharyngeal and

gastrointestinal flora (Ruhnke, 2002). However, when host defences are compromised 

Candida species may become opportunistic pathogens and establish an infection. 

Candida  species have emerged as significant human pathogens during the past two 

decades and are currently the fourth most common cause of nosocomial bloodstream 

infection in the USA, with a mortality rate of 40% to 60% (Eggimann & Pittet, 2001; 

Ellis, 2002). The emergence of Candida species as significant human pathogens has 

been part of a general increase in the number of infections caused by fungal pathogens 

during the last twenty years. This shift in the epidemiology o f fungal infections has 

been correlated with the increase in the number of immunocompromised patients, 

including HIV-infected patients and immunosuppressed patients undergoing 

chemotherapy, bone marrow or solid organ transplantation. The increasing use of 

invasive medical procedures, indwelling central venous catheters and broad-spectrum 

antibiotics have also been associated with the increase in fungal disease (Fridkin & 

Jarvis, 1996). The clinical manifestations of Candida infections are usually classified 

into superficial candidosis, (infections of the skin and mucous membranes) and invasive 

candidosis (infections of the blood and/or deep organs). Superficial Candida infections 

can occur either in immunocompromised or in immunocompetent patients, in contrast to 

invasive candidosis which is only observed in severely immunocompromised patients.

1.1.2 Superficial candidosis
The most common mucosal infections include oropharyngeal (OPC), oesophageal,

vaginal and chronic mucocutaneous candidosis. Several clinical forms of OPC have 

been described and the most prevalent form is pseudomembranous candidosis which is 

commonly referred to as ‘thrush’. Other forms of OPC include erythematous candidosis 

and angular cheilitis. OPC is the most common mycosis in AIDS patients and is often 

the first clinical manifestation of HIV infection (Ruhnke, 2002). Indeed, more than 90% 

of individuals with progressive HIV disease develop OPC at some time during the 

course of their disease (Garber, 2001).
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Oesophageal candidosis mainly occurs in patients with advanced HIV infection 

(Ruhnke, 2002) and it has been suggested that oesophageal candidosis in HIV-positive 

patients may be the first manifestation of AIDS (Fidel et a l,  1999).

Vaginal carriage of Candida species and other yeasts is reported to range from 10 to 

20% in healthy women. Although vulvovaginal candidosis (VVC) is more common in 

HIV-infected women, it is estimated that as many as 75% of women, regardless of their 

HIV status, will experience at least one episode of VVC during their life time (Ruhnke, 

2002). W hile most women suffer from sporadic mild to moderate vaginitis, 

approximately 10% of women suffer from more severe and recurrent symptoms. 

Women with predisposing factors such as immunosuppression and uncontrolled 

diabetes are at a higher risk for this type of infection (Fidel et al., 1999).

Chronic mucocutaneous candidosis (CMC) is a collection syndromes in which 

patients have chronic and/or recurrent infections o f the skin, nails, and mucous 

membranes with Candida  species. Individuals at risk o f CMC are those unable to 

develop effective cell-mediated immune responses against Candida.

1.1.3 Invasive candidosis
Invasive candidosis refers to Candida infections, other than those of the skin and

mucous membranes, whereby Candida cells penetrate through the epithelial barrier. 

Invasive candidosis includes candidemia (colonisation of the bloodstream by Candida 

species), acute or chronic disseminated candidosis and less frequently infection of a 

single deep organ. Invasive candidosis is generally the result o f penetration of Candida 

cells into the bloodstream and the subsequent hematogenous spread o f the infective 

organism (hematogenous candidosis) but can also occur from direct inoculation 

following surgery (non-hematogenous candidosis). Invasive candidosis is associated 

with high mortality. The incidence of candidemia among hospitalised patients has 

doubled during the past 20 years (Asmundsdottir et al., 2002; Kullberg & Filler, 2002). 

Candidemia has been shown to be associated with underlying conditions such as cancer, 

abdominal surgery, diabetes mellitus and HIV (Kao et al., 1999). Risk factors for 

candidemia and disseminated candidosis also include the use o f antibiotics prior to 

infection (Wenzel, 1995), the presence of intravenous catheters, neutropenia and prior 

colonisation with Candida species (Kullberg & Filler, 2002). It has been shown that 

broad-spectrum antibiotics eliminate the endogenous bacterial flora and allow the 

overgrowth o f Candida and other yeast species (Samonis et al., 1994; Wenzel, 1995).
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The vast majority of invasive infections are caused by endogenous Candida strains that 

belong to the patient’s normal flora. Indeed, several studies have highlighted the 

correlation between previous gastrointestinal colonisation by Candida  species and 

candidemia (Kullberg & Filler, 2002; Pittet et a l ,  1994).

Chronic disseminated candidosis is predominantly observed in neutropenic patients, 

especially those suffering from leukaemia. In these patients, invasive candidosis 

develops in multiple organs over a period of several weeks or even several months as a 

result o f a candidemia acquired during an episode of neutropenia and is frequently not 

detected until after neutropenia has resolved.

1.1.4 Epidemiology of candidosis
Candida albicans is the most frequently identified human commensal species of the

Candida  genus and is generally considered the most virulent (Odds, 1988). While 

C. albicans is still the most common cause of Candida infections, the recovery from 

sites of infection of non-C. albicans Candida species, thought to be less pathogenic than 

C. albicans, such as C. parapsilosis, C. glabrata and C. tropicalis  has increased 

(Coleman et al., 1998; Coleman et al., 1995; Fischer-Hoch & Hutwanger, 1995; Gauzit, 

2001; Pfaller, 1994). The reasons for this shift in the epidemiology of candidosis may 

be linked to the general increase in the incidence of fungal infections. Also the 

increased longevity of severely immunocompromised individuals has resulted in a 

larger population o f extremely debilitated patients therefore allowing many of these 

species to emerge and cause disease. It has also been suggested that the widespread 

therapeutic and prophylactic use of antifungal drugs such as fluconazole might also 

have contributed to the emergence of less susceptible non-C. albicans Candida species. 

It is generally accepted that C. krusei is inherently resistant to fluconazole (Rex et al., 

1995b; Rex et al., 2000; Rex et al., 1997; White et al., 1998). Also, several studies have 

reported that a significant proportion of C. glabrata isolates are resistant to fluconazole 

and itraconazole (Fidel et al., 1999). Resistance to azole drugs has also been described 

in other non-C. albicans Candida  species, including isolates o f C. dubliniensis, 

C. tropicalis and C. guilliermondii, which are frequently recovered from HIV-infected 

patients following protracted azole therapy. Consequently, it has been suggested that 

these species have been selected by the pressure o f antifungal drugs (Pfaller, 1995) 

because they are less susceptible to azole drugs than C. albicans.
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1.2 Characterisation of C. dubliniensis

1.2.1 Discovery of C. dubliniensis
The increased incidence o f infections caused by non-C. albicans Candida species in

the 1980’s and 1990’s was also accompanied by the emergence of atypical isolates 

which were subsequently identified as constituting a novel species for which the name 

C. dubliniensis was proposed. This species, which was identified and first described in 

1995, is primarily associated with oral carriage and infection in HIV-infected and AIDS 

patients . In the early 1990’s, several authors reported the recovery of atypical isolates 

o f C. albicans from HIV-infected individuals which hybridised very poorly to the 

C. albicans-s^QCific DNA probe 27A (Boerlin et al., 1995; McCullough et al., 1995; 

Schmid et al., 1992; Sullivan et al., 1993). Although these isolates shared many of the 

characteristic features of C. albicans isolates, they exhibited a number of atypical 

properties. Sullivan et al. carried out an extensive study of the phenotypic and 

genotypic characteristics o f atypical isolates recovered from the oral cavities of 

HIV-infected patients in Ireland and Australia. In addition phylogenic analysis of 

nucleotide sequences of the V3 region of the large rRNA subunit gene was carried out. 

On the basis o f the phenotypic, genotypic and phylogenic analysis, Sullivan et al. 

concluded that the atypical isolates constituted a novel, distinct taxon within the genus 

Candida (Sullivan et al., 1995).

1.2.2 Phenotypic characteristics commonly used for the identification of 
C, dubliniensis

1.2.2.1 Chlamydospore and germ tube production
The ability to produce germ tubes and chlamydospores was originally considered to

be a specific feature o f C. albicans and was commonly used to for the definitive

identification o f this species from clinical specimens. However, C. dubliniensis also

possesses the ability to produce chlamydospores on Rice agar Tween (RAT) (Sullivan

et al., 1995). In contrast to C. albicans isolates, which tend to produce single

chlamydospores attached terminally to hyphae by a single suspensor cell, isolates of

C. dubliniensis tend to produce abundant chlamydospores, frequently arranged in

contiguous pairs, triplets or larger groups attached to a single suspensor cell (Sullivan et

al., 1995). However, this unusual feature has not been shown to be reproducible for

every C. dubliniensis isolate in a number of laboratories (Kirkpatrick et al., 1998;
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Schoofs et a l ,  1997). A characteristic feature o f C. dubliniensis, in contrast to 

C. albicans, is that the vast majority of C. dubliniensis isolates produce chlamydospores 

on Staib agar (Al Mosaid et a l ,  2001; Staib & Morschhauser, 1999). Unlike other 

Candida species, both C. dubliniensis and C. albicans have the ability to produce germ 

tubes when incubated in serum (Sullivan et al., 1995). However, unlike C. albicans 

isolates, C. dubliniensis isolates do not produce germ tubes when incubated in medium 

containing N-acetyl glucosamine (Gilfillan et al., 1998).

1.2.2.2 Lack o f  growth at 42 °C
Isolates of C. dubliniensis grow well at 30°C and 37°C on all mycological culture

media used for the culture o f Candida  species (Sullivan et al., 1995). However, 

C. dubliniensis isolates were observed to grow poorly or not at all at 42°C, unlike 

C. albicans isolates which grow well at this temperature (Sullivan et al., 1995).

1.2.2.3 Carbon and nitrogen assimilation profiles
Commercially available yeast identification systems such as the bioMerieux

API ID 32C and API 20C AUX systems are routinely used to identify Candida species 

in diagnostic laboratories. These kits generate a numerical code or profile based on the 

assimilation patterns of a specific range o f substrates. Comparison o f the profile 

generated for an unknown isolate with database profiles allows its identification. The 

range of carbohydrates assimilated by C  albicans and C  dubliniensis has been shown 

to be significantly different (Boerlin et al., 1995; Gales et al., 1999; Jabra-Rizk et al., 

1999; Kirkpatrick et al., 1998; Pincus et al., 1999; Sullivan et al., 1995; Tintelnot et al., 

2000). Prior to the inclusion of C. dubliniensis in the API ID 32C and API 20C AUX 

databases, C. dubliniensis profiles did not match any known profiles in the databases or 

gave profiles corresponding to poor identification of a species such as C  sake (Sullivan 

et al., 1995). Despite the introduction of a limited number of C. dubliniensis profiles in 

the databases in 1998, it has been suggested that, in order to allow reliable 

identification, the databases should be further modified to include more C. dubliniensis 

profiles (Pincus et al., 1999).

1.2.2.4 Growth on differential agar media
Isolates o f C. dubliniensis grow well on media used for the routine culture of

Candida species (Sullivan et al., 1995). On conventional mycological agars, such as 

Sabouraud agar or potato dextrose agar (PDA), C. dubliniensis isolates form colonies of
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a creamy white colour, very similar to those formed by C. albicans isolates, thus the 

two species are indistinguishable on such media. However, a number o f differential 

media used to distinguish C. dubliniensis from C. albicans have been described. The 

commercially available CHROMagar® Candida medium is used for the preliminary 

identification of Candida species (Odds & Bernaerts, 1994). On primary isolation on 

this medium, C. dubliniensis colonies are dark green in colour whereas C. albicans 

colonies are light blue-green in colour (Coleman et a l ,  1997b; Koehler et a l, 1999; 

Schoofs et al., 1997; Sullivan & Coleman, 1998). However, C  dubliniensis isolates can 

lose their distinctive dark green coloration following prolonged storage or subculture 

(Schoofs et al., 1997). Recent studies showed that C. dubliniensis isolates form rough 

colonies when incubated at 30°C on Staib agar, whereas C. albicans do not (Al Mosaid 

et al., 2001; Staib & M orschhauser, 1999). While it had been reported that 

C  dubliniensis isolates produce hyphae and chlamydospores on Staib medium (Staib & 

Morschhauser, 1999), a more comprehensive study found that 14.6% C. dubliniensis 

isolates did not produce them and concluded that differentiation of C. dubliniensis from 

C. albicans on Staib agar should be based on colonial morphology rather than hyphae 

and chlamydospore production (Al Mosaid et al., 2001).

1.2.3 Molecular characteristics used in the identiflcation and epidemiological 
investigation of C. dubliniensis

1.2.3.1 Identification o f  C. dubliniensis isolates by PCR
Several PCR-based techniques have been developed to facilitate the identification of

C. dubliniensis and its differentiation from C. albicans. Donnelly et al. developed a

C. dubliniensis-^)QQ,\f\c, PCR test using primers based on the y4Cr7-associated intron

sequence o f C. dubliniensis which shares 83.4% identity with the C  albicans sequence

(Donnelly et al., 1999). An extensive evaluation of this PCR method carried out using

122 C. dubliniensis isolates, 53 C. albicans isolates and a number of isolates from other

Candida species showed that positive identification of C. dubliniensis could be obtained

in 4 h (Donnelly et al., 1999). A number of other PCR methods based on the sequence

differences between C. albicans and C. dubliniensis in the internal transcribed spacer

(ITS) regions ITSl and ITS2 of the ribosomal gene cluster have been developed (Irobi

et al., 1999; Martin et al., 2000; McCullough et al., 1999; Park et al., 2000; Williams et

al., 2001). In one study, the sequence o f the ITS2 region was used to develop a

molecular beacon probe for identification of C. dubliniensis as well as C. albicans (Park
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el a i,  2000). Recently, another PCR-based test for the identification o f C. dubliniensis 

was developed based on the sequence of the mitochondrial cytochrome b gene (Biswas 

et a l, 2001)

1.2.2.2 DNA fingerprinting
The first evidence that suggested that C. dubliniensis isolates were genetically

distinct from other Candida species came from DNA fingerprinting studies with the

moderately repetitive C. albicans fingerprinting probes 27A and Ca3 (Boerlin et al.,

1995; McCullough et al., 1995; Sullivan et al., 1995). While the 27A  probe hybridised

strongly to C. albicans and to type I and type II C. stellatoidea £'coRI-digested DNA

producing complex patterns of bands (Scherer & Stevens, 1988), the fingerprint patterns

obtained for C. dubliniensis isolates consisted of a small number of weakly hybridising

bands (McCullough et al., 1995; Sullivan et al., 1995). Similarly, the Ca3 fingerprinting

probe hybridised weakly to C. dubliniensis genomic DNA while it gave strong

hybridisation bands with C. albicans genomic DNA (Boerlin et al., 1995). In contrast,

Joly et al. (Joly et al., 1999) identified and cloned a C. dubliniensis-^^QCX^xc DNA

repetitive element termed Cd25 which could readily distinguish clinical isolates of

C  dubliniensis in DNA fingerprinting studies. Based on fingerprint profiles obtained

with the Cd25 probe, Joly et al. showed that C. dubliniensis isolates could be divided

into two distinct groups termed Cd25 group I and Cd25 group II. Isolates within Cd25

group I were more homogeneous or more closely related to one another than isolates

within Cd25 group II. This dichotomy in C. dubliniensis isolates was confirmed by the

extensive study of Gee et al. (Gee et al., 2002). In addition. Gee et al. found that Cd25

group I isolates were predominant world-wide and mainly recovered from HIV-infected

patients while Cd25 group II isolates were mainly recovered from HIV-negative

individuals (Gee et al., 2002). Joly et al., also cloned two other DNA repetitive

elements (Cdl and Cd24) from C. dubliniensis (Joly et al., 1999) which can be used for

fingerprinting although they cross react with C. albicans genomic DNA. Because the

patterns generated with the Cdl and Cd24 probes are less stable over time both in vivo

and in vitro than patterns generated with the Cd25 probe, these two probes are more

suited to the investigation of microevolution within strains.
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1.2.3.3 Karyotype profiles
The presence of one or more chromosome-sized bands <1 Mb has been found to be a

characteristic feature of the karyotype profiles of C. dubliniensis isolates (Gee, 2002; 

Sullivan et al., 1995). A study of karyotype profiles of 89 C. dubliniensis isolates by 

Gee et al showed that two major karyotypes patterns could be identified on the basis of 

the presence or absence o f chromosome-sized bands at approximately 1.7 and 1.75 Mb 

(Gee, 2002; Gee et al., 2002).

1.2.3.4 Genotyping o f  C. dubliniensis isolates on the basis o f  ITS sequence analysis 
Gee et al. (Gee et al., 2002) carried out sequence analysis of the ITS region of

C. dubliniensis isolates. In their study, Gee et al. identified four distinct genotypes

among C. dubliniensis isolates on the basis of the sequence variations in the ITSl and

ITS2 regions (Gee et al., 2002). All C. dubliniensis isolates belonging to Cd25 group I

were found to belong to genotype 1 while the Cd25 group II isolates comprised o f three

distinct genotypes (genotypes 2, 3 and 4) (Gee et al., 2002). To facilitate

epidemiological studies. Gee et al. developed a genotype-specific PCR assay based on

sequence differences in the ITS region between the four genotypes (Gee et al., 2002).

Using this assay, the genotype and hence the Cd25 fingerprint group of an isolate can be

determined in a matter o f 5 h. This simple assay should greatly facilitate the

investigation o f the epidem iological relevance o f each genotype group o f

C  dubliniensis isolates.

1.2.4 Epidemiology of C. dubliniensis
Candida dubliniensis isolates were initially recovered from the oral cavities of

HIV-infected and AIDS patients from Ireland, Australia and the United Kingdom 

(Coleman et al., 1997b; Sullivan & Coleman, 1998; Sullivan et al., 1995). The recovery 

of C. dubliniensis isolates from various patient cohorts and clinical settings has since 

been reported world-wide with isolates recovered in Argentina, Belgium, Brazil, 

Canada, Finland, France, Germany, Greece, India, Israel, Italy, Japan, the Netherlands, 

Norway, South Africa, Spain, Switzerland and the USA (Al Mosaid et al., 2001; Fisher 

et al., 2001; Gee et al., 2002; Jabra-Rizk et al., 1999; Kirkpatrick et al., 1998; Meiller et 

al., 1999; Odds et al., 1998; Polacheck et al., 2000; Pujol et al., 1997; Quindos et al., 

2000; Redding et al., 2001; Salkin et al., 1998; Schoofs et al., 1998; Sullivan et al., 

1997).
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Candida dubliniensis isolates have mainly been recovered from the oral cavities of 

HIV-infected and AIDS patients, with most studies describing a prevalence of 15 to 

30% (Coleman et al., 1997b; Kirkpatrick et al., 1998; Meiller et al., 1999; Ponton et al., 

2000; Schoofs et al., 1998; Sullivan et al., 1997). Isolates o f C. dubliniensis have also 

been recovered from the oral cavities of diabetic patients and healthy individuals (Jabra- 

Rizk et al., 1999; Jabra-Rizk et al., 2000; Odds et al., 1998; Ponton et al., 2000; Willis 

et al., 2000). The most exhaustive data on the prevalence of C. dubliniensis isolates in 

the oral cavity was obtained from studies o f Irish individuals (Coleman, 2003; Coleman 

et al., 1997b; Ponton et al., 2000; Sullivan et al., 1999). Candida dubliniensis was 

recovered in 3.5% of Irish asymptomatic HIV-negative healthy individuals, indicating 

that C. dubliniensis can form part of the normal oral flora (Table 1.1). However it was 

recovered from 32% of Irish AIDS patients exhibiting clinical symptoms of oral 

candidosis and from 25% of asymptomatic Irish AIDS patients (Table 1.1). In all 

studies to date, the prevalence of C. dubliniensis isolates was higher in HIV-infected 

individuals than in non-HIV-infected individuals (Coleman et al., 1997b; Ponton et al., 

2000). Candida dubliniensis isolates from the oral cavity are most commonly recovered 

in mixed culture with other Candida species, especially C. albicans (Coleman et al., 

1997b). However, pure cultures of C. dubliniensis have been recovered from individuals 

exhibiting clinical symptoms of oral candidosis, suggesting that this organism can be 

responsible for oral infections (Table 1.1) (Coleman, 2003; Coleman et al., 1997b; 

Moran et al., 1998).

While C. dubliniensis is most prevalent in the oral cavity, it has also been recovered 

from faecal, sputum, vaginal, urine and blood samples (Gee et al., 2002; Kibbler et al., 

2003; Meis et al., 1999; Meis et al., 2000; Odds et al., 1998; Polacheck et al., 2000). 

Furthermore, recent studies have reported the association o f C. dubliniensis with 

systemic infections in patients with severe underlying medical conditions (Table 1.2) 

(Boyle et al., 2002; Brandt et al., 2000; Gottlieb et al., 2001; Kibbler et al., 2003; Meis 

et al., 1999). Although the true incidence of candidemia caused by C. dubliniensis is not 

known, a recent study carried out in a Dutch hospital found that this species was present 

in 0.8% of fungal surveillance cultures (Meis et al., 2000)

W hile C. dubliniensis is mainly associated with HIV-infected individuals, 

retrospective studies on culture collections have shown that, although they were 

misidentified at the time, C. dubliniensis isolates were recovered as early as the 1950’s, 

several decades before the start of the AIDS epidemic (Meis et al., 1999; Sullivan et al..
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TABLE 1.1. Epidemiology of C. dubliniensis from different subject cohorts in Ireland "

Group Number of 
subjects

Symptoms * % of subjects yielding 
C. dubliniensis and other 
Candida spp.

% of subjects yielding 
C. dubliniensis only

HIV^ 185 + 26 6
216 - 18 3

AIDS 82 + 32 10
36 - 25 8

Denture stomatitis 72 + 14 4

Diabetic 318 -/+ 18 4

Normal healthy 202 - 3.5 0.5

Vaginitis 110 + 3 1

“ Reproduced from Ponton et al. (Ponton et a i, 2000)
* Denotes the presence (+) or absence (-) of clinical symptoms of candidosis

TABLE 1.2. Candida species associated with candidemia in England and Wales 1997-1999 “

Candida spp. All study 

(n=136)

Haematology

(n=I6)

ICU patients 

(n=63)

Surgical

(n=55)

C. albicans 88 (64.7%) 6 (37.5%) 50 (79.4%) 8(69.1%)

C. dubliniensis 3 (2.2%) 1 (6.2%) 2 (3.2%) 0

C. famata I (0.7%) 0 0 0

C. glabrata 22 (16.2%) 1 (6.2%) 4 (6.3%) 12(21.8%)

C. krusei 4 (2.9%) 4 (25%) 0 0

C. lusitaniae 1 (07%) 0 1 (1.6%) 1 (1.8%)

C. parapsilosis 10 (7.4%) 2 (12.5%) 4 (6.3%) 4 (7.3%)

C. tropicalis 6 (4.4%) 2(12.5%) 2 (3.2%) 0

Trichosporiella spp. 1 (0.7%) 0 0 0

" Data reproduced with permission from Kibbler et al. (Kibbler et al., 2003).



1995). Moreover, two retrospective studies o f culture collections have found that 

between 1.2 and 2% of isolates originally identified as C. albicans were in fact 

C  dubliniensis isolates with some isolates recovered in the 1970’s (Jabra-Rizk et a l,  

2000; Odds e ta l ,  1998).

1.3 Antifungal agents used in the treatment of Candida infections
Because of the dramatic rise in the frequency o f fungal infections over the last two

decades the need for antifungal agents has increased. The antifungal agents of major 

clinical use can be classified into four major classes based on their mode of action. They 

can act by directly impairing membrane function (e.g. polyenes), by inhibiting the 

synthesis o f DNA or RNA (e.g. 5-flucytosine), by inhibiting the biosynthesis of 

ergosterol (azoles, allylamines and morpholines) or by inhibiting glucan synthesis. The 

chemical characteristics and modes of action o f the four different classes of antifungal 

agents currently used in the treatment of Candida infections are described below.

1.3.1 Polyenes
Polyene antifungals belong to a class of natural antifungal compounds discovered in 

the early 1950s which are characterised by the presence of a macrolide ring containing a 

series of at least three conjugated double bonds. The main polyene antifungals used in 

antifungal therapy are amphotericin B (Fig. 1.1.B) and nystatin. Amphotericin B, the 

most successful polyene derivative, has a strong fungicidal effect on most important 

yeast pathogens. The primary mode o f action o f polyenes is to impair membrane 

function by binding to ergosterol, the major sterol component o f the fungal cell 

membrane. Binding of polyene antifungal agents to ergosterol occurs via the 

hydrophobic conjugated double bonds present in their macrolide ring. The interaction 

between polyene antifungal agents and ergosterol is thought to create aqueous pores in 

the membrane that are composed of aggregates o f drug and ergosterol, in which the 

polyene hydroxyl residues face inward (Ghannoum & Rice, 1999). The formation of 

such pores is thought to be leading to altered membrane permeability, leakage of vital 

cytoplasmic components such as cations and finally death of the organism (Ghannoum 

& Rice, 1999; Sanglard, 2002). It has also been suggested that amphotericin B causes 

oxidative cell damage which could participate in its fungicidal effect (Ghannoum & 

Rice, 1999; Sanglard & Bille, 2002). While the use o f nystatin has been limited to the 

treatment o f mucosal forms of candidosis, amphotericin B is a broad spectrum
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fungicidal compound primarily used in the treatment o f systemic fungal infections. 

(Ghannoum & Rice, 1999; Menichetti et a l ,  1994; Zhao & Calderone, 2002). 

Amphotericin B is virtually insoluble in water, cannot be orally nor intramuscularly 

absorbed and is mainly administered intravenously. Despite being an effective 

antifungal agent, the clinical use of amphotericin B has been restricted by several 

drawbacks. In particular the use of amphotericin B has been associated with toxicity and 

renal dysfunction which can lead to long-term kidney damage. In order to reduce the 

toxicity associated with amphotericin B treatment, liposomal, colloidal and lipid 

complex formulations of amphotericin B have been developed. These formulations have 

been used successfully to allow the administration o f higher doses of amphotericin B 

while reducing the toxic side effects. It has been suggested that liposomal formulations 

o f amphotericin B may participate in a selective transfer mechanism from ‘donor’ 

liposomes to ‘target’ ergosterol-containing fungal cell membranes with the help of 

fungal and/or host phospholipases (Hartsel & Bolard, 1996; Sanglard & Bille, 2002). 

The inherent toxicity of polyenes to mammalian cells is thought to lie in their affinity to 

cholesterol, the principal sterol of mammalian cells (Zhao & Calderone, 2002).

1.3.2 5-Fluorocytosine (5-FC)
Originally developed as an anticancer drug, 5-FC is a fluorinated pyrimidine

compound that inhibits RNA and DNA synthesis. It is fungicidal in susceptible yeasts 

and fungi. 5-FC is taken up into the cell by a cytosine permease and deaminated into 

5-fluorouracil (5-FU) by the enzyme cytosine deaminase. 5-FU is then converted into 

5-fluoro-monophosphate (FdUMP) which is a specific inhibitor o f thymidylate 

synthetase, an enzyme essential for DNA synthesis and nuclear division. The further 

phosphorylation of FdUMP and its incorporation into RNA leads to miscoding and thus 

to impaired protein synthesis. Thus, 5-FC acts by interfering with pyrimidine 

metabolism, RNA, DNA and protein synthesis in the fungal cell (Ghannoum & Rice, 

1999). However the spectrum of activity o f this agent is limited because of the high 

prevalence o f primary resistance in many clinically important fungal species (e.g. 

C  albicans, C. glabrata, C. krusei, C. tropicalis and C. neoformans) (Coleman et al., 

1998; Ghannoum & Rice, 1999; Sanglard, 2002). Clinically, 5-FC is mostly used in 

combination with other antifungals such as amphotericin B and fluconazole and only 

rarely used as a single agent. Since mammalian cells lack the enzyme cytosine 

deaminase, 5-FC show little toxicity (Sanglard & Bille, 2002). However it has been
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reported that 5-FC can be converted into 5-FU by intestinal bacteria, thus leading to a 

possible clinical toxicity of oral formulations (Sanglard & Bille, 2002).

1.3.3 Ergosterol biosynthesis inhibitors (EBIs)
Structurally similar to cholesterol, the major animal sterol, ergosterol is the

predominant sterol of the fungal cell membrane and contributes to a variety of cellular 

functions. Yeast cells are unable to assimilate sterols extracellularly under aerobic 

conditions and therefore rely exclusively on endogenous ergosterol biosynthesis. Two 

major distinctive functions of ergosterol have been documented. Ergosterol has a ‘bulk’ 

function in the membrane, in particular, it serves as a regulator o f membrane fluidity 

and integrity and contributes to the proper function o f membrane-bound enzymes such 

as proteins involved in nutrient transport and chitin synthesis. In addition an essential 

‘sparking’ function in which trace amounts of ergosterol are necessary for yeast cells to 

complete the cell cycle has been proposed (Rodriguez & Parks, 1983). This sparking 

function is distinct and independent from the bulk sterol function of ergosterol and has a 

greater structural specificity. Indeed, in the absence of ergosterol, certain sterols can 

satisfy the bulk sterol function but not the sparking function. Only sterols with specific 

structural features are sufficient to satisfy the sparking function and overcome the cell 

cycle arrest in the G1 to S transition (Munn et al., 1999). It has also been shown that 

ergosterol is a major component of secretory vesicles in S. cerevisiae and that it is 

required for the internalisation step of endocytosis (Munn et al., 1999). It also has an 

important role in mitochondrial respiration (Daum et a l, 1998). Most ‘‘ERG’’ genes of 

the ergosterol biosynthetic pathway are essential and only some enzymes in the latter 

part of the pathway are encoded by non-essential genes (Lees et al., 1995). Thus cells 

with erg  mutations in the latter part o f the pathway, although unable to synthesise 

ergosterol, are still viable. Instead of ergosterol, these erg mutants accumulate distinct 

sets o f sterols that differ from ergosterol in specific structural features leading to 

changes in membrane composition (Lees et al., 1995). Such changes in the sterol 

composition of the membrane have been reported to increase or decrease the sensitivity 

of yeast cells to certain drugs (Lees et al., 1995), to decrease the activity of plasma 

membrane proteins and to decrease cell-cell fusion during mating in S. cerevisiae 

(Gaber et al., 1989).

Several inhibitors o f the ergosterol biosynthetic pathway have been developed to 

treat infections caused by medically important fungi. Ergosterol biosynthesis inhibitors

13



(EBIs) are the most cHnically important group o f antifungal agents used in the treatment 

o f fungal disease. These agents interact with enzym es involved in the synthesis o f 

ergosterol from squalene, a compound derived from acetyl coenzyme A (Fig. 1.2). 

There are three main categories o f EBIs which include azole derivatives, allylam ines 

and morpholine derivatives.

1.3.3.1 Allylamines
The synthetic compounds allylamines are functionally and chemically distinct from 

other major classes o f ergosterol biosynthesis inhibitors. Allylamine compounds inhibit 

squalene epoxidase, the first postsqualene enzym e o f  the ergosterol biosynthetic 

pathway. Squalene epoxidase is a membrane-bound microsomal enzyme which requires 

molecular oxygen, NADPH and flavin adenine dinucleotide for its activity. The gene 

encoding this enzyme, E R G l, has been cloned both in S. cerevisiae  (Jandrositz et al., 

1991) and C. albicans  (Favre & Ryder, 1997) (Fig. 1.2). Allylamine com pounds are 

reversible, non-com petitive inhibitors o f  the epoxidase and their inhibitory effect is 

thought to be caused by ergosterol depletion and squalene accumulation. The latter is 

thought to increase m em brane perm eability , leading to d isruption o f  cellu lar 

organisation (Ghannoum & Rice, 1999). The main allylamine compounds in clinical use 

are terbinafine, which can be used topically or system ically, and the topical agent, 

naftifme. Terbinafine is the antifungal drug o f choice for the treatment o f superficial 

mycoses caused by derm atophytes (Ryder et al., 1998). A lthough terb inafine is 

fungicidal against dermatophytes and filamentous fungi, it is only fungistatic against the 

majority o f  Candida  species including C. albicans and C. dubliniensis (Ryder et al., 

1998) (Sanglard & Bille, 2002). A recent study reported that terbinafine is active 

against C. parapsilosis  but not active against C. glabrata, C. krusei and C. tropicalis  

(Ryder et al., 1998). No definitive clinical studies have been conducted on Candida  

infections.

1.3.3.2 Morpholine derivatives

The only m orpholine derivative used clinically is am orolfine. The m orpholine

derivatives are totally synthetic compounds that inhibit two enzymes o f the ergosterol 

biosynthetic pathw ay, the C -14 sterol reductase and C-8 sterol isom erase. These 

enzym es are encoded by the E R G 2 4  and E R G 2  genes, respectively . Since 

amorolfine-mediated inhibition o f growth results in the formation o f ignosterol, a sterol 

by-product which was shown to accum ulate in erg24  null m utants o f  S. cerevisiae
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(Crowley et a l ,  1996), it has been suggested that C-14 sterol reductase is the primary 

target o f  amorolfme. Clinically, amorolfme is restricted to topical use in the treatment 

o f  dermatophyte infections and vulvovaginal candidosis (Sanglard & Bille, 2002).

J.3.3.3 Azole derivatives

A zole derivatives are a class o f  antifungal agents which are characterised by the

presence o f  a five-m em bered ring structure containing either two or three nitrogen 

atoms. The im idazoles (ketoconazole, clotrim azole and m iconazole) contain two 

nitrogens in their azole ring. The triazoles (fluconazole and itraconazole) contain three 

nitrogens in their azole ring (Fig. 1.1. A). The target o f  azole derivatives is the enzyme 

lanosterol 14a-demethylase (also referred to as CYP51 and Ergl Ip) and is encoded by 

the E R G l 1 gene. This protein is a cytochrome P-450 enzyme containing a haem moiety 

in its active site and catalyses the 14a-demethylation o f  lanosterol, a key step in the 

biosynthesis o f  ergosterol. The catalytic activity o f  Ergl Ip depends on the sixth ligand 

o f  its haem group which interacts with molecular oxygen and the 14a-methylated sterol 

substrates. Ergl Ip catalyses three oxidation steps which lead to the elimination o f  the 

14a-methyl group o f  14a-methylated sterols (Vanden Bossche & Koymans, 1998).

Azole antifungal agents inhibit Ergl Ip by interacting with both the haem iron o f  the 

enzyme and its substrate binding site (Yoshida & Aoyama, 1991). While the unhindered 

nitrogen o f  the im idazole or triazole ring o f  azole drugs (N 3 in im idazoles or N 4  in 

triazoles) binds to the haem iron o f  the enzyme as a sixth ligand, their hydrophobic N-1 

substituents are thought to interact with the substrate binding site. These interactions 

prevent the binding o f  sterol and oxygen to the enzym e, thus resulting in the inhibition 

o f  its activity (Hitchcock, 1991; Kelly et al., 1991). The affinity o f  azole antifungal 

agents to the cytochrome enzyme is thought to be determined by the interaction o f  their 

N-1 substituents to the substrate-binding site region o f  the apoprotein (Yoshida, 1988). 

The structure, lipophilicity and stereochemical orientation o f  the N-1 side chain o f  

azoles are therefore important for their selectivity (Yoshida, 1988; Yoshida & Aoyama, 

1991). Each azole antifungal agent has distinct pharmacokinetics and their antifungal 

efficacy against fungal species vary. A zole antifungal agents are only fungistatic against 

most yeast species, with the exception o f  C  neoformans.

The enzym e sterol C22-desaturase, involved in one o f  the last steps o f  ergosterol 

biosynthesis, is another cytochrome P450 enzym e which was reported to be a target for 

azo le  antifungals (Kelly e t a l., 1997a). The N A D P H -dependent enzym e
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3-ketosteroid reductase was also suggested to be a target of antifungal agents (Vanden 

Bossche et a l, 1993).

Exposure of fungal cells to azoles causes depletion o f ergosterol and accumulation of 

14a-methylated sterols, such as lanosterol and 14a-methyl-3-6-diol, which interfere 

with the bulk functions of ergosterol in the membrane and disrupt both the structure of 

the membrane and several of its functions such as nutrient transport and chitin synthesis 

(Sheehan et al., 1999). The accumulation of the 14a-methyl-3-6-diol is thought to be 

particularly deleterious to the fungal cell membrane because o f the interference of the 

6-OH group of the diol with the sterol-phospholipid packing of the membrane (Lupetti 

et al., 2002). Azole-treated yeast cells show a number of morphological abnormalities 

including thickening of the cell wall, considerable vacuolisation and changes in the 

phospholipid composition of membranes which contain higher levels o f saturated fatty 

acids.

The first generation of azole antifungal agents, the imidazoles, were introduced for 

clinical use in the 1970s. Miconazole and clotrimazole were the earliest imidazole 

antifungals (Fig. 1.1.A). Clotrimazole was originally used in the treatment of systemic 

fungal infections. However, it was reported that this drug was rapidly metabolised by 

liver enzymes, thereby reducing its usefulness as a systemic antifungal agent (Saag & 

Dismukes, 1988). Although miconazole has potent antifungal activity, it is inactive 

against Aspergillus species and its insolubility and multiple toxic side effects have 

restricted it to topical use. When ketoconazole was introduced, it was the first truly 

orally absorbable azole antifungal (Como & Dismukes, 1994) (Fig. 1.1.A). 

Consequently, it was used extensively in clinical practice since its broad-spectrum 

antifungal activity, improved solubility and mild side effects made it an effective drug 

for the treatment of blastomycosis, histoplasmosis, chronic mucocutaneous candidosis 

and oral candidosis (Como & Dismukes, 1994). Ketoconazole is unsuitable, however, 

for the treatment of cryptococcal meningitis as it cannot penetrate into cerebral spinal 

fluid. In addition it has been shown that ketoconazole can interfere with liver function 

and it has been suggested that it interferes with steroid metabolism in mammalian cells 

(Kempen et al., 1987). Ketoconazole is now primarily used for the topical treatment of 

superficial yeast and dermatophyte infections (Meis & Verweij, 2001). The imidazole 

derivatives have now been largely supplanted by the triazole derivatives in the treatment 

o f serious fungal infections (Meis & Verweij, 2001).
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Itraconazole and fluconazole are the only systemic triazole antifungals currently 

widely available for clinical use (Fig. 1.1.A). Fluconazole is effective against most 

Candida species, Cryptococcus neoformans, Blastomyces spp., Coccidioides spp. and 

Histoplasma spp.. However it is relatively inactive against Aspergillus species and 

C. krusei (Sanglard & Bille, 2002; Zhao & Calderone, 2002). Fluconazole is water 

soluble at neutral pH which allows it to be administrated in both oral and intravenous 

formulations. When given orally, fluconazole is rapidly absorbed with peak plasma 

levels occurring 1-3 h after dosing (Martin, 1999). Its absorption is not affected by food, 

achlorhydria or gastric acidity (Martin, 1999). Its bioavailability is consistently high and 

its distribution to body sites and tissues is both widespread and rapid (Martin, 1999). 

Fluconazole is easily distributed into aqueous bodily fluids such as saliva, cerebrospinal 

fluid, and vaginal fluid because of its low lipophilicity and low degree in protein 

binding (Sheehan et al., 1999) (Hilley Vensel, 2002). In addition fluconazole is 

metabolically stable and has a plasma elimination half-life o f around 30 h (Hilley 

Vensel, 2002; Martin, 1999). Due to its high bioavailability, and low toxicity, 

fluconazole is effective in the treatment o f Candida infections at a wide range of body 

sites and tissues (Martin, 1999) and has become the drug of choice for the treatment and 

prevention of oral candidosis. In particular, fluconazole has been used extensively as 

prophylaxis and treatment o f recurrent oral candidosis in HIV-infected and AIDS 

patients. It is also widely used for the treatment of oesophageal and vaginal candidosis. 

In addition, fluconazole is used widely for the prophylaxis of systemic fungal infections 

and in the treatment of confirmed systemic Candida infections in immunocompromised 

patients (Meis & Verweij, 2001). It is also the drug of choice in the treatment of 

invasive Candida infections in non neutropenic patients such as solid-organ transplant 

patients, surgical and ICU patients and those with urinary tract infections (Sanglard & 

Bille, 2002). Because of its ability to penetrate cerebrospinal fluid, fluconazole is also 

effective in the treatment o f cryptococcal meningitis in patients with AIDS and as 

secondary prophylaxis to prevent relapses (Meis & Verweij, 2001).

Itraconazole has a broader spectrum of antifungal activity than fluconazole as it is 

active against Candida species, Aspergillus species and dermatophytes. Because 

itraconazole is a lipophilic agent, its absorption is poor and variable (Martin, 1999) 

therefore it does not reach sufficient levels in body fluids such as cerebrospinal fluid, 

ocular fluids and saliva. However it does accumulate in many organs and tissues such as 

skin, lungs, kidneys, liver, spleen, fat, brain, muscle and bone (Martin, 1999). Because
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the originally available capsule formulation o f itraconazole was associated with 

unpredictable absorption and difficulty to administer to young children and patients 

with gastrointestinal epithelial damage, two new formulations of itraconazole (an oral 

solution and an intravenous solution) have been developed. These new formulations 

provide higher, more consistent plasma concentrations than the capsule formulation 

(Prentice & Warnock, 1996; Prentice et a i ,  1999). Available clinical data on these 

formulations come mainly from studies o f their efficacy in the treatment and 

prophylaxis o f systemic fungal infections in neutropenic patients with haematological 

malignancies (de Repentigny et a l, 1998; Prentice et a l, 1999; Schmitt et a l, 2001). 

Because itraconazole accumulates in organs such as the spleen and lungs, which are 

frequently the site o f systemic fungal infections, it is useful in the treatment and 

prevention o f systemic fungal infections (Boogaerts & Maertens, 2001; Meis & 

Verweij, 2001). Itraconazole is also effective in the treatment of superficial candidosis 

such as vaginal and oral candidosis in AIDS patients (Sanglard & Bille, 2002). 

Itraconazole is particularly effective in the treatment o f fluconazole-recalcitrant 

superficial candidosis in AIDS patients (Sanglard & Bille, 2002). In addition, it is the 

drug of choice for the primary prophylaxis of aspergillosis (Zhao & Calderone, 2002) 

and is often used as second-line agent in patients with Aspergillus infections that are 

refractory to amphotericin B treatment (Sanglard & Bille, 2002).

In addition to fluconazole and itraconazole, newer triazole derivatives have been 

developed. Voriconazole is a derivative of fluconazole with broad-spectrum antifungal 

activity and outstanding bioavailability which has been approved for clinical use by the 

FDA in May 2002 (Hage et al., 2002; Sheehan et al., 1999). In contrast to fluconazole, 

voriconazole is effective against Aspergillus species. Voriconazole (Fig. 1.1.A) was 

shown to be effective in the treatment o f oesophageal candidosis, including cases 

refractory to fluconazole (Hage et a l, 2002). Recent trials have suggested that it should 

be an effective option for the treatment o f fluconazole-refractory mucosal candidosis 

(Hage et al., 2002). Posaconazole, which is structurally related to itraconazole, is active 

against Candida species, including fluconazole-resistant isolates, and Aspergillus 

species (Hage et al., 2002; Sanglard & Bille, 2002). Ravuconazole is the latest triazole 

antifungal agents to be developed. It is structurally related to fluconazole and 

voriconazole and it is active against Candida spp., C. neoformans, A. fumigatus and 

dermatophytes. Ravuconazole is currently undergoing Phase II clinical trials.
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1.3.4 Glucan synthesis inhibitors
The fungal cell wall contains components which are specific to fungi such as a and p

glucans, mannoproteins and chitin. Antifungal agents targeting the fungal cell wall are 

therefore an attractive, promising, novel group o f compounds which should have 

selective toxicity for fungal cells but not for mammalian cells. In addition, since they 

target the cell wall instead o f the cell membrane, cross resistance to polyenes and EBIs 

should not be a major problem. Glucan synthesis inhibitors are a group of antifungal 

agents which block the synthesis of a major fungal cell wall component, 1,3-p-D-glucan. 

It has been suggested that these antifungal agents block cell wall synthesis by inhibiting 

the enzyme 1,3-p glucan synthase. Glucan synthesis inhibitors all belong to the 

echinocandin chemical family which include three antifungal agents, caspofungin, 

micafungin and anidulafungin. Currently, only caspofungin (Fig. I.IB ) has been 

licensed for clinical use. It has been proven to be effective in the treatment of 

oropharyngeal and oesophageal candidosis and is particularly indicated in the treatment 

of invasive aspergillosis which is refractory to amphotericin B and/or itraconazole 

treatment. Micafungin and anidulafungin are currently undergoing Phase II clinical 

trials.

1.4 Antifungal drug resistance

1.4.1 Definition of antifungal drug resistance
While the development o f antifungal agents has improved the prognosis of many

fungal infections, treatment failure due to resistance to these agents has become a 

significant clinical problem. Antifungal drug resistance is a complex phenomenon 

which combines clinical and microbiological aspects. From a clinical perspective, 

antifungal drug resistance is defined as the failure o f treatment and the progression or 

persistence of infection despite appropriate antifungal drug therapy (Cowen et a l, 2000; 

Sanglard & Bille, 2002; White et al., 1998). The clinical outcome o f treatment not only 

depends on the susceptibility of the pathogenic organism to a given drug, but also on 

factors including drug pharmacokinetics, possible drug interactions, the immune system 

of the patient, patient compliance, and the presence or absence of a protracted or 

persistent source of infection such as the occurrence of biolfilm on catheters and 

prosthetic valves (Cowen et al., 2000; Sanglard & Bille, 2002; White et al., 1998).
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1.4.2 Antifungal drug susceptibility testing
! Microbiological resistance of an organism is determined by the measurement of its

susceptibility to a given drug and is defined with respect to a reference population. Drug 

susceptibility can be measured as the minimum inhibitory concentration of drug (MIC) 

that curtails the growth of the organism. Thus, a fungal pathogen is resistant to a given 

drug if it exhibits an MIC that is higher than the average MIC value for the reference 

population (Sanglard & Bille, 2002). In order to determine how the susceptibility of a 

pathogen to a drug contributes to clinical outcome, it is necessary to use standardised, 

reproducible means of measuring drug susceptibility. The introduction by the National 

Committee for Clinical Laboratory Standards (NCCLS) of standardised methods for the 

determination o f MICs of antifungal agents in a number of fungal pathogenic species 

has been essential for interlaboratory comparisons and use in clinical and research 

laboratories (National Committee for Clinical Laboratory Standards, 1997; Sanglard & 

Bille, 2002). The NCCLS method is based on broth dilution tests which have been 

adapted to a microdilution format. Because the activity of the antifungal drug and the 

growth of the organism tested are affected by a variety of factors, the NCCLS have 

given detailed recommendations for culture medium, yeast inoculum size and 

preparation, incubation time and endpoint measurements (National Committee for 

Clinical Laboratory Standards, 1997). Other antifungal susceptibility tests include the 

commercially available Etest (Sewell et a l ,  1994) and disk diffusion tests (Barry & 

Brown, 1996).

Although microbiological resistance of an organism is only predictive of clinical 

outcome, interpretive breakpoints for fluconazole and itraconazole MICs have been 

proposed as guidelines for the treatment of patients (Table 1.3) (Rex et al., 1997). These 

interpretive breakpoints included three categories to classify isolates according to 

MICs: susceptible, susceptible-dose-dependent and resistant. The intermediate levels of 

resistance are denoted susceptible-dose-dependent since they are usually treatable with 

high doses o f drugs (White et al., 1998). These breakpoints were largely established on 

the basis of clinical trials on infections caused by C. albicans. However there is little 

data on other Candida species (Sanglard & Bille, 2002).
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T A B L E  L3. NCCLS interpretive breai<points for C, albicans isolates “

MIC breakpoints (ng/m l)

Antifungal agent
Susceptible Susceptible

dose-dependent
Resistant

Fluconazole 8 16-32 64

Itraconazole 0.125 0.25-0.5 1

“ as proposed by Rex et al. (Rex et al., 1997).



1.4.3 Intrinsic and acquired drug resistance
The microbiological resistance of a fungal pathogen can, theoretically, be classified

as either intrinsic or acquired. Intrinsic resistance (also known as primary resistance) is 

observed in an organism exhibiting resistance prior to any drug exposure. In contrast, 

acquired resistance (also known as secondary resistance) develops in response to

exposure to an antifungal agent and can be either reversible or stable (Cowen et a l,

2000; Sanglard & Bille, 2002; White et al., 1998). Because it is virtually impossible to 

conclusively establish the lack of prior drug exposure o f a given organism, the 

usefulness o f this classification may be somewhat limited (Cow en et al., 2000). 

However this classification is useful to describe the intrinsic differences in drug 

susceptibility displayed by various fungal species (Cowen et al., 2000).

1.4.4 Clinical resistance to commonly used antifungal agents

1.4.4.1 Resistance to polyenes
The occurrence of amphotericin B resistance in clinical isolates o f C. albicans is

rare. However, intrinsic resistance to amphotericin B is common for C. lusitaniae 

isolates (Guinet et al., 1983; Pappagianis et al., 1979; Sanglard & Bille, 2002). 

Amphotericin B-resistant clinical isolates of C. albicans which were also cross-resistant 

to fluconazole have been reported (Kelly et al., 1997b; Nolte et al., 1997). It has been 

suggested that the prophylactic use of azole agents may lead to the selection of Candida 

and C. neoform ans isolates with reduced susceptibility to azoles which are 

cross-resistant to amphotericin B (Nolte et al., 1997; White et al., 1998). Indeed, it has 

been shown that overnight exposure of amphotericin B-susceptible C. albicans cells to 

subinhibitory levels of fluconazole or itraconazole in vitro lead to the development of 

am photericin B resistance (Vazquez et al., 1998). A cquired resistance to 

amphotericin B is often associated with alterations in membrane lipids, in particular 

sterols. Indeed, most polyene-resistant isolates have reduced ergosterol content in their 

membranes (Vanden Bossche et al., 1994). Since amphotericin B requires the presence 

of ergosterol to cause damage to fungal cells, the replacement o f ergosterol in fungal 

cell membranes by other sterols is thought to mediate resistance to this drug. Resistance 

to amphotericin B has been associated with alteration in the ergosterol biosynthetic 

pathway, such as defects in the sterol C5,6-desaturase in C. albicans isolates (Kelly et 

al., 1995; Kelly et al., 1997b; Nolte et al., 1997) and defects in sterol C7,8-isomerase in
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C. neoformans (Kelly et a i ,  1994). It has also been suggested that resistance to 

amphotericin B can be mediated by increased catalase activity which leads to a 

decreased susceptibility to oxidative damage caused by this agent (Lupetti et a l, 2002; 

Sanglard & Bille, 2002).

1.4.4.2 Resistance to 5-FC
Intrinsic resistance to 5-FC is common in non-C. alb icans Candida species,

Aspergillus species and C. neoformans. Acquired resistance to 5-FC is a common 

development in patients receiving 5-FC monotherapy (White et a l ,  1998). Because of 

this, 5-FC is best used in combination with other antifungal agents rather than as a 

single therapeutic agent (Sanglard & Bille, 2002; White et a i ,  1998). In C. albicans, 

resistance to 5-FC has been associated with mutations in cytosine deaminase, uracil 

phophoribosyl transferase or uridine monophosphatepyrophosphorylase (Lupetti et al., 

2002).

1.4.4.3 Resistance to azoles
Clinical resistance to azole antifungal agents was a rare occurrence until the late

1980s. However, since azole antifungals have become widely used in the treatment and 

prophylaxis of mucosal candidosis in HIV-infected and AIDS patients, reports of 

failures of azole treatment in fungal infections have become more common. Azole 

resistance has mainly been associated with relapses of oropharyngeal candidosis in 

AIDS patients but it has also been observed in other clinical settings and fungal 

pathogens other than Candida species. Azole resistance was first observed in patients 

with chronic mucocutaneous candidosis treated with ketoconazole (Johnson & 

Warnock, 1995) (Johnson et al., 1984). Microbiological resistance to azole antifungals, 

whether intrinsic or acquired, is well documented in Candida species and in particular, 

resistance to fluconazole has been the focus of numerous reports and studies. Prolonged, 

repeated, prophylaxis and treatment with fluconazole have been linked with the 

emergence of fluconazole-resistant Candida isolates. While C. albicans isolates are 

generally susceptible to fluconazole, C. krusei isolates are considered to be intrinsically 

resistant to this drug (Cowen et al., 2000; Moran et al., 2002b; White et al., 1998; 

Wingard et al., 1991). In isolates o f C. glabrata, the development of acquired 

fluconazole resistance is generally more rapid than in C. albicans isolates (Warnock, 

1992). Consequently, the prophylactic use of azole antifungals has been associated with
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an increase in the recovery o f isolates from non-C. albicans Candida species with 

elevated azole MICs (Nguyen et al., 1996; Price et a l,  1994; White et a l, 1998).

Although the use of itraconazole solution has been shown to be effective in treating 

patients who are non-responsive to fluconazole treatment, there have been some reports 

o f non-responsiveness to itraconazole among patients with Candida infections (Nair et 

al., 2001; Zmierczak et al., 1999). However, the incidence of clinical resistance to 

itraconazole is still relatively low, which could reflect the fact that itraconazole has been 

used less extensively than fluconazole (Johnson & Warnock, 1995; Martin, 1999). In 

addition, resistance to itraconazole of Candida  isolates has been associated with 

cross-resistance to fluconazole and other azoles (Johnson et al., 1995; Muller et al., 

2000; Nolte et al., 1997). A recent study in patients with AIDS suggested that long-term 

itraconazole prophylaxis could be associated with reduction o f itraconazole 

susceptibility and the occurrence of cross-resistance to fluconazole (Goldman et al., 

2000).

1.4.4.4 Azole susceptibility in C. dubliniensis
In the most comprehensive study published to date, 97 % of the 71 C. dubliniensis

isolates tested were susceptible to fluconazole (Pfaller et al., 1999). In the study,

resistance was defined as MIC > 64 |ag/ml, as recommended by the NCCLS (National

Committee for Clinical Laboratory Standards, 1997). However, a number of isolates

w ith dose-dependent susceptibility have also been described in other studies

(Kirkpatrick et al., 1998; Moran et al., 1997; Odds et al., 1998; Pfaller et al., 2003).

Comparison o f the geometric mean MICs for fluconazole, itraconazole and

ketoconazole for 58 isolates each of C. albicans and C. dubliniensis showed that the

MIC values o f C. dubliniensis were significantly and consistently higher than those of

the C. albicans isolates (O dds et al., 1998). Furthermore sequential exposure of

fluconazole-susceptible clinical isolates of C. dubliniensis to increasing concentrations

of fluconazole in agar medium resulted in the recovery o f derivatives expressing a

stable fluconazole-resistant phenotype (MIC range 16-64 |J.g/ml) (Moran et al., 1998;

Moran et al., 1997). The reasons for the emergence of C. dubliniensis as a significant

human pathogen during the last decade are not clear. However, it has been suggested

that the introduction of fluconazole treatment in 1990/1991 may have played a role,

suggesting that the ability of C. dubliniensis to rapidly develop resistance to fluconazole

may contribute to its ability to successfully colonise the oral cavities of HIV-infected
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individuals receiving long term therapy with this drug. In addition, a recent study 

showed that the presence o f fluconazole resulted in increased adherence of 

C. duhliniensis to epithelial cells whereas the adherence of C. albicans was decreased in 

the same conditions (Borg-Von Zepelin et a i,  2002).

1.5 Molecular mechanisms of azoic resistance in Candida spp.
Several factors can lead to the emergence of a drug resistant organism in a patient

with a clinically resistant fungal infection: (1) the host was infected with an initially 

susceptible organism which became resistant following drug exposure (2) the host 

acquired an intrinsically resistant strain, (3) the host was infected with several 

strains / species and a resistant strain / species was selected by drug exposure.

The molecular mechanisms by which Candida species can become resistant to azole 

antifungal agents include reduced intracellular accumulation of drug, modification of 

the azole target Ergl Ip , overexpression of Ergl Ip and modifications in the ergosterol 

pathway (summarised in Fig. 1.3).

1.5.1 Rcduced intracellular accumulation of drug
Failure to accumulate azole antifungals has been shown to be a major factor involved

in azole resistance in clinical Candida isolates (Albertson et al., 1996; Lamb el al., 

1997a; Sanglard e /o /., 1995; Venkateswarlu e /a / . , 1995). Theoretically, decreased 

intracellular accumulation o f azole drugs can either be the consequence of impaired 

drug influx or enhanced drug efflux. However, the overwhelming majority of studies 

have implicated increased levels of drug efflux as a primary mechanism of resistance 

(Sanglard et al., 1999; Sanglard e /a /., 1995). Furthermore, numerous studies have 

reported the association o f azole drug resistance with the upregulation o f genes 

encoding specific multidrug efflux transporters (Fig.l.3.B.®). Two types of efflux 

transporters have been shown to contribute to azole drug resistance in Candida cells: 

the multidrug efflux transporter of the ATP-binding cassette (ABC) superfamily and the 

major facilitator (MF) class (White et al., 1998). The MF superfamily comprises 

proteins which have been found to be involved in the transport of a range of compounds 

and substrates and are ubiquitous in prokaryotes and eukaryotes (Prasad et al., 2002).

The ABC transporters bind ATP, which is essential for substrate transport, and have 

been associated with the active efflux of molecules toxic to cells which are relatively 

hydrophobic or lipophilic as is the case with most azole drugs (White et al., 1998). To
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FIGURE 1.3. Molecular mechanisms of eaole resistance in yeasts. A. In an azole-susceptible cell, azole drugs enter 
the cell possibly through passive diffusion. By binding to their cellular target Ergl Ip, azole drugs inhibit 
14a-demethylase activity, thereby blocking the synthesis of ergosterol. Erg l ip  inhibition results in ergosterol 
depletion and the accumulation of 14a-methyl-3,6-diol, a metabolite thought to cause growth arrest which is the 
product o f the C5,6-desaturation of 14a-methyl fecosterol by Erg3p. Two types o f efflux pumps are expressed at low 
levels in the azole-susceptible cell, the Cdrlp and Cdr2p proteins belonging to the ABC family of transporters and the 
MF transporter, Mdrlp. B. Four different molecular mechanisms can lead to azole resistance. ©  Overexpression of 
Ere lip : higher intracellular levels o f azoles are needed to bind to and inhibit all the Ergl Ip molecules present in the 
cell. ®  Mutations in Ergl Ip: alterations in Ergl Ip lead to a decreased affinity of the enzyme for a/olc drugs. 
®  Enhanced efflux of azole drugs: overexpression of multidrug efflux transporters, Cdrlp, Cdr2p and Mdrlp lead to 
a reduction of the intracellular concentration of azole drugs. Cdrlp and Cdr2p can transport all azole drugs while 
M drlp is specific for fluconazole. @ Alteration in the ergosterol biosynthetic pathway: the presence of mutations in 
Erg3p lead to defective enzyme activity. Therefore, instead of accumulating the toxic 14a-methyl-3,6-diol metabolite 
in the presence of azoles, cells accumulate 14a-methyl fecosterol which can sustain growth. These cells are also 
potentially cross-resistant to amphotericin B since they lack ergosterol.



TA B LE L4. Multidrug transporters involved in azole resistance in Candida species

Species T ra n sp o rte r type G ene nam e R eferen ce

C. albicans ABC CDRI (Prasad et al., 1995)

ABC CDR2 (Sanglard eta l., 1997)

MF M D RI (Fling e ta l., 1991)

MF FLU l (Calabrese el al., 2000)

C. glabrata ABC CgC D Rl (Sanglard e ta l., 1999)

ABC PD HI (M iyazaki e /a /.,  1998)

MF C gM D Rl (Sanglard er a/., 1999)

C. dubliniensis ABC C dC D Rl (M oran et al., 2002)

ABC CdCDR2 (M oran et al., 1998)

MF C dM D Rl (M oran et al., 1998)

C. tropicalis ABC C tC D Rl (Calabrese, 2000)

MF CtM DRI (Calabrese, 2000)



date, at least seven genes encoding ABC transporters have been identified in 

C  albicans (Bauer et a l, 1999). Of these, only two genes, CDRl and CDR2, have been 

shown to be associated with azole-resistant C. albicans isolates (Sanglard et a i,  1997; 

Sanglard et al., 1995) (Table 1.4).

Two genes encoding MF transporters, M D R l and F L U l have been identified in 

C. albicans (Table 1.4). Although the heterologous expression of each of these MF 

transporters can confer resistance to fluconazole and other unrelated drugs in a 

S. cerevisiae strain defective for the ABC-transporter gene PD R5, only M D R l  

overexpression has been associated with the development of fluconazole resistance in 

C. albicans clinical isolates (Calabrese et al., 2000; Prasad et al., 2002; Sanglard & 

Bille, 2002). The upregulation of M D Rl in C. albicans confers specific resistance to 

fluconazole but not to other azole drugs (Sanglard et al., 1995). It was shown in a recent 

study that the disruption of both M D Rl alleles in two fluconazole-resistant clinical 

isolates o f C. albicans which exhibited M D R l overexpression resulted in increased 

fluconazole susceptibility, thus confirming by direct genetic evidence the role of M DRl 

in fluconazole resistance (Wirsching et al., 2000a). In contrast the overexpression of 

CDRl and CDR2 has been associated with cross-resistance to several azole derivatives 

including fluconazole, itraconazole and ketoconazole (Sanglard e /a /., 1997). The 

inactivation o f C D R l  in C. albicans resulted in enhanced intracellular fluconazole 

levels and increased susceptibility to azoles and other unrelated drugs, thus providing 

genetic evidence that CDRl is a multidrug resistance gene in C. albicans (Sanglard et 

al., 1996). Although the inactivation of CDR2 alone in C. albicans had no effect on 

azole susceptibility, the inactivation of CDR2 in a cdrl mutant resulted in an increase in 

susceptibility to azole drugs and unrelated metabolic inhibitors (Sanglard et a l,  1997).

The involvement of multidrug efflux transporters in azole resistance has also been 

shown in non C. albicans Candida species. Homologues o f CDRl, CDR2, and M DRl 

have been identified in C. glabrata, C. dubliniensis and C. tropicalis (Calabrese, 2000; 

Miyazaki et al., 1998; Moran et al., 2002a; Moran et a l,  1998; Sanglard et al., 1999) 

(Table 1.4). In C. glabrata  the role o f overexpression o f the C D Rl homologue, 

CgCDRl, was confirmed by its disruption in a clinical azole-resistant which resulted in 

a dramatic increase in fluconazole susceptibility (Sanglard et al., 1999). In clinical 

azole-resistant C. glabrata isolates, overexpression o f C gC D R l has been shown to 

correlate to azole resistance (Calabrese, 2000; Sanglard et al., 1999). Similarly PDHI, 

the C. glabrata homologue o f CDR2,  has been shown to be upregulated in
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azole-resistant clinical isolates (Calabrese, 2000). Interestingly overexpression o f the 

C. glabrata M D R l homologue, CgMDRI, has not been observed in any azole-resistant 

clinical isolates exam ined to date (Calabrese, 2000; Sanglard et a l ,  1999). In 

C. tropicalis, azole resistance in clinical isolates and in vZ/ro-generated derivatives has 

also been shown to be mediated by the upregulation o f multidrug efflux transporter 

genes (B arch iesi et al., 2000; Calabrese, 2000). In contrast, although reduced 

intracellular accumulation o f drug (Venkateswarlu et al., 1996) and increased efflux 

mechanisms (Clark et al., 1996) have been shown to occur in azole-resistant clinical 

isolates o f C. krusei, the overexpression o f multidrug resistance genes has not yet been 

conclusively correlated with azole resistance in this species.

1.5.2 Amino acid substitution in E r g l lp
Another very common mechanism o f antimicrobial drug resistance is alteration o f

the drug target (Fig. I.3.B.®). Several point m utations in the gene encoding the 

14a-demethylase {ERG11) have been associated with azole resistance. Strong evidence 

for the role o f E R G l 1 mutations in conferring azole resistance was provided by the 

com pariso n  o f  the sequences o f  E R G l l  a lle les  o f  m atched  pairs o f  

fluconazole-susceptible and resistant isolates. A total o f 83 amino acid substitutions 

have been reported by such comparative studies in C. albicans isolates (Sanglard & 

Bille, 2002). An extensive study investigating the occurrence o f  m utations in 9 

C. albicans isolates identified 29 amino acid substitutions which where clustered in 

three regions o f  the Ergl Ip protein, suggesting the presence o f preferential sites for the 

occurrence o f amino acid mutations (M arichal et al., 1999a). M utations in the gene 

encoding E r g l l p  are thought to lead to conformational changes in the protein which 

affect the binding o f azole derivatives to their target. In vitro binding assays o f  mutant 

variants o f Ergl Ip with azole derivatives have been carried out in order to determine 

the effect o f  amino acid substitutions on the affinity o f E r g l l p  to azole drugs. In 

addition, heterologous expression o f C. albicans E R G l 1 alleles in S. cerevisiae has 

allowed the involvement o f amino acid mutations in Ergl Ip in mediating resistance to 

azole drugs to be demonstrated. So far, the mutations F126L, T229A, Y132H, G307S, 

S405F, F449S, G464S, R467K, 147IT have been established as causing azole resistance 

in clinical C  albicans isolates (K akeya et al., 2000; Kelly et al., 1999a; Kelly et al., 

1999b; Lamb et al., 2000; M arichal et a l ,  1999a; M orschhauser, 2002; Perea et al., 

2001; Sanglard et al., 1998). In particular the Y132H, G464S and R467K mutations
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have been studied closely. Kelly et a l ,  found that the Y132H mutation prevented the 

binding o f azoles to the haem moiety of the 14a-demethylase and that the G464S 

mutation reduced the affinity of Erg 1 Ip to azole derivatives (Kelly et a l,  1999a; Kelly 

et al., 1999b). Lamb et al., found that the R467K mutation caused azole resistance 

through reduced binding and alterations in the conformation of the haem moiety (Lamb 

et al., 2000). In addition Lamb et al. used site directed mutagenesis to introduce a 

T315A mutation in the active region of the protein which was shown to reduce its 

affinity to fluconazole and ketoconazole (Lamb et a l ,  1997b). However, this mutation 

has not been found so far in clinical isolates of C. albicans.

In C. krusei, changes in the affinity of the 14a-demethylase to azole drugs have been 

found to be the predominant cause of intrinsic fluconazole resistance (Orozco et al., 

1998). In C. glabrata, however, there have been no reports o f amino acid substitutions 

in the 14a-demethylase associated with fluconazole resistance despite an extensive 

study of 71 matched susceptible and resistant clinical isolates (Calabrese, 2000).

1.5.3 Overexpression of Ergl 1 p
Upregulafion of ERGl 1 has been associated with azole resistance in several clinical

isolates of Candida (Marichal et al., 1997; Prasad et al., 2002; Sanglard & Bille, 2002). 

However, the contribution o f ERG 11 overexpression to azole resistance has been 

difficult to assess because it has always been observed in combination with other 

alterations associated with azole resistance such as decreased accumulation of drug or 

the presence of mutafions in Ergl Ip. Since increased levels of Ergl Ip are expected to 

result from the overexpression of E R G ll,  higher concentrations o f azole drugs are 

needed to inhibit enzyme activity (Fig. I.3.B.©). In S. cerevisiae, overexpression of 

ERG l 1 has been shown to confer enhanced resistance to fluconazole (Kontoyiannis et 

al., 1999). Furthermore, heterologous overexpression of the C. albicans ERGl 1 gene in 

S. cerevisiae was able to decrease fluconazole susceptibility (Lamb et al., 1997b; 

Morschhauser, 2002). Increased expression o f a gene can be caused either by 

upregulation or gene amplification. In C. albicans, overexpression of E R G ll has not 

been linked to gene amplification (Marichal et al., 1997; Prasad et al., 2002; White et 

al., 1998). In contrast, resistance to azole drugs in a C. glabrata isolate was associated 

with CgERG ll gene amplification which was due to amplification of the entire 

chromosome containing the CgERG ll gene (Vanden Bossche et al., 1992).
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1.5.4 Alterations in the ergosterol biosynthetic pathway
Because azole-mediated growth inhibition in fungal cells is caused by ergosterol

depletion and its replacem ent by 14a-m ethyl-3,6-diol, alterations in the sterol 

biosynthetic pathway that avoid the accumulation o f the diol in the presence o f  azole 

antifungal agents can circumvent growth arrest (Lupetti et al., 2002). Accumulation of 

14a-methylfecosterol, instead o f the diol, in the presence o f azoles has been found to 

occur in azole-resistant C. albicans isolates (Kelly et al., 1996; Kelly et al., 1997b; 

Nolte et al., 1997). This change in sterol composition o f the membrane was shown to be 

the result o f a defect in sterol C5,6-desaturation. (Kelly et al., 1997b). In S. cerevisiae, a 

defect in C5,6-desaturation suppresses the lethality resulting from the inactivation o f 

14a-dem ethylation and is also linked to the acquisition o f resistance to azole derivatives 

(Fig. I.3.B.®) (Bard et al., 1993; Kelly eta l., 1995; Watson e / «/., 1988; Watson e /a /., 

1989). The enzym e w hich catalyses this step o f  the ergosterol pathw ay, the 

sterol C5,6-desaturase, is encoded by the ERG3 gene. Because the membranes o f  cells 

which have a defective C5,6-desaturation do not contain ergosterol, these cells are 

cross-resistant to the antifungal agent amphotericin B which normally acts by binding to 

ergosterol (Kelly et al., 1996). Loss o f function mutations in the ERGS  alleles from the 

C. albicans azole-resistant Darlington strain were identified recently (M iyazaki et al., 

1999).

A secondary mode o f action, involving alterations in the process o f 4-demethylation 

at the terminal 3-ketosteroid reductase step, has also been suggested (M arichal et al., 

1999b).

1.5.5 Combination of multiple resistance mechanisms
C om binations o f  different resistance m echanism s have been reported to be

responsible for fluconazole resistance in the majority o f  C. albicans  isolates studied 

(Perea et al., 2001). Furthermore, several studies have shown that the combination of 

resistance m echanism s is a common feature in the stepwise developm ent o f  azole 

resistance in C. albicans (F ranz et al., 1998; Lopez-Ribot et al., 1998; Perea et al., 

2001; Sanglard et al., 1998; W hite, 1997). W hite et al., reported that the gradual 

increases in fluconazole resistance in serial clinical isolates o f C. albicans correlated 

with the overexpression o f M D R l, ERG l 1 and one or more o f the CDR genes combined 

with the acquisition o f the R467K m utation in E R G l 1 (W hite, 1997). Similarly,
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Sanglard et al. found that different combinations o f ERG 11 mutations were associated 

with CD Rl and CDR2 or M D Rl upregulation in sequential C. albicans isolates from 

AIDS patients (Sanglard et al., 1998). Franz et al. reported two series o f C. albicans 

isolates in which M DRl upregulation was combined with either ERG 11 overexpression 

or the G464S mutation in ERG 11 (Franz et al., 1998). In C. glabrata, however, only the 

upregulation of multidrug transporters has been shown to be involved in azole drug 

resistance (Calabrese, 2000).

1.5,6 Azole resistance in C. dubliniensis
In C. dubliniensis, overexpression of the M D R l homologue, CdM DRl, has been

shown to be involved in m ediating reduced accum ulation o f drug in 

fluconazole-resistant clinical isolates and in v/Yro-generated derivatives (Moran et al., 

1998). Furthermore, the role o f CdMDRl in fluconazole resistance has been confirmed 

by the disruption of both alleles of the gene in a fluconazole-resistant clinical isolate 

overexpressing CdMDRl (Wirsching et al., 2001). Upregulation o f CdCDRl, the CDRl 

homologue gene from C. dubliniensis, has been observed in fluconazole-resistant 

clinical isolates and in vz7ro-generated derivatives (Moran et al., 1998). However, it has 

been shown that while CdCdrlp is important for mediating reduced susceptibility to 

itraconazole and ketoconazole, it is not required for fluconazole resistance (Moran et 

al., 2002a). In contrast, in C. albicans, resistance to fluconazole is mainly associated 

with overexpression of C D R l .  In a study that investigated the reasons for the 

differential regulation of CDRl expression in C. albicans and C. dubliniensis, Moran et 

al., reported the high prevalence (35 %) amongst C  dubliniensis isolates, of a nonsense 

mutation in the CdCDRl gene (Moran et al., 2002a). CdCDRl genes harbouring the 

nonsense mutation encode a non-functional CdCdrlp protein and correction of the 

mutation by site-directed mutagenesis has been shown to restore function (Moran et al., 

2002a). All isolates which harbour the nonsense mutation belong to C. dubliniensis 

genotype 1, a group of very closely related isolates that have mainly been recovered 

from HIV-infected individuals many of whom have received fluconazole treatment 

(Gee et al., 2002; Moran et al., 2002a). In contrast to C. albicans, overexpression of the 

CDR2 homologue, CdCDR2, has not yet been associated with azole resistance in 

C. dubliniensis. Mutations in the C. dubliniensis homologue o f E R G l 1 (CdERGll) 

affecting the amino acid sequence o f the 14a-demethylase have been observed in 

fluconazole-resistant alleles of C. dubliniensis (Verea et al., 2002). However, these
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mutations have not been functionally studied yet. As is the case for C. albicans, 

C. dubliniensis  fluconazole resistance has been associated with combinations of 

multiple molecular mechanisms such as overexpression of C dM D Rl, CdCDRl and 

C dERG ll and the presence of amino acid substitutions in C dE rg llp  (Perea et a l ,  

2002). However, the most prevalent molecular mechanism found was upregulation of 

efflux pumps (Perea et al., 2002).

1.6 Aims of the present study
It has been suggested that the emergence of C. dubliniensis as a significant pathogen 

o f the oral cavity in HIV-infected individuals was related to its ability to rapidly 

develop resistance to fluconazole. The upregulation o f the MF transporter gene 

CdMDRl has been identified as a major molecular mechanism involved in the 

development o f fluconazole resistance in C. dubliniensis. At the outset of this project 

itraconazole was beginning to be prescribed more frequently for the treatment of 

Candida infections. Therefore, given the inability o f CdM drlp to mediate transport of 

azole drugs other than fluconazole such as itraconazole and the high prevalence of 

nonsense mutations in the CdCDRl gene, the general aim of the present study was to 

investigate the prevalence and molecular basis o f itraconazole resistance in 

C. dubliniensis.

• The first aim of the present study was to measure the incidence of itraconazole and 

fluconazole resistance in clinical isolates of C. dubliniensis. In order to facilitate the 

identification o f C. dubliniensis isolates, an additional aim was to develop a rapid 

diagnostic test for the differentiation of C. dubliniensis isolates from C. albicans.

• The second aim of the present study was to induce itraconazole resistance in vitro in 

C. dublin iensis  susceptible isolates by exposure to the drug to allow direct 

comparison between isogenic matched pairs to be made, particularly in order to 

investigate the effect of the nonsense mutation in CdCDRl on the development of 

resistance.

• The third aim was to investigate the molecular mechanisms involved in resistance in 

the in v/Yro-generated itraconazole derivatives.

• The fourth aim of this study was to investigate the molecular mechanisms involved 

in mediating reduced susceptibility to itraconazole and fluconazole in clonally 

related clinical isolates of C. dubliniensis.
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Materials and Methods
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2.1 General microbiological methods

2.1.1 Chemicals, enzymes, radioisotopes and antifungal drugs
All chemicals used were o f analytical-grade or molecular biology-grade and were

purchased from the Sigma-Aldrich Ireland Ltd. (Tallaght, Dublin, Republic of Ireland), 

BDH (Poole, Dorset, UK) or from Roche (Lewes, East Sussex, UK). Enzymes for 

molecular biology procedures were purchased from the Promega Corporation (Madison, 

Wisconsin, USA), Roche or New England Biolabs Inc. (Beverley, Massachusetts, 

USA). DNA molecular weight markers were purchased from Gibco BRL Life 

Technologies (Gaithersburg, Maryland, USA) and Promega. Zymolyase 20T (21,600 

U/g) was purchased from the Seikagaku Corporation (Tokyo, Japan). [a^^pj^j^TP 

(3,000 Ci/mmol; 110 TBq/mmol) was purchased from Perkin Elmer, Life Sciences Inc. 

(Boston, Massachusetts, USA). [^H] fluconazole was kindly supplied by Dr. D. Sanglard 

at the Institut de Microbiologie, Centre Hospitaller Universitaire Vaudois, Lausanne, 

Switzerland, and was custom synthesised by Amersham International Pic (Little 

Chalfont, Buckinghamshire, UK).

Fluconazole powder was a gift from Pfizer Central Research (Sandwich, Kent, UK) 

and was dissolved in 10% (v/v) dimethyl sulfoxide at a concentration o f 5 mg/ml. 

Ketoconazole and itraconazole were both gifts from Janssen Pharmaceuticals (Cork, 

Republic of Ireland) and were both dissolved at a concentration of 1 mg/ml in dimethyl 

sulfoxide with the aid of heating to 70°C. Voriconazole and posaconazole were gifts 

from Dr. D. Sanglard. Amphotericin B was a gift from E.R. Squibb (Swords, Republic 

of Ireland) and was also dissolved in dimethyl sulfoxide. All antifungal drug stock 

solutions were divided into aliquots of 0.1 ml and stored at -70°C.

The following drugs were all purchased from Sigma-Aldrich and were dissolved in 

dimethyl sulfoxide: cerulenin, crystal violet, 5-fluorocytosine, geneticin, hygromycin, 

4-nitroquinoline-A^-oxide, cycloheximide, benomyl, fluphenazine, 1,10-phenanthroline 

and rhodamine 60.
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2.1.2 Culture media and growth conditions

2.1.2.1 Candida clinical isolates, strains and derivatives
All C andida  clinical isolates, strains and derivatives were routinely cultured on

Potato Dextrose Agar (PDA) medium (Oxoid, Basingstoke, Hampshire, UK) at pH 5.6, 

at 37°C. For liquid culture, isolates were routinely grown in Yeast Peptone Dextrose 

(YPD) broth (per litre: 10 g yeast extract (Oxoid), 20 g peptone (Difco), 20 g glucose, 

pH 5.5) at 37°C in a Gallenkamp orbital incubator (New Brunswick Scientific Company 

Incorporated, Edison, New Jersey, USA) set at 200 rpm.

2.1.2.2 Saccharomyces cerevisiae strains
The iS. cerevisiae strains YKKB-13 (Sanglard et a l ,  1995) (MATa, ura3-53, lys2-

a d e 2 -1 0 r^ ''\  trpl-A63, his3A200, leu2-l, A sts l::T R P l)  was used as the host 

strain for the yeast expression vectors pYES (E lledge et al., 1991) and pAAH5 

(Ammerer, 1983) and their recombinant derivatives for expression o f  C. dubliniensis 

ERG 11 and M D Rl alleles respectively. YKKB-13 is defective for the ABC transporter 

STSl (also known as PDR5 (Balzi et al., 1994)) and is hypersusceptible to azole drugs.

The S. cerevisiae strain YLR056W (ATCC reference number 4002667) (Winzeler et 

al., 1999) {MAT a his3-/S.l leu2A0 m etl5A 0  ura3A0 erg3A.::kanMX4) was used as the 

host strain for the yeast expression vector pYES and its recom binant derivatives for 

expression o f C. dubliniensis ERG3 alleles.

Saccharomyces cerevisiae strains were grown in YPD broth and on YPD agar. 

Following transformation, S. cerevisiae cells were grown on Synthetic Complete minus 

(SC-) medium consisting o f yeast nitrogen base with 2 % (w/v) glucose supplemented 

w ith adenine, arginine, histidine, isoleucine, lysine, m ethionine, phenylalanine, 

tryptophan, tyrosine, valine, serine, threonine (each at 50 |ig/m l) but without either 

leucine or uracil depending on the plasmid used.

For the expression o f C. dublin iensis ERG 3 and ERG 11 alleles cloned in the 

expression vector pYES, cells were grown on SC-URA medium containing 2 % (w/v) 

galactose instead o f glucose to induce expression o f the GALl promoter.

For the expression o f C  dubliniensis M D Rl alleles cloned in the expression vector 

pAAH5, cells were grown on SC-LEU medium.
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2.1.2.3 Escherichia coli strains
Escherichia coli strains were routinely cultured on Luria-Bertani agar (LA), pH 7.4

(Sambrook & Russell, 2001), at 37°C, and for liquid cultures, in Luria-Bertani broth 

(LB), pH 7.4, (Sambrook & Russell, 2001) at 37°C in an orbital incubator (Gallenkamp) 

at 200 rpm.

The E. coli strains XL2-Blue (recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, 

lac[¥ ’proAB lacP Zts. M l 5 TnlO (Tet') Amy Cam'̂ ]'̂ ’'*) was used as the host strain for 

plasmid pBluescript II KS (-) (Stratagene, La Jolla, California, USA) and its 

recombinant derivatives and was maintained on LA containing 100 |o.g ampicillin/ml.

Escherichia coli strain LE 392 {supEAA, supF5%, hsdRSXA, ga lK l ,  galT22, metBl, 

trpR55, lacYl) was used as the host for recombinant Lambda bacteriophage and was 

cultured on LA medium supplemented with 10 mM MgS04  and 0.2% (w/v) maltose as 

described by Sambrook et al. (Sambrook & Russell, 2001). For liquid culture, 

organisms for phage infection were routinely grown in LB medium containing 10 mM 

MgS04  and 0.2% (w/v) maltose at 37°C in an orbital incubator set at 180 rpm.

2.1.3 Buffers and solutions
Tris-EDTA (TE) buffer was used routinely in many experiments and consisted o f

10 mM Tris-HCl, 1 mM EDTA, pH 8.

TBE buffer was prepared at 5x concentration and consisted o f 0.45 M Trizma base, 

0.45 M boric acid, 0.01 M EDTA. This was diluted in distilled water to 0.5x 

concentration and was used as buffer for agarose gel electrophoresis.

DNA loading dye was also prepared at lOx concentration and consisted o f 30%> (v/v) 

glycerol 0.25%> (w/v) bromophenol blue and 3.8%> (w/v) EDTA.

SSC was prepared at 20x concentration which consisted o f  3.0 M NaCl, 0.3 M tri

sodium citrate, pH 7.0.

MOPS buffer, as used for RNA electrophoresis, was prepared at lOx concentration 

which consisted o f 20 mM morpholinepropanesulphonic acid, 5 mM sodium acetate, 

1 mM EDTA, pH 7.5.

Liquefied phenol washed in Tris-buffer was purchased from Fisher Scientific UK 

Ltd. (Loughborough, Leicestershire, UK) and used in the preparation o f  phenol 

chloroform (1:1) which was prepared by mixing an equal volume o f liquefied phenol 

and chloroform. This solution was stored at 4°C for up to two months.
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RNase solutions were prepared by dissolving pancreatic RNase (RNase A) at a 

concentration of 10 mg/ml in 10 mM Tris-HCl (pH 7.5), 15 mM NaCl. This solution 

was boiled for 15 min to inactivate any DNases, allowed to cool to room temperature 

and stored at -20°C.

Proteinase K solutions were prepared in sterile distilled water at a concentration of 

20 mg/ml and also stored at -20°C.

2.1.4 Identification of Candida dubliniensis

2.1.4.1 Chlamydospore production
Candida dubliniensis isolates were tested for their ability to produce chlamydospores

on rice-agar-Tween medium (RAT medium, bioMerieux, Marcy I’Etoile, France). Test 

isolates were cultured on PDA plates for 24-48 h at 37°C. Single colonies were removed 

from PDA plates with a sterile wire loop and used to inoculate the RAT medium. A 

glass coverslip was then placed over the inoculated area to create semi-anaerobic 

conditions and the plate was incubated in the dark at room temperature for 2-3 days. 

Plates were then examined microscopically (x 40 objective lens) for the presence of 

pseudohyphae, hyphae and chlamydospores. The C. albicans oral reference strain 132A 

and the C. d u b lin ien s is  type strain CD36 were used as positive controls for 

chlamydospore production in all tests.

2.1.4.2 Biotyping (Carbohydrate assimilation profde)
Biotyping was carried out using the API ID 32C yeast identification system

(bioMerieux) which can identify Candida isolates to the species level using a series of 

carbohydrate-source and nitrogen-source assimilation tests contained in 32 separate 

cupules on a plastic strip. Tests were carried out according to the manufacturer's 

instructions. For each test isolate, an inoculum was prepared from 24-48 h old colonies 

cultured on PDA medium. Four colonies of 2-4 mm in diameter were resuspended in 

sterile saline to the turbidity of a 2 McFarland standard. This suspension was then used 

to inoculate an aliquot of ‘C medium’ which was supplied by the manufacturer. Each of 

the cupules in the strip was then inoculated with 250 |al of the C medium suspension 

and incubated for 48 h at 30°C. Readings were made at 24 h and 48 h by visually 

assessing the growth of the test isolate in each o f the cupules. The presence or absence 

of growth was recorded for each cupule on a result sheet supplied by the manufacturer 

and the substrate assimilation profile o f the isolate was converted into an eight-digit
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numerical profile. These profiles were then cross-referenced in the ATB 32C analytical 

profile index database. In the database, each profile is listed along with a percentage of 

identification (% id), which is an estimate of how closely the profile corresponds to that 

of a particular taxon, relative to all the other taxa in the database ant the T index, which 

is an estimate of how closely the profile corresponds to the most typical set of reactions 

for a particular taxon. Based on these parameters, a set o f reactions which closely 

resemble those o f a particular taxon will be classed as ‘excellent’ or ‘good’ 

identification, and will yield an identification to the species level, whereas atypical 

results will be classed as having ‘poor’ or ‘low’ discriminatory powers and are usually 

unable to yield good identification. Candida dubliniensis isolates yield substrate 

assimilation profiles which are distinct from C. albicans profiles. Lactate, D-trehalose, 

D-xylose, and methyl-a-D-glucoside are discrim inatory carbohydrates for the 

differentiation o f C. dubliniensis from C. albicans with the API ID 32C kit (Pincus et 

a l,  1999). The C. albicans oral reference strain 132A and the C. dubliniensis type strain 

CD36 were used as positive controls for identification o f C. albicans  a n d  

C  dubliniensis respectively.

2.1.4.3 Serotyping
Serotyping o f C. dubliniensis isolates and C. albicans reference strains was carried 

out using antibodies raised against C andida  antigenic factor number 6 (latron 

Laboratories, Tokyo, Japan). Test isolates were cultured on PDA for 24 h at 37°C. Slide 

agglutination tests were carried out by emulsifying a 24 h old single colony (3-4 mm 

diameter) of each test isolate in 10-20 |o.l of serum upon a clean glass slide. Sterile saline 

was used as a control against spontaneous agglutination. Candida  isolates were 

recorded as serotype A if a positive agglutination reaction occurred with this serum, and 

as serotype B if  no positive agglutination reactions were observed. Agglutination 

reactions were found to occur within 10-15 seconds with serotype A isolates. The 

serotype A C. albicans isolate 179B, and the serotype B C  albicans oral reference 

isolate 132A were used as positive and negative controls respectively.

2.1.4.4 Growth at 42 °C
All isolates were tested for the ability to grow on PDA at 37°C and 42°C. C. albicans

isolates could be characterised by their ability to grow at both temperatures, whereas 

C. dubliniensis isolates were found to grow well at 37°C, but poorly or not at all at 

42°C.
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2.1.4.5 Growth on CHROMagar® Candida medium
CHROMagar Candida (CHROMagar® Candida, Paris, France) is a commercially

available agar medium containing chromogenic substrates which allow colonies of 

different Candida species to be tentatively identified on the basis o f colony colour. 

Colonies of C. albicans (light green colonies), C. glabrata  (pink colonies), C. krusei 

(rough, colourless colonies) and C. tropicalis (purple) can easily be distinguished from 

each other upon primary isolation, and the medium has been shown to be clinically 

useful in the presumptive identification of these species (Odds & Bernaerts, 1994). All 

putative clinical C. dubliniensis isolates were inoculated on this medium along with 

control C. dubliniensis and C. albicans isolates, and incubated for 48 h at 37°C. 

C. dubliniensis isolates could be distinguished from C. albicans isolates on the basis of 

colour, with C. albicans colonies typically being light green, and C. dubliniensis 

colonies being dark green.

2.1.4.6 Identification by PCR
PCR identification of C. dubliniensis was carried out using the C. dubliniensis-

specific primer pair DUBF and DUBR (Donnelly et a l,  1999) which amplify a 300 bp 

portion o f the C. dubliniensis ACT 1 associated intron. As an internal positive control, 

each reaction mixture also contained the universal fungal primers RNAF and RNAR 

(Donnelly et al., 1999), which amplify approximately 610 bp from all fungal large sub

unit rDNA. Reactions were carried out as outlined in section 2.4.2. Cycling conditions 

consisted of 6 min at 95°C followed by 30 cycles o f 30 s at 94°C, 30 s at 58°C, 30 s at 

72°C, followed by 10 min at 72°C. Amplification products were separated by 

electrophoresis through 2% (w/v) agarose gels containing 0.5 ng/ml ethidium bromide 

and were visualised on a UV transilluminator.
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2.2 Antifungal drug susceptibility testing procedures

2.2.1 Broth microdilution assay (BMD)
The broth microdilution assay was used for susceptibility testing o f C. dubliniensis

clinical isolates to the azole antifungals fluconazole and itraconazole and was carried 

out by the method of Rodriguez-Tudela and Martinez-Suarez (Rodriguez-Tudela & 

Martinez-Suarez, 1995), which is a modification o f the broth macrodilution method 

outlined in the NCCLS document M-27A, a reference standard for antifungal 

susceptibility testing. The assay was carried out in sterile 96-well microtitre plates 

(Corning, New York, USA). As recommended in the NCCLS M-27A document, the 

medium used was RPMI-1640. This medium was however modified by the addition of 

2% (w/v) glucose which gives improved growth with Candida species and allows MIC 

determination following 24 h incubation at 37°C (Rodriguez-Tudela & Martinez- 

Suarez, 1995). The medium was buffered with 0.165 M morpholinepropanesulphonic 

acid (MOPS) (Sigma-Aldrich) and adjusted to pH 7.0 using a stock solution of 10 N 

NaOH.

Fluconazole and itraconazole stock solutions were diluted in RPMI-2%glucose to a 

concentration of 100 |ag/ml which was then further diluted in RPMI-2% glucose to yield 

a two-fold dilution series ranging in concentration from 0.125 to 64 |ig/ml for 

fluconazole and 0.03 to 16 |ig/ml for itraconazole.

Eight MIC determinations were carried out on each 96-well microtitre plate. Wells 

one and twelve of each row were dispensed with 0.1 ml of RPMI-2% glucose and were 

used as a sterility control and a positive growth control respectively. Wells two to 

eleven were dispensed with 0.1 ml of each drug dilution, ranging in concentration 0.125 

to 64 |ig/ml for fluconazole and 0.03 to 16 |J.g/ml for itraconazole.

The inocula were prepared from 24-48 h old PDA plates. Three to four colonies (3-4 

mm in diameter) of each isolate to be tested were resuspended in 3 ml o f sterile saline. 

The cell density of each suspension was adjusted to 1 x 10  ̂ cfu/ml using an Improved 

Neubauer haemocytometer. This suspension was then diluted I/IO in RPMI-2% glucose 

and 10 |il aliquots were dispensed in wells two to twelve, yielding a final cell density of 

1 X 10'* cfu/ml.

Test plates were covered with the lids supplied by the manufacturers, wrapped in 

cling film and incubated for 24 h at 37°C. Prior to spectrophotometric reading of MIC

38



end points, the plates were agitated for 2 m in using a vortex (Spinm ix m odel, 

Gallenkamp). End points were determined spectrophotometrically by measuring the 

turbidity in each well at 405 nm (A 405) with an automated plate reader (Spectra I; SLT- 

Labinstrum ents, Salzburg, Austria). An endpoint (IC50), termed the MIC, was 

determined by the method o f  Galgiani and Stevens (Galgiani & Stevens, 1976) as the 

low est drug concentration which fulfilled the criterion VoT >  % Tk +  0 .5(100-%rA:), 

where T  is the transmission from a microtitre plate w ell containing fluconazole and the 

organism being tested, and 7* is the transmission from the fluconazole-free growth 

control w ell containing the organism being tested. The IC50 represents the drug 

concentration that inhibited growth by 50%, as determined by transmission, compared 

with the growth o f  controls, as described by (Rodriguez-Tudela & Martinez-Suarez, 

1995), A ll tests were performed in duplicate on at least two separate occasions and an 

azole-susceptible control (C. dubliniensis  reference strain CD36) and a fluconazole- 

resistant control (C. dubliniensis  strain 705A ) or an itraconazole-resistant control 

(C. Iropicalis strain 715A) were used on each occasion.

BM D susceptibility testing was also used to determine MICs for amphotericin B 

using Antibiotic medium 3 (D ifco Laboratories), pH 7.0, instead o f  RPMI-2% glucose 

as described by (Rex et a l ,  1995a). The BM D susceptibility assays for amphotericin B 

were sim ilar to those performed with azoles, how ever the MIC endpoint was 

determined visually as the low est concentration o f  drug which com pletely inhibited 

growth.

The azole-resistant derivatives described in chapter 4 and the clinical isolates 

described in chapter 6 were also tested for susceptibility to the m etabolic inhibitors 

benom yl, 4 N Q 0 , cyclohexim ide, 1,10 phenanthroline, rhodamine 6 0 ,  cerulenin and 

crystal violet and the antifungal drugs ketoconazole, voriconazole, posaconazole and 5- 

fluorocytosine by the broth microdilution method using RPMI-2% glucose. The MIC 

endpoints for these drugs were determined visually as the lowest concentration o f  drug 

which com pletely inhibited growth with the exception o f  the azole drugs voriconazole 

and posaconazole for which the endpoints were determined as described above for 

fluconazole and itraconazole.

W hen testing the susceptibility o f  S. cerev is iae  c lones used for heterologous 

expression o f  C. dubliniensis genes, the BM D assay was carried out using selective  

broth required to maintain presence o f  the expression plasmid, instead o f  RPMI.
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2.2.2 Plate assays
Susceptibility o f C. dubliniensis and C. albicans strains was also tested qualitatively 

by spotting serial dilutions o f yeast cultures in complex YPD medium agar plates, 

which provided an easy visualisation of growth differences between strains. Each plate 

contained 25 ml agar. Candida strains were grown overnight at 30°C with constant 

shaking in YPD broth. The cultures were firstly diluted to 2 x l0 ’ cells/ml in sterile 

deionized water. Four serial 1:10 dilutions o f this first dilution were made and 4 fxl of 

each dilution were spotted on each plate and incubated for 48 h at 30°C.

Susceptibility o f S. cerevisiae clones used for heterologous expression o f

C. dubliniensis genes were carried out using the appropriate selective agar and broth

media required to maintain presence of the expression plasmid.

2.3 Analysis of genomic DNA

2.3.1 Extraction of genomic DNA from Candida species
Genomic DNA was prepared from cells grown in 50 ml of YPD broth in a 250 ml

conical flask at 37°C in an orbital incubator at 200 rpm for 18 h. Cultures were decanted 

into 50 ml Falcon tubes (Beckton Dickinson, New Jersey, USA) and harvested by 

centrifugation at 2,500 x g  for 5 min in a benchtop centrifuge (Eppendorf Centrifuge 

5804, Eppendorf AG, Hamburg, Germany). The supernatant was decanted and the 

pellet was resuspended in 5 ml of 20 mM citrate phosphate buffer, 40 mM EDTA, 1.2 

M sorbitol, pH 5.6. Cell walls were digested by adding 15 mg Zymolyase 20T and 

incubating at 37°C for 30 to 90 min. The protoplasts obtained were harvested by 

centrifugation at 2,500 x g  for 5 min and resuspended in 7.5 ml lOx TE. The protoplasts 

were lysed by adding 0.75 ml 10% (w/v) sodium dodecyl sulphate (SDS) and proteins 

were precipitated by adding 2.5 ml 5 M potassium acetate and incubating on ice for 30 

min. The lysed protoplasts were decanted into 50 ml Sorvall Oak Ridge tubes (Dupont 

Co., Denver, Texas, USA) and subjected to a cleaning spin at 8,500 x g  at 4°C for 5 min 

in a Sorvall 5C Plus centrifuge (Dupont Co.). The supernatant was decanted into a fresh 

50 ml Falcon tube and precipitated by mixing gently with 10 ml ice-cold isopropanol 

and incubating on ice for 5 min. The resulting precipitate was pelleted in a benchtop 

centrifuge at 2,500 x g for 5 min. The pellet was dried at 37°C to remove any remaining 

isopropanol, and resuspended in 1 ml TE buffer. The solution was then incubated with 

0.1 ml of a 10 mg/ml RNase A solution for 1 h at 37°C and then incubated with 0.1 ml
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of a 20 mg/ml proteinase K solution for 1 h at 37°C. The DNA solution was then 

extracted 3 times using an equal volume o f a mixture o f phenolxhloroform  (1:1) and 

precipitated with the addition o f 2 volumes o f  ice-cold ethanol. The resulting DNA 

precipitate was transferred to a fresh tube, washed in 70% (v/v) ethanol, dried briefly at 

37°C, resuspended in 150 ^1 TE and stored at 4°C.

The concentration o f DNA samples were assessed by measuring their absorbance at 

260 nm using a spectrophotometer (model Genosys 2, ThermoSpectronic supplied by 

AGB, Dublin, Ireland) and calculating the concentration using the following formula: 

1 unit o f A26o= 50 |ig DNA.

2.3.2 Restriction endonuclease digestion of genomic DNA and agarose gel 
electrophoresis

Large scale restriction endonuclease digestions o f genom ic DNA for Southern 

analysis were carried out with 10 |ig  o f genomic DNA in a 50 |il volume containing 

20 U o f restriction enzyme and the appropriate restriction enzyme buffer according to 

the manufacturer's instructions. Horizontal 0.7% (w/v) agarose gels made up in 0.5x 

TBE buffer containing 0.5 |ag/ml ethidium bromide per ml were cast into horizontal gel 

trays. DNA loading dye was added to the restriction enzyme-digested DNA samples at a 

final concentration o f Ix and the samples were loaded into the gel wells. A DNA size 

standard was loaded on each gel. Electrophoresis was carried out at 50 V with constant 

current until the bromophenol blue tracking dye had reached the end o f the gel. Gels 

were visualised on a UV transilluminator (wavelength 345 nm) and photographed using 

ImageStore 7500 Version 7.22 Gel Documentation System (Ultra-Violet products Ltd 

(UVP), Cambridge, UK).

2.3.3 Southern transfer of DNA from agarose gels
Follow ing gel electrophoresis, DNA was transferred to a nylon membrane by

capillary action using the method o f  Southern (Southern, 1975). The DNA was 

denatured by soaking the gel in 1.5 M NaCl, 0.5 M NaOH for 45 min with gentle 

agitation, after which the gel was placed in a neutralisation solution (1 M Tris-HCl, pH 

7.5, 1.5 M NaCl) for a further 45 min with shaking.

DNA fragm en ts  w ere transferred  to B ioB ond™ -Plus ny lon  m em branes 

(Sigma-Aldrich) using lOx SSC as the transfer buffer. Following transfer the membrane
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was baked at 80°C for 2 h and exposed to UV light using a crosslinker (CL-508, 

UVI tec, Cambridge, UK) set at 0.120 J/cm^ to fix the DNA to the membrane.

2.3.4 Random primer labelling of DNA fragments with [a-^^P]dATP

For all hybridisation experiments, including Southern and Northern hybridisation, 

DNA fragments were labelled with [a-^^P]dATP by random primer labeling using the 

Prime-a-gene kit purchased from Promega. Probes were routinely labelled to a specific 

activity o f >10^ d.p.m. per |ig of DNA. Purified DNA fragments (10-200 ng in a 30 |il 

volume) were denatured by boiling for 2-3 min. Denatured DNA was added to a 

reaction mixture containing Ix labelling buffer, which was supplied by the 

manufacturer and contained a random mixture of hexanucleotides, dNTPs (dCTP, dGTP 

and dTTP) and bovine serum albumin (BSA). Three microliters o f [a-^^P]dATP 

(6,000 Ci/mmol; 110 TBq/mmol) were added to the reaction mixture before adding 5 U 

of Klenow DNA polymerase. The reaction was left to incubate at room temperature for 

1 h. Unincorporated nucleotides were removed prior to hybridisation by passing the 

reaction mixture through a column containing a size exclusion matrix (SigmaSpin^"^ 

post-reaction columns, Sigma-Aldrich) following the protocol outlined by the 

manufacturer.

2.3.5 Southern hybridisation
Hybridisation reactions were carried out in a rotary hybridisation oven (Hybaid,

Teddington, Middlesex, UK) in 25 x 3.5 cm bottles (Hybaid) according to the method 

of Sambrook et al. (Sambrook & Russell, 2001). Nylon membranes on which DNA had 

been transferred were rinsed in 6x SSC prior to hybridisation to remove excess salt. 

Membranes were then incubated in the oven at 65°C in 15 ml o f the prehybridisation 

solution containing Ix D enhardt’s solution [1% (w/v) Ficoll, 1% (w/v) 

polyvinylpyrrolidone, 1% (w/v) BSA], 6x SSC, 100 |J.g/ml denatured salmon sperm 

DNA and 0.5 % (w/v) SDS for a minimum of 2 h.

The radiolabeled probe (= 2 x 10  ̂ d.p.m.) was denatured by boiling for five min 

followed by incubation on ice. The denatured probe was then added to the 

prehybridisation solution and incubated with the membrane at 65°C for 18 h. Following 

hybridisation, unbound probe was removed from the membrane by washing the 

membrane at room temperature for 15 min in a solution consisting o f 2x SSC, 0.1%
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(w/v) SDS. This was followed by a second wash at 37°C in 0.1 x SSC, 0.5% (w/v) SDS 

for 30 min and a final wash at 65°C in O.lx SSC, 0.5% (w/v) SDS for 30 min. The 

membrane was then wrapped in Saran wrap and placed in an autoradiography cassette 

with a Kodak BioMax intensifying screen (Eastman Kodak Company, Rochester, New 

York, USA) and exposed to Kodak Biomax MS-1 X-ray film for 24 to 72 h at -70°C. 

Autoradiograms were developed using Kodak GBX developer and fixed in Kodak GBX 

fixer according to protocols supplied by the manufacturer.

In order to reuse membranes in subsequent hybridisation experiments, bound probe 

was removed from membranes by immersing them in boiling distilled water, followed 

by a brief rinse in 2x SSC.

2.3.6 Karyotype analysis of Candida species

2.2.6.1 Preparation o f  yeast chromosomes in agarose plugs
Agarose plugs were prepared by the method o f Vazquez et al. (Vazquez et a l, 1993).

Chromosomes were prepared from cells grown in 50 ml YPD broth at 37°C for 36 h in 

an orbital incubator. Cells were pelleted at 2,500 x g  for 5 min in a bench top centrifuge, 

washed in 10 ml NE buffer (1 M NaCl, 0.5 M EDTA, pH 9.0) and finally resuspended 

in 2 ml of NE buffer. A 0.5 ml aliquot of this suspension was heated to 37°C and mixed 

with 0.5 ml o f 0.125 mM EDTA pH 7.5, 1% (w/v) InCert agarose (BioWhittaker 

Molecular Applications, Rockland, Maine, USA), 15 mg/ml Zymolyase 20T. The 

suspension was mixed briefly and dispensed into casting moulds (4 x 9 x 25 mm; 

Bio-Rad, Hercules, California, USA) and left to solidify for 1 h at 4°C. The solidified 

agarose plugs were then incubated overnight (16 h) with gentle shaking in a water bath 

set at 37°C in 5 ml 0.5 M EDTA, pH 7.5, containing 7.5% (v/v) p-mercaptoethanol. The 

agarose plugs were then washed three times for 5 min with gentle shaking in 50 mM 

EDTA, pH 7.5, at room temperature. The plugs were then incubated overnight (16 h) in 

a shaking water bath set at 50°C in 5 ml ESP (0.5 M EDTA [pH 9.0], 1% [v/v] sodium 

N-lauroyl-sarcosinate, 1 mg/ml proteinase K) solution. Following incubation, the plugs 

were washed a further three times in 50 mM EDTA, pH 7.5, for 5 min at room 

temperature. Plugs were then stored in fresh 0.5 M EDTA, pH 9.0, at 4°C for up to six 

months.
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2.3.6.2 Pulsed-field gel electrophoresis (PFGE)
The PFGE system used was the clamped homogeneous electrical field (CHEF)

electrophoresis system and was performed with the CHEF mapper PFGE apparatus 

(Bio-Rad) with Ix TBE as the electrophoresis buffer, which was maintained at 14°C 

during electrophoresis by recirculation through a Bio-Rad minichiller (model 1000). 

Agarose plugs containing chromosomal DNA were applied to 1.4% (w/v) ultra-pure 

DNA grade agarose (Bio-Rad) gels which were cast in 210 x 127 mm trays.

Gels were run for 72 h with an initial switch time of 40 s and a final switch time of 

600 s with a ramping factor o f -2.379. Following electrophoresis, gels were stained with 

0.5 |ig/m l ethidium bromide for 20 min, and destained for 20 to 90 min in distilled 

water, viewed on a UV transilluminator and photographed.

2.3.6.3 Southern transfer o f  chromosomal DNA from  PFGE gels
Chromosomal DNA was transferred to nylon membranes according to the method of

Birren et al. (Birren & Lai, 1993). The DNA was depurinated by soaking the gels in 

0.25 M HCl at 30°C for 5 min. Following depurination, the gel were neutralised in 

0.5 M Tris, pH 7 at room temperature for 30 min. The DNA was then denatured in 

0.4 N NaOH, 1.5 M NaCl at room temperature for 15 min with gentle shaking. 

Following denaturation, the DNA was transferred onto nylon membranes for at least 

24 h using 0.4 N NaOH, 1.5 M NaCl as transfer buffer. Nylon membranes were 

neutralised by soaking in 0.5 M Tris, pH 7 for 5 min and briefly rinsed in 2x SSC. 

Membranes were baked and the transferred DNA was crosslinked to the membrane 

using a UV crosslinker.

2.4 Recombinant DNA techniques

2.4.1 Small scale isolation of plasmid DNA from E. coli
Small scale preparations of plasmid DNA from E. coli were prepared by the method

of Sambrook et al. (Sambrook & Russell, 2001). Briefly, E. coli cultures were grown 

overnight in LB medium in the presence of selective antibiotic (100 îg ampicillin/ml in 

the case of pBluescript II KS [-]). A 2 ml aliquot o f this culture was pelleted at 

10,000 x g  for 30 s in a microfuge (Centrifuge 5417C, Eppendorf) and resuspended in 

0.1 ml ice cold solution 1 (50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0). 

Cell were lysed by the addition of 0.2 ml solution 2 (0.2 N NaOH, 1% [w/v] SDS) and
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left on ice for 5 min. Protein was then precipitated by the addition o f 0.15 ml solution 3 

(5 M potassium  acetate, 11.3% (v/v) acetic acid). The m ixture was vortexed and 

centrifuged at 10,000 x g  for 5 min in a microfuge. The supernatant was transferred to a 

fresh m icrofuge tube and extracted once with an equal volume o f phenol xhloroform  

(1:1), and the DNA precipitated by the addition o f  2 volumes o f ice-cold ethanol. The 

precipitate was pelleted again at 10,000 x g  for 5 min and resuspended in 50 |j,l sterile 

distilled water. RNA was removed by incubating the DNA solution with 0.1 mg/ml 

RNase A for 30 min.

A lternatively, small scale preparations o f  plasm id DNA for sequencing were 

prepared  using the B io-R ad Q uantum  Prep® m in ip rep  k it according to the 

manufacturer’s instructions.

2.4.2 Polymerase chain reaction (PCR)
Specific sequences o f C. dubliniensis genom ic DNA were am plified by PCR and

cloned into pBluescript. Oligonucleotide prim ers were synthesised by Sigma-Genosys 

Ltd. (Cambridge, UK) and stored at a stock concentration o f  1 mM in sterile water at 

-2 0 ’C. Amplification reactions were carried out in 0.5 ml microfuge tubes (Eppendorf) 

in a Perkin Elmer Cetus DNA thermal cycler in 100 |il volumes containing Ix  Taq 

reaction buffer, 2mM M gCl2, 250 (each) dATP, dTTP, dCTP, dGTP (Promega), 10 

pM (each) o f  a forward and reverse prim er, 10 ng genom ic DNA tem plate and 

2.5 U Taq DNA polym erase (Promega). Alternatively, if  the PCR product was to be 

sequenced or cloned into an expression vector, the reactions were carried out using the 

high fidelity proof reading enzyme mix Expand High Fidelity PCR System purchased 

from Roche and the buffers provided by the manufacturer. Amplification conditions and 

specific primers are described in the relevant sections.

PCR products were purified using the G enElute PCR DNA purification kit 

(Sigma-Aldrich) according to the manufacturer’s instructions.

2.4.3 Purification of restriction endonuclease-generated DNA fragments from 
agarose gels

Restriction endonuclease-generated DNA fragments were purified from agarose gels 

using NA45 DEAE membranes (Schleicher and Schuell, Dassel, Germany). Fragments 

were electrophoresed as described in section 2.3.2 in agarose gels and viewed on a UV 

transilluminator (345 nm). Using a clean scalpel blade, a small rectangular trough was
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excised from the gel immediately ahead o f the fragment o f  interest, and a piece o f 

NA45 DEAE paper was placed adjacent to it. The excised fragment o f gel was replaced 

and the electrophoresis was allowed to continue until the fragment had run onto the 

paper, which could be verified by the fluorescent staining o f the paper with ethidium 

bromide. The paper was then placed in 0.5 ml 1 M NaCl and placed in a water bath at 

37°C for at least 1 h to elute the fragment. The DNA solution was then extracted three 

tim es w ith  iso -bu tano l to rem ove the e th id ium  brom ide, and once w ith 

phenolxhloroform  (1:1). The DNA was precipitated w ith two volum es o f ice-cold 

ethanol, pelleted at 10,000 x g  in a microfuge and resuspended in 5-10 |j,l sterile 

distilled water.

2.4.4 Ligation of DNA fragments
Purified DNA fragments were ligated to pBluescript II KS (-) phagemid digested

with the appropriate restriction endonuclease. Ligation o f PCR products to pBluescript 

was carried out via restriction sites which had been designed within the oligonucleotide 

primers used in the amplification reactions.

Gel purified DNA fragments were ligated directly into the appropriate restriction 

endonuclease generated site in the cloning vector.

Ligation reactions were carried out in a 20 |il volume, with a 3:1 ratio o f insert to 

vector DNA in Ix ligase buffer, with 1 U o f T4 DNA ligase (Promega). Reactions were 

carried out for 18 h at 25°C.

2.4.5 Transformation of competent E. coli prepared using CaCl2
Transformation o f E. coli with C aC h was carried out by the method o f Sambrook et

al. (Sam brook & Russell, 2001). Escherichia coli D H 5a was inoculated from an 

overnight broth culture into 100 ml LB and grown at 200 rpm in an orbital incubator at 

37°C for 3 h to an Aeoo o f -0 .5 . The culture was then decanted into ice-cold 50 ml 

Falcon tubes and chilled on ice for 10 min. Cells were then pelleted by centrifugation at 

5,000 X g  in a Sorvall SS34 rotor (Dupont Co., Denver, Colorado, USA) at 4°C for 10 

min. Each pellet was resuspended in 10 ml o f ice-cold 0.1 M CaCl2 , and centrifiiged as 

before. The pellets were then resuspended in a volume o f  2 ml 0.1 M CaCl2 for each 50 

ml o f original culture.

A 0.2 ml aliquot o f this cell-suspension was transferred to a sterile microfuge tube on 

ice for each transformation experiment. Plasmid DNA (up to 50 ng) was added to each
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tube and incubated on ice for 30 min. A known amount o f a standard plasmid 

preparation was added to a separate tube as a positive control, and a second control tube 

was also included which contained no plasmid DNA at all. The tubes were then heat 

shocked at 42°C for exactly 90 seconds and rapidly transferred to an ice bath. The cells 

were then incubated at 37°C in a water bath in the presence of 0.8 ml LB medium to 

allow the cells to recover and express the antibiotic resistance marker (ampicillin 

resistance in the case of pBluescript II KS [-]). A 0.1 ml aliquot of this suspension was 

then spread on LA plates containing antibiotic (100 |ig ampicillin/ml in the case of 

pBluescript II KS [-]), 1 mM isopropyl-p-D-thiogalactopyranoside (IPTG, Roche) and 

100 fig (5-bromo-4-chloro-3-indoyl-p-D-galactopyranoside (X-gal, Roche) and 

incubated for 20 h at 37°C. Recombinants were identified using blue-white selection as 

described by Sambrook et al. (Sambrook & Russell, 2001).

2.4.6 Transformation of yeast cells using lithium acetate
For heterologous expression of C. dubliniensis genes in S. cerevisiae, expression

plamids were transformed into S. cerevisiae using the lithium acetate (LiAc) method of 

Gietz et al. (Gietz et al., 1992).

Briefly, cells grown overnight in YPD broth at 30°C were inoculated in 50 ml YPD 

at a density o f 5 x 10  ̂ cfu/ml and grown for 3 to 5 h until the culture reached a density 

o f 2 X 10^ cfu/ml. The cells were decanted into a Falcon tube, harvested by 

centrifugation at 3,000 x for 5 min and resuspended in 25 ml sterile water. Following 

another centrifugation step, the cells were resuspended in 1 ml 100 mM LiAc and 

transferred to a microcentrifuge tube. The cells were then centrifuged for 15 s at top 

speed and resuspended in 100 mM LiAc to a density o f 2 x 10  ̂ cfu/ml and for each 

transformation 50 fj.1 o f the cell suspension were aliquoted into fresh centrifuge tubes. 

Each tube was spun for 15 s at top speed and the supernatant was discarded. Each 

transformation was carried out by the addition in the following order o f 240 |al PEG 

(50 % w/v), 36 ^1 1 M LiAc and 50 |ig carrier DNA (Yeastmaker carrier DNA, 

Clontech, Palo Alto, California, USA), 70 |il sterile water and 1 to 3 |al plasmid DNA. 

The mixture was vortexed and incubated first at 30°C for 30 min and then at 42°C for 

20 to 25 min. The tubes were then centrifuged and the pellet was resuspended in 1 ml 

sterile water. Finally, 200 |j 1 o f this suspension were spread on selective medium and 

incubated at 30°C for 2 to 4 days.
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2.4.7 Isolation of bacteriophage Lambda DNA
The Cd24 and Cd25 fingerprinting probes are genom ic sequences containing

dispersed repetitive elem ents cloned from C. dubliniensis  into bacteriophage Lambda 

EMBL3 (Joly et al., 1999). In order to prepare these probes for labeling, bacteriophage 

D N A had to be isolated.

Escherichia coli  LE392 was grown overnight as described in section 2.1.2 and 

500 îl o f  the overnight culture were transferred to a glass test tube containing 10 |al o f  

Lambda bacteriophage and incubated for 20 min at 37°C. The infected culture was 

transferred to a 250 ml Erlenmeyer flask containing 100 ml LB supplemented with 

0.01 M M gS04  and incubated at 37°C with shaking until lysis occurred. After cell lysis, 

500 |il o f  chloroform was added. The lysate was centrifuged at 8,000 x g- for 10 min to 

remove cellular debris and the supernatant was transferred to a sterile tube. The Lambda 

DNA was purified using the Wizard Lambda Prep Purification System ® (Promega) and 

used according to the manufacturer’s instructions. The bacteriophage DN A was used 

directly in labeling reactions.

2.5 DNA sequence analysis
DNA sequencing was performed by Lark (Saffron Walden, Essex, United Kingdom) 

using the dideoxy chain termination method o f  Sanger et al. (Sanger et al., 1977), and 

an automated Applied Biosystem s 373A D N A  sequencer (Foster City, California, USA) 

and dye-labelled terminators. Chromatograms were analysed using the 373A  Data 

Analysis program version 1.2.0 (Applied Biosystem s). Sequence analysis was carried 

out using the D N A  Strider™  1 . 3 f l l  softw are for D N A  and protein analysis  

(CEA/Saclay, Gif-sur-Yvette, France). Searches o f  the EMBL and GenBank databases 

for nucleotide and amino acid sequence sim ilarities were performed using BLAST  

(Altschul et al., 1990). Alignments o f  nucleotide and amino acid sequences were carried 

out using CLUSTAL W sequence alignment computer program (H iggins & Sharp, 

1988).
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2.6 Analysis of RNA

2.6.1 RNase-free conditions
All solutions used in the preparation of total RNA were rendered RNase-free by the

addition of 0.1 M diethylpyrocarbonate (DEPC, Sigma-Aldrich). DEPC was dispersed 

in all solutions, which were then left to incubate at room temperature for 3-4 h, before 

autoclaving to inactivate DEPC. Solutions containing amines (i.e. Tris and EDTA) were 

prepared with DEPC-pretreated water and autoclaved. Plasticware such as microfuge 

tubes (Eppendorf) and Falcon tubes, which were assumed to be free o f RNase 

contamination, were handled only when wearing latex gloves. Bottles and other 

glassware were baked for 2 h at 200°C. Glass beads (Sigma-Aldrich) used in RNA 

extractions were 450-600 microns in diameter and were treated in nitrous acid, washed 

in distilled water, and baked for 2 h at 200°C.

2.6.2 Total RNA extraction from Candida isolates
Candida cells were harvested at mid-exponential phase (Aeoo  ̂0.6) from 50 ml YPD

broth cultures for RNA extractions by centrifugation at 2,500 x g  for 5 min. Pellets were 

resuspended in 2.5 ml extraction buffer (0.1 M LiCl, 0.01 M dithioreitol [DTT], 0.1 M 

Tris-HCl, pH 7.5) at 4°C. In a Falcon tube at 4°C a slurry consisting of 6 g glass beads, 

5 ml phenolxhloroform (1:1) and 0.5 ml 10% (w/v) SDS was prepared for each sample. 

The resuspended pellet was mixed with the slurry and vortexed continuously for 5 min. 

The cell slurry was then centrifuged at 2,500 x g  for 5 min and the upper aqueous phase 

(~2 ml) was transferred to microfuge tubes on ice. The aqueous phase was then 

extracted twice with an equal volume of phenohchloroform (1:1) and transferred to a 

fresh microfuge tube and precipitated with 2 volumes of ethanol at -20°C for 2 h. The 

precipitated RNA was collected by centrifugation at 3000 x g  for 10 min, the 

supernatant removed and the pellet briefly air dried. The pellets were dissolved in 50 fj.1 

DEPC-treated water, and the separate fractions for each sample pooled. In order to 

remove DNA, the RNA was precipitated with LiCl. RNA samples were mixed with 2 

volumes of 6 M LiCl and placed at -20°C for 2 h. The samples were centrifuged at 

11,600 X g- for 10 min and the RNA pellet was resuspended in 0.2 ml DEPC-treated 

water. Finally the RNA was precipitated again by the addition of 20 |al of 3 M sodium 

acetate, pH 5.2 and two volumes of ethanol at -20°C for 2 h. The RNA was pelleted at
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11,600 X g, and resuspended in ~ 120 |al DEPC treated water. Samples were stored at 

-70°C.

2.6.3 RNA electrophoresis and transfer to nylon membranes
The concentration o f each RNA sample was assessed by measuring the A26O (1 unit

o f A 26O = 40 |ig RNA) and 15 |ag were loaded on each gel. A test gel was prepared 

initially to assess the accuracy o f  concentration determ inations and to assess the 

integrity o f  each sample. It was found that more accurate determ inations o f  RNA 

loading could be made by comparison o f ethidium bromide staining o f the RNA on a 

test gel. The integrity o f  each sample could then be assessed and adjustments made to 

ensure equal loading o f the samples if  necessary.

Each RNA sample was mixed with 35 |al MFF solution (50% [v/v] formamide, 

6% [v/v] formaldehyde, 0.8 |ag/ml ethidium bromide, Ix MOPS buffer). The samples 

were heated at 70°C for 10 min to denature the RNA, then placed on ice and mixed with 

4 nl lOx FSB. Samples were loaded onto 1.2% (w/v) agarose gels containing 6% (v/v) 

formaldehyde, and Ix  MOPS. Electrophoresis was carried out at 80 V in Ix MOPS 

buffer. Fractionated RNA was transferred to M agnaGraph nylon membranes (MSI, 

Westborough, M assachusetts, USA) by capillary transfer. Gels were rinsed briefly in 

DEPC-treated water to remove excess formaldehyde and then soaked in 0.05 N NaOH 

for 20 min, and then equilibrated in 20x SSC for 45 min. Capillary transfer was carried 

out in 20x SSC. RNA was then fixed to the membrane by baking at 80°C for 30-45 min 

followed by UV crosslinking o f  the RNA to the m em brane in a B io-Rad UV 

crosslinker.

2.6.4 Northern Hybridisation
H ybridisations were carried out in 10 ml hybridisation buffer (4x SSC, 1% (w/v)

SDS, 10% (w/v) dextran sulphate, 50% (v/v) formamide, 100 |ig/ml denatured salmon 

sperm DNA). M embranes were prehybridised for four hours at 42°C. The radiolabeled 

probe was then denatured by boiling for 5 min followed by incubation on ice, added to 

the prehybridisation solution and hybridised w ith the membrane overnight for 18 h at 

42’C. The membrane was then washed for 15 min at 42°C with 5x SSC, 0.1% (w/v) 

SDS followed by a wash in Ix  SSC, 0.5% (w/v) SDS at 42°C for 15 min also. The 

membrane was then exposed to BioMax Ms X-ray film at -70°C  with an intensifying 

screen for 24-72 h. All membranes were hybridised with a probe homologous to the
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C. dubliniensis TEF3 gene (Moran et a i,  2002a). Relative expression levels of mRNA 

were measured using an imaging densitometer (GelWorks ID Intermediate, UVP) to 

scan hybridisation signal intensity on autoradiograms, using the signal intensity of 

CdTEF3 mRNA as a loading control.

2.7 Biochemical analysis

2.7.1 Accumulation of [^H]-fluconazole
Accumulation of [^H] fluconazole (Amersham) in C  dubliniensis was assessed by

the method of Sanglard et al. (Sanglard et a l ,  1995). Briefly, cells were grown to the 

mid-log phase in YNB medium at 30°C with constant agitation. The cells were 

harvested by centrifugation at 5300 x g at 4°C for 5 min, and resuspended in YNB to a
o  0

cell density o f 3 x 10 cells per ml. A total o f 2.5 (il of [ H] fluconazole dissolved in 

ethanol, corresponding to 1.08 nmol with a specific activity of 5 x 10  ̂ cpm/nmol, was 

added to 500 |il of the yeast suspension. The experiment was started by incubating the 

cells at 30°C. Samples o f 100 |il were withdrawn at different time intervals and were 

mixed with 400 |il of ice-cold YNB medium containing 20 ^iM unlabelled fluconazole 

placed in a spin-X microfiltration unit (pore size, 0.45 ^m) with a nylon membrane 

(Costar, Cambridge, Massachusetts, USA) adapted to a microcentrifuge tube. The 

aqueous medium was separated from the cells by a short spin at 13,000 x g  for 1 min at 

4°C. The cells were washed with the unlabelled fluconazole-YNB medium three times 

as described above. The cells were lysed in 100 |al of 1.85 M NaOH/ 7.5 % (v/v) 

mercaptoethanol and finally mixed in liquid scintillation medium (Ultima Gold; 

Packard, Groningen, The Netherlands) and the radioactivity was counted in a Beckman 

liquid scintillation counter.

2.7.2 Measurement of rhodamine 6G uptake and glucose-induced efflux
Efflux of rhodamine 6G (R6G) was determined using a modification of the method

of Maesaki et al. (Maesaki et al., 1999). Briefly, yeast cells were grown in YPD broth at 

37°C overnight. A total of 1 x 10* cells were transferred to 100 ml o f fresh YPD broth 

and incubated at 37°C for four to five hours. The cells were harvested in 50 ml Falcon 

tubes and centrifuged at 3000 x g  for 5 min. The pellets were washed twice in 

phosphate buffered saline (PBS). They were then resuspended in 10 ml PBS at a 

concentration of 1x10* cfu/ml and incubated at 37°C for 1 h in a shaking incubator. A
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final concentration of 10 fxM R6G was then added to the cell suspension and incubated 

at 37°C in a shaking incubator for 30 min, after which 1 ml samples were withdrawn 

and centrifuged in microcentrifuge tubes at top speed. The supernatants were collected 

and absorption was measured at 527 nm. To observe the effect o f glucose, the 

remainder of the cell suspensions were divided equally in 2 Falcon tubes, one o f which 

was supplemented with 10 |aM glucose while an equal volume of PBS was added to the 

other. Both suspensions were incubated at 37°C for a further 30 min. Samples o f 1 ml 

volume were withdrawn following incubation and processed as described above. The 

concentration of R6G was determined using a standard concentration curve of R6G.

2.7.3 Sterol extraction and analysis

2.7.2.1 Extraction method for qualitative spectrophotometric analysis
For qualitative spectrophotometric analysis, total sterols were extracted from cells

grown overnight in YPD broth at 37°C (unless otherwise stated). Briefly, 1 ml of 

overnight culture was spun at top speed in a microcentrifuge and the pellet was 

resuspended in 0.5 ml o f a solution containing 20 % (w/v) KOH and 60 % (v/v) EtOH. 

The suspension was incubated at 95°C for an hour. Following incubation, 0.6 ml hexane 

was added and the samples were vortexed for a few seconds before centrifugation at top 

speed for 2 min. The top hexane layer containing the sterols was removed and put into 

fresh tubes.

For spectrophotometric analysis, the samples were diluted by the addition o f 0.6 ml 

hexane before measuring their absorption between 240 and 330 nm using a 

spectrophotometer (model Genosys 2, ThermoSpectronic).

2.7.3.2 Extraction o f  sterols fo r  gas chromatography-mass spectrometry (GC/MS)
Single colonies from plate cultures of C. dubliniensis were inoculated into 15 ml of

YPD broth and incubated overnight at 30°C, 200 rpm. Cells were centrifuged down

(1,500 X g; 10 min) and washed once in 20 ml o f sterile water. Each cell pellet (approx.

400 mg wet weight) was resuspended in 3 ml methanol, and transferred to a stoppered

glass test-tube. Two ml of 60% (w/v) potassium hydroxide and 2 ml 0.5% (w/v)

pyrogallol dissolved in methanol was added to each tube and vortexed gently to mix.

The tubes were stoppered and placed in a waterbath at 90°C for 2 hr, and then removed

and allowed to cool to room temperature. Ten ml o f hexane was added to each tube, and

vortexed vigorously for 60 s. The phases were allowed to separate, the upper hexane
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layer removed with a glass capillary pipette to a clean glass test-tube, and the hexane 

evaporated off under nitrogen.

Follow ing silylation for 1 h at 60°C w ith BSTFA (N ,0-Bis-(trim ethylsilyl) 

trifluoroacetamide in 50 |il toluene, sterols were separated and identified by GC/MS 

(VD 12-250 (VG Biotech, Manchester, UK).
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Chapter 3

Determination of antifungal drug susceptibility and 

development of a simple test for the identification of

C dubliniensis isolates

54



3.1 Introduction
It has been suggested that the abihty of C. dubliniensis to rapidly develop resistance

to fluconazole has contributed to its successful colonisation of the oral cavities of 

HIV-infected individuals receiving long term therapy with this drug, thus accounting for 

its emergence as a significant pathogen during the last decade. A recent study 

comparing the geometric mean MICs for fluconazole, itraconazole and ketoconazole for 

58 isolates each o f C. albicans and C. dubliniensis showed that the MIC values of 

C. dubliniensis isolates were significantly and consistently higher than those of the 

C. albicans isolates (Odds et a i ,  1998). Because of this, the aim o f this part of the 

present study was to determine the incidence of fluconazole and itraconazole resistance 

in C. dubliniensis clinical isolates.

In order to obtain a more complete understanding of the precise epidemiological role 

that C. dubliniensis plays in human infections and to attempt to understand why it has 

only recently emerged, rapid and reliable tests are needed for the identification of 

C. dub lin iensis  in the routine clinical microbiology laboratory. However, the 

introduction of such tests has been complicated by the fact that C. dubliniensis shares 

many phenotypic characters in common with C. albicans (Sullivan & Coleman, 1998). 

The close similarity between the two species has contributed to the misidentification of 

some C. dubliniensis isolates as C. albicans (Coleman et a l, 1997a; Odds et a l, 1998). 

The most reliable tests used originally for discriminating between the two species were 

based on molecular techniques such as DNA fingerprinting with repetitive sequence- 

containing DNA probes and pulsed-field gel electrophoresis (Coleman et a l,  1997b; 

Joly et al., 1999; Sullivan & Coleman, 1998; Sullivan et al., 1995). Although very 

effective, these techniques are technically demanding and are not readily applicable to 

the identification of large numbers of isolates and therefore are unlikely to be conducted 

in many routine diagnostic mycology laboratories. While the use o f a number o f 

phenotypic characteristics to discriminate between the two species has been 

investigated, none provide a completely reliable method for the differentiation of 

C. albicans from C. dubliniensis (Schoofs et al., 1997; Sullivan & Coleman, 1998). It 

has previously been suggested that the two species could be distinguished by the 

inhibition of the growth of C. dubliniensis at 42°C (Coleman et a l, 1997b; Sullivan & 

Coleman, 1998; Sullivan et al., 1995). However, it was reported that approximately 

10% of C. dubliniensis  isolates were able to grow, albeit poorly, at this elevated
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temperature (Sullivan & Coleman, 1998). Furthermore, another study reported that 8/12 

C. dubliniensis isolates examined grew at 42°C (Schoofs et a l,  1997). Therefore the 

preliminary aim of this part of the present study was to develop a method to rapidly and 

reliably identify C. dubliniensis in clinical samples to facilitate the determination of 

antifungal resistance. In order to achieve this, we investigated whether incubation at a 

higher tem perature would provide a simple, inexpensive, reliable means of 

differentiating the two species.
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3.2 Materials and methods

3.2.1 Candida clinical isolates
Several phenotypic and molecular techniques were used in combination to identify

clinical Candida isolates (see section 2.1.4). The clinical isolates o f C. dubliniensis used 

in this part o f the present study are shown in Table 3.1. One hundred and twenty 

C. dubliniensis clinical isolates and 98 C. albicans clinical isolates (Table 3.2) were 

used in the study o f phenotypic differences between C. dubliniensis and C. albicans. In 

susceptibility testing procedures, 111 C. dubliniensis clinical isolates recovered from 

106 separate patients were tested for fluconazole susceptibility and 58 clinical isolates 

of C. dubliniensis recovered from 56 separate patients were tested for itraconazole 

susceptibility (Table 3.1). In addition, twelve single-colony isolates of C. dubliniensis 

recovered from the same clinical specimen obtained from an AIDS patient with 

recurrent oral candidosis treated with fluconazole were included.

3.2.2 Growth at 45°C
All isolates studied were initially grown for 48 h at 37°C on 25 ml o f Emmons

modified Sabouraud glucose agar (Emmons SDA) contained in 90 mm Petri dishes. A 

small portion o f a single colony of each isolate was then aseptically removed and 

streaked over the surface of three plates of Emmons SDA, which were incubated at 

37°C, 42°C and 45°C respectively. Growth, if any, on the plates was visually assessed 

24 h and 48 h after incubation. In addition to these experiments, 10 isolates of each 

species were selected to examine their growth at 37°C and 45°C in Yeast-Peptone- 

Dextrose (YPD) broth. These included 3 C. dubliniensis isolates which had been shown 

to grow poorly at 42°C on Emmons SDA media and 7 that did not grow at all at this 

temperature. Nine of the C. albicans isolates were randomly selected while the tenth 

isolate was chosen because it failed to grow at 45°C on Emmons SDA. Using a 

haemocytometer, a standard inoculum suspension, containing 10^ cfu in sterile distilled 

water, was prepared from colonies of each isolate grown on Emmons SDA for 24 h at 

37°C. The inoculum was then aseptically transferred to YPD (to a final volume of 50 

ml) in 250 ml conical flasks and incubated with shaking at 150 rpm at the two indicated 

temperatures. At specific time points, aliquots o f each isolate were removed to
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spectrophotometrically measure their optical density at 600 nm (OD 600). These values 

were then used to plot a growth curve for each isolate at each temperature.
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T A B L E  3.1. C andida dubliniensis clinical isolates used in this study

C. dubliniensis 
isolates

m v
status “

Body
site

Country o f 
origin

Year of 
isolation

Reference

CD71 HIV+ve Oral Argentina 1994 (Sullivan et a!., 1997)

Cml m v + v e Oral Australia 1991 (Sullivan et a!., 1995)
Cm2 HlV+ve Oral Australia 1991 (Sullivan e! a i ,  1995)
Cm4 HIV+ve Oral Australia 1991 (Sullivan et al., 1995)
Cm5 HIV+ve Oral Australia 1991 (Sullivan et al., 1995)

CD605 AIDS Oral Belgium 1997 This study
CD606 AIDS Oral Belgium 1997 This study
CD607 AIDS Oral Belgium 1997 This study
CD608 AIDS Oral Belgium 1997 This study
CD609 AIDS Oral Belgium 1997 This study

Canl MlV+ve Oral Canada 1996 This study
Can3 HIV+ve Oral Canada 1996 This study
Can4 HIV+ve Oral Canada 1996 This study
Can6 HIV+ve Oral Canada 1996 This study
Can9 HIV+ve Oral Canada 1996 This study
Can 13 HIV+ve Oral Canada 1996 This study

CDS 16 HIV+ve Oral Finland 1996 This study

CD600 HIV+ve Oral France 1994 This study
CD601 HIV+ve Oral France 2000 This study
CD602 HIV+ve Oral France 2000 This study
CD603 HIV+ve Oral France 2000 This study
CD604 HIV+ve Oral France 2000 This study

CD96.29 HIV+ve Oral Germany 1996 This study
CD96.34 HIV+ve Oral Germany 1996 This study
CD96.54 HlV+vc Oral Germany 1996 This study
CD96.63 HIV+ve Oral Germany 1996 This study

CD159 HIV+ve Oral Greece 1995 This study

CD98923 HIV+ve Oral India 1998 (Al Mosaid et al., 2001)

CD2 HIV-ve Oral Ireland 1996 This study
CD4 HIV-ve Oral Ireland 1997 This study
CD15 HIV-ve Oral Ireland 1996 This study
CD23 HIV+ve Oral Ireland 1995 This study
CD27 HIV+ve Oral Ireland 1995 This study
CD33 HIV+ve Oral Ireland 1989 (Sullivan et al., 1995)
CD36 HIV+ve Oral Ireland 1988 (Sullivan et a l ,  1995)
CD38 HIV+ve Oral Ireland 1989 (Sullivan et al., 1995)
CD4I HIV-ve Oral Ireland 1994 (Sullivan et al., 1995)
CD47-lla AIDS Oral Ireland 1995 (Moran et al., 1997)
CD55 HIV+ve Oral Ireland 1997 This study
CD57 HIV-ve Vagina Ireland 1992 (Moran et al., 1997)
CD94 HIV-ve Oral Ireland 1997 This study
CDS 1-1 HIV+ve Oral Ireland 1995 (Moran el al., 1997)
CD51-1I HIV+ve Oral Ireland 1995 (Moran el al., 1997)
CD 130 AIDS Oral Ireland 1988 This study
CD167 HIV+ve Oral Ireland 1989 This study
CD 173 HIV+ve Oral Ireland 1989 This study
CD210 HIV+ve Oral Ireland 1989 This study.
CD500 AIDS Oral Ireland 1998 This study
CD501 HIV+ve Oral Ireland 1988 This study
CD502 HIV+ve Oral Ireland 1989 This study
CD503 HIV+ve Oral Ireland 1989 This study
CD504 HIV+ve Oral Ireland 1989 This study
CD505 HIV+ve Oral Ireland 1989 This study
CD506 AIDS Oral Ireland 1989 This study
CD507 AIDS Oral Ireland 1992 (Gee et al., 2002)
CD509 HIV+ve Oral Ireland 1997 This study
CD510 AIDS Oral Ireland 1994 This study
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( T A B L E  3 .1 .  C o n t in u e d )

C. dubHniensis 
isolates

HIV 
status “

Body
site

Country o f  
origin

Year o f  
isolation

Reference

CDS 11 HIV+ve Oral Ireland 1995 This study
CD512 HiV+ve Oral Ireland 199S This study
CDS 13 HlV-ve Oral Ireland I99S This study
CDS 14 HlV-vc Oral Ireland I99S (Gee e ta l., 2002)
CDS 17 HlV-ve Oral Ireland 1996 This study
CDS 18 HlV-ve Oral Ireland 1996 This study
CDS 19 HlV+ve Oral Ireland 1997 This study
CDS20 HlV-ve Oral Ireland 1997 This study
CDS21 HIV+ve Oral Ireland 1997 This study
CDS22 HlV+ve Oral Ireland 1997 This study
CDS24 HlV-ve Oral Ireland 1997 This study
CDS2S HIV-ve Oral Ireland 1997 This study
CDS26 HlV+ve Oral Ireland 1998 (Gee el al., 2002)
CDS32 HlV-ve Oral Ireland 1998 This study
CDS70 HlV-ve Vagina Ireland 1992 This study

CD19398-1 HlV+ve Oral Norway 1998 (A1 Mosaid el al., 2001)
CD19398-2 HlV+ve Oral Norway 1998 (A1 Mosaid el al., 2001)
CD2I398-1 HlV+ve Oral Norway 1998 (Al Mosaid el al., 2001)
C D 21398-2 HIV+ve Oral Norway 1998 (Al Mosaid el al., 2001)

CD2491 HlV+ve Oral Spain 1994 This study
CD941026 HlV+ve Oral Spain 1994 This study
CD94191 HlV+ve Oral Spain 1994 This study
CD94208 HlV+ve Oral Spain 1994 This study
CD94234 HlV+ve Oral Spain 1994 This study
CD94764 HlV+ve Oral Spain 1994 This study
CD9484S HlV+ve Oral Spain 1994 This study
CD94924 HlV+ve Oral Spain 1994 This study
CD9S104 HIV+ve Oral Spain 1995 This study
CD97040 HIV+vc Oral Spain 1997 (Quindos el al., 2000)
CD9738S HlV+ve Oral Spain 1997 (Quindos et al., 2000)
CD98010 HlV+ve Oral Spain 1998 (Quindos et al., 2000)
CD98026 HlV+ve Oral Spain 1998 (Quindos el al., 2000)
CD98299 HlV+ve Oral Spain 1998 (Quindos el al., 2000)

C 04 HlV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
COS HlV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
C 07 HlV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
P2 HlV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
P7 HlV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
P2I HIV+ve Oral Switzerland 1993 (Boerlin el al., 1995)
P27 HlV+ve Oral Switzerland 1993 (Boerlin el a l ,  1995)

NCPF3108 HlV-ve Stool UK 19S7 (Sullivan el al., 1995)
CD73089 HIV-ve Oral UK 1973 (Odds ela l., 1998)
CD7S043 HlV-ve Oral UK 1975 (Odds e la l ,  1998)
CD7S004 HIV-ve Oral UK 1975 (Odds e la l ,  1998)
CD632 HIV-ve Oral UK 1986 (Odds e /a /., 1998)
CD67S HIV-ve Stool UK 1986 (Odds el al., 1998)
CD681 HIV-ve Oral UK 1986 (Odds el al., 1998)
CD684 HIV-ve Oral UK 1986 (Odds e la l ,  1998)
CD710 HIV-ve Oral UK 1986 (Odds e la l ,  1998)
CD883 HIV-ve Stool UK 1986 (Odds e la l ,  1998)
CD892 HIV-ve Stool UK 1986 (Odds e la l ,  1998)
CD893-A HIV-ve Oral UK 1986 (Odds e ta l ,  1998)
CD893-B HIV-ve Oral UK 1986 (Odds e ta l ,  1998)
CD902 HIV-ve Stool UK 1986 (Odds e ta l ,  1998)
CD910 HIV-ve Oral UK 1986 (Odds e ta l ,  1998)
CDS38 HIV-ve Stool UK 1986 (Odds ela l., 1998)
CDS39 AIDS Oral UK 1994 This study
CDS40 HIV-ve Sputum UK 1997 This study
CDS41 HIV-ve Blood UK 1997 This study
m26b HIV-ve Oral UK 1995 This study
ni262b HIV-ve Oral UK 1995 This study
m 196cd HIV-ve Oral UK 1995 This study

“  H IV  sta tus  o f  ind iv id u a ls  f rom  w h ic h  iso la tes  w e re  re co v e red



TA B LE 3.2. Candida albicans clinical isolates used in this study

Country o f  origin Number o f  isolates Body site HIV status “ Reference

Australia 1 Oral cavity HIV+ (Sullivan et al., 1995)

Hong Kong 6 Oral cavity HIV+ This study

Ireland 32 Oral cavity HIV+ This study

5 Oral cavity HIV- This study

20 Vaginal HIV+ This study
21 Vaginal HIV- This study

8 Blood HIV- (O'Connell e /a /. ,  1995)

United Kingdom 1 Oral cavity H1V+ This study

United Kingdom 4 Oral cavity HIV* This study

“ HIV status o f  individuals from which isolates were recovered



3.3 Results

3.3.1 Differentiation of C. dubliniensis from C. albicans by lack of growth at 45°C
The descriptions of the 120 C. dubliniensis isolates and 98 isolates of C. albicans

used in these studies are presented in Tables 3.1 and 3.2. Conventional morphologic and 

physiologic methods (biotyping, growth on CHROMagar®, production o f 

chlamydospores) as well as molecular techniques were employed to identify isolates of 

both species. All isolates grew well at 37°C on Emmons SDA. No growth was found 

with any of the 120 C. dubliniensis isolates at 24 and 48 h on Emmons SDA at 45°C, 

although 11 isolates showed limited growth after 48 h incubation at 42°C (Table 3.3). 

All 98 of the C  albicans isolates grew well at 42°C at 48 h on Emmons SDA and all but 

one exhibited substantial growth after the same time at 45°C (Table 3.3). The growth of 

greater than half o f the isolates was examined on at least two occasions and identical 

results were found in these confirmatory studies. Representative growth curves for 

isolates of each species grown in liquid medium at 37°C and 45°C are presented in 

Fig. 3.1. Although all ten selected isolates of C. dubliniensis grew at 37°C, seven failed 

to grow at 42°C while the three that showed limited growth on Emmons SDA at this 

temperature also showed limited growth in YPD. None of the ten isolates examined 

showed any appreciable growth in YPD at 45°C. All but one of the ten C. albicans 

isolates grew well in YPD at all 3 temperatures. The single C. albicans isolate which 

failed to grow in the broth at 45°C (isolate CA58.1) also failed to grow when incubated 

at the same temperature on Emmons SDA. Studies with a single isolate of a closely 

allied taxon, Candida stellatoidea type I (ATCC 11006) demonstrated that it too, like 

the majority of C. dubliniensis isolates, did not grow at either 42°C or 45°C. However, 

C. stellatoidea type I is very rarely recovered from cases of candidosis and may be 

easily differentiated from C. dublin iensis  on the basis o f sucrose assimilation, 

production of (3-glucosidase and serotype.

3.3.2 Fluconazole and itraconazole susceptibility testing of C. dubliniensis isolates
The fluconazole susceptibility o f 111 C. dubliniensis isolates from 106 separate

patients was assessed by broth microdilution (BMD). The vast majority of the isolates 

(105/111; 94.6%) (Table 3.4) exhibited fluconazole-susceptible phenotypes (MIC range 

0.125 i^g/ml to 4 ng/ml) when tested by BMD. The itraconazole susceptibility of 58
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C. dubliniensis isolates from 56 separate patients was assessed by BMD. The vast 

majority of these isolates (52/58; 89.6%) yielded itraconazole-susceptible phenotypes 

(MIC range 0.03 |ig/ml to 0.125 |ig/ml) (Table 3.5). Six isolates, which also exhibited 

reduced susceptibility to fluconazole, showed susceptible-dose-dependence to 

itraconazole (MIC range 0.25 |ag/ml to 0.5 ng/ml) but none of the isolates tested were 

found to be itraconazole-resistant (MIC >1 |ag/ml).

Twelve single colony isolates recovered from the same clinical specimen from a 

patient with oral candidosis treated with fluconazole exhibited a range o f susceptibilities 

to fluconazole (MIC range 0.25 to 8 ^g/ml) and itraconazole (MIC range 0.06 to 

0.5 |ig/ml) (Table 3.6). These isolates were shown to be highly related (Gee et a l ,  2002) 

(see also Chapter 6). In these isolates, decreased susceptibility to itraconazole correlated 

with decreased susceptibility to fluconazole (see also Chapter 6).
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TABLE 3.3. Growth o f C. albicans and C. dubliniensis clinical isolates at 37°C, 42°C and 45°C on 
Emmons SDA

Number of isolates

37°C 42°C 45 °C

C. albicans (n=98) 98 98 97

C. dubliniensis (n=120) 120 11 0

C. albicans 
C. albicans 
C. dubliniensis CD36 o 
C. dubliniensis CD43 x

132A □
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FIGURE 3.1. Growth curves o f the oral isolates C. albicans 132A and CA58.1 and C. dubliniensis CD36 
and CD43 in YPD broth medium at 37°C (solid lines) and 45°C (dashed lines).



T A B L E  3.4. Susceptibility o f  C. dubliniensis isolates to fluconazole

Range o f  M IC " < 8 |ig/ml > 8 ng/ml

Num ber o f  isolates 
( n = l l l )

105 (94.6%) 6 (5.4%)

“ M ICs were determined by BMD as described in section 2.2.1.

TA B L E  3.5. Susceptibility o f  C. dubliniensis isolates to itraconazole

Range o f  MIC “ < 0.25 ng/ml > 0.25 ng/ml

Num ber o f  isolates 
(n=58)

52(89.6% ) 6(10.4% )

"M lC s were determined by BMD as described in section 2.2.1.



TABLE 3.6. Susceptibility to fluconazole and itraconazole o f C. dubliniensis isolates recovered in a 
single oral specimen from an AIDS patient with recurrent oral candidosis

MIC (M g/m l)  “
Isolate

Fluconazole Itraconazole

CDS 19-1'' 8 O.S
CDS 19-2 4 ND

CDS 19-3 4 ND

CDS 19-4 0.2S ND

CDS19-S 4 ND

CDS 19-6 8 0.12S
CDS 19-7* 8 0.2S
CDS 19-8" O.S 0.06
CDS19-10 4 ND

CDS19-11 2 0.12S
CDS19-13 4 ND

CDS19-14'' 8 O.S

ND: not determined 
“ MlCs were determined by BMD 
 ̂ Isolates further studied in Chapter 6



3.4 Discussion
One of the great problems in assessing the epidemiological importance of 

C. dubliniensis is the difficulty in reliably identifying this species in clinical specimens. 

An important aim of this part of the present study was the development of a simple and 

effective method to discriminate between C. albicans and C. dubliniensis. Since 

differential growth at 42°C had previously been shown to be relatively unreliable it was 

decided to investigate the usefulness o f comparing the growth of the two species at 

45°C. Data from this study clearly indicate that C. dubliniensis can be distinguished 

from C. albicans by the incubation of isolates on Emmons SDA at 45°C. This test is 

simple, reliable, inexpensive, reproducible and readily applicable to large numbers of 

isolates in either a clinical or academic mycology laboratory. This simple procedure can 

be employed to retrospectively evaluate the identification o f stored cultures o f C. 

albicans held in stock collections. Thus, accurate identification of C. dubliniensis 

isolates in archival collections and clinical specimens should provide invaluable 

information concerning the epidemiology of this species and help to establish its clinical 

significance. In addition, data from such investigations may also help to explain the 

rapid emergence of C. dubliniensis as a potentially significant pathogen during the last 

decade. This simple assay has been used extensively in the epidemiological analysis of 

C. dubliniensis (Boyle et a l ,  2002) (Jabra-Rizk et a l ,  1999) (Polacheck et a l, 2000) 

and was used in the present study to aid in the identification o f isolates of 

C. dubliniensis in order to investigate the prevalence of fluconazole and itraconazole 

resistance.

In this study, 6 out of 111 (5.4%) clinical isolates o f C. dubliniensis from 106 

separate patients exhibited reduced susceptibility to fluconazole (MIC > 8 |ig/ml). Out 

o f  58 clinical isolates from 56 separate patients, 6 isolates (10.4 %) exhibited reduced 

susceptibility (MIC 0.25 to 0.5 fig/ml) to itraconazole. For these 6 isolates, reduced 

susceptibility to itraconazole was associated with reduced susceptibility to fluconazole. 

Since the patients from whom these isolates were originally recovered had not been 

treated with itraconazole but had been treated with fluconazole, it is likely that the 

reduced susceptibility to itraconazole observed was a result o f the fluconazole 

treatment. While these isolates are not considered clinically resistant according to the 

breakpoints outlined by Rex et al., (Rex et al., 1997), they are ‘susceptible dose- 

dependent’ and have significantly higher MICs than susceptible isolates, thus indicating
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that resistance to itraconazole in C. duhliniensis may be developing clinically. Indeed, 

in 2000, Quindos and colleagues reported the isolation o f itraconazole-resistant 

C. dubliniensis isolates (Quindos et al., 2000). However, when some of these isolates 

(Table 3.1) were tested in the present study they were not found to be resistant to 

itraconazole. A possible explanation is that these isolates had transient resistance to 

itraconazole which was lost upon repeated subcultures and storage. In addition to the 

susceptibility testing of C. dubliniensis clinical isolates from separate patients, twelve 

single-colony isolates recovered from a single specimen obtained from a patient treated 

with fluconazole for recurrent oral candidosis were subjected to susceptibility testing. 

The results showed the co-existence of clonally related isolates o f C. dubliniensis 

exhibiting varying levels o f susceptibility to both itraconazole and fluconazole. As 

shown previously by Ruhnke et al. (Ruhnke et al., 2000), this suggested a direct 

correlation between fluconazole treatm ent and the developm ent o f reduced 

susceptibility to azoles in clinical isolates of C. dubliniensis.

In conclusion, the vast majority of C. dubliniensis isolates tested were found to be 

susceptible to itraconazole and fluconazole. As expected with isolates obtained from 

patients which were not treated with itraconazole, the incidence o f resistance was low 

and reduced susceptibility to the drug seemed to occur as a result o f fluconazole 

treatment. It is likely though that resistance to itraconazole could develop with 

increasing usage of the drug, particularly in the prophylactic and therapeutic treatment 

o f systemic candidosis.
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Chapter 4

Generation of itraconazole resistance in vitro
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4.1 Introduction
As discussed in Chapter 3, C. dublin iensis  clinical isolates exhibiting stable

resistance to the triazole drug itraconazole (MIC >1 |ig/ml) have not yet been recovered 

but isolates with reduced susceptibility to this drug may be starting to appear. The use 

of in v;7ro-generated fluconazole-resistant derivatives has greatly facilitated the 

investigation o f the molecular basis o f fluconazole resistance mechanisms in 

C. dubliniensis (Moran et al., 2002a; Moran et a l,  1998; Moran et a l,  1997). Based on 

these experiments and in the absence of naturally occurring itraconazole-resistant 

clinical isolates, one o f the aims of this study was to induce itraconazole resistance in 

vitro in C. dubliniensis isolates and to investigate the molecular mechanisms involved 

in the development of itraconazole resistance in this species.

The predominant mechanism of resistance in C. dubliniensis isolates exhibiting high 

level fluconazole resistance is overexpression o f the multidrug resistance gene 

CdMDRl (Moran et al., 1998; Perea et al., 2002) while overexpression of CdCDRl is 

not required for the development o f fluconazole resistance (Moran et al., 2002a). In 

contrast, in C. albicans, resistance to fluconazole is mainly associated with 

overexpression of C D Rl. In a study that investigated the reasons for the differential 

regulation of C D R l expression in C. albicans and C. dubliniensis, Moran et al., 

reported the high prevalence amongst C. dubliniensis isolates, of a nonsense mutation in 

the CdCDRl gene (Moran et al., 2002a). C dCD Rl genes harbouring the nonsense 

mutation encode a non-functional CdCdrlp protein and correction o f the mutation by 

site-directed mutagenesis has been shown to restore function (Moran et al., 2002a). 

Since itraconazole is a substrate o f CdCdrlp but not o f CdM drlp, it was hypothesised 

in the present study that the presence o f the C d C D R l  nonsense mutation in 

C. dubliniensis isolates (Moran et al., 2002a), could affect their ability to develop 

resistance to itraconazole. Thus in itraconazole resistance induction experiments, 

isolates harbouring the functional and non-functional version of the CdCDRl gene were 

used to investigate the effect of the CdCDRl nonsense mutation on the development of 

itraconazole resistance in vitro. In this part of the present study, itraconazole-resistant 

derivatives were obtained. In order to investigate the molecular mechanism(s) involved 

in mediating itraconazole resistance in the itraconazole-resistant derivatives, each of the 

mechanisms previously associated with azole resistance in Candida species were 

investigated.
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4.2 Materials and Methods

4.2.1 Candida strains and isolates used in this study
The C. dubliniensis isolates included in this study, CD36, CD570 and CDS 19-8, are

described in Table 4.1. The choice o f these isolates was based on their high 

susceptibility to itraconazole and the presence (in the two closely related isolates CD36 

and CD570) or the absence (in CDS 19-8) in their CdCD Rl genes o f the naturally 

occurring nonsense mutation described by Moran et al. (Moran et a l,  2002a).

Also included in this study were the C. a lb icans  strains CAF2-1 

{A.ura3\'.imm434/URA3) (Fonzi & Irwin, 1993) and DSY1751 (Aerg3::hisG/Aerg3::his 

G ergll::hisG /ER G ll) (Sanglard et a l,  2003).

4.2.2 Induction of itraconazole resistance in vitro
A hundred colonies each of the itraconazole-susceptible C. dubliniensis isolates were

inoculated using sterile toothpicks onto 90 mm petri dishes containing 25 ml Emmons 

SDA agar medium supplemented with itraconazole at a concentration o f 0.06 ng/ml. 

Following incubation at 37°C for 48 h, each colony was aseptically transferred to fresh 

Emmons SDA plates containing 0.06 |Jg/ml itraconazole and incubated at 37°C for a 

further 48 h. Each colony was then sequentially subcultured twice on Emmons SDA 

containing itraconazole at the following concentrations: 0.125; 0.25; 0.5; 1; 2; 4; 8; 16; 

32 and 64 |ig/ml. Following each subculture the plates were incubated for 48 to 96 h at 

37°C. Colonies which grew on Emmons SDA medium containing 64 |o.g/ml were 

considered to be putative itraconazole-resistant derivatives. They were subcultured 

twice on itraconazole-free PDA and then subjected to itraconazole and fluconazole 

susceptibility testing by BMD as described in section 2.2.1. Derivatives exhibiting 

resistance to itraconazole were assessed for the stability of their resistance phenotype by 

BMD susceptibility testing following at least 15 subcultures on drug-free PDA and over 

a period of several years

4.2.3 Determination of growth rate
The doubling times o f C. dubliniensis clinical isolates and in viYro-generated

itraconazole-resistant derivatives grown in YPD broth at 37°C were determined by the 

method of Kwon-Chung et al. (Kwon-Chung et al., 1988). Initially SO ml of YPD broth 

were inoculated with 2 x 1 0 ^  cfu/ml of an overnight YPD broth culture and incubated at
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TA B LE 4 . 1. Itraconazole-susceptible parental isolates used to generate itraconazole-resistant derivatives

Isolate Country of 
isolation

HIV status" Body site Genotype * CdCDRl
mutation

Reference

CD36'' Ireland HIV^ oral 1 + (Sullivan et a l, 1995)

CD570 Ireland HIV vagina 1 + This study

CDS 19-8 Ireland AIDS oral 3 - This study

" HIV status o f  individuals from which isolates were recovered 
* C. dubliniensis genotype, as reported by Gee et al. (Gee et al., 2002)

Refers to the presence (+) or absence (-) o f  a translational stop codon at position 756 o f  the C d C D R l  
ORF as described by M oran et al. (M oran et al., 2002). C. dubliniensis isolates harbouring the nonsense 
mutation express a non-functional truncated C dC drlp  protein 

C. dubliniensis type strain NCPF 3949



37°C in a Gallenkamp orbital incubator set at 200 rpm. During the exponential growth 

phase, at hourly intervals, 0.1 ml aliquots were removed from each culture, diluted by 

the addition o f sterile deionised water and the absorbance at 600 nm measured using a 

spectrophotometer (Genosys 2 ThermoSpectronic). Growth rate determinations were 

performed on two separate occasions for each parental isolate and derivative.

4.2.4 Amplification and sequencing of the C. dubliniensis E R G ll gene
Initially, the CdERGll  gene was isolated by PCR from the C. dubliniensis type

strain CD36. To amplify the CdERGll  gene from isolate CD36, the primer pair 

ERGl IF/R (Table 4.2.) was designed, based on the primer pair used by Sanglard et al. 

(Sanglard et a l,  1998) to amplify the C. albicans E R G ll  gene. PCR amplification was 

performed using the Expand High-Fidelity polymerase and the standard PCR conditions 

described in section 2.4.2. The 1.6 kb amplimer obtained was cloned in pBluescript (as 

described in section 2.4.4) and sequenced using the sequencing primers shown in Table 

4.2. CdERGll genes from all parental isolates and derivatives were amplified using 

ERGl IF/R, then cloned and sequenced as described for CD36.

4.2.5 Analysis of CdERGll expression in the presence of itraconazole
Expression of the C dE R G ll  gene in the presence o f itraconazole was examined by

Northern blot analysis. Briefly, cells were grown at 37°C to mid-exponential phase in 

YPD and supplemented with itraconazole at a final concentration of 0.03 |ig/ml. 

Following the addition of itraconazole, the cells were further incubated at 37°C. RNA 

was extracted from cells harvested after 30 and 60 min incubation in the presence of 

itraconazole. Northern blot analysis was carried out as described in section 2.6.4. using 

radiolabeled probes homologous to the CdERGll and CdTEF3 genes. Expression of the 

constitutively expressed CdTEF3 gene was used to normalise C d E R G ll  expression 

levels using imaging densitometry as described in section 2.6.4.
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T A B L E  4.2. N ucleotide sequences o f  primers used to am plify and sequence C dE R G l I

P rim er N u cleo tid e  sequence  “ (5 '-3 ') R estric tio n
site

N u cleo tid e  
co o rd in a tes  *

R eference

C lo n in e  o rim ers:

E R G l lF CGCTCGAGCGCAATATGGCTATTGTTGAAACTGTC Xho\ 1 to 21 (Sanglard et al., 1998)

E R G l lR GCTCTAGAGCTTAAAACATACAAGTTTCTCTTTT Xbal 1587 to 1564 (Sanglard e /a /., 1998)

S e a u e n c in s orim ers:

E R G ll-1 CGCAATATGGCTATTGTTGAA n/a 1 to 15 (Sanglard e /a /., 1998)

E R G  11-2 GCTTAAAACATACAAGTTTCT n/a 1587 to 1569 (Sanglard e( a/., 1998)

E R G  11-3 GCAGAAGTATGTTGACCACCC n/a 938 to 918 This study

E R G  11-4 ACCCGTTTTCGGTAAAGGAG n/a 369 to 388 This study

E R G I l-5 GGGTGGTCAACATACTTCTGC n/a 918 to 938 This study

n/a: not applicable
“ Restriction endonuclease recognition sites included in the primer sequences are underlined. There was 
no restriction endonuclease site included in the sequences o f  the primers used in sequencing reactions.
* N ucleotide coordinates o f  the C. dublin iensis  gene (where position +1 corresponds to the first base o f  
the ATG translational start codon). The primer pair E R G llF /R  was derived from the sequence published  
by Sanglard e t al., which is based on the C  albicans sequence.



4.3 Results

4.3.1 Generation of itraconazole-resistant derivatives by in vitro exposure
In order to induce stable resistance to itraconazole in C. dubliniensis, 100 colonies

each of three separate itraconazole-susceptible C. dubliniensis isolates (CD36, CD570 

and CDS 19-8) were exposed to increasing concentrations of itraconazole by subculture 

on Emmons SDA containing itraconazole. The C. dubliniensis isolates CD36 and 

CDS 70 were chosen because they harboured the naturally occurring non-functional 

version of the CdCDRl gene described by Moran et al. (Moran et a l,  2002a) while the 

third isolate, CDS 19-8, was chosen because it harboured the functional CdCDRl gene. 

Isolates CD36 and CDS70 belong to C  dubliniensis genotype 1 while isolate CDS 19-8 

belongs to genotype 3 (Gee et al., 2002) (Table 4.1). All colonies grew well on initial 

culture on Emmons SDA containing 0.06 |ig/ml itraconazole. Following an additional 

subculture on Emmons SDA containing 0.06 |ag/ml itraconazole and two successive 

sequential subcultures on Emmons SDA containing increasing concentrations of 

itraconazole (0.12S; 0.2S; O.S; 1; 2; 4; 8; 16; 32; 64 |ig/ml), four derivatives for CD36, 

ten derivatives for CDS70 and four derivatives for CDS 19-8 were recovered that could 

grow on agar containing 64 |ig/ml itraconazole. After subculture on drug-free PDA 

medium, all derivatives were assessed for susceptibility to itraconazole and fluconazole 

by BMD. Two o f the four CD36 derivatives (CD36-C and CD36-F), four of the ten 

CDS70 derivatives (CDS70-A, CDS70-B, CDS70-C and CDS70-D) and one of the four 

CDS 19-8 derivatives (CDS19-8A) exhibited significantly higher itraconazole and 

fluconazole MICs than their respective parental isolates (Table 4.3). In addition, all 

seven derivatives had higher ketoconazole and amphotericin B MIC values than their 

respective parental isolates (Table 4.3). The stability o f the itraconazole and fluconazole 

resistance phenotypes of these specific derivatives was assessed by monitoring their 

MICs following IS successive subcultures on drug-free PDA agar and following 

prolonged storage and subculture over a period o f several years. For each of the seven 

derivatives examined, no change in MIC was detected by BMD following subculture.

Because resistance to azole drugs is often associated with resistance to metabolic 

inhibitors, additional susceptibility tests with a range o f drugs and metabolic inhibitors 

were performed following subculture on drug free PDA agar and following prolonged 

storage to further characterise the phenotypes of the derivatives. However, the MICs of
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TABLE 4.3. Susceptibility o f parental C. dubliniensis isolates and itraconazole-resistant derivatives to 
antifungal agents and metabolic inhibitors

Strain name Parent/Derivative

M IC (n g /m l)"

Itra Flu Keto AmB Ben Cer Cry Cyh 5FC Nqo Phe R6G

CD 36 P aren ta l isolate 0.03 0.5 0.03 0.015 32 1 0.06 32 0.125 0.25 2 0.5

CD36-C CD36 derivative 64 256 2 0.125 32 0.5 0.03 32 0.125 0.06 2 0.25

CD36-F CD36 derivative 64 256 2 0.125 32 0.5 0.03 32 0.125 0.06 2 0.25

CD 570 P aren ta l isolate 0.03 0.5 0.03 0.03 32 1 0.06 32 0.125 0.125 4 0.5

CD570-A CD570 derivative 64 256 2 0.025 32 1 0.03 32 0.125 0.125 2 0.25

CD570-B CD570 derivative 64 256 4 0.06 32 0.5 0.03 16 0.125 0.03 2 0.5

CD570-C CD570 derivative 64 256 2 0.06 16 0.5 0.03 16 0.125 0.03 1 0.25

CD570-D CD570 derivative 32 256 1 0.06 16 0.5 0.03 32 0.125 0.03 1 0.25

CD 519-8 P aren ta l isolate 0.06 0.5 0.03 0.03 64 0.5 0.5 128 0.125 0.06 4 1

CD519-8A CDS 19-8 derivative 32 128 4 0.25 64 0.5 0.25 128 0.125 0.03 4 0.5

° MlCs were determined by broth microdilution. Abbreviations: Itra, itraconazole; Flu, fluconazole; Keto, 
ketoconazole; AmB, amphotericin B; Ben, benomyl; Cer, cerulenin; Cry, crystal violet; Cyh, 
cycloheximide; 5FC, 5-fluorocytosine; Nqo, 4-nitroquinoline jV-oxide; Phe, 1,10-phenanthroline; R6G, 
rhodamine 6G.



the derivatives to the metaboHc inhibitors cycloheximide, benomyl, 5-fluorocytosine, 

1,10-phenanthroline, 4-nitroquinoHne A^-oxide, cerulenin, crystal violet and rhodamine 

6G, were found to be either the same or two to four-fold lower than the corresponding 

MIC values of their respective parental isolates (Table 4.3.).

In addition to the seven derivatives described above which were recovered on 

Emmons SDA plates containing 64 |ag/ml itraconazole, two ‘intermediary’ derivatives 

o f parental isolate CD36 were recovered from an Emmons SDA plate containing 

16 |J.g/ml itraconazole. These two derivatives, CD36-C'^ and CD36-F'^ are clonally 

related to the derivatives CD36-C and CD36-F, respectively. Both CD36-C'^ and 

CD36-F'^ exhibited resistance to itraconazole (MIC > 16|ag/ml) and fluconazole 

(MIC > 64 ^ig/ml).

4.3.2 Phenotypic and molecular analysis of itraconazole-resistant derivatives
In order to compare the phenotypes o f  the parental isolates and their

itraconazole-resistant derivatives and to ensure that the derivatives were clonal with 

their respective parental isolates, and not exogenous itraconazole-resistant 

contaminants, the derivatives and their parental isolates were thoroughly examined 

using a variety of phenotypic and molecular tests. When cultured on itraconazole-free 

PDA, the in vzYro-generated itraconazole-resistant derivatives exhibited the same 

smooth, white colony morphology as their parental isolates. All the derivatives yielded 

the same C. dubliniensis-?,^ec\f\c substrate assimilation profiles with the API ID32C 

Yeast Identification  System  as their parental iso lates and all yielded 

C. d u b lin ie n s is -s^Q c iiiQ , am plim ers w hen tested  by PCR w ith  the 

C. dubliniensis-s^Qcxfic primers described by Donnelly et al. (Donnelly et a l ,  1999) 

(data not shown). The DNA fingerprint patterns o f the parental isolates and their 

derivatives were compared by hybridisation analysis o f ^coRJ-digested total cellular 

DNA with the C. dubliniensis-s^QQ.iT\c fingerprinting probe Cd25 which can be used to 

discriminate between unrelated C. dubliniensis isolates (Gee et a l,  2002; Joly et al., 

1999). Each o f the three itraconazole-susceptible parental isolates CD36, CD570 and 

CDS 19-8 yielded distinct Cd25-generated fingerprint profiles (Fig. 4.1.A). The 

itraconazole-resistant derivatives of CD36 (CD36-C and CD36-F), of CD570 (CD570-C 

and CD570-D) and of CDS 19-8 (CDS19-8A) yielded identical fingerprint profiles to 

their respective parental isolates (Fig. 4.1.A). There was a minor band variation detected 

in both hybridisation patterns of the derivatives CD570-A and CDS70-B compared to
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FIGURE 4.1. DNA fingerprint analysis of azole-susceptible C. dubliniensis parental isolates (in bold) 
and in v//ro-generated azole-resistant derivatives. (A) Cd25 hybridisation patterns of EcoT^I-digested 
genomic DNA. (B) Cd24 hybridisation patterns of £coM-digested genomic DNA. The gels were loaded 
as follows: azole-susceptible parental isolate CD36; azole-resistant derivative CD36-C; azole-resistant 
derivative CD36-F; azole-susceptible parental isolate CD570; azole-resistant derivative CD570-A; 
azole-resistant derivative CD570-B; azole-resistant derivative CD570-C, azole-resistant derivative 
CD570-D, azole-susceptible parental isolate CDS 19-8; azole-resistant derivative CD519-8A. The 
positions of band differences between patterns are indicated by arrows. The positions of representative 
molecular weight reference markers are indicated on the left of the panels.



their parental isolate CD570 (indicated by arrows on Fig. 4.1.A) suggesting that these 

derivatives had undergone microevolution in vitro.

To further investigate m icroevolution in the azole-resistant derivatives, 

iicoRI-digested total cellular DNA was hybridised with the Cd24 fingerprinting probe 

designed by Joly et al. which has been shown to be usefiil for assessing variability 

within a strain over time. All derivatives yielded similar Cd24-generated fingerprints to 

their respective parental isolates. There was a band variation in the Cd24 hybridisation 

pattern of derivative CD570-B and another band variation was detected both in CD36-C 

and CD36-F hybridisation patterns (Fig. 4.I.B.). These results suggested the presence of 

genetic variation among derivatives of a single parental isolate.

Karyotype analysis by pulsed-field gel electrophoresis was used to compare the 

chromosomal organisation of the azole-susceptible parental isolates CD36, CD570 and 

CDS 19-8 and their azole-resistant derivatives CD36-C, CD36-F, CD570-A, CD570-B, 

CD570-C, CD570-D and CDS19-A. All karyotypes contained at least seven 

chromosome-sized bands and the in v/Yro-generated derivatives yielded karyotype 

patterns very similar or identical to those o f their parental isolates. Derivative CD36-C, 

however, exhibited a single polymorphism at approximately 1.5 Mb, which allowed 

differentiation from its parental isolate CD36 (indicated by an arrow on Fig. 4.2). This 

band was absent, however, in the karyotype profile of the intermediary derivative 

C D 36-C '^w hich is clonally related to CD36-C (data not shown). These findings 

supported the phenotypic and molecular data described above which indicated that the 

itraconazole-resistant derivatives were clonally related to their respective 

azole-susceptible parental isolates and were not exogenous contaminants.

The growth rates o f the parental isolates CD36, CD570, CDS 19-8 and their 

azole-resistant derivatives were analysed in YPD broth at 37°C. These experiments 

revealed that the derivatives CD36-C and CD36-F had similar doubling times in vitro to 

their parental isolate CD36. The parental isolate CD36 was found to have a doubling 

time of 66 minutes and its derivatives CD36-C and CD36-F had doubling times of 69 

and 71 minutes respectively. (Fig. 4.3.A). Similarly, the parental isolate CDS70 was 

found to have a doubling time of 67 minutes and its derivatives CD570-A, CDS70-B, 

CDS70-C and CDS70-D had doubling times o f 71, 66, 77 and 70 minutes respectively 

(Fig. 4.3.B). The doubling time of parental isolate CDS 19-8 was 86 minutes and the 

doubling time of its derivative, CDS19-8A, was of 91 minutes (Fig.4.3.C).
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FIGURE 4.2. Electrophoretic karyotypes of C. duhliniensis parental isolates (in bold) and their in vitro- 
generated azole-resistant derivatives. The relative positions of molecular size reference markers (in 
megabases) are indicated on the left of the panels. (A) Gel loaded as follows: azole-susceptible parental 
isolate CD36; azole-resistant derivative CD36-C; azole resistant derivative CD36-F; C. duhliniensis 
reference isolate Cml. The polymorphic chromosome-sized DNA band of approximately 1.5 kb present 
in the karyotype of derivative CD36-C is indicated by an arrow on the right of the panel. (B) Gel loaded 
as follows: parental isolate CD570; azole-resistant derivative CD570-A; azole-resistant derivative 
CD570-B; azole-resistant derivative CD570-C; azole-resistant derivative CD570-D; C. duhliniensis 
reference isolate Cml. (C) Gel loaded as follows: parental isolate CD519-8; azole-resistant derivative 
CD519-8A; C. duhliniensis reference isolate Cml.
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FIGURE 4.3. Logarithmic growth curves of C. dubliniensis parental isolates and in v/Yro-generated 
azole-resistant derivatives at 37°C in YPD broth. Aliquots were withdrawn over 20 h and the Â oo of each 
sample was measured. (A) Growth curves of CD36 and its itraconazole-resistant derivatives CD36-C and 
CD36-F. (B) Growth curves of CD570 and its itraconazole-resistant derivatives CD570-A, CD570-B, 
CD570-C and CD570-D. C. Growth curves of CD519-8 and its itraconazole-resistant derivative 
CDS 19-8 A



4.3.3 Cloning and sequencing of the C. dubliniensis E R G ll  gene
In order to determine if overexpression and mutations of the enzyme 14a-lanosterol

demethylase could be responsible for the azole-resistant phenotype o f the derivatives, it 

was necessary to clone and sequence the gene encoding this enzyme from 

C. dubliniensis. The C. dubliniensis E R G ll gene was amplified by PCR using genomic 

DNA from C  dubliniensis type strain CD36 as template and primers homologous to the 

C. albicans gene (Table 4.2). The 1.6 kb amplimer obtained was cloned into pBluescript 

and sequenced. The C dERG ll sequence obtained in the present study was identical to 

the sequence recently published by Perea et al. (Perea et a l,  2002) (GenBank accession 

no. AY034876). The ORF termed CdERG ll has the capacity to encode a protein of 528 

amino acids with a predicted molecular mass of 60.5 kDa and a pKi of 8.54 (Fig. 4.4). 

The C. dubliniensis and C. albicans ERG l 1 genes are highly homologous, being 93% 

identical at the nucleotide sequence level, as determined with the CLUSTAL W 

sequence alignment computer program (Table 4.4) (Higgins & Sharp, 1988). Alignment 

of the amino acid sequences shows that the proteins are also highly homologous, being 

94.1% identical (Fig. 4.5 and Table 4.5). A hydropathy plot generated by the method of 

Kyte and Doolittle (Kyte & Doolittle, 1982) indicated that, as expected, the structure of 

the predicted protein encoded by CdERGl 1 is very similar to that of the corresponding 

C. albicans protein (Fig. 4.6). An evolutionary tree was generated from the alignment of 

the amino acid sequences of the E R G ll  proteins from C. dubliniensis, C. albicans, 

C. glabrata, C. tropicalis and S. cerevisiae using the neighbour-joining method of 

Saitou and Nei (Fig. 4.7). This confirmed the relationship of C. dubliniensis to other 

Candida species as determined previously using rRNA dindACTl sequences (Donnelly 

e t a l ,  1999).

Southern analysis of C. dubliniensis chromosome-sized DNA molecules separated by 

pulsed-field gel electrophoresis with a radiolabeled probe homologous to the entire 

CdERG ll ORF showed that the probe hybridised to two chromosome-sized bands of 

approximately 1 Mb and 1.8 Mb in parental isolates CD36 and CD570. In parental 

isolate CD519-8, the probe hybridised to a single chromosome-sized band of 

approximately 1.3 Mb. The probe also hybridised to a band of approximately 1.3 Mb in 

the karyotype of C. albicans isolate 132A (data not shown). In derivatives CD36-F, 

CD570-A, CD570-B, CD570-C, CD570-D and CD519-8A, the probe hybridised to 

chromosomal bands of similar sizes than for their respective parental isolates. However, 

for derivative CD36-C, the probe hybridised to two chromosome-sized bands, one
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1 ATG GCT ATT GTT GAA ACT GTC ATT GAT GGC ATT AAT TAT TTT TTA TCC CTT AGT GTT ACT
1 M A I V E T V I D G I N Y F L s L S V T

61 CAA CAA ATC ACA ATC TTA TTG GGA GTA CCA TTT GTT TAT AAT TTA ATA TGG CAA TAT TTA
21 Q Q I T I L L G V P F V Y N L I W Q Y L

121 TAT TCA TTA AGA AAA GAT AGA GCC CCA TTA GTG TTT TAT TGG ATT CCT TGG TTT GGT TCT
41 Y S L R K D R A P L V F Y W I P W F G S

181 GCT GCT TCT TTT GGT CAA AAA CCT TAT GAA TTT TTT GAA TCA TGT CGT CAA AAA CAT GGT
61 A A S F G Q K P Y E F F E S C R Q K H G

241 GAT ATA TTT TCA TTT ATG TTA TTA GGG AAA ATT ATG ACG GTT TAT TTA GGT CCA AAA GGT
81 D I F S F M L L G K I M T V Y L G P K G

301 CAT GAA TTT ATT TTC AAT GCT AAA TTA TCG GAT GTT TCC GCT GAA GAT GCT TAT AAA CAT
101 H E F I F N A K L S D V S A E D A Y K H

361 TTG ACT ACA ccc GTT TTC GGT AAA GGA GTT ATT TAT GAT TGT CCA AAT TCA AGA TTA ATG
121 L T T P V F G K G V I Y D C P N S R L M

421 GAA CAA AAG AAA TTT GCT AAA TTT GCT CTT ACT ACT GAA TCA TTT AAA AGA TAT GTT CCA
141 E Q K K F A K F A L T T E S F K R y V P

481 AAA ATT AGA GAA GAA ATT TTG GAT TAT TTT GTT AAT GAT GAA AGT TTT AAA TTG AAA GAA
161 K I R E E I L D Y F V N D E S F K L K E

541 AAA AAT CAT GGA GTT GCT AAT ATT ATG AAA ACT CAA CCA GAA ATT ACT ATT TTC ACA GCT
181 K N H G V A N I M K T Q P E I T I F T A

601 TCA AGA TCT TTG TTT GGT GAT GAT GTT AGA AAA CTT TTC GAT CGT TCA TTT GCT CAA TTA
201 S R S L F G D D V R K L F D R S F A Q L

661 TAT TCT GAT TTA GAT AAA GGT TTT ACT CCC ATT AAT TTT GTT TTC CCT AAT TTA CCT TTA
221 y S D L D K G F T P I N F V F P N L P L

721 CCT CAT TAT TGG AGA CGT GAT GCT GCT CAA AAG AAA ATT TCT GCT ACT TAT ATG AAA GAA
241 p H y W R R D A A Q K K I S A T y M K E

781 ATT AAA CTG AGA AGA GAA CGT GGT GAT ATT GAT CCA AGT CGT GAT TTA ATT GAT TCT TTA
261 I K S R R E R G D I D P S R D L I D S L

841 TTG ACT CAT TCT ACT TAT AAA GAT GGT GTG AAA ATG ACT GAT CAA GAA ATT GCC AAT CTT
281 L T H S T Y K D G V K M T D Q £ I A N L

901 TTA ATT GGT ATT CTT ATG GGT GGT CAA CAT ACT TCT GCT TCT ACT TCT GCA TGG TTC TTA
301 L I G I L M G G Q H T S A S T S A W F L

961 TTA CAT TTA GGT GAA AAA CCT CAT TTA CAA GAT GCT ATA TAT CAA GAA GTT GTT GAA TTG
321 L H L G E K P H L Q D A I Y Q E V V E L

1021 TTA AAG GAA AAA GGT GGT GAT TTG AAT GAT TTA ACT TAT GAA GAT TTA CAA AAA TTA CCT
341 L K E K G G D L N D L T Y E D L Q K L P

1081 TCT GTT ACT AAT ACT ATT AAG GAA ACT CTT AGA ATG CAT ATG CCA TTA CAT TCT ATT TTC
361 S V T N T I K E T L R M H M P L H S I F

1 1 4 1 AGA AAA GTT AAA AAT CCA TTA AGA ATT CCA GAA ACC AAT TAT GTT GTT CCA AGA GGT CAT
381 R K V K N P L R I P E T N Y V V P R G H

1201 TAT GTA TTA GTT TCT CCT GGT TAT GCT CAT ACT AGT GAA AGA TAT TTT GAT AAT CCT AAT
401 y V L V S P G Y A H T S E R Y F D N P N

1261 AAT TTT GAT CCA ACT AGA TGG GAT ACT GCT GCT GCC AAA GCC AAT TCT GTT TCA TTC AAT
421 N F D P T R W D T A A A K A N S V S F N

1321 TCT TCT GAT GAA GTT GAT TAT GGA TTT GGG AAA ATC TCC AAA GGG GTT TCT TCA CCT TAT
441 S S D E V D Y G F G K I S K G V S S P Y

1381 TTA CCA TTT GGT GGT GGT AGA CAT AGA TGT ATT GGT GAA CAA TTT GCT TAT GTT CAA TTA
461 L P F G G 6 R H R g I G E Q F A y V Q L

1441 GGA ACT ATT TTG ACT ACT TTT GTT TAT AAT TTA AGA TGG ACT GTT GAA GGT AAT AGA GTA
481 G T I L T T F V y N L R W T V E G N R V

1501 CCA GAT CCT GAT TAT TCT TCA ATG GTG GTT TTA CCT ACT GAA CCA GCA AGA ATT ATT TGG
501 P D P D y S S M V V L P T E P A R I I W

1561 GAA AAA AGA GAA ACT TGT ATG TTT TAA
521 E K R E T C M F *

FIGURE 4.4. Nucleotide sequence and deduced amino acid sequence of the C. dubliniensis E R G ll gene 
from the C. dubliniensis type strain CD36 (NCPF 3949). The nucleotide sequence is numbered in the 5' to 
3' direction from the first base (+1) of the ATG translation codon. The amino acid sequence is numbered 
from the initial methionine. The fifth haem ligand (Cys 470), found in all P-450 proteins, is boxed.



C. dubliniensis MAIVETVID--- GINYFLSLSVTQQITILLGVPFVYNLIWQYLYSLRKDRAPLVFYWIPWFGSAAS
C. albicans  MAIVETVID----GINYFLSLSVTQQISILLGVPFVYNLVWQYLYSLRKDRAPLVFYWIPWFGSAAS
C. tropica lis  MAIVDTAID--- GINYFLSLSLTQQITILWFPFIYNIAWQLLYSLRKDRVPMVFYWIPWFGSAAS
C. glabra ta MSTENTSLWELLEYVKLGLSYFQALPLAQRVSIMVALPFVYTITWQLLYSLRKDRPPLVFYWIPWVGSAIP
S. cerevisiae MSAT-KSIVGEALEYVNIGLSHFLALPLAQRISLIIIIPFIYNIVWQLLYSLRKDRPPLVFYWIPWVGSAW

•• *. .* . * ★ * . *  • * *  ★ * * * ★ ★ * *

C. dubliniensis FGQKPYEFFESCRQKHGDIFSFMLLGKIMTVYLGPKGHEFIFNAKLSDVSAEDAYKHLTTPVFGKGVIYDCP
C. albicans YGQQPYEFFESCRQKYGDVFSFMLLGKIMTVYLGPKGHEFVFNAKLSDVSAEDAYKHLTTPVFGKGVIYDCP
C. tropicalis YGMQPYEFFEKCRLKYGDVFSFMLLGKVMTVYLGPKGHEFIYNAKLSDVSAEEAYTHLTTPVFGKGVIYDCP
C. glabrata YGTKPYEFFEDCQKKYGDIFSFMLLGRIMTVYLGPKGHEFIFNAKLADVSAEAAYSHLTTPVFGKGVIYDCP
S. cerevisiae YGMKPYEFFEECQKKYGDIFSFVLLGRVMTVYLGPKGHEFVFNAKLADVSAEAAYAHLTTPVFGKGVIYDCP

• * ******* *• ** ★★*■****★*★*★★**★ 

C. dubliniensis NSRLMEQKKFAKFALTTESFKRYVPKIREEILDYFVNDESFKLKEKNHGVANIMKTQPEITIFTASRSLFGD
C. albicans NSRLMEQKKFAKFALTTDSFKRYVPKIREEILNYFVTDESFKLKEKTHGVANVMKTQPEITIFTASRSLFGD
C. tropicalis NSRLMEQKKFAKFALTTDSFKTYVPKIREEVLNYFVNDVSFKTKERDHGVASVMKTQPEITIFTASRCLFGD
C. glabrata NHRLMEQKKFVKGALTKEAFVRYVPLIAEEIYKYFRNSKNFKINENNSGIVDVMVSQPEMTIFTASRSLLGK
S. cerevisiae NSRLMEQKKFVKGALTKEAFKSYVPLIAEEVYKYFRDSKNFRLNERTTGTIDVMVTQPEMTIFTASRSLLGK

*  * * * * * * * *  *  *  *  *  • • * *  *  *  *  *  *  • , * *  , , * I  I * .  *  . 1 *  * * * * * * * * * * * *  ^ * ‘ * ^

C. dubliniensis DVRKLFDRSFAQLYSDLDKGFTPINFVFPNLPLPHYWRRDAAQKKISATYMKEIKSRRERGDIDPSRDLIDS 
C. albicans EMRRIFDRSFAQLYSDLDKGFTPINFVFPNLPLPHYWRRDAAQKKISATYMKEIKSRRERGDIDPNRDLIDS
C. tropicalis EMRKSFDRSFAQLYADLDKGFTPINFVFPNLPLPHYWRRDAAQRKISAHYMKEIKRRRESGDIDPKRDLIDS 
C. glabrata EMRDKLDTDFAYLYSDLDKGFTPINFVFPNLPLEHYRKRDHAQQAISGTYMSLIKERREKNDIQ-NRDLIDE
S. cerevisiae EMRAKLDTDFAYLYSDLDKGFTPINFVFPNLPLEHYRKRDHAQKAISGTYMSLIKERRKNNDIQ-DRDLIDS 

• .* .* * * ********************* * * .★* * * • * * * * * * * * • * * • * * * * *

C. dubliniensis LLTHSTYKDGVKMTDQEIANLLIGILMGGQHTSASTSAWFLLHLGEKPHLQDAIYQEWELLKEKGGDLNDL 
C. albicans LLIHSTYKDGVKMTDQEIANLLIGILMGGQHTSASTSAWFLLHLGEKPHLQDVIYQEWELLKEKGGDLNDL
C. tropicalis LLVNSTYKDGVKMTDQEIANLLIGVLMGGQHTSASTSAWFLLHLAEQPQLQDDLYEELTNLLKEKGGDLNDL
C. glabrata LMKNSTYKDGTKMTDQEIANLLIGVLMGGQHTSAATSAWCLLHLAERPDVQEELYQEQMRVLN NDTKEL
S. cerevisiae LMKNSTYKDGVKMTDQEIANLLIGVLMGGQHTSAATSAWILLHLAERPDVQQELYEEQMRVLD GGKKEL

*♦ * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * *  *  * • *  • *  • * .*

C. dubliniensis TYEDLQKLPSVTNTIKETLRMHMPLHSIFRKVKNPLRIPETNYWPRGHYVLVSPGYAHTSERYFDNPNNFD 
C. albicans TYEDLQKLPSVNNTIKETLRMHMPLHSIFRKVTNPLRIPETNYIVPKGHYVLVSPGYAHTSERYFDNPEDFD
C. tropicalis TYEDLQKLPLVNNTIKETLRMHMPLHSIFRKVMNPLRVPNTKYVIPKGHYVLVSAGYAHTSDRWFEHPEHFN 
C. glabrata TYDDLQNMPLLNQMIKETLRLHHPLHSLFRKVMRDVAIPNTSYWPRDYHVLVSPGYTHLQEEFFPKPNEFN
S. cerevisiae TYDLLQEMPLLNQTIKETLRMHHPLHSLFRKVMKDMHVPNTSYVIPAGYHVLVSPGYTHLRDEYFPNAHQFN 

★ *. **..* • • ******** ********* • • * • * * • • * ••**** * * • * • •* . *.

C. dubliniensis PTRWDTAAAKANSVSFNSSDEVDYGFGKISKGVSSPYLPFGGGRHR^IGEQFAYVQLGTILTTFVYNLRWTV 
C. albicans PTRWDTAAAKANSVSFNSSDEVDYGFGKVSKGVSSPYLPFGGGRHRCIGEQFAYVQLGTILTTFVYNLRWTI
C. tropicalis PRRWESDDTKASAVSFNSEDTVDYGFGKISKGVSSPYLPFGGGRHRCIGEQFAYVQLGTILTTYIYNFKWRL
C. glabrata IHRWDGDAASSSAAGG DEVDYGFGAISKGVSSPYLPFGGGRHRCIGELFAYCQLGVLMSIFIRTMKWRY
S. cerevisiae IHRWNKDSASSYSVG EEVDYGFGAISKGVSSPYLPFGGGRHRCIGEHFAYCQLGVLMSIFIRTLKWHY

* * .  . • • • * * * * * *  * * * * * * * * * * * * * * * * * * * * * *  *  * * *  *  *  • • •  ••

C. dubliniensis E--GNRVPDPDYSSMWLPTEPARIIWEKRETCMF- 
C. albicans D— GYKVPDPDYSSMWLPTEPAEIIWEKRETCMF-
C. tropicalis N— GDKVPDVDYQSMVTLPLEPAEIVWEKRDTCMV- 
C. glabrata PTEGETVPPSDFTSMVTLPTAPAKIYWEKRHPEQKY
S. cerevisiae P-EGKTVPPPDFTSMVTLPTGPAKIIWEKRNPEQKI 

* * * * • * * * * * * * * * * * *

F IG U R E  4.5. A lignm ent o f  the deduced amino acid sequences o f  14a-dem ethylase from C. dubliniensis 
(CdErgl Ip) with hom ologues from four other yeast species. The C. dublin iensis  sequence (this study) is 
aligned w ith 14a-d em eth y lase  en zym es from C. a lb ica n s  (SW ISS-P R O T  access ion  no P 10613), 
C. tro p ica lis  (SW ISS-PR O T accession no. P14263), C. g la b ra ta  (SW ISS-PR O T accession  no. P50859) 
and S. c e re v is ia e  (SW ISS-P R O T  accession  no. P 10614). The alignm ent w as generated w ith the 
CLU STAL W sequence alignm ent program (H iggins e t al., 1998). A sterisks indicate identical residues, 
colons indicate conservative substitutions, dots indicate sem i-conservative substitutions and hyphens 
indicate gaps created to obtain alignment. The fifth haem ligand (C ys 470), found in all P-450 proteins, is 
boxed.
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FIGURE 4.6. Hydrophobicity profiles o f C. dubliniensis 14a-lanosteroi demethyiase (CdErgl Ip) (A) and 
C. albicans 14a-lanosterol demethyiase (CaErgl Ip) (B) generated by the method of Kyte and Doolittle 
(Kyte & Doolittle, 1982) showing amino acid sequences plotted against predicted hydrophobicity. 
Regions of the proteins with positive hydrophobicity (i.e. those above the central line) represent 
hydrophobic domains. The membrane anchor of E rg llp  is thought to be located in the N-terminal region 
of the protein.
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FIGURE 4.7. Unrooted phylogenetic neighbour-joining tree generated by the method o f Saitou and Nei 
(Saitou & Nei, 1987) from an alignment o f the amino acid sequences o f yeast 14a-demethylases, 
C. dubliniensis (this study), C. (SWISS-PROT accession no. P10613), C. tropicalis (SWISS-
PROT accession no. P I4263), C. glabrata  (SWISS-PROT accession no. P50859) and S. cerevisiae 
(SWISS-PROT accession no. P I0614). The scale bar represents 0.1 substitutions per site. The numbers at 
each node were generated by bootstrap analysis and represent the number of times the arrangement 
occurred in 1000 randomly generated trees.



TABLE 4.4. Genetic distance matrix based on the comparison of yeast ERG I I  nucleotide sequences “

C. dubliniensis C. albicans C. tropicalis C. glabrata S. cerevisiae

C. dubliniensis -

C. albicans 7 -

C. tropicalis 19.7 18.9 -

C. glabrata 36.8 37.0 32.4 -

S. cerevisiae 33.8 33.3 31.5 21.9 -

“ Values correspond to percentages o f difference corrected for multiple changes by the method of Jukes & 
Cantor (Jukes & Cantor, 1969). The following nucleotide sequences were used: C. dubliniensis NCPF 
3949 (this study), C. albicans (GenBank accession no. X I3296, (Lai & Kirsch, 1989)), C. tropicalis 
(GenBank accession no. M23673, (Chen el al., 1987)), C. glabrata (GenBank accession no. L40389, 
(Geber et al., 1995)) and S. cerevisiae (GenBank accession no. M l8109, (Kalb et al., 1987)),

TABLE 4.5. Genetic distance matrix based on the comparison of yeast Er g l l p  deduced amino acid 
sequences “

C. dubliniensis C. albicans C. tropicalis C. glabrata S. cerevisiae

C. dubliniensis -

C. albicans 5.9 -

C. tropicalis 18.6 17.0 -

C. glabrata 35.5 35.9 35.7 -

S. cerevisiae 35.8 34.8 33.8 16.6

° Values correspond to percentages of difference corrected for multiple changes by the method of Jukes & 
Cantor (Jukes & Cantor, 1969). The following amino acid sequences were used: C. dubliniensis NCPF 
3949 (this study), C. albicans (SWISS-PROT accession no. P10613), C. tropicalis (SWISS-PROT 
accession no. P14263), C. glabrata  (SWISS-PROT accession no. P50859) and S. cerevisiae (SW ISS- 
PROT accession no. P I0614).
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FIGURE 4.8. Chromosomal location of ERGII in C. dubliniemis. Whole chromosomes were separated 
by PFGE (A, C and E) and hybridised with sequences homologous to the entire C  dubliniensis ERGJJ 
gene (B, D and F). A and B: whole chromosomes from C. duhliniemis parental isolate CD36, 
azole-resistant derivatives CD36-C and CD36-F. C and D: whole chromosomes from C  duhliniemis 
parental isolate CD570, azole-resistant derivatives CD570-A, CD570-B, CD570-C and CD570-D. E and 
F: whole chromosomes from C. duhliniensis parental isolate CD519-8 and azole-resistant derivative 
CD519-8A



corresponding to the 1 Mb band observed for its parental isolate CD36, the other one 

corresponding to the polymorphic band of approximately 1.5 Mb found in the karyotype 

of CD36-C (Fig. 4.8 and Fig. 4.2).

4.3.4 CdERGll expression in azole-resistant derivatives
In order to determine if changes in the expression of CdERGll  were involved in the

azole resistance phenotype observed in the azole-resistant derivatives of the present 

study, mRNA levels of the CdERGll  gene were analysed by Northern analysis using a 

radiolabeled probe homologous to the entire CdERGll  ORF. CdERGll  expression was 

detected in the three parental strains CD36, CD570 and CDS 198 and their 

azole-resistant derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C, 

CD570-D and CD519-8A. However, CdERGll  was expressed at higher levels in all 

seven azole-resistant derivatives. The derivatives expressed at least four times and up to 

eight times as much CdERGll  mRNA as their respective parental isolates (Fig. 4.9).

To determine the effect o f itraconazole addition on CdERGll expression, Northern 

blot analysis was performed following addition o f itraconazole to exponentially 

growing cells. At specific time-points (30 and 60 min) following the addition of 

itraconazole, cells were harvested and RNA was prepared. In parental isolates, 

treatment with itraconazole at a final concentration o f 0.03 |ig/ml resulted in increased 

CdERGll expression (Fig. 4.10). The most notable increases were observed in parental 

isolates CD570 and CDS 19-8, which exhibited approximately 8-fold and 6-fold 

increases in C d E R G l l  expression respectively after 60 minutes incubation with 

itraconazole. In parental isolate CD36, the increase in CdERGll expression after 60 

minutes incubation was 3-fold (Fig. 4.10.A). In the azole-resistant derivatives CD36-C, 

CD36-F, CDS70-A, CDS70-C and CDS70-D the addition o f itraconazole resulted in 

less noticeable increases in CdERGll expression than in their respective parental 

isolates. In derivatives CDS70-B and CDS 19-8A, the presence of itraconazole resulted 

in a rapid decrease in CdERGll expression, noticeable after only 30 min incubation 

(Fig. 4.10. B and C).

4.3.5 CdERGll sequence analysis in azole-resistant derivatives
Mutations affecting the affinity of Erg 1 Ip for azole antifungal drugs that render yeast

cells resistant to these drugs have been well documented as a drug resistance 

mechanism (Favre et a i ,  1999; Kelly et a l,  1999a; Kelly et a l ,  1999b; Marichal et a l .
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FIGURE 4.9. Expression of CdERGII in the C. dubliniensis azole-resistant derivatives and their 
susceptible parental isolates. CdERGH  expression was analysed by Northern blot analysis of RNA from 
azole-resi stant derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C, CD570-D and CD519-8A 
and their azole-susceptible parental isolates, CD36, CD570 and CD519-8 (in bold). Total RNA was 
extracted from exponentially growing cultures, and 15 ng were electrophoresed on a denaturing agarose 
gel Following transfer to a nylon membrane, the blots were sequentially probed with radiolabeled DNA 
probes homologous to CdERGII and the constitutively expressed internal control CdTEFS gene. 
Expression of CdTEFS was used as a control for RNA loading.
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FIGURE 4.10. Relative increase in expression o f CdERGII following the addition o f itraconazole. 
(A) Relative CdERGII expression in the presence o f itraconazole in parental isolate CD36 and its 
azole-resistant derivatives CD36-C and CD36-F. (B) Relative CdERGII expression in the presence of 
itraconazole in parental isolate CD570 and its azole resistant derivatives CD570-A, CD570-B, CD570-C 
and CD570-D. (C) Relative CdERGII expression in the presence of itraconazole in parental isolate 
CDS 19-8 and its azole-resi stant derivative CDS 19-8 A. Cells were grown to mid-exponential phase in 
YPD broth at 37°C. Itraconazole was then added to a final concentration of 0.03 (jg/ml and cells were 
incubated at 37°C for a further 60 min. RNA was extracted from cells harvested just before the addition of 
itraconazole, after 30 min and after 60 min incubation in the presence of itraconazole. RNA was 
electrophoresed on denaturing agarose gels and transferred to nylon membranes. The blots were 
hybridised with radiolabeled probes homologous to the CdERGII gene and the constitutively expressed 
CdTEFS gene. Expression levels were analysed by scanning densitometry and normalised against levels 
o f CdTEF3 expression.



1999a; Sanglard et a l,  1998). The possibility that such a mechanism contributed to the 

azole resistance phenotype in some or all o f the azole-resistant C. dubliniensis 

derivatives was therefore investigated.

CdERG ll genes from the C. dubliniensis isolates CD36, CD570 and CDS 19-8 and 

their derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C, CD570-D and 

CD519-8A were isolated by PCR using the primer pair E R G llF /R  (Table 4.2.) and 

genomic DNA as templates. In each case, fragments of the expected length (1.6 kb) 

were obtained. Both strands o f the coding region o f the CdERG ll genes from each 

derivative were sequenced and compared to the corresponding sequences obtained from 

their respective parental isolates. To reduce PCR error, a proof reading polymerase was 

used in each case and amplimers from five independent PCR reactions from each 

parental isolate and derivative were sequenced.

There were specific polymorphisms in the deduced CdErgl Ip amino acid sequences 

from CD570 and CDS 19-8 compared to the deduced amino acid sequence obtained 

from CD36 (described in section 4.3.3 and Fig. 4.4) There were two heterozygous 

polymorphisms (R210I and D225Y) in the C dE rg llp  sequence from parental isolate 

CDS70 and there was one heterozygous (V402G) and two homozygous polymorphisms 

(1188V and R499K) in the amino acid sequence from parental isolate CDS 19-8. Since 

parental isolates CD36, CDS70 and CDS 19-8 are itraconazole susceptible, the sequence 

differences found in these strains obviously do not contribute to itraconazole resistance. 

Although polymorphism in CdERGll sequences was observed between parental 

isolates, sequences of itraconazole-resistant derivatives were identical to the sequences 

of their respective parental isolates. Therefore, mutation of the C dER G ll gene could 

not have been responsible for the resistance phenotype observed in the derivatives.

4.3.6 Expression of multidrug resistance genes
Since overexpression of genes encoding efflux pumps have been implicated in azole

resistance in C. albicans and C. dubliniensis, we investigated if the azole-resistance of 

the in v/Yro-generated derivatives of C. dubliniensis was associated with increased 

expression o f the CdCDRl, CdCDR2 or CdMDRl genes, using Northern blot analysis. 

For analysis o f CdCDRl and CdCDR2 expression, the cloned S' ends of these genes 

were used as probes as described by Moran et al. (Moran et al., 1998). For analysis of 

CdMDRl expression, a PCR amplimer spanning the entire ORF was used as a probe. 

None o f the itraconazole-resistant derivatives exhibited significantly elevated levels of

72



CdMDRl mRNA compared to their respective azole-susceptible parental isolates (Fig. 

4.11). However, elevated levels of CdCD Rl expression were detected in six of the 

seven independent azole-resistant derivatives (Fig. 4.11.A). There was no significant 

elevation of CdCDRl expression in azole-resistant derivative CD570-A. High CdCDRl 

expression increases were observed in derivatives CD570-B (9-fold) and CD570-C 

(12-fold). Lesser increases were observed in derivatives CD570-D (4-fold), CD36-C 

(3-fold), CD36-F (5-fold) and CD519-A (2.5-fold). Although expression of CdCDRl 

was elevated in derivatives CD36-C and CD36-F, there was no elevation of CdCDRl 

mRNA levels in the intermediary derivatives clonally related to them, CD36-C'^ and 

CD36-F'^ (Fig. 4.11.B). There was no significant elevation of CdCDR2 mRNA levels in 

any of the azole-resistant derivatives (Fig. 4.11).

4.3.7 Uptake and glucose-mediated efflux of rhodamine 6G (R6G)
To further investigate the role o f increased expression of efflux pumps in azole

resistance, the uptake and glucose-mediated efflux of R6G were measured. R6G is a 

fluorescent compound known to be a substrate of ABC transporters encoded by genes 

such as C D R l. The method used in this study, as described by Maesaki et al. (Maesaki 

et al., 1999), directly assessed the efflux o f R6G from energy-starved cells by 

measuring extracellular contents o f R6G following the addition o f glucose. In the 

absence of glucose the extracellular concentration of R6G was roughly similar for the 

azole-susceptible parental isolates and their respective azole-resistant derivatives 

(Table 4.6). In contrast, in the presence of glucose there was an increase in R6G efflux 

in the azole-susceptible parental isolate CD36 compared to its azole-resistant 

derivatives CD36-C and CD36-F (Fig. 4.12). Likewise, notably increased R6G efflux 

was observed for the parental isolate CDS 19-8 (harbouring the functional CdCDRl  

gene) compared with its derivative CD519-8A. This was also the case for the 

azole-susceptible isolate CD570 which showed an increase in R6G efflux compared 

with three of its four azole-resistant derivatives, CD570-B, CD570-C and CD570-D 

respectively. However, R6G extracellular levels for the azole-resistant derivative 

CD570-A in the presence of glucose did not show a significant difference to those of its 

azole-susceptible parental isolate CD570 suggesting no difference in drug 

glucose-mediated efflux between the parental isolate and its derivative. These results 

suggest that R6G efflux from the cells mediated by drug extrusion pumps like CdCDRl 

and CdCDR2 was more efficient in the azole-susceptible parents than in six of their
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FIG U RE 4.11. Expression o f CdMDRI, CdCDRI and CdCDR2 in C. dubliniensis azole-resistant 
derivatives and their azoie-susceptible parental isolates. (A) Northern analysis o f total RNA from 
azole-resistant derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C, CD570-D and 
CD519-8A and their azoie-susceptible parental isolates, CD36, CD570 and CD519-8 (in bold). (B) 
Northern analysis of total RNA from azole-resistant derivatives CD36-C'*, CD36-C, CD36-F** and 
CD36-F and their azoie-susceptible parental isolate, CD36. Total RNA was extracted from 
exponentially growing cultures, and 15 ng were electrophoresed on a denaturing agarose gel. 
Following transfer to a nylon membrane, the blots were sequentially probed with radiolabeled DNA 
probes homologous to CdMDRI, CdCDRI, CdCDR2 and the constitutively expressed internal 
control CdTEFS gene. Expression o f CdTEFS was used as a control for RNA loading.



T A B L E  4.6. R hodam ine 6G  uptake and g lucose-induced efflux

Isolate /  derivative R6G  uptake * 

(nm ol/1 o’ cells)

g lucose-induced  R6G  efflux  

(nmol/10® cells)

C D 36 9 .1 2 ± 0 .1 5 1.11 ± 0 .3 2

C D 36-C 9.56 ± 0 .1 1 0.56 ± 0 .1 9

C D 36-F 9 .5 1 ± 0 .1 5 0.60 ±  0.22

C D 570 8.93 ±  0.27 1.11 ± 0 .1 8

C D 570-A 9.09 ±  0.09 1.03 ± 0 .0 6

C D 570-B 9.54 ± 0 .0 2 0.70 ± 0 .1 2

C D 570-C 9.56 ± 0 .0 2 0.64 ± 0 .1 1

C D 570-D 9.31 ± 0 .1 4 0.95 ± 0 .1 7

CDS 19-8 9.58 ± 0 .0 5 1.92 ± 0 .2 5

C D 519-8A 9.63 ±  0.09 0.94 ± 0 .2 6

CAF2-1 9.62 ± 0.05 1 .2 ± 0 .1 8

DSY1751 9.52 ± 0 .1 1 0 .1 7 ± 0 .1 6

“  T he  values are m ean ±  S.D . and are from  at least tw o sets o f  independent experim ents 
* R 6G  up take  w as ca lcu la ted  by sub trac ting  the value o f  R 6G  ex trace llu la r concen tra tion  after 30 m in 
incubation  in g lucose-free PBS from  the initial value o f  R6G  concentration  added to  the m edium  

G lucose-induced  efflux  w as calcu lated  by sub tracting  the value  o f  R6G  ex tracellu lar concentration  in the 
absence o f  glucose from  the value o f  R6G  extracellu lar concentration  in the presence o f  glucose
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FIG U R E  4.12. Glucose-induced rhodamine 6G (R6G) efflux from C. dubliniensis azole-resistant 
derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C, CD570-D, CD519-8A and the 
azole-susceptible parental isolates CD36, CD570 and CD519-8 (in bold). For comparative purposes R6G 
efflux data from wild-type (CAF2-1) and Aergi (DSY1751) C. albicans strains were included. Cells were 
incubated with 10 R6G at 37°C. After 30 min incubation in glucose-free phosphate-buffered saline, 
glucose was added to a final concentration of 10 piM. After a further 30 min incubation with or without 
glucose at 37°C, cells were centrifuged and the absorption or the resulting supernatant was measured ate 
527 nm. The concentration of R6G was calculated using a standard concentration curve of R6G, R6G 
efflux was calculated by subtracting the value o f R6G extracellular concentration in the absence of 
glucose from the value of R6G extracellular concentration in the presence o f glucose. Each bar indicates 
the standard error of the mean o f at least 2 sets o f experiments.



seven azole-resistant derivatives. A similar reduction o f  active transport efficiency 

associated with changes in membrane permeability has been described in erg  mutants o f 

S. cerevisiae (Kaur & Bachhawat, 1999; M ukhopadhyay et a l ,  2002; Smriti et a l ,  

1999). This lead us to investigate w hether e rg  m utations may be present in the 

itraconazole-resistant derivatives, as resistance to azole drugs in Candida species can be 

caused by alterations in the ergosterol biosynthetic pathway. In particular alterations 

re su ltin g  from  m u ta tio n s  in the ER G S  gene, en co d in g  the enzym e 

sterol C5,6-desaturase, have been described in C. albicans and S. cerevisiae (Kelly et 

al., 1995; Kelly el al., 1996; Kelly et al., 1997b; M iyazaki et al., 1999). In the present 

study, for comparative purposes, R6G efflux was measured in a C. albicans strain with 

an altered ergosterol pathway (DSY1751, an erg3 disruptant, (Sanglard et al., 2003)) 

and in a w ild-type C. albicans strain (CAF2-1 (Fonzi & Irwin, 1993)). In glucose- 

starved cells, the extracellular concentration o f R6G was similar for the two strains. 

However, in the presence o f glucose there was a marked increase in R6G efflux in the 

wild-type strain compared to the A ergi strain (Fig. 4.12). The latter finding was similar 

to the findings obtained for six o f  the seven C. dubliniensis derivatives, as described 

above, and suggested that these derivatives had altered membranes.

4.3.8 Accumulation of [^H]fluconazole
In a further attem pt to investigate whether efflux pumps contributed to azole

resistance in the C. dubliniensis  derivatives described above, levels o f  intracellular 

fluconazole accum ulated in CD36 and its azole-resistant derivatives CD36-C and 

CD36-F were compared. Cells were incubated in the presence o f [^Hjfiuconazole and 

the intracellular concentrations o f this compound determined at different time intervals. 

The azole-resistant derivatives CD36-C and CD36-F accumulated over 2.5-fold more 

[ H Jfluconazole than their azole-susceptible parent CD36 follow ing a 20-m inute 

incubation (Fig. 4.13.A). This finding showed that the azole-resistant phenotype o f the 

derivatives was unlikely to be due to reduced intracellular accumulation o f drug. By 

way o f com parison, intracellular [^HJfiuconazole accum ulation was m easured at a 

single tim e-point following 20 minutes incubation in the l^ergS C. albicans strain 

DSY1751 and in the wild-type C. albicans strain CAF2-1. Similar to the data obtained 

with the azole-resistant derivatives CD36-C and CD36-F and their azole susceptible 

parent CD36, the A erg i strain DSY1751 accumulated twice as much [^HJfluconazole 

than the w ild-type strain CAF2-1 (Fig. 4.13.B). These findings suggested that the
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strain in which the £/?G i gene has been disrupted.



azole-resistant C. dubliniensis derivatives had altered membrane permeability, possibly 

resulting from a perturbation of membrane sterol content due to a modified sterol 

biosynthesis pathway. Taken together the results of the [^HJfluconazole accumulation 

and the R6G efflux experiments suggested altered membrane permeability in the 

derivatives.

4.3.9 Growth in presence of metabolic inhibitors
It has previously been shown that yeast cells with altered membrane permeability are

more susceptible to certain metabolic inhibitors. Therefore the azole-resistant 

derivatives described above and their respective parental isolates were tested on agar 

medium for susceptibility to a range of metabolic inhibitors. The C. albicans Aerg3 

strain DSY1751 and the wild-type C. albicans strain CAF2-1 were also tested for 

comparison. All the derivatives, except CD570-A, showed increased susceptibility to 

fluphenazine, cycloheximide and geneticin (Fig. 4.14). All the derivatives also exhibited 

increased susceptibility to rhodamine 6G. The C. albicans herg3 strain DSY1751 also 

showed increased susceptibilities to these inhibitors compared to the wild-type strain 

CAF2-1. All of these results strongly suggested that the azole-resistant C. dubliniensis 

derivatives had altered membrane permeability resulting in increased susceptibility to 

metabolic inhibitors.
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FIGURE 4.14. Susceptibility of azole-resistant derivatives CD570-A, CD570-B, CD570-C CD570-D, 
CDS 19-8A, CD36-C and CD36-F and their azole-susceptible parental isolates CDS70, CDS 19-8 and 
CD36 (in bold) to metabolic inhibitors. A wild-type C. albicans strain (CAF2-1) and a AergS C. albicans 
(DSY1751) strain were included for comparison of phenotypes. Each strain was grown to exponential 
growth phase to a density of 2x10^ cells/ml and 4 nl were spotted in a dilution series on YPD agar plates 
containing fixed concentrations of metabolic inhibitors as indicated. Plates were incubated for 48h at 
30T .



4.4 Discussion
To date, C. dubliniensis clinical isolates exhibiting stable resistance to itraconazole 

have not been described. However, clinical isolates exhibiting reduced susceptibility to 

this drug have been recovered (see Chapter 3). In C. albicans isolates, resistance to 

itraconazole has been associated with cross-resistance to fluconazole and other azoles. 

In these isolates itraconazole resistance has been associated with a variety o f 

mechanisms, in particular overexpression of the multidrug resistance genes CDRl and 

CDR2. In C. dubliniensis, resistance to fluconazole has not been associated with 

cross-resistance to itraconazole or other azoles, although reduced susceptibility to these 

drugs has been observed in a small number of clinical isolates. A possible reason for 

this is that the primary molecular mechanism of fluconazole resistance in this species 

involves the overexpression of CdMdrlp, a protein which can transport fluconazole but 

not itraconazole. This is in contrast to C  albicans in which the main mechanism of 

resistance to fluconazole is overexpression of CDRl. Furthermore, Moran et al. recently 

reported the high prevalence in C. dubliniensis isolates o f a nonsense mutation in the 

C dC D Rl gene which renders the CdCdrlp protein unable to transport azole drugs 

(Moran et al., 2002a). Thus, it is likely that the presence o f the nonsense mutation in 

C. dubliniensis could impair the ability to develop pan-azole resistance in this species. 

In addition, in C. dubliniensis overexpression of the CdCD Rl gene has never been 

associated with azole resistance. In order to determine if C. dubliniensis could develop 

resistance to itraconazole following exposure to the drug and whether its ability to 

develop itraconazole resistance would be affected by the presence of a nonsense 

mutation in CdCDRl, 100 colonies each of three itraconazole-susceptible clinical 

isolates were sequentially exposed to increasing concentrations o f the drug in agar 

medium up to a concentration of 64 fig/ml. The isolates selected for this study included 

CD36 and CD570, both belonging to genotype 1, which were chosen because they 

harboured the non-functional CdCDRl gene, and isolate CDS 19-8 belonging to 

genotype 3 which was chosen because it harboured a functional CdCD Rl gene. 

Exposure to itraconazole resulted in the recovery o f seven independent stable 

itraconazole-resistant derivatives which exhibited significantly reduced susceptibility to 

itraconazole (MIC range 32 to 64 |ig/ml). These derivatives were found to exhibit 

cross-resistance to fluconazole (MIC range 128 to 264 |ig/ml) and ketoconazole (MIC 

range 1 to 4 |ig/ml). Six o f the derivatives exhibited reduced susceptibility to
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amphotericin B (MIC range 0.06 to 0.25 |ag/ml). In contrast, no cross-resistance to 

metabolic inhibitors or other antifungal drugs was observed (Table 4.3). Indeed the 

derivatives were slightly more susceptible to these agents than their respective parental 

isolates.

In order to identify the molecular mechanisms responsible for the derivatives’ 

azole-resistant phenotype, the most common mechanisms of azole resistance in 

Candida species were investigated. All derivatives exhibited an increase o f at least 

four-fold in CdERGl 1 expression (Fig. 4.9). While overexpression of ERG 11 has been 

described in several different azole-resistant clinical isolates of Candida species (Perea 

et a l ,  2002; Sanglard et a l ,  1995; White, 1997), this has always been accompanied by 

other alterations associated with azole resistance and the effects o f overexpression of 

ERG 11 have not been extensively evaluated. Thus it was thought unlikely that 

upregulation of CdERGl 1 alone was responsible for the high level of azole resistance 

exhibited by the derivatives. In C. albicans, inhibition of the ergosterol biosynthetic 

pathway can lead to the upregulation of ERG  genes. In particular, upregulation of 

ERG l 1 following the addition of itraconazole has been described (Henry et al., 2000; 

De Backer et a i, 2001). Similarly, in the present study, the addition of itraconazole led 

to increased expression of CdERGl 1 in the azole-susceptible parental isolates CD36, 

CD570 and CD5I9-8. However, in the in v//ro-generated derivatives, the addition of 

itraconazole addition had a much lesser effect on the expression o f CdERGl 1. This 

observation suggested that the increased expression o f  C dE R G l 1 in the 

azole-derivatives involved a constitutive deregulation of the expression o f the 

CdERGl 1 gene.

Changes in the amino acid sequence of C d E rg llp  affecting the affinity o f this 

enzyme for azole antifungal agents is a well described mechanism of azole resistance. 

However, comparative analysis of the nucleotide sequence of CdERGl 1 genes from the 

derivatives and their respective parental isolates did not reveal specific mutations in the 

derivatives that could be associated with azole resistance.

Because the derivatives exhibited pan-azole resistance but did not exhibit 

cross-resistance to metabolic inhibitors, the involvement o f multidrug resistance 

proteins in resistance seemed unlikely. Nevertheless Northern blot analysis was carried 

out to investigate levels of expression of the CdCDR and CdMDRl genes. As expected, 

overexpression of CdMDRl did not appear to be involved in the itraconazole-resistant 

phenotype as itraconazole is not a substrate of CdM drlp. There was, however, a
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noticeable increase (from 2.5 to 12-fold) in expression o f CdCDRl in the derivatives 

CD36-C, CD36-F, CD570-B, CD570-C, CD570-D and CD519-8A but not in derivative 

CD570-A. Overexpression of CdCDRl was not detected in any derivative (Fig. 4.11). 

In order to determine if increased expression of multidrug resistance genes resulted in 

increased drug efflux in the azole-resistant derivatives, glucose-mediated efflux of 

rhodamine 6G was measured. The results suggested that glucose-induced R6G efflux 

mediated by drug extrusion pumps was less effective in derivatives CD36-C, CD36-F, 

CD570-B, CD570-C, CD570-D and CD519-8A compared to their parental isolates. 

This was not the case for derivative CD570-A for which R6G efflux was similar to its 

parental isolate CDS70. This suggested that increased efflux of drug from the cell was 

not implicated in the azole resistance of the derivatives. In support of this, measurement 

o f [^H]fluconazole accumulation in the two derivatives o f CD36 showed that they 

accumulated more than twice as much of the radiolabeled fluconazole as the parental 

isolate CD36. The data obtained in the R6G efflux and the [^H]fluconazole 

accumulation experiments suggested that six of the seven azole-resistant derivatives 

(CD36-C, CD36-F, CD570-B, CD570-C, CD570-D and CD519-8A) had an altered 

membrane permeability which could be the result o f alterations in the ergosterol 

biosynthetic pathway since efflux pump function in yeast cells is known to be affected 

by  mutations in the ergosterol biosynthetic pathway i^erg' mutations) (Kaur & 

Bachhawat, 1999; Mukhopadhyay et a l,  2002; Smriti et a l,  1999). In particular, the 

ability of C drlp  to confer multidrug resistance is reduced by enhanced membrane 

fluidity whereas its ability to transport phospholipids has been shown to be enhanced in 

these conditions (Smriti et al., 1999). Furthermore, the derivatives showed increased 

susceptibility to metabolic inhibitors, a phenotypic trait observed in C. albicans and 

S. cerevisiae erg mutants (Jensen-Pergakes et a l ,  1998; Jia et al., 2002; Kaur & 

Bachhawat, 1999) in which the pleiotropic drug susceptibility phenotype is thought to 

be due to an increase in membrane permeability (Bard et al., 1978) and a decrease in the 

function of efflux pumps (Kaur & Bachhawat, 1999; Mukhopadhyay et al., 2002). For 

this reason and because defects in sterol C5,6-desaturation have been associated with 

azole resistance (Kelly et al., 1997b; Watson et al., 1989), a C. albicans strain with a 

disruption of the ergosterol biosynthetic pathway gene ERGS, was used in the present 

study for comparative purposes. The results obtained with the AergJ C. albicans strain 

correlated with the results obtained with six of the seven derivatives.
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In conclusion, exposure to itraconazole of susceptible C. dubliniensis isolates in vitro 

resulted in the development of high level pan-azole resistance which was not affected 

by the presence of a functional nonsense mutation in the CdCDRl gene. Phenotypic and 

molecular analysis o f the in vzYro-generated derivatives suggested the presence of 

alterations in the ergosterol synthetic pathway which could be involved in conferring 

azole resistance.
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Chapter 5

Cloning of the CdERGS gene and identification of 

CdERGS mutations in azole-resistant C. dubliniensis

derivatives
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5.1 Introduction

Resistance to azole antifungal agents due to alterations of the ergosterol biosynthetic 

pathway has been documented in S. cerevisiae (Kelly et a l ,  1995) and in clinical 

isolates of C. albicans (Kelly et al., 1996; Kelly et al., 1997b). In these studies, a defect 

in sterol C5,6-desaturase was identified as the mechanism causing resistance to azoles. 

The sterol C5,6-desaturase is an enzyme involved in ergosterol biosynthesis that is 

thought to be located in the endoplasmic reticulum where it catalyses the introduction of 

a double bond between C-5 and C-6 in the B ring of the developing sterol molecule. In 

C5,6-desaturase deficient cells, growth in the presence of azoles is supported by the 

accumulation o f 14a-methyl-fecosterol instead o f 14a-methyl-3,6-diol, the toxic 

metabolite that normally accumulates during azole treatment ultimately causing growth 

arrest (Fig. 1.1).

The recovery of seven independent azole-resistant derivatives o f C. dubliniensis 

following exposure to itraconazole in vitro was described in Chapter 4. These 

derivatives were generated from three clinical isolates, two of which harboured a 

nonsense mutation in their CdCDRl gene. Although none o f these derivatives exhibited 

cross-resistance to metabolic inhibitors, increased expression levels o f the multidrug 

resistance gene C d C D R l  was observed in six o f them. Moreover, six o f the 

azole-resistant derivatives exhibited increased susceptibility to metabolic inhibitors 

compared to their respective parental isolates. Efflux studies with rhodamine 6G and 

radiolabeled fluconazole suggested that six o f the seven derivatives had altered 

membrane permeability which could be due to alterations in their ergosterol 

biosynthetic pathway. Since six of the seven derivatives exhibited a decrease in their 

susceptibility to amphotericin B, it seemed likely that they had a defect in sterol 

C5,6-desaturation since C5,6-desaturase deficient cells lack ergosterol and have 

decreased susceptibility to amphotericin B (Kelly et al., 1996; Nolte et al., 1997). 

Furthermore, comparison of phenotypes showed similarities between the C. dubliniensis 

azole-resistant derivatives and a lS,erg3 C. albicans strain. Therefore, the aims o f this 

section o f the present study were to analyse the sterols from the azole-resistant 

derivatives, to clone the C. dubliniensis ERGS gene encoding the sterol C5,6-desaturase 

and to determine if defects in this enzyme contributed to azole resistance in the 

derivatives.
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5.2 Materials and methods

5.2.1 Escherichia coli and S. cerevisiae strains
The E. coli strain XL2-Blue was used as the host strain for plasm id

pBluescript II KS(-) and plasmid pUC19 (New England Biolabs Inc.) and their 

recombinant derivatives as described in section 2.1.2.

The S. cerevisiae strain YLR056W (ATCC reference number 4002667) (Winzeler et 

a l,  1999) {MAT a his3-Al leu2A0 metlSAO uraSAO erg3A:;kanMX4) was used as the 

host strain for the yeast expression vector pYES (Elledge et al., 1991) and its 

recombinant derivatives for expression of C. dubliniensis ERGS alleles. YLR056W 

transformants were routinely cultured at 30°C in broth or agar media consisting of yeast 

nitrogen base with 2 % (w/v) glucose supplemented with adenine, arginine, histidine, 

isoleucine, lysine, methionine, phenylalanine, tryptophan, tyrosine, valine, serine, 

threonine (each at 50 |ag/ml) but without uracil (SC-URA).

5.2.2 PCR amplification and cloning of CdERGS sequences
A set of primers (ERG3F1/R1, Table 5.1 and Fig. 5.1) was designed based on the

sequence o f the C. albicans ERGS gene spanning a 530 bp region which is most 

conserved between S. cerevisiae, C. glabrata and C. albicans ERGS sequences and used 

in an amplification reaction with C. dubliniensis strain CD36 template DNA. Reactions 

were carried out with 30 cycles of denaturation for 1 min at 94°C, primer annealing for 

1 min at 55°C and extension for 30 sec at 72°C; this was followed by a final incubation 

at 72°C for 10 min. The amplimer obtained was radiolabeled and used as a probe in 

Southern hybridisation analysis of C/al-digested CD36 genomic DNA and found to 

hybridise to a single 5.5 kb fragment. A second primer set (NERG3F/R, Table 5.1, 

Fig. 5.1) was designed based on the sequence of the 530 bp region mentioned above, to 

amplify the remainder o f the gene and its flanking sequences by ‘inverse PCR’ 

(Fig. 5.2). C/al-digested CD36 DNA was ligated to itself and PCR was carried out on 

the ligated DNA template with 30 cycles of denaturation for 1 min at 94°C, primer 

annealing for 1 min at 55°C and extension for 5 min at 68°C, followed by a 10 min 

extension at 68°C. An amplimer of the expected size (approximately 5.5 kb) was 

obtained and cloned into //mdIII-5awHI-digested pBluescript II KS(-) to yield plasmid 

pEP58.
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FIGURE 5.1. Map of the CdERG3 locus. The rectangular box represents the CdERG3 ORF. Arrows 
indicate the positions of primer sequences used in this study (see Table 5.1).



TA B L E  5.1. Nucleotide sequences o f  primers used to amplify CdERGS sequences

Primer Nucleotide sequence ° (5'-3') Restriction site Nucleotide coordinates ‘

ERG3FI CGCTCGAGCAACCATCCAGAATATTTG X ho\ 453 to 471

ERG3R1 GCTCTAGAGTGAATTGACCGTAATTG X ba\ 986 to 969

NERG3F CGCTCGAGCTCCAGTCGATGGATTTTTCC X ho\ 771 to 790

NERG3R GCTCTAGAGCCACCAGTAGATTCATTGATTT X ba\ 607 to 587

CAE3F CGAAGCTTATGGATATCGTACTAGAA HindlU 1 to 18

CDE3R GCGGATCCTTGGAAATATTGAATGGGGG Bam H l 1202 to 1183

IERG3F CGCTCGAGCCATCTTGTGGCAAATTCCT X hol 617 to 636

CDE3R1 GCGGATCCTTATTGGTCAATATATTCTCTGTCG B am H l 1161 to 1137

3’ERG3F TACTTCTCTAGATTACAAACTTTCGCTCTTTGAGG X bal 1318 to 1340

3'ERG3R TAGTACTCTAGAGAGATTAATCAAATCTCAAATTC X bal 1300 to 1278

E3CASF CGTATGGATCCATAGTGGAGTGGTGTTACTTTCGT Bam H l -397 to -394

E3CASR GCATCAAGCTTCTGGTGGTCAAAGCAGATGAGAAT HindlU 1981 to 1958

“ Restriction endonuclease recognition sites included in the primer sequences are underlined.
* N ucleotide coordinates o f  the C. dubliniem is  gene (where position +1 corresponds to the first base o f  
the ATG translational start codon). The prim er pair ERG3F1/R1 was based on the C. albicans ERGS 
sequence (GenBank accession no. AF069752).

TA BLE 5.2. Nucleotide sequences o f primers used to sequence CdERGS genes

Primer Nucleotide sequence (5'-3') Nucleotide coordinates “

ERG3-0I CAACCATCCAGAATATTTG 453 to 471

ERG3-02 GTGAATTGACCGTAATTG 986 to 969

ERG3-03 TAGCTGAAGTGGCACGTTTG 514 to 495

ERG3-04 GTCACAAATTTCTAGTACG 27 to 9

ERG3-05 AGGAATTTGCCACAAGATGG 636 to 617

ERG3-06 rrGGAAATATTGAATGGG 1202 to 1183

ERG3-07 CAAACGTGCCACTTCAGCTA 495 to 514

ERG3-08 TGGAAAAATCCATCGACTGG 791 to 772

ERG3-09 CACCAGTAGATTCATTGATT 607 to 588

ERG3-10 GAATTCATTGATACTTC 308 to 323

" N ucleotide coordinates o f  the C. dubliniensis gene (where position +1 corresponds to the first base o f 
the ATG translational start codon). The primers ERG3-0I and ERG3-02 were based on the C. albicans 
ERGS sequence (GenBank accession no. AF069752).
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C/al-digested genomic DNA

I  religation
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N1-RG3R

I  ‘inverse’ PCR

FIGURE 5.2. Inverse PCR strategy used to clone the C. dubliniemis ERG3 gene. Genomic DNA was 
cleaved with Clal and ligated to form circular molecules. An internal 530 bp region of the gene (in white) 
had been previously cloned and sequenced. Based on this known sequence, the primer pair NERG3F/R 
was designed to amplify the regions upstream (hashed) and downstream (in grey) of the 530 bp region.



Based on the data obtained from the sequencing of plasmid pEP58, a set of primers 

(CAE3F/CDE3R, Table 5.1, Fig. 5.1) was designed to amplify the complete CdERG3 

ORF. Following restriction endonuclease digestion, the amplimers were cloned into 

pBluescript II KS(-) by conventional methods. These clones (Table 5.3) were used in 

sequencing reactions carried out using custom-designed sequencing primers (Table 5.2) 

by Lark Inc. Alignments of nucleotide and amino acid sequences were carried out using 

the CLUSTAL W software program (Higgins & Sharp, 1988).

5.2.3 Restriction fragment length polymorphism (RFLP) analysis
RFLP analysis was carried out on amplimers obtained from the PCR amplification of

genomic DNA of derivatives CD570-A, CD570-C, CD570-D and from the DNA of 

plasmids pEP56, pEP64 and pEP66 (Table 5.3). The primer pair IERG3F/CDE3R1 

(Table 5.1; Fig 5.1) was used to amplify a 541 bp region situated at the 3' end of the 

CdERG3 ORF with a proof reading polymerase (Expand PCR System). The 

amplification reactions were carried out with 30 cycles o f denaturation for 1 min at 

94°C, primer annealing for 1 min at 55°C, extension for 30 sec at 72°C, followed by a 

final extension step at 72°C for 10 min. The amplimers were then digested using either 

the restriction endonuclease Psi\ (for CD570-A) or Apol (CD570-C and CD570-D) 

using the method described in section 2.3.2. Restriction endonuclease-digested 

amplimers were electrophoresed on a 2% (w/v) agarose gel.

5.2.4 Heterologous expression of CdERGS in S. cerevisiae
For heterologous expression of CdERGS in S', cerevisiae YLR056W, the ORFs

cloned in pBluescript were subcloned into the X6al-digested yeast expression vector 

pYES (Table 5.3). The plasmid vector pYES and its recombinant derivatives were used 

to transform YLR056W using a lithium acetate method as described in section 2.4.6. 

Transformants (Table 5.4) were selected on SC-URA agar plates (see section 5.2.1). To 

induce expression of the CdERG3 genes placed under the control of the GALl promoter 

in pYES, galactose was used to replace glucose in broth and agar media.

5.2.5 Susceptibility testing of S. cerevisiae transformants
Susceptibility testing of S. cerevisiae YLR056W transformants to azole drugs was

carried out by broth microdilution at 30°C in SC-URA broth with 2% (w/v) galactose 

(as described in section 5.2.4). The MICs were determined as described in section 2.2.1.
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T A B L E  5 .3 . R ecom binant p lasm ids used in this study

Plasmid Name Vector" Cloning site Insert Insert source Reference / Source

Clonina o f CdERGS: 
pBIl KS [-] cloning n/a n/a n/a Stratagene

pEP58
vector 
pBII KS [-] XhoUXbal CdERGS inverse PCR CD36 This study

pEP56 pBlI KS [-] H indm -Bam H \ CdERGS ORF CD36 This study
pEP59 pBII KS [-] Hindlll-BamHl CdERGS ORF CD36-C This study
pEP6l pBlI KS [-] HinilM-BamHl CdERGS ORF CD36-F This study
pEP62 pBll KS [-] Hind\l\-BamH[ CdERGS ORF CD570 This study
pEP63 pBII KS [-] H inim -BarnH l CdERGS ORF CD570-B This study
pEP64 pBII KS [-] HindlW-BamHl CdERGS ORF CD570-A This study
pEP66 pBII KS [-] Hind\\l-BamH\ CdERGS ORF CD570-C This study
pEP68 pBll KS [-] HindlU-BamHl CdERGS ORF CD570-D This study

HeteroloBOus expression o f  CdERGS in S. cerevisiae: 
pYES yeast shuttle n/a n/a n/a (E lledgee/a /., 1991)

pEPY56
vector
pYES Xbal CdERGS ORF pEP56 This study

pEPY59 pYES Xba\ CdERGS ORF pEP59 This study
pEPY6I pYES Xba\ CdERGS ORF pEP61 This study
pEPY62 pYES Xbal CdERGS ORF pEP62 This study
pEPY63 pYES Xbal CdERGS ORF pEP63 This study
pEPY64 pYES Xbal CdERGS ORF pEP64 This study
pEPY66 pYES Xbal CdERGS ORF pEP66 This study
pEP93 pYES Xbal CdERGS ORF CD5I9-8A This study
pEP94 pYES Xbal CdERGS ORF CD519-8A This study

Targeted rcD lacem en t o f CdERG3 a lle les : 
pUC19 c lo n in g  n/a n/a n/a (Yanisch-Perron e ta i ,  1985)

pSFll
vector 
pBlI KS [-] Xhol-BamHl MPA" flipper cassette n/a (Wirsching et al., 2000)

pEP76 pUC19 BamHl-Hindlll CdERGS ORF+5’&3' CD36 This study

pEP77 pEP76 Xbal
ends
MPA’̂ pSFIl This study

n/a: not applicable  
°  pB lI K S [-] : pB luescrip t II K S [-]



T A B L E  5.4. C andida  a lb icans  stra ins and S. cerevisiae  Y L R 056W  transform ants used in this study

Strain Genotype Parent strain Reference

C. albicans
CAF2-I Aura3::imm434/URA3 SC5314 (Fonzi & Irwin, 1993)
DSY1751 Aerg3::hisG/Aerg3::his G ergi I::hisG/ERG Il CAF2-1 (Sanglard el al., 2003)

S. cerevisiae
YLR056W M AT a his3-AI leu2A0 metI5A0 ura3A0 erg3A::kanMX4 B4741 (Winzeler e /a /., 1999)
YES transformed with pYES YLR056W This study
EPY56 transformed with pEPY56 YLR056W This study
EPY59 transformed with pEPY59 YLR056W This study
EPY61 transformed with pEPY61 YLR056W This study
EPY62 transformed with pEPY62 YLR056W This study
EPY63 transformed with pEPY63 YLR056W This study
EPY64 transformed with pEPY64 YLR056W This study
EPY66 transformed with pEPY66 YLR056W This study
EPY93 transformed with pEP93 YLR056W This study
EPY94 transformed with pEP94 YLR056W This study



The susceptibility to metabolic inhibitors of YLR056W transformants was determined 

on solid SC-URA agar with 2% (w/v) galactose using the method outlined in section 

2 .2 .2 .

5.2.6 Targeted allele replacement
Targeted replacement of mutant CdERGS alleles with a wild-type copy of the gene

was carried out using a construct containing the wild-type CdERGS ORP with its 5' and 

3' flanking sequences from parental isolate CD36 and a gene coding for mycophenolic 

acid (MPA) resistance (Fig. 5.3). Briefly, a restriction site for the restriction 

endonuclease was introduced in the 3' non-coding region of the CdERGS gene 

from azole-susceptible parental isolate CD36 using an inverse PCR strategy (Fig. 5.3). 

The PCR reaction was carried out on self-ligated C/al-digested genomic DNA from 

parental isolate CD36 using the primer pair 3'ERG3F/R (Table 5.1; Fig. 5.1) which 

harboured Xba\ restriction sites (Fig. 5.3). The reaction was carried out with 35 cycles 

of denaturation for 1 min at 94°C, primer annealing for 1 min at 55°C and extension for 

6 min at 68°C; this was followed by a final incubation at 68°C for 10 min. As expected 

an amplimer of approximately 5.5 kb was obtained. The amplimer was subjected to a 

restriction endonuclease digestion with Xba\, followed by a ligation to form circular 

molecules containing the CdERGS ORF and its 5' and 3' flanking sequences. The 

CdERGS locus was then amplified by PCR using the primer pair E3CASF/R (Table 5.1; 

Fig. 5.1). The PCR reaction was carried out with 30 cycles o f denaturation at 94°C, 

primer annealing for 1 min at 55°C and extension for 2 min at 68°C followed by a final 

incubation at 68°C for 10 min. The 2.3 kb amplimer obtained was cloned into the 

5a/«Hl-///>7dlll-digested vector pUC19 to give plasmid pEP76 (Table 5.3; Fig. 5.3). 

The MPA resistance gene {MPA^) was then subcloned from plasmid pSFIl (Table 5.3.) 

into the Xba\ restriction site o f plamid pEP76 to yield recombinant plasmid pEP77 

(Table 5.3; Fig 5.3). The CdERGS-MPA^consXmci was released from plasmid pEP77 

by restriction endonuclease digestion with BamWl and ///« d lll and transformed by 

electroporation as described by Staib et al. (Staib et a l, 2001) into the cells of the azole- 

resistant C. dubliniensis derivatives CD36-C, CD36-F, CD570-A, CD570-B, CD570-C 

and CD570-D (Fig 5.3.). As a control, the construct was also used to transform the cells 

of the parental isolates CD36 and CD570. Transformants were selected on SC medium 

agar plates containing MPA at a concentration of 10 ng/ml.
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FIGURE 5.3. Strategy used for the replacement of mutated CdERGS alleles with a wild-type allele 
® Clal digestion and religation 
® Inverse PCR introducing Xbal sites 
0  Xbal digestion and ligation 
@ PCR using the primer pair E3CASF/R 
© Cloning in pUC19 and insertion oiMPA’̂  gene 
® ///wdlll / BamYM digestion to release cassette 

and electroporation in azole-resistant derivative 
@ Homologous recombination and selection of 

MPA-resistant clones



5.3 Results

5.3.1 Analysis of membrane sterol contents
To investigate whether the sterol content o f the azole-resistant C. dubliniensis

derivatives was different from the parental isolates, and to determine whether alterations 

in the ergosterol biosynthetic pathway were responsible for azole resistance, the 

non-saponifiable sterol contents of the derivatives and their parental isolates were 

extracted and examined by UV spectrophotometry. The UV absorption spectra of the 

wild-type sterol preparations from the parental isolates CD36, CD570 and CDS 19-8 had 

peaks at 261, 273, 282 and 294 nm which are typical o f ergosterol (Fig. 5.4). These 

peaks were absent in the spectra of the azole-resistant derivatives CD36-C, CD36-F 

(Fig. 5.4.A), CD570-B, CD570-C, CD570-D (Fig. 5.4.B) and CD519-8A (Fig. 5.4.C). 

The absence of the peaks indicated the absence o f ergosterol in these derivatives. 

However the UV absorption spectrum of azole-resistant derivative CD570-A exhibited 

the characteristic peaks o f ergosterol (Fig. 5.4.B). The UV absorption spectra of the 

C. albicans Aerg3 strain DSY1751 and wild-type strain CAF2-1 were also examined for 

comparison. As expected the spectrum of CAF2-1 sterols exhibited the peaks 

characteristic of ergosterol while the spectrum of DSY1751 sterols lacked these peaks 

(Fig. 5.4.D) and was similar to the profiles of the C  dubliniensis derivatives described 

above.

The sterols present in all seven derivatives were further analysed by GC/MS which 

allowed their separation and identification. Results of the GC/MS analysis are presented 

in Table 5.5. As expected, all of the derivatives except CD570-A lacked ergosterol and 

mainly accumulated ergosta-7,22-dienol while the parental isolates accumulated 

ergosterol (Table 5.5). Although derivative CD570-A accumulated ergosterol, it 

accumulated noticeably less ergosta-tetraenol and more unknown sterols than its 

parental isolate CD570 (Table 5.5). Like their clonally related derivatives CD36-C and 

CD36-F, the intermediary derivatives CD36-C'^ and CD36-F'^ did not accumulate 

ergosterol in their membranes.

5.3.2 Cloning and sequencing of the C. dubliniensis ERGS gene
Since 6 out o f 7 azole-resistant derivatives investigated had altered membrane

permeability and lacked ergosterol, it was hypothesised that they harboured a mutated
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FIGURE 5.4. UV spectrometric profiles of non-saponifiable sterols from C. duhliniemis azole-resistant 
derivatives and their azole-susceptible parental isolates. (A) UV spectrometric profile ergosterol and non- 
saponifiable sterols from C. albicans wild-type (CAF2-1) and AergS (DSY1751) strains. (B) CD36 and 
its azole-resistant derivatives CD36-C and CD36-F. (C) CD570 and its azole-resistant derivatives 
CD570-A, CD570-B, CD570-C and CD570-D. (D) CDS 19-8 and its azole-resistant derivative 
CD519-8A. Sterols were extracted from 5x10* cells grown overnight in YEPD broth as described in 
section 2.7.3.1.



T A B L E  5.5. S terols accum ulated by C. d ublin iens is  azo le-su scep tib le  parental iso lates and their 
azole-resistant derivatives in order o f  retention time

Isolate /  derivative “ A ccum ulated  stero ls ‘ Isolate /  derivative  ° A ccum ulated  stero ls *

C D 36 9 .8 % ergosta-tetraenol C D 570 2 0 % ergosta-tetraenol
64 .6  % ergosterol 6 0 % ergosterol

6 .8 % fecosterol 4.2 % fecosterol
8.4 % obtusifoliol 5.8 % obtusifoliol

10 .2 % unknow n sterols 9.9 % unknow n sterols

C D 36-C 3.3 % 7,22 isom er C D 570-A 11 .6 % ergosta-tetraenol
73.2 % ergosta 7 ,22-dienol 55.9 % ergosterol

9.3 % episterol 4.1 % fecosterol
13 .9 % unknow n sterols 6.2 % obtusifoliol

22.2 % unknow n sterols

CD 36-F 4 .8 % 7,22 isom er C D 570-B 7.8 % 7,22 isom er
76.4 % ergosta 7 ,22-dienol 61.1 % ergosta-7,22-dienol

7.0 % episterol 2.7 % 7,22 isom er
1 .3 % lanosterol 1 .4 % fecosterol

10 .2 % unknow n sterols 7.3 % episterol
1 .9 % ergosta-7-enol
0.8 % lanosterol

16.8 % unknow n sterols

C D 36-C ‘'‘ 3.7 % 7,22 isom er C D 570-C 1 1 .0 % 7,22 isom er
62 .0  % ergosta-7,22-dienol 57.0 % ergosta-7,22-dienol
16 .5 % cpisterol 9.4 % episterol
3.4 % ergosta-7-enol 22.5 % unknow n sterols

11 .9 % unknow n sterols

C D 36-F"' 3.8 % 7,22 Isomer C D 570-D 7.4 % 7,22 isom er
7 3 .2 % ergosta-7,22-dienol 58.0 % ergosta-7,22-dienol

8.1 % episterol 5.4 % 7,22 isom er
14 .8 % unknow n sterols 1 1 .8 % episterol

1 7 .4 % unknow n sterols

CD S 19-8 16.8% ergosta-tetraenol
55.8% ergosterol

6 .7% fecosterol
6 .0% episterol
1.8% obtusifoliol

12.8% unknow n sterols

C D 519-8A 8.0% ergostadienol
62.4% ergosta 7,22-dienol

9 .2% ergostadienol
1.6% ergosterol

18.8% unknow n sterols

“ Parental isolates are shown in bold type.
* Sterols were extracted from ce lls  grown overnight in Y EPD  broth at 30°C  and analysed by gas 
chromatography and mass spectrometry as described in section 2 .7 .3 .2 .



sterol C5,6-desaturase (Erg3p). In order to test this hypothesis it was necessary to clone 

and sequence the gene encoding sterol C5,6-desaturase in C. dubliniensis. Initially, a 

pair of oligonucleotide primers complementary to the C. albicans ERGS gene sequence, 

termed ERG3F1/R1 (Table 5.1, Fig. 5.1) and a proof reading polymerase were used to 

amplify a 530 bp internal region of the gene using C. dubliniensis CD36 genomic DNA 

as template. The 530 bp amplified product obtained was sequenced and a homology 

search using the BLAST computer program was carried out which indicated that the 

C. dubliniensis sequence was highly homologous to the C. albicans ERGS gene. In 

Southern blot analysis the radiolabeled 530 bp amplimer hybridised to a 5.5 kb band of 

C/al-digested CD36 genomic DNA (data not shown). In order to clone the remainder of 

the ERGS gene, an ‘inverse PCR’ strategy using the primer pair NERG3F/R (Table 5.1, 

Fig. 5.1) was used (Fig. 5.2). This yielded a fragment o f 5.5 kb (data not shown) which 

was cloned in plasmid pBluescript II KS(-) and sequenced on both strands. The 

reconstructed sequence contained one significant open reading frame of 1161 bp. This 

ORF, termed CdERGS, has the capacity to encode a protein of 387 amino acids with a 

predicted molecular mass of 45.6 kDa, and a pKi o f 6.61. The CdERGS sequence has 

been deposited in the EMBL nucleotide sequence database (no. AJ421248). The 

proposed start codon of the ORF is preceded by a putative promoter region in its 5' 

flanking sequence, including a putative TATAA box at nucleotide positions -65 to -61 

(Fig 5.5). Alignment of the CdERGS gene and the C. albicans ERGS gene using the 

CLUSTAL W sequence alignment computer program demonstrated that the genes were 

highly similar, being 91% identical at the nucleotide sequence level (Table 5.6). The 

predicted amino acid sequence of CdErg3p shows a high degree of amino acid identity 

(93.3%) to CaErg3p (Fig. 5.6; Table 5.7). A hydropathy plot generated by the method 

of Kyte and Doolittle indicated that the structure o f CdErg3p is very similar to that of 

CaErg3p, with both proteins containing three potential trans-membrane hydrophobic 

domains (Fig. 5.7). The amino acid sequences o f nine fungal, mammalian and plant 

sterol C5,6-desaturases were aligned using the CLUSTAL W program (Fig. 5.18 and 

Table 5.7). The predicted CdErg3p contains four histidine-rich motifs (HX3H, HX2HH, 

HX2H and HX2HH), three o f which are conserved in all known sequences of 

sterol C5,6-desaturases (Fig. 5.8). These histidine box domains are thought to contain 

the active site o f the enzyme and are putative iron-binding domains in C. albicans 

(M iyazaki et a l ,  1999). A threonine residue which was shown to be involved in 

stabilising the enzyme-substrate complex in Arabidopsis thaliana (Taton et al., 2000) is

86



TTTCATTCATTTTGATAGATTTTTTTTTGTTTTCCATTTTGTTTTGAAATTGGAAAACAAAAAAAAAACATTCAATCATA
AACATAGTGGAGTGGTGTTACTTTCGTTTAAATATTCATTTGATTTGCTAAAATCTATTTTATCTTATTCATATTTATAT
ATATTCCAACGGTTTGGCTTTAATCCTTGCTAATATTTTTTTTGCTTTTCCTTTTTTATCCCCCTTTATATTTGTTTTTT
TTTTTAAGAAAAACTATAGCAAATAATCCTAAGGTCATCGACTCCCCCATCACATAACGTCTTAGTTAAGAGGTACCTTT
ACAATTTCCCATTTGTCCCCATTTGCTAACCCTAGATCATTATTATCATATCTTGATATTTTAGGACATTCCCTTTCTCA
TTTTCCCATAGTGCATATAAGTTCATTGTTTCTTTTTTTTTTTTTTTCATAGTCTTCCTTCAGTTTAGTTAATTCATACC

1 ATG GAT ATC GTA CTA GAA ATT TGT GAC TAC TAT CTT TTT GAT AAA GTT TAT GCT GAT GTT
1 M D I V L E I C D Y Y L F D K V Y A D V

61 TTT CCT AAA GAT GGT CCT GTT CAT GAA TAT TTG AAA CCG GCT ATA CAA TCA TTT TCT GAA
21 F P K D G P V H E Y L K P A I Q 8 F 8 E

121 ATA AAT TTC CCA AAA TTG CAA AAT TGG GAT TCA TTT GAT ACA AAT TCT ACT TTG ATT TCT
41 I N F P K L Q N W D 8 F D T N 8 T L I 8

181 TCT AAT AAT TTC AAT ATT AGT AAT GTT AAC CCA GCA ACT ATT CCA GGT TAT TTA CTT TCT
61 8 N N F N I 8 N V N P A T I P 0 Y L L 8

241 AAA ATT GCT AGT TAT CAA GAT AAA TCA GAG ATT TAT GGA TTA GCC CCT AAG TTT TTC CCA
81 K I A S Y Q D K 8 E I Y G L A P K F F P

301 GCT ACT GAA TTC ATT GAT ACT TCA TTT TTA TCA AGA TCA AAC ATT TTC AGA GAA GTT TTA
101 A T E F I D T 8 F L 8 R 8 N I F R E V L

361 TCA CTT TTC ATT ATC ACG ACA TTA TTT GGT TGG TTA TTA TAT TTC ATT GTG GCT TAT TTA
121 8 L F I 1 T T L F G W L L Y F I V A Y L

421 TCA TAT GTT TTT GTT TTC GAT AAG AAG ATT TTC AAC CAT CCA AGA TAT TTG AAA AAT CAA
141 8 Y V F V F D K K 1 F N H P R Y L K N Q
481 ATG TCT TTG GAA ATC AAA CGT GCC ACT TCA GCT ATT CCT GTT ATG GTT TTA TTA ACT ATT
161 M 8 L E I K R A T 8 A I P V M V L L T I

541 CCA TTT TTC TTA TTG GAA TTG CAC GGG TAT TCA TTC CTT TAT GAA GAA ATC AAT GAA TCT
181 P F F L L E L H a Y 8 F L Y E E I N E S

601 ACT GGT GGC TAT AAA GCC ATC TTG TGG CAA ATT CCT AAA TTC ATT CTT TTC ACT GAT TGC
201 T 0 G Y K A I L W Q I P K F I L F T D C

661 GGT ATT TAT TTC CTC CAT AGA TGG TTA CAT TGG CCT TCT GTT TAT AAG GCA TTA CAT AAA
221 0 I Y F L H R W L H W P 8 V Y K A L H K
721 CCC CAT CAC AAG TGG ATC GTT TGT ACT CCA TTT GCT TCT CAT GCT TTC CAT CCA GTC GAT
241 P H H K W I V C T P F A 8 H A F H P V D

781 GGA TTT TTC CAA TCT TTG CCT TAT CAT CTT TAT CCT TTA TTG TTC CCA TTA CAT AAA GTG
261 G F F Q 8 L P Y H L Y P L L F P L H K V
841 TTG TAC TTG TTA TTG TTT ACC TTT GTT AAC TTC TGG ACC GTT ATG ATT CAT GAT GGT AGT
281 L Y L L L F T F V N F W T V M I H D 0 8

901 TAC TGG TCC AAT GAC CCA GTT GTT AAT GGT ACT GCT TGT CAT ACT GTC CAT CAC TTG TAC
301 Y W S N D P V V N G T A C H T V H H L Y

961 TTC AAC TAC AAT TAT GGT CAA TTC ACC ACT CTT TGG GAT AGA CTT GGT AAC TCG TAC AGA
321 F N Y N Y G Q F T T L W D R L 0 N 8 Y R

1021 AGA CCA GAC GAT TCA TTA TTT GTT AAA GAT CAA AAG AAA GAA GAA GAA AAG AAG ATC TGG
341 R P D D 8 L P V K D Q K K E E E K K I W

1081 AAA GAA CAA ACT AGA CAA ATG GAG GAA ATC AGA GGA GAA GTT GAA GGG AAA GTT GAC GAC
361 K E Q T R Q M E E I R 0 E V E O K V D D

1141 AGA GAA TAT ATT GAC CAA TAA
381 R E Y I D Q *

F IG U R E  5.5. N ucleotide sequence and deduced amino acid sequence o f  the C. dublin iensis ERGS  gene 
(EM BL accession no. A J421248). The nucleotide sequence is numbered in the 5' to 3' direction from the 
first base (+ 1) o f  the ATG translation codon. The amino acid sequence is numbered from the initial 
m ethionine. A putative TATA A  box is underlined in the 5' upstream region.



C. dubliniensis MDIVLEICDYYLFDKVYADVFPKDGPV|EYLKPAIQSFSEINFPKLQNWDSFDTNSTLISSNNFNISNVNPATIPGYL 78
C. albicans MDIVLEICDYYLFDKVYADVFPKDGAVHEFLKPAIQSFSQIDFPSLPNLDSFDTNSTLISSNNFNISNVNPATIPSYL 78

L S G
C. dvbliniensis LSKIASYQDKSEIYGLAPKFFPATE|IDTSFLSRSNIFREVLSLFIITTLFGW |LYFIVAYLSYVE||FDKKIFNHPRY 1 56
C. albicans FSKIASYQDKSEIYGLAPKFFPATDFINTSFLARSNIFRETLSLFIITTIFGW LLYFIVAYLSYVFVFDKKIFNHPRY 156

• * *  + ' * • * ★ * * * * * * *  +  ■ * * * * * • * * * *  • * *  • *  +  • * ★  + * * ’* *  + * ★ • * *  + * * * * * * * * * * * * * * ★

K _______
C. dubllniensis LKNQM SLEIKRATSAIPVM VLLTIPFFLLELHGYSFLYEEINESTGGYKAILW QIPKFILFTDCGIYFLTOIfcpSV 234
C. albicans LKNOMSLEIKRATTAIPVMVLLTIPFFLLELNGYSFLYLDINECTGGYKAILWQIPKFILFTDCGIYFLB B n B wPSV 234

* * * * * * * • * * * * * • * : • • * * * * * * * * * * * ■ *  +  * ■ * * * * • * ★ * • * * ■ *  •kieieir'k'kie'k'kie'icieicieieicie'kieie'kie'ic'k'ieic'kieie'kieie'ieie

    N L
C . d u b i i / i i e n s i s  YKAL||ljJUjl|KWIVCTPFAS|rajPVDGFFQSLPYgLY|LLFPLHKVLYLLLFTFVNFWTVMIHDGSYWSNDPWNGTA 3 12
C . a i i ) i c a / i s  YKVl,mjf^KW IVCTPFAS^BpVDGFFQSLPYHLYPLLFPLHKVLYLFLFTFVNFW TVM IHDGSYW SNDPW NGTA 3 12

* *  i e i r i r ' k i c ' k ' k ' k ' i r i e i c ' i e ' k ' k * ' k i f ' k i r ' i r i r i e * ' k i e i e i c ' i c ' k i e ' k i r ' k i e ' k i e i e i ( i c i c ' i r * ' k i e i e ' k * i t i e ' k ' k i e ' k ' i e i c ' i r i r ' i : i r ' k i e * i e ' i e ' k i f ' i e i c ' i r ' k i e ' i e i e i c ' i r

 K
C . dubliniensis cBWHhlYFNYNYGQftTLWDRLGNSYRRPDDSLFVKDQKKEEEKKIWKEQTRQMEEIRGEVEGKVDDREYIDQ 3 86
C . albicans C^fflfflLYFNYNYGQFTTLWDRLGNSYRRPDDSLFVKDVKAEEEKKIWKEQTRKMEEIRGEVEGKVDDREYVEQ 3 86

F IG U R E  5 .6 . A lignm ent o f  deduced am ino acid sequences o f  stero l C 5,6-desaturases from 
C. dubliniensis (This study, EM BL accession no. A J421248) and C. albicans  (M iyazaki et al., 1999), 
(GenBank accession no. AF069752) generated with the CLU STA L W sequence alignm ent program  
(Higgins & Sharp, 1988). Asterisks indicate identical residues, colons indicate conservative substitutions, 
dots indicate semi-conservative substitutions and hyphens indicate gaps created to obtain alignment. Four 
histidine-rich putative iron-binding domains are highlighted in black. Amino acid mutations present in the 
C. dubliniensis azole-resistant derivatives are designated above the sequences. Two derivatives, CD570-B 
and CD 519-8A , harbour fram eshift m utations in troducing stop codons at position 147 and 194, 
respectively (not shown).
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F IG U R E  5.7. H ydrophobicity profiles o f  C. dubliniensis  sterol C 5,6-desaturase (CdErgSp) (A) and 
C. albicans sterol C5,6-desaturase (CaErg3p) (B) generated by the method o f  Kyte and Doolittle (Kyte & 
Doolittle, 1982) showing amino acid sequences plotted against predicted hydrophobicity. Regions o f  the 
proteins with positive hydrophobicity (i.e. those above the central line) represent hydrophobic domains.
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d u b l i n i e n s i s
a l b i c a n s
g l a b r a t a
c e r e v i s i a e
s a p i e n s
m u s c u l u s
t a b a c u m  1
t a b a c u m  2
t h a l i a n a

 MDIVLEICDYYLFDKVYADVFPKDGPVHEYLKPAIQSFSEINFPKLQNWDSFDTNSTLISSNNFNISNVNPA
 MDIVLEICDYYLFDKVYADVFPKDGAVHEFLKPAIQSFSQIDFPSLPNLDSFDTNSTLISSNNFNISNVNPA
 MDLVLETLDHYIFDDVYAKIAP---------------------VELQRGIDDSLVNALSLNKIVSNSTLLHET--------------------
 MDLVLEVADHYVLDDLYAKVLP---------------------ASLAANIPVKWQKLLGLNSGFSNSTILQET--------------------
 MDLVLRVADYYFFT---------------------------------------------------------------------------------------------------------------------------
 MDLVLSAADYYFFT---------------------------------------------------------------------------------------------------------------------------
 MEDYLKQFVEETSFYN-------------------------------------------------------------------------------------------------------------------------
 MDDYLNLFIEETSFYN-------------------------------------------------------------------------------------------------------------------------
MAADNAYLMQFVDETSFYN-------------------------------------------------------------------------------------------------------------------------

L S G
TIPGYLLSKIASYQDKSEIYGLAPKFFPATEilDTSFLSRSNIFREVLSLFIITTLFGW |LYFIVAYLSYVFgFDK
TIPSYLFSKIASYQDKSEIYGLAPKFFPATDFINTSFLARSNIFRETLSLFIITTIFGW LLYFIVAYLSYVFVFDK
-L S  ITNSLKRVNKDVYGLTPFLFDFTEKTYASLLPRNNLIREFFSLWAWTVFGLLLYLITASLSYVFVFDR
-L N  SKNAVKECRR-FYGQVPFLFDMSTTSFASLLPRSSILREFLSLWVIVTIFGLLLYLFTASLSYVFVFDK
------------------------------------------------ PYVYPAT---------------WPEDDIFRQAISLLIVTNVGAYILYFFCATLSYYFVFDH
------------------------------------------------ PYVYPAT---------------WPEDNIIRQTISLLIVTNLGAYILYFFCATLSYYFVYDH
--------------------------------- R--------LVLGTFMPES----------------- WWGPLPHMLQGWLRNYIGGVLLYFISGFLWCFYIYHL
--------------------------------- R------- W L G T FL PE S----------------- WWGPLPHWFQGWLRNYIGGVLLYFISGFLWCFYIYRL
--------------------------------- R--------IVLSHLLPAN------------------LWEPLPHFLQTWLRNYLAGTLLYIISGFLWCFYIYYR

K
K IFNHPRYLKNQMSLEIKRATSAIPVMVLLTIPFFLLELHGYSFLYEEINESTGGYKAILWQIPKFILFTDC
K i f n h p r y l k n q m s l e ik r a t t a i p v m v l l t ip f f l l e l n g y ;Sf l y l d i n e c t g g y k a il w q ip k f i l f t d c
T  IFNHPKYLKNQMYLEIKLAVSAIPTMSLLTVPWFMLELNGYfKLYYDVDWEHHGLRKLLIEYATFIFFTDC
s i f n h p r y l k n q m a m e i k l a v s a i p w m s m l t v p w f v m e l n g h |k l y m k i d y e n h g v r k l i i e y f t f i f f t d c
A l m k h p q f l k n q v r r e ik f t v q a l p w i s il t v a l f l l e ir g y I k l h d d l g e f p y g l f e l w s i i s f l f f t d m
s l m k h p q f l k n q v s r e i v f t v k s l p w i s i p t v s l f l l e l r g y | k l y d d i g d f p n g w i h l m v s w s f l f f t d m
KRNVYIPKDAIPSNK7\MLLQISVAMKAMPWYCALPSLSEYMIENGW|KCFARISDV--GWLSYVIYAAIYLVIVEF
KRNVYIPKDAIPSNRAMLLQIGVAMKAMPFYCALPSLSEYMIVNGW|JKCFSRISDV--GWLSYLIYMAVYLVIVEF
k in v y l p k d a ip t ik a m r l q m f v a m k a m p w y t l l p t v s e s m ie r g w | k c f a s i g e f - - g w il y f v y ia iy l v f v e f

c. d u b l i n i e n s i s giyflTO y -WPSVYKAL,
c. a l b i c a n s G iY FLyy H -WPSVYKVL
c. g l a b r a t a G I Y l iS j  J j - w pr v y k a l
s. c e r e v i s i a e gv y l a H  n - w pr v y r a l ,
H. s a p i e n s f iy w iB s j 1! - h r l v y k r l
M. m u s c u l u s l i y r i B  I H - h r l v y k r i
N. t a b a c u m  1 giyvtmb!  I 1 DIKPLYKYL
N. t a b a c u m  2 GIYWMwj I  K DIKLLYKYL
A. t h a l i a n a GIY W lJy SHi DIKPLYKYL.

  N L
aW I VCTPFAS^MPVDGFFQSLPYiiLYBLLFPLHKVLYLLLFTFVNFW
k v ji- - - v c t p f a s ^ M p v d g f f q s l p y h l y p l l f p l h k v l y l f l f t f v n f w  
KWL-— v c t p f a s U p v d g y f q s l s y h iy p m il p l h k i s y l il f t f v n f w
KWL VCTPFAS^fflpV D GFLQ SISYH IY PLILPLH KV SYLILFTFVN FW
IWK IP T P FA S ^fflp iD G F L Q S L P Y H IY PF IF PL H K W Y L S L Y IL V N IW
rwK— i p t p f a s B H p v d g f l q s l p y h i y p f v f p l h k w y l g l y v l v n v w
lYNKQNTLSPFAGLAFHPLDGILQAVPHWALLLVPMHFSTHIALIFLEALW
lYNKQNTLSPFAGLAFHPLDGILQAVPHWALFLLPEHFTTHIALLFIEAIW
lYNKQNTLSPFAGLAFHPVDGILQAVPHVIALFIVPIHFTTHIGLLFMEAIW

C.
C.
c.
s.
H.
M.
N.
N.
A.

d u b l i n i e n s i s
a l b i c a n s
g l a b r a t a
c e r e v i s i a e
s a p i e n s
m u s c u l u s
t a b a c u m  1
t a b a c u m  2
t h a l i a n a

TVMIHDGSYWS NDPWNGTAC
TVMIHDGSYWS NDPWNGTAC
SVMIHDGQHMS NNPWNGTAC
TVMIH DGQY LS-----NN PAVNGTAC
TISIHDGDFRVPQILQPFINGSAH
TISIHDGDFRVPQILRPFINGSAH
T/^IH D C IH G K  VFPVMGAGY
TANIH DCKHAK-------VW PVMGAGy]
AANIHDCIHGN iw pv m g a g y I

N K
HLYFNYNYGQFTTLWDRLGNSYRRPDDSLFVKDQKKEEEKKIWKEQTR
^LYFNYNYGQFTTLWDRLGNSYRRPDDSLFVKDVKAEEEKKIWKEQTR

LYFNYNYGQFTTLWDRLGGSYRRPEDSLF--DPKLKMDKKVLEKQAR
|l y f n y n y g q f t t l w d r l g g s y r r p d d s l f - - d pk l r d a k e t w d a q v k

FFDYNYGQYFTLWDRIGGSFKNP— SSFEGKGPLSYVKEMTEGKRS
f f d y n y g q y f t l w d r ig g s f k h p — s s f e g k g p h s y v k n m t e k e s n

IRTYRHNYGHYTIWMDWMFGTLRDP------------------------------------VEEDAK
TYRHNYGHYTIWMDWMFGTLRDP------------------------------------VEDEVK

TTYKHNYGHYTIWMDWMFGSLRDP------------------------------------LLEEDD

C. d u b l i n i e n s i s QMEEIRGEVEGKVDDREYIDQ--------------
C. a l b i c a n s KMEEIRGEVEGKVDDREYVEQ--------------
C. g l a b r a t a ETAAYIQEVEGDDTDRVYNTD--KKKTN
S . c e r e v i s i a e EVEHFIKEVEGDDNDRIYENDPNTKKNN
H. s a p i e n s SHSGNGCKNEKLFNGEFTKTE--------------
M. m u s c u l u s S FAENGCKGKKVSNGE FTKNK--------------
N. t a b a c u m  1 KM------------------------------------------------------
N. t a b a c u m  2 KM--------------------------------
A. t h a l i a n a NKDSFKKAE----------------------------------------

F IG U R E  5.8. A lignm ent o f  deduced amino acid sequences o f  sterol C 5,6-desaturases in eight different 
species. The first four are yeast species, C. du b lin ien sis  (EM BL accession  no. A J421248, this study), 
C. albicans (G enBank accession  no. A F 069752), C. g la b ra ta  (G enBank accession  no. L 40390) and 
S. cerev is ia e  (G enBank accession  no. M 64989). The next tw o are mammalian species, H om o sa p ien s  
(GenBank accession no. A F 069469) and Mus musculus (G enBank accession no. ABO 16248) and the last 
three are plant species N ico tia n a  tabacum  (G enBank accession  no. A F 081794  and A F 099969) and 
A ra b id o p s is  th a lia n a  (G enB ank accession  no. X 9 0454). T he alignm ent w as generated w ith the 
CLU STALW  sequence alignm ent program (H iggins e t a l., 1998). Asterisks indicate identical residues, 
colons indicate conservative substitutions, dots indicate sem i-conservative substitutions and hyphens 
indicate gaps created to obtain alignm ent. Four histid ine-rich  putative iron-binding dom ains are 
highlighted in black. The conservative substitution o f  a threonine residue involved in the stabilisation o f  
the enzym e-substrate com plex in A. lh a lia n a  by a serine residue is highlighted in grey. A m ino acid 
mutations present in azole-resistant derivatives are designated above the sequences.
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FIGURE 5.9. Unrooted phylogenetic neigiibour-joining tree generated by the method of Saitou and Nei 
(Saitou & Nei, 1987) from an alignment of amino acid sequences o f C5,6-desaturases from eight species. 
The sequences used were: C. dubliniensis (EMBL accession no. AJ421248), C. albicans (GenBank 
accession no. AF069752), C. glabrata  (GenBank accession no. L40390), S. cerevisiae (GenBank 
accession no. M64989), Homo sapiens (GenBank accession no. AF069469), Mus musculus (GenBank 
accession no. AB016248), Nicotiana tabacum (GenBank accession no. AF081794 and AF099969) and 
Arabidopsis thaliana accession no. X90454). The scale bar represents 0.1 substitutions per
site. The numbers at each node were generated by bootstrap analysis and represent the number of times 
the arrangement occurred in 1000 randomly generated trees.



TABLE 5.6. Genetic distance matrix based on the comparison of yeast ERGS nucleotide sequences “

C. dubliniensis C  albicans C. glabrata 5. cerevisiae

C. dubliniensis _

C. albicans 8.9 -

C. glabrata 111 72.5 -
S. cerevisiae 69.1 70 66.9 ~

° Values correspond to percentages of difference corrected for multiple changes by the method of Jukes & 
Cantor (Jukes & Cantor, 1969).The following nucleotide sequences were used: C. dubliniensis (EMBL 
accession no.AJ421248), C. albicans (GenBank accession no. AF069752), C. glabrata  (GenBank 
accession no. L403390) and 5. cerevisiae (GenBank accession no. M64989).

TABLE 5.7. Genetic distance matrix based on comparison of Erg3p amino acid sequences “

C. dub C  alb C. gla S. cer H. sap M. mus N. tab I yV, tab 2 A. tha

C. dubliniensis -

C. albicans 6.7 -

C. glabrata 41.2 41.2 -

S. cerevisiae 41.1 41.1 28.6 -

H. sapiens 53.4 53.0 52.4 53.4 -

M. musculus 53.7 53.4 53.7 54.8 16.7 -

N. tabacum 1 75.5 71.4 73.7 72.9 74.3 74.3 -

N. tabacum 2 72.9 71.8 72.5 72.9 73.9 73.5 12.2 -

A. thaliana 72.9 111 72.5 T i l 71.6 71.6 25.9 27.3

“ Values correspond to percentages o f difference corrected for multiple changes by the method of Jukes & 
Cantor (Jukes & Cantor, 1969). Abbreviations; C. dub\ C. dubliniensis (EMBL accession no AJ421248), 
C. alb: C. albicans (GenBank accession no. AF069752), C. gla: C. glabrata (GenBank accession 
no. L40390), S. cer: S. cerevisiae (GenBank accession no. M64989) H. sap: H. sapiens (GenBank 
accession no. AF069469), M. mus: M. musculus (GenBank accession no. ABO 16248, N. tab I: N. 
tabacum sequence 1 (GenBank accession no. AF08I794), N. tab 2: N. tabacum  sequence 2 tabacum  
(GenBank accession no. AF099969) and A. tha: A. thaliana (GenBank accession no. X90454).



B

FIGURE 5.10. Chromosomal location of ERGS in C. duhliniemis. Whole chromosomes were separated 
by PFGE (A) and hybridised with a radiolabeled probe homologous to the CdERGS gene (B). The gel 
contains whole chromosomes from C. duhliniensis parental isolate CD36, its azole-resistant derivatives 
CD36-C and CD36-F and parental isolate CD570. The relative positions of molecular size markers (in 
megabases) are shown on the left of panel A.



conservatively substituted by a serine residue in CdErgSp ('^'Ser) and in the fungal and 

mammalian sterol C5,6-desaturases sequences (Fig. 5.8). An evolutionary tree was 

generated from the alignment of the amino acid sequences of Erg3p proteins using the 

neighbour-joining method o f Saitou and Nei (Fig. 5.9). This confirmed the relationship 

of C. dubliniensis  to other Candida species as determined using rRNA  and A C T l  

sequences (Donnelly et a l,  1999).

Southern analysis of C. dubliniensis chromosome-sized DNA molecules separated by 

pulsed-field gel electrophoresis with a radiolabeled probe homologous to the 530 bp 

internal region of the CdERG3 gene described above showed that the probe hybridised 

to a single chromosome-sized band in the azole-susceptible parental isolates CD36, 

CD570 and CD519-8 and their azole-resistant derivatives (Fig. 5.10 and data not 

shown).

5.3.3 Sequencing of CdERG3 genes from azole-resistant derivatives
The primer pair CAE3F/CDE3R (Table 5.1 and Fig. 5.1) was used to amplify the

CdERG3 genes from the azole-susceptible parents and their azole-resistant derivatives 

using a proof-reading polymerase. In each case, an amplimer o f 1.1 kb was obtained. 

All amplimers were cloned into pBluescript and sequenced. There were no differences 

between the deduced amino acid sequence o f parental isolate CD570 and the 

corresponding amino acid sequence of CD36 described in section 5.3.2, however, there 

were two amino acid residue differences (Q47H and V 1191) between this sequence and 

the deduced amino acid sequenced obtained from parental isolate CD519-8. Analysis of 

the sequences obtained for the azole-resistant derivatives revealed that all seven 

azole-resistant derivatives had alterations in the CdERG3 gene which conferred amino 

acid changes. Point mutations were found in derivatives CD36-C, CD36-F, CD570-A, 

CD570-C, CD570-D and CD519-8A. Derivatives CD570-B and CD519-8A were found 

to harbour deletions o f two base pairs which would introduce frameshifts during 

translation and therefore result in the synthesis of truncated proteins (Table 5.8).

Derivative CD36-C harboured two mutations, one o f which (H318N) is a 

substitution of a histidine residue in one of the conserved histidine-rich domains which 

have been shown to be essential for the desaturase activity of the sterol C5,6-desaturase 

enzyme (Rahier et a l ,  2000). The same H318N mutation was found in derivative 

CD36-C'^, which is clonally related to derivative CD36-C but the second mutation 

found in CD36-C (P272L) was not present in derivative CD36-C'^. Derivatives CD36-F
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TABLE 5.8. Mutations of CdERGS in C. dubliniensis azole-resistant derivatives

Derivatives Nucleotide sequence Amino acid sequence

parent derivative parent derivative

CD36-C'^ ’’^CAC AAC ' ‘*His Asn

CD36-C 8I4c £ t C IT ” ¥ ro Leu
” ^CAC AAC ^'*His Asn

CD36-F'® “’’*CAA AAA '“ Gin Lys

CD36-F ’̂*CAA AAA '“ Gin Lys

CD570-A 805^AT AAT*' ^®̂ His Asn

CD570-B 3 6 7 j i c ___C ‘̂ ^Phe Frameshift *

CD570-C ®’®CAA AAA“ ' ” Gln Lys

CD570-D ’"’c a a A A A “ ^̂ ’Gln Lys

C D 519-8A *-CAT CCT ^*His Pro"

CTC '“''Phe Leu
394t j a TCA '^Yeu S er''
433g j t GGT '“V a l G ly ''
4 6 4 j ^ T___ 's^Tyr Frameshift ‘

Mutations are homozygous unless otherwise stated.
° Presence of the mutation was confirmed by RFLP analysis 
* Frameshifl mutation introducing a stop codon at position 147 

Heterozygous mutation present in allele 1 only 
Heterozygous mutation present in allele 2 only 

‘ Frameshift mutation introducing a stop codon at position 194
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FIGURE 5.11. Restriction fragment length polymorphism (RFLP) analysis of CdERG3 amplimers from 
azole-resistant derivatives. PCR amplification was carried out using a proof-reading polymerase and the 
primer pair IERG3F and CDE3R1 (Table 5.1; Fig 5.1). Amplimers were digested with restriction 
endonucleases and electrophoresed on 2% (w/v) agarose gels. The molecular sizes (in bp) of DNA 
fragments are shown on the right of the panels (A) RFLP analysis of Pszl-digested amplimers. Lane 1; 
molecular weight markers (bp). Lanes 2 to 9: amplimers from derivative CD570-A from 8 separate 
reactions. Lane 10: amplimer from plasmid pEP56 which contains the wild-type CdERGS gene from 
parental isolate CD36. Lane 11: amplimer from plasmid pEP64 which contains the CdERGS gene from 
azole-resistant derivative CD570-A. Lane 12: negative control of PCR reaction. (B) RFLP analysis of 
^poI-digested amplimers. Lane 1: molecular weight markers (bp). Lanes 2 to 9: amplimers from 
derivative CD570-C obtained from 8 separate reactions. Lanes 10 to 17: amplimers from derivative 
CD570-D obtained from 8 separate reactions. Lane 18: amplimer from plamid pEP66 which contains the 
CdERGS gene from derivative CD570-C. Lane 19: amplimer from plasmid pEP56 which contains the 
CdERGS gene from parental isolate CD36. Lane 20: negative control of PCR reaction.



and CD36-F’  ̂ which are clonal shared the Q160K mutation in common. The point 

mutations P272L (in CD36-C), Q160K (in CD36-F), H269N (in CD570-A) and Q327K 

(in CD570-C and CD570-D) affect amino acid residues conserved in fungal and 

mammalian sterol C5,6-desaturases (Fig. 5.8). As well as the frameshift mutation, 

derivative CDS 19-8A harboured four heterozygous point mutations in the N-terminal 

region of CdErg3p, the least conserved region of the protein. (Table 5.8, Figs. 5.6 and 

5.8). While two independent derivatives of CD570, CD570-C and CD570-D, shared the 

same Q327K mutation, all other mutations identified were specific to each independent 

derivative.

In order to determine whether the mutations identified in the derivatives were 

homozygous or heterozygous or whether they may have been artefacts o f PCR 

amplification, five independent clones were sequenced for each derivative. Sequencing 

of five clones for each of all the azole-resistant derivatives determined that all mutations 

identified in the derivatives were homozygous with the exception of four heterozygous 

mutations present in derivative CD519-8A. In this derivative, two distinct alleles were 

identified, both sharing the frameshift mutation in common. In addition, when possible, 

(when m utations introduced or rem oved a restriction endonuclease site) 

restriction-fragment-length-polymorphism (RFLP) analysis was carried out to confirm 

the sequencing data (Fig. 5.11).

5.3.4 Heterologous expression of C</£'/?G'Jgenes in S. cerevisiae

5.3.4.1 Analysis o f  membrane sterol contents
In order to determine if the mutations identified in the azole-resistant derivatives

altered the function of the sterol C5,6-desaturase enzyme, the wild-type and mutant 

alleles of CdERGS were expressed in the null mutant (Aerg3) S. cerevisiae strain 

YLR056W  (ATCC no. 4002667). Firstly, the CdERGS alleles were subcloned in the 

yeast-shuttle expression vector pYES and transformed into YLR056W . In the pYES 

vector, the alleles were placed under the control o f the galactose-inducible G A L l  

promoter. To verify that the expression system worked, total RNA was extracted from 

cells growing exponentially in galactose-containing medium and Northern blot analysis 

was carried out using the 530 bp CdERGS amplimer described in section 5.3.2 as a 

probe. All transformants except the control showed high level expression o f CdERGS 

mRNA (Fig. 5.12.A).
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Total sterols were extracted from all transformants and were analysed by 

spectrophotometry as described above. As expected the UV absorption profile of the 

AergS S. cerevisiae strain YLR056W transformed with the control plasmid pYES 

lacked the peaks characteristic of ergosterol (Fig. 5.12.B). The absorption spectra of the 

transformants expressing the wild-type CdERG3 from the C. dubliniensis parental 

isolates CD36 and CD570 alleles showed peaks at 261, 273, 282 and 294 nm which are 

typical o f ergosterol indicating that these alleles were able to complement the 

sterol C5,6-desaturase function lacking in YLR056W since the presence of ergosterol 

could be detected. The sterol profile of the transformants expressing the mutant alleles 

lacked the ergosterol peaks, which indicated that these mutant alleles were not able to 

complement the sterol C5,6-desaturase function since ergosterol was not produced by 

these transformants. The sterol profile of the transformant expressing the CdERGS  

allele of CD570-A (EPY64) showed peaks typical of ergosterol which were lower than 

the peaks obtained with the wild-type alleles.

5.2.4.2 Susceptibility o f  S. cerevisiae transformants to azole drugs and metabolic 
inhibitors

Because defects in the enzyme sterol C5,6-desaturase have been associated with 

azole resistance, it was hypothesised that restoring sterol C5,6-desaturase function in 

the Aergi S. cerevisiae strain would increase its susceptibility to azole drugs. In order to 

test this hypothesis, the susceptibility to itraconazole and fluconazole o f the 

S. cerevisiae transformants expressing CdERG3 genes from the azole-susceptible 

parental isolates and their azole-resistant derivatives were determined by BMD. 

However, there was no increase in susceptibility to azole drugs in transformants 

expressing the wild-type CdERG3 genes from the azole-susceptible parental isolates 

compared to the azole susceptibility o f the control transformant expressing the pYES 

vector (Table 5.9). Moreover there was in fact a small decrease in the susceptibility to 

azoles in transformants expressing the CdERGS genes from the azole-susceptible 

parental isolates compared to the transformants expressing the CdERG3 genes from the 

azole-resistant derivatives.

Since the 6 C. dubliniensis  azole-resistant derivatives with a defective sterol 

C5,6-desaturase exhibited increased susceptibility to metabolic inhibitors, the effects on 

the susceptibility to these compounds of the heterologous expression of CdERG3 genes 

in the AergS S. cerevisiae YLR056W strain was investigated. The transformants 

expressing wild-type or mutated CdERGS genes were tested for their susceptibility to
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FIGURE 5.12. Expression of CdERGS alleles in S. cerevisiae YLR056W. (A) Northern blot analysis 
showing expression of CdERGS alleles in S. cerevisiae YLR056W. Cells were grown in defined medium 
supplemented with galactose. Total RNA was extracted from exponentially growing cultures and 15 ng 
were electrophoresed on a denaturing agarose gel. Following transfer to a nylon membrane, the blot was 
probed with a radiolabeled CdERGS probe. 25S ribosomal RNA was used as a control for RNA loading. 
(B) UV spectrophotometric profiles of non-saponifiable sterols extracted from the S. cerevisiae null 
mutant (ergSA) YLR056W expressing ERGS alleles from parent strains CD36 (EPY56) and CD570 
(EPY62), derivatives CD36-C (EPY59), CD36-F (EPY61) CD570-A (EPY64), CD570-B (EPY63), 
CD570-C (EPY66) and CD519-8A (EPY94) and a control transformed with the expression vector pYES 
(YES). Total sterols were extracted from 5x10* cells grown overnight in galactose-containing defined 
broth medium.



TABLE 5.9. Susceptibility to itraconazole and fluconazole of S', cerevisiae YLR056W transformants 
expressing CdERGS alleles

Transformant
MIC (ng/ml)

CdERGS allele
Itraconazole Fluconazole

YES vector only 1 4

EPY56 CD36 2 8

EPY59 CD36-C 1 4

EPY61 CD36-F 2 4

EPY62 CD570 2 8

EPY63 CD570-B 1 4

EPY64 CD570-A 2 4

EPY66 CD570-C 2 4

EPY93 CDS 19-8 A ( l ) “ 1 4

EPY94 CD519-8A(2)“ 1 4

“ Two distinct alleles were obtained for azole-resistant derivative CD519-8A

Jxj
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No drug control Fluphenazine 

(50 ^ig/ml)

Geneticin 

(25 ng/ml)

Hygromycin 

(50 ng/ml)

Rhodamine 6G 

(5 |Jg/ml)

FIGURE 5.13. Susceptibility o f YLR056W transformants to metabolic inhibitors. Each transformant was 
grown to exponential phase to a density of 2 x 10  ̂ cfu/ml in SC-URA broth containing 2% (w/v) 
galactose. Serial dilutions of each transformants were prepared and 4 1̂ o f each dilution were spotted on 
SC-URA 2% (w/v) galactose agar plates containing metabolic inhibitors which were incubated for 2 days 
at 30°C. The concentrations o f the compounds used are indicated for each plate.



metabolic inhibitors on agar plates containing fluphenazine, hygromycin, geneticin and 

rhodamine 6G. As expected, the transformants expressing the wild-type genes from the 

parental isolates were less susceptible to metabolic inhibitors than the transformants 

expressing the mutated CdERG3 genes from the azole-resistant derivatives and the 

control strain transformed with the pYES plasmid (Fig. 5.13).

5.3.5 Targeted replacement of CdERGS alleles
In order to unequivocally establish the relationship between the presence of

mutations in the CdERGS genes of the C. dubliniensis azole-resistant derivatives and 

their resistance to azole drugs, it was decided to reintroduce a wild-type allele of the 

CdERGS gene in the genome of the azole-resistant derivatives. The strategy chosen to 

do this was the targeted replacement o f a single mutated allele by a wild-type allele of 

the gene (Fig. 5.3). The allele replacement cassette was constructed using both the 

coding and non-coding sequences of the CdERGS gene from parental isolate CD36. To 

facilitate selection of transformants, the gene for mycophenolic acid (MPA) resistance 

was inserted in the 3' non-coding region of the CdERGS gene using a restriction site for 

Xba\ endonuclease which was introduced by inverse PCR (Fig. 5.3). The cassette 

was transformed into the cells o f the azole-resistant derivatives CD36-C, CD36-F, 

CD570-A, CD570-B, CD570-C and CD570-D and their parental isolates by 

electroporation and transformants were selected on agar plates containing MPA. 

Putative MPA-resistant recombinant transformants were analysed by Southern blot 

analysis to determine if the cassette had been integrated at the CdERGS locus in their 

respective genomes (Fig. 5.14). The cassette was integrated successfully at the CdERGS 

locus from parental isolates CD36 and CD570 (Fig. 5.14). In isolates CD36, and 

CD570, the CdERGS probe hybridised to an £coRI-digested fragment o f approximately 

3.4 kb, whereas in MPA-resistant transformant CD570-1 the probe hybridised to a 

second ^coRI-digested fragment of approximately 6.1 kb, thus showing that the cassette 

had been integrated by homologous recombination in this transformant. In transformant 

CD36-1, the CdERGS probe hybridised to a single E’coRI-digested fragment of 6.1 kb, 

suggesting that the cassette had been successfully integrated into both alleles o f the 

CdERGS gene. Despite several attempts, replacement of mutated CdERGS alleles with a 

wild-type allele by integration of the cassette was not successful in the azole-resistant 

derivatives (data not shown).
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FIGURE 5.14. Targeted CdERG3 allele replacement in C. dtthliniemis The allele-replacement cassette 
was constructed by inserting the MPA'^ in the 3' non-coding region of the wild-type CdERGS locus 
of azole-susceptible parental isolate CD36. The construct was transformed in C. duhliniensis parental 
isolates and their azole-resistant derivatives. Transformants were selected on medium containing MPA 
and were analysed by Southern blot analysis. Their £coRI-digested genomic DNA was electrophoresed 
on a 0.8% (w/v) agarose gel, transferred to a nylon membrane and hybridised with a radiolabeled probe 
homologous to the CdERG3 gene. CD570: azole-susceptible parental isolate; CD570-1: MPA-resistant 
transformant of CD570; CD36: azole-susceptible parental isolate; CD36-1: MPA-resistant CD36 
transformant. The sizes of molecular weight markers are shown in kilobases on the left of the panel.



5.4 Discussion
Six o f the seven azole-resistant derivatives described in Chapter 4 exhibited 

increased susceptibility to metabolic inhibitors and showed a reduction in energy- 

dependent efflux ability. These observations suggested that these six derivatives had 

aberrant membrane permeability which could be due to alterations in the ergosterol 

biosynthetic pathway. Moreover, these six derivatives exhibited decreased susceptibility 

to amphotericin B, a phenotype which has previously been linked to a modification of 

the ergosterol biosynthetic pathway involving a defect in sterol C5,6 desaturation (Kelly 

et a l,  1996; Nolte et a l, 1997). To determine if the azole-resistant derivatives were 

deficient in sterol C5,6-desaturase, the sterol contents o f their membranes were 

extracted and analysed. Derivatives CD36-C, CD36-F, CD570-B, CD570-C, CD570-D 

and CDS 19-8A did not produce ergosterol, which was consistent with a lack of sterol 

C5,6-desaturase activity in these derivatives (Table 5.5). This was not the case, 

however, for derivative CD570-A which contained ergosterol. However, although it 

accumulated ergosterol in its membranes like its parental isolate, there was a noticeable 

decrease in the membrane sterol contents between CD570-A and CD570 (Table 5.5). In 

order to identify mutations in the gene encoding sterol C5,6-desaturase (termed ERGS), 

it was first of all necessary to clone the C. dubliniensis ERGS gene which was found to 

be highly homologous (91.1%) to its C. albicans counterpart (Table 5.6). Sequence 

analysis of the CdERGS genes of the derivatives revealed that all seven derivatives 

(including CD570-A) harboured mutations which altered the amino acid sequence of 

CdErg3p (Table 5.8).

Heterologous expression studies in a AergS S. cerevisiae strain revealed that these 

mutations resulted in a loss of ErgSp function for six o f the seven azole-resistant 

derivatives. Mutated alleles of CdERGS (with the exception o f derivative CD570-A) 

were unable to complement the defective sterol C5,6-desaturase function in a AergS 

S. cerevisiae mutant, whereas wild-type parental alleles could restore this function 

(Fig. 5.12.A). The proposed explanation for the role of loss of function C5,6-desaturase 

mutations in azole resistance is that they suppress the toxicity associated with the 

formation of the metabolite 14a-methyl-3,6-diol in the presence o f azole drugs (Watson 

et al., 1989). Because o f this, it was hypothesised that the expression o f functional 

alleles of CdERGS in a AergS S. cerevisiae strain could result in an increased 

susceptibility to azole drugs due to the accumulation o f the toxic metabolite

91



14a-methyl-3,6-diol. Since the wild-type CdERGS alleles from the C. dubliniensis 

azole-susceptible parental isolates were shown to be functional in S. cerevisiae, the 

susceptibility to itraconazole and fluconazole o f S. cerevisiae transformants expressing 

these wild-type functional alleles was determined and compared to the susceptibility of 

S. cerevisiae transformants expressing the mutated CdERGS alleles. Despite being able 

to complement the defective C5,6-desaturation function in a AergS S. cerevisiae strain, 

the expression of CdERGS alleles from parental isolates CD36 and CD570 did not 

result in increased susceptibility to itraconazole and fluconazole (Table 5.9). It is 

possible that the substrate specificity o f CdErgSp was altered by heterologous 

expression in S. cerevisiae. If  this was the case, it is conceivable that the 

14a-methyl-3,6-diol metabolite did not accumulate in the presence of azole drugs. 

Another likely explanation is that the levels o f CdERGS expression achieved in the 

heterologous expression system were too low and thus not sufficient to confer toxicity 

due to the accumulation of the diol.

Expression of the wild-type CdERGS alleles in S. cerevisiae was associated with 

decreased susceptibility to metabolic inhibitors. This was also the case for the 

transformant expressing the CdERGS allele from derivative CD570-A. However the 

transformants expressing the alleles from derivatives CD36-C, CD36-F, CD570-B, 

CD570-C and CD519-8A exhibited similar susceptibility to metabolic inhibitors to the 

AergS S. cerevisiae strain (Fig. 5.13). These results suggested that a defect in 

C5,6-desaturation was associated with increased susceptibility to metabolic inhibitors in 

S. cerevisiae. This correlated well with the increased susceptibility to metabolic 

inhibitors observed in the C. dubliniensis azole-resistant derivatives CD36-C, CD36-F, 

CD570-B, CD570-C, CD570-D and CD519-8A which lack sterol C5,6-desaturase 

activity suggesting that the absence of C5,6-desaturation in these derivatives was 

responsible for the increase in susceptibility to metabolic inhibitors.

In an attempt to directly establish the relationship between the presence o f mutations 

in CdERGS and resistance to azoles in the C. dubliniensis derivatives, experiments were 

carried out to replace mutated CdERGS alleles by a wild-type allele. The strategy for 

targeted allele replacement involved transforming the cells o f the azole-resistant 

C. dubliniensis derivatives with a construct containing sequences spanning 2.3 kb of the 

CdERGS locus and a marker for MPA resistance (Fig. 5.3). As a control for the 

experiment, the cells of the azole-susceptible parental isolates CD36 and CD570 were 

also transformed with the construct. Transformants were selected on agar plates
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containing MPA and examined by Southern blot analysis to determine whether 

homologous recombination of the cassette had occurred at the CdERG3 locus. Targeted 

integration of the cassette was successful in the parental isolates CD36 and CD570 

(Fig. 5.14). Despite several attempts, the allele replacement strategy was not successful 

in the azole-resistant derivatives. This failure to obtain integrative transformants from 

the azole-resistant derivatives may have been caused by low efficiency of 

transformation due to their altered sterol profiles. Also, since the derivatives with a 

defect in C5,6-desaturation exhibit altered permeability to metabolic inhibitors, it is 

likely that the selection o f transformants on the basis of their resistance to MPA may 

have been hindered. Instead of the MPA resistance gene marker, it would have been 

preferable to use a selection process using a marker for auxotrophy which would not 

have been affected by membrane permeability alterations.

Although six o f the derivatives showed increased levels of CdCDRl and CdERGll 

expression, the data presented in this study are consistent with loss of function of 

CdERG3 as the primary mechanism for itraconazole resistance in six of the seven 

derivatives. The observed overexpression of CdERG ll in all derivatives is unlikely to 

be a major contributing factor to their azole resistance. Loss of function mutations of 

ERGS mediate azole resistance by exerting a suppressor effect on yeast cells lacking 

14a-lanosterol demethylase activity (W atson et a l ,  1989). Therefore, the observed 

overexpression o f the demethylase is both unnecessary and irrelevant for azole 

resistance in the derivatives with loss of function mutations in CdERGS. Moreover, the 

observed upregulation of C dERG ll is very likely to be a consequence o f the absence of 

ergosterol in the derivatives lacking sterol C5,6-desaturase activity. Indeed such a 

negative-feedback effect on the regulation of ERG 11 expression has previously been 

observed in a C. glabrata Aerg3 strain (Geber et al., 1995).

Because the derivatives with defective C5,6-desaturation exhibit increased CdCDRl 

expression, data from this study suggest a correlation between lack o f sterol 

C5,6-desaturase activity and overexpression of CdCDRl by azole-resistant derivatives. 

Consequently, it is conceivable that changes in membrane lipid composition affect 

factors involved in regulating CdCDRl expression as it has been proposed that Cdrlp is 

involved in phospholipid transport in C. albicans (Dogra et al., 1999; Smriti et al., 

2002). Since two of the parental isolates used in the present study were chosen because 

they harboured non-functional CdCDRl genes, overexpression of CdCDRl should have 

no effect on azole resistance. Therefore, it is somewhat surprising that their derivatives
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exhibited increased CdCDRl mRNA levels. In CD519-8A, the derivative harbouring a 

functional CdCDRl gene, overexpression o f CdCDRl is also unlikely to contribute to 

the azole-resistant phenotype since its energy-dependent efflux mechanisms were 

shown to be altered.

While loss o f function mutations in the C dER G 3  gene were observed in six 

derivatives exhibiting azole resistance, this was not the case for derivative CD570-A. 

This derivative exhibited levels of azole resistance which were similar to the other six 

derivatives and, like them, did not show cross-resistance to metabolic inhibitors. Unlike 

the other six derivatives, CD570-A did not exhibit reduced susceptibility to 

amphotericin B. Like the other six derivatives, derivative CD570-A exhibited elevated 

expression levels o f CdERGl 1 and there were no changes in the predicted amino acid 

sequence of C dE rg llp  which could, at least in part, explain its azole resistance 

phenotype. In contrast to the other six derivatives, expression o f C dC D R l was not 

elevated in CD570-A and energy-dependent efflux mechanisms were not altered. 

Although derivative CD570-A accumulated ergosterol in its membranes, there was a 

noticeable difference in overall membrane sterol contents between CD570-A and its 

parental isolate. The presence of a mutation in CdErg3p did not result in a loss of 

C5,6-desaturation activity as the heterologous expression of the CD570-A CdERG3 

gene was able to complement the defective sterol C5,6-desaturase activity of a Aerg3 

S. cerevisiae strain. The only obvious molecular mechanism of resistance that could be 

linked to the azole-resistant phenotype o f this derivative was the overexpression of 

CdERGl 1. However, given the high level of azole resistance in this derivative and 

considering that the increase in CdERGl 1 expression in this derivative was less than 

five-fold, it is unlikely that the upregulation of CdERGl 1 is the only contributing factor. 

While the reasons for this resistance in derivative CD570-A are as yet undetermined, 

the observed changes in membrane sterol content suggest that unidentified alterations of 

the ergosterol biosynthetic pathway could contribute to the azole-resistant phenotype in 

this derivative o f CD570. Also, one could hypothesise that the mutation identified in 

CdErgSp in this derivative could specifically change the affinity o f the C5,6-desaturase 

enzyme for its substrates, allowing it to catalyse the conversion o f episterol into 

ergosta-5,7,24 (28) trienol in the absence of azole drugs but preventing it from 

converting 14a-methyl fecosterol into the toxic metabolite 14a-methyl-3,6-diol in the 

presence of azoles. Analysing the membrane sterol contents of this derivative in the
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presence of azole drugs should provide insight into possible molecular mechanisms 

contributing to its azole-resistant phenotype.

In conclusion, results from the present study showed that mutations in sterol 

C5,6-desaturase were involved in the development o f high level, stable pan-azole 

resistance in C. dubliniensis following exposure to itraconazole in vitro. A summary of 

the investigation of resistance mechanisms of the in v?Yro-generated derivatives is 

presented in Table 5.10.
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TA B L E  5.10. Summary o f  the investigation o f  molecular resistance mechanisms in C. dubliniensis 
in v;7ro-generated azole-resistant derivatives

MIC (ng/m l)° CdErgl Ip Relative increase in expression ^ CdErg3p C5,6-desaturase
D erivative

Itra Flu mutations * C dE R G tl CdCD RI C d C i m  CdM D RI mutations * complementation

CD36-C 64 256 - 4.5 3 1 1 P272L, H318N -

CD36-F 64 256 - 4.5 5 1 1 Q160K -

CD570-A 64 256 - 4.5 1 1 1 H269N +

CD570-B 64 256 - 8 9 1 1 frameshift -

CD570-C 64 256 - 6 12 1 1 Q327K -

CD570-D 32 256 - 5 4 1 1 Q327K -

CDS 19-8 A 32 128 - 6.5 2.5 1 1 H28P, F104L, 

L132S, V145G, 

frameshift

-

“ MlCs were determined by BMD. Abbreviations: Itra, itraconazole; Flu, fluconazole.
* The presence o f  mutations in the CdERGI I and CdERGS  genes o f  the derivatives were determined by 
sequencing; (-) indicates the absence o f  mutation.

Relative increases in expression compared to respective parental isolates were determined using imaging 
densitometry o f  Northern blot analysis autoradiograms and were norm alised with the expression o f  the 
constitutively expressed CdTEF3 gene.

Com plem entation o f  C5,6-desaturase function by C dERG S  was carried out in the A ergS S. cerevisiae  
YLR056W  strain. (+) indicates complementation; (-) indicates lack o f  complementation.



Chapter 6

Investigation of the molecular mechanisms involved in 

reduced susceptibility to fluconazole and itraconazole 

in clinical C. dubliniensis isolates
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6.1 Introduction

The development of resistance to azole antifungal drugs used in the treatment of 

fungal infections is an important medical problem. Treatment failures have occurred 

following the extensive use of fluconazole in the management of Candida infections. In 

particular, resistance to azole drugs has been associated with relapses in oral candidosis 

in HIV-infected and AIDS patients (Muller et a l ,  2000; White, 1997; White et a l, 

1997). In patients treated with azole drugs, the presence of an azole-resistant strain can 

be due several factors. In particular the replacement of an azole-susceptible Candida 

strain with an azole-resistant strain of the same species or o f a species which is 

intrinsically more resistant to azole drugs has been documented (Bart-Delabesse et al., 

1993; Lischewski et al., 1995; McCullough & Hume, 1995; Pfaller et al., 1994; White 

et al., 1998). While resistance to fluconazole in clinical isolates of C. dubliniensis has 

been observed previously (Moran et al., 1997; Perea et al., 2002; Ruhnke et al., 2000) 

and in the present study, resistance to itraconazole has not yet been observed in 

C. dubliniensis clinical isolates perhaps because itraconazole has not been extensively 

used to treat oral infections caused by C. dubliniensis. However reduced susceptibility 

to this drug has been observed in some clinical isolates (Chapter 3). Furthermore, in 

vitro  experiments described in Chapter 4 have shown that it is possible to induce 

resistance by exposing susceptible C. dubliniensis isolates to increasing levels of 

itraconazole. In these in viYro-generated resistant derivatives, resistance to itraconazole 

was associated with cross resistance to other azole drugs. As discussed in Chapter 5, the 

primary mechanism of azole-resistance in these derivatives was the presence of loss of 

function mutations in the CdERGS gene encoding sterol C5,6-desaturase. Prior to the 

present study, defects in C5,6-desaturation had not been associated with azole resistance 

in C. dubliniensis and the primary mechanism o f resistance to fluconazole in this 

species was thought to be overexpression of the multidrug resistance gene CdMDRl.

The aim o f the present section of this study was to investigate molecular mechanisms 

associated with reduced susceptibility to itraconazole in clinical isolates of 

C. dubliniensis. In order to carry out an in depth investigation, all the molecular 

mechanisms which have been previously associated with azole-resistance in 

C. dubliniensis (Moran et al., 1998; Perea et al., 2002) as well as those described in 

Chapter 5, were examined in matched clinical isolates of C. dubliniensis with reduced
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susceptibility to itraconazole. Since itraconazole is not w idely used to treat oral 

candidosis in Ireland, the C. dubliniensis clinical isolates included in this study were 

obtained from an AIDS patient with recurrent oral candidosis receiving fluconazole 

treatment.
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6.2 Materials and methods

6.2.1 C. dubliniensis clinical isolates
The four clinical C. dubliniensis isolates included in this section of the present study

were recovered simultaneously, along with eight other single-colony C. dubliniensis 

isolates, from a single sample obtained in November 1997 from an AIDS patient 

attending the Dublin Dental Hospital showing persistent symptoms of oral candidosis 

despite fluconazole treatment. Identification of the isolates recovered from the sample 

was carried out as described in section 2.1.4. All C. dubliniensis isolates were found to 

belong to C. dubliniensis genotype 3 (Gee, 2002). The isolation of these C. dubliniensis 

isolates from the sample was concomitant with the isolation of several single-colony 

C. albicans isolates.

6.2.2 Escherichia coli and S. cerevisiae strains
The E. coli strain XL2-Blue was used as the host strain for plasmid

pBluescript II KS(-) and its recombinant derivatives as described in section 2.1.2.

The S. cerevisiae strain YKKB-13 (Sanglard et a l,  1995) (section 2.12), was used as 

the host for the expression plasmids pYES and pAAH5 to express the CdERG ll and 

CdMDRl genes, respectively.

6.2.3 Susceptibility testing procedures

6.2.3 ] Susceptibility testing o f C. dubliniensis clinical isolates
Susceptibility testing of C. dubliniensis isolates was carried out by HMD as

described in section 2.2.1

6.2.3 2 Susceptibility testing o f S. cerevisiae transformants
Susceptibility testing of S. cerevisiae YKKB-13 transformants expressing CdERGll

genes to azole drugs was carried out by broth microdilution at 30°C in SC-URA broth 

with 2% (w/v) galactose.

Sisceptibility testing of S. cerevisiae YKKB-13 transformants expressing CdMDRl 

genes to azole drugs and metabolic inhibitors was carried out by broth microdilution at 

30°C in SC-LEU broth containing 2% (w/v) glucose. Additional susceptibility testing 

was cetermined on solid SC-LEU agar containing 2% (w/v) glucose.
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6.2.4 PCR amplification, cloning and sequencing of CdERGll and CdMDRl 
sequences

6.2.4.1 PCR amplification, cloning and sequencing o f  CdERG ll sequences
The primer pair E R G llF /R  (Table 4.2.) was used to amplify the C. dubliniensis

ERG 11 gene. PCR amplification was performed using the Expand PCR System proof

reading polymerase and the standard PCR conditions described in section 2.4.2. The 

amplimers obtained were either sequenced directly or cloned in the yeast expression 

vector pYES (as described in section 2.4.4) and sequenced using the sequencing primers 

shown in Table 4.2.

6.2.4.2 PCR amplification, cloning and sequencing o f  CdMDRl sequences
The primer pairs BENRN/C and PROF/R (Table 6.1) were used to amplify the

CdMDRl ORE and promoter sequences respectively. PCR amplification was carried out 

using the Expand PCR System proof-reading polymerase and the standard PCR 

conditions outlined in section 2.4.2. The amplimers were either directly sequenced 

using the sequencing primers shown in Table 6.1. or cloned in the yeast expression 

vector pAAH5.

6.2.5 Heterologous expression of C. dubliniensis genes in S. cerevisiae
Plasmid pYES was used to express CdERGl 1 alleles in the azole-hypersusceptible

S. cerevisiae strain YKKB-13 as described in section 2.1.2. Briefly, the C d E R G ll  

genes were amplified by PCR as described above and cloned into pYES as described in 

section 2.4.4.

Plasmid pAAH5 was used to express CdMDRl genes in YKKB-13 as described in 

section 2.1.2.
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T A B L E  6.1. N ucleo tide sequences o f  prim ers used to am plify  and sequence C d M D R l

Primer Nucleotide sequence (5'-3') “ Restriction
site

Nucleotide 
coordinates *

Reference

Clonine orimcrs:

CdMDRIF AAAAGCTTATGCATTACAGATTTTTAAGAG HindUl 1 to 22 (Moran e /a /., 1998)

CdMDRl R AAAAGCTTCTATTTAGCATATTTCGATCTT Hindlll 1674 to 1653 (Moran etai., 1998)

PROF CAAAACGTGTTAGAATTGCGC n/a -882 to -862 Moran, unpublished

PROR CTCTACCAACAAAACTATCTC n/a 40 to 20 Moran, unpublished

Seauencina primers:

MDRl-1 ATGCATTACAGATTTTTAAGA n/a 1 to 22 (Moran et a i ,  1998)

MDRl-2 CTATTTAGCATATTTCGATCT n/a 1653 to 1674 (Moran et al., 1998)

MDRl-3 AGATTGAGAGCAATCACTGG n/a 904 to 923 (Moran, 1998)

M DRl-4 GGGAAAACTTGTTCTTCGCG n/a 1259 to 1240 (Moran, 1998)

MDRl-5 ATCAAAACGTGTTAGAATTGC n/a -884 to -864 (Moran, 1998)

M DRl-6 ATCCATCAAACTGTGAT n/a -771 t o -755 This study

n/a: not applicable
“ R estriction  endonuclease  recognition  sites included in the prim er sequences are underlined . T here w as 
no restriction endonuclease site included in the sequences o f  the prim ers used in sequencing  reactions.
 ̂ N ucleo tide  coord inates o f  the C. dub lin iensis  gene  (w here  position  +1 co rresponds to  the first base o f  

the A TG translational start codon).



6.3 Results

6.3.1 Isolation and fingerprinting of C. dubliniensis clinical isolates with reduced 
susceptibility to azole drugs

Four single colony isolates of C. dubliniensis (CDS 19-1, CDS 19-7, CDS 19-8 and 

CDS 19-14), all belonging to genotype 3, were recovered (along with other 

single-colony C. dubliniensis and C. albicans isolates) from the same clinical specimen 

obtained from a patient with oral candidosis receiving fluconazole treatment. These 

isolates exhibited a range o f susceptibility to fluconazole (MIC range O.S to 8 |o,g/ml), 

itraconazole (MIC range 0.06 to O.S |o,g/ml), ketoconazole (MIC range from 0.07 to 

0.12S |j.g/ml), voriconazole (MIC range 0.07 to 0.12S |ig/ml) and posaconazole (MIC 

range 0.01 to 0.2S) (Table 6.2). One isolate, CDS 19-8, was susceptible to all the azole 

drugs tested while the other three isolates (CDS 19-1, CDS 19-7 and CDS 19-14) showed 

reduced susceptibility to these drugs (Table 6.2; see also Table 3.6).

To determine the relatedness between these isolates, they were analysed by Southern 

hybridisation with the C. dubliniensis-?,\)QCific probe Cd2S (Joly et a l,  1999). The four 

isolates yielded similar Cd2S-generated fingerprint profiles, which were significantly 

different from the fingerprint profile obtained from C. dubliniensis type strain CD36 

which was used as a reference in fingerprinting procedures (Fig. 6. LA). However, the 

Cd25-generated fingerprint profile of CDS 19-14 contained three polymorphic bands 

(indicated by arrows on Fig 6.1.A) which were not present in the fingerprint profiles of 

isolates CDS 19-1, CDS 19-7 and CDS 19-8. This suggested that, although isolate 

CDS 19-14 was closely related to the other three isolates, it had undergone 

microevolution in vivo. To further examine microevolution, the isolates were examined 

by Southern hybridisation with the Cd24 probe (Joly et al., 1999). While the 

Cd24-generated fingerprint profiles obtained for the four isolates were significantly 

different from the profile yielded by CD36, they were identical to each other and did not 

show the presence o f microevolution (Fig. 6.1.B). Finally, the karyotypes o f the four 

isolates were analysed by pulsed-field gel electrophoresis. The four clinical isolates 

yielded identical karyotype profiles which were distinct from the karyotype profile of 

CD36 (Fig. 6.1.C). Taken together, the results o f the Southern blot and karyotype 

fingerprinting experiments showed that the four isolates examined were closely related 

to each other.
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TA B LE 6.2. Susceptibility  to azole drugs o f  four C. dubliniensis isolates recovered from the same 
clinical sample

MIC (ng/ml) “

Fluconazole Itraconazole Ketoconazole Voriconazole Posaconazole

CD519-1 8 O.S 0.I2S 0.125 0.25

CDS 19-7 8 0.2S 0.12S 0.125 0.125

CDS 19-8 0.5 0.06 <0.07 0.07 <0.01

CDS19-14 8 O.S 0.12S 0.125 0.125

“ MICs were determined by broth microdilution as described in section 2.2.1.
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FIGURE 6.1. DNA fingerprint patterns of C. dubliniensis clinical isolates CD519-1, CD519-7, CD519-8, 
CD519-14 and reference isolate CD36. (A) Cd25 hybridisation patterns of £coW-digested genomic DNA. 
The relative positions of molecular size reference markers (in kilobases) are indicated on the left of the 
panel. (B) Cd24 hybridisation patterns of EcoM-digested genomic DNA. The relative positions of 
molecular size reference markers (in kilobases) are indicated on the left of the panel. (C) Electrophoretic 
karyotype patterns of C. dubliniensis clinical isolates CD519-1, CD519-7, CD519-8, CD519-14, 
C. Jubliniensis reference isolates CD36 and Cml and C. albicans reference isolate 132A. The relative 
positions of molecular size reference markers (in megabases) are indicated on the left of the panel.



6.3.2 Susceptibility to metabolic inhibitors
Because resistance to azole drugs is frequently associated with resistance to other

antifungal drugs and metabolic inhibitors, the four clinical isolates were tested on agar 

medium for their susceptibility to benomyl, 4NQ0, 5-fluorocytosine, crystal violet and 

1,10 phenanthroline. The four isolates had similar susceptibility to all compounds tested 

except for benomyl (Fig. 6.4). Surprisingly, the clinical isolates with reduced 

susceptibility to azole drugs showed increased susceptibility to benomyl while 

azole-susceptible isolate CDS 19-8 exhibited the same level of susceptibility to benomyl 

as C. dubliniensis isolate CD33 (Table 3.1) which was included as a control in the 

experiment (Fig. 6.2).

6.3.3 Analysis of membrane sterols
In order to determine whether the decreased susceptibility for azole drugs observed

in the clinical isolates CDS 19-1, CDS 19-7 and CDS 19-14 could be due to a defect in the 

enzyme sterol CS,6-desaturase, the non saponifiable sterols present in their membranes 

were analysed by GC/MS. This analysis showed that all four clinical isolates 

accum ulated ergosterol in their m em branes, w hich indicated  that the 

sterol CS,6-desaturation function was intact in all four clinical isolates (Table 6.3).

6.3.4 Expression and sequence analysis of CdERGll

6.3.4.1 Expression o f  the CdERGll gene
In order to investigate whether overexpression of the enzyme lanosterol demethylase

(C dE rg llp ) was involved in mediating reduced susceptibility to azole drugs in the 

clinical isolates CDS 19-1, CDS 19-7 and CDS 19-14, expression levels o f the CdERGll 

gene in these isolates and the azole-susceptible clinical isolate CDS 19-8 were examined 

by Northern blot analysis. There was no significant elevation o f C dER G l 1 mRNA 

levels in any of the four clinical isolates examined (Fig. 6.3).

6.3.4.2 Sequencing and heterologous expression o f  CdERG ll alleles
In order to determine if mutations in the 14a-lanosterol demethylase enzyme could

be responsible for the reduction of susceptibility to azole drugs observed in three of the 

clinical isolates, the C dERG ll genes from all four isolates were amplified by PCR and 

sequenced. In each case, fragments o f the expected length (1.6 kb) were obtained. To 

reduce PCR errors, a proof-reading polymerase was used. All isolates had identical
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No dmg control Benomyl 
(50 ng/ml)

4NQ0 
(0.05 ng/ml)

5-Fluorocytosine 
(0.1 ng/ml)

Crystal violet 
(0.1 ng/ml)

1,10 Phenanthroline 
(10 ng/ml)

FIGURE 6.2. Susceptibility of C. duhliniensis clinical isolates to metabolic inhibitors. Isolates CD519-1, 
CD519-7, CDS 19-8 and CD519-14 were isolated simultaneously from the same patient and exhibit 
different susceptibility to azole drugs. Isolate CDS 19-8 is susceptible to fluconazole and itraconazole 
while isolates CDS19-1, CDS19-7 and CDS19-14 are susceptible-dose-dependent for these drugs. Isolate 
CD33 was included for comparison. Each isolate was grown to exponential growth phase to a density of 
2xl0’ cells/ml and 4 jil were spotted in a dilution series on YPD agar plates containing fixed 
concentrations of metabolic inhibitors as indicated. Plates were incubated for 48 h at 30°C.



T A B L E  6.3. Sterols accumulated by C, dublin iem is clinical isolates in order o f  retention time

Isolate Accumulated stero ls" Isolate Accumulated sterols “

CDS 19-1 15.3 % ergosta-tetraenol 

6 1 .2%  ergosterol

8.3 % episterol 

2.8 % obtusifoliol

12.4 % unknown sterols

CDS 19-8 16.8%  ergosta-tetraenol 

SS.8 % ergosterol 

6.7 % fecosterol 

6.0 % episterol 

1.8%  obtuslfoliol 

12.8%  unknown sterols

CDS 19-7 17.8%  ergosta-tetraenol CD519-14 21 .3%  ergosta-tetraenol

61.S%  ergosterol 63.2 % ergosterol

3.7 % fecosterol 2.9 % fecosterol

1.5 %  episterol 5.0 % episterol

3 .0%  obtusifoliol 3.1 % obtusifoliol

6.7 % unknown sterols 4.5% unknown sterols

" Sterols w ere extracted from ce lls  grown overnight in Y EPD  broth at 30°C  and analysed by gas 
chromatography and mass spectrometry as described in section 2 .1 3 .2 .



CcJMDRI

C dE R G ll

CdTEF3

FIGURE 6.3. Expression of CdCDRl, CdCDR2, CdMDRl and CdERGII in C. duhliniensis clinical 
isolates analysed by Northern blot of total RNA from clinical isolates CD519-1, CD5I9-7, CD519-8 and 
CD519-14. Total RNA was extracted from exponentially growing cultures, and 15 |ig were 
electrophoresed on a denaturing agarose gel. Following transfer to a nylon membrane, the blots were 
sequentially probed with radiolabeled DNA probes homologous to CdMDRl, CdCDRI, CdCDR2, 
CdERGI I and the constitutively expressed CdTEFS gene. Expression of CdTEf '3 was used as an internal 
control for RNA loading.



CdERG ll nucleotide sequences which contained polymorphisms (II88V, V402G and 

R499K) compared with the CdERGll sequence obtained from the C. dubliniensis type 

strain CD36 (section 4.3.3; Fig.4.4).

In addition to the sequencing data and in order to unequivocally determine if 

mutations in the 14a-lanosterol demethylase enzyme could be responsible for the 

decreased susceptibility to azole drugs in the C. dubliniensis clinical isolates, the 

CdERG ll genes from two isolates with differing susceptibility to azole drugs (CDS 19-1 

and CDS 19-8) were expressed in the azole hypersusceptible S. cerevisiae strain 

YKKB-13. The susceptibility to itraconazole and fluconazole of the S. cerevisiae 

transformants expressing CdERG ll genes from clinical isolates CDS 19-8 and CDS 19-1 

were determined by BMD. To verify that the expression system worked, total RNA was 

extracted from cells growing exponentially in galactose-containing medium and 

Northern blot analysis was carried out using a probe homologous to the CdERG ll gene. 

All transformants except the control showed high level expression of CdERGl 1 mRNA 

(Fig. 6.4). There was no difference in susceptibility to azole drugs in transformants 

expressing the C dERG ll alleles from the azole-susceptible isolate CDS 198 compared 

to the azole susceptibility o f the transformant expressing the CdERG l 1 alleles from 

isolate CDS 19-1 (Table 6.4). This confirmed that there were no alteration in the 

susceptibility to azole drugs of the enzyme 14a-lanosterol demethylase encoded by the 

CdERGll alleles from isolate CDS 19-1.

6.3.5 Accumulation of [^H]fluconazole
In order to determine if reduced accumulation of drug contributed to the difference in

MICs observed between the CDS 19 clinical isolates, the accumulation levels o f 

[^H]fluconazole were examined in all four isolates. The isolates were examined at a 

single time-point following 20 minutes exposure to [^HJfluconazole (Fig. 6.S). Isolates 

with reduced susceptibility to itraconazole and other azoles showed lower accumulation 

levels o f [^H]fluconazole compared to the azole-susceptible isolate CDS 19-8. The 

azole-susceptible CDS 19-8 yielded an average of 442 cpm/lO’ cells following a 20 min 

exposure to [^HJfluconazole while isolates CDS 19-1, CDS 19-7 and CDS 19-14 which 

had significantly reduced susceptibility to azoles yielded an average o f 26S cpm/lO’, 

304 cpm/10^ and 308 cpm/10^ respectively. This showed that in these isolates, reduced 

susceptibility to azoles was associated with reduced intracellular accumulation o f drug, 

suggesting an increased efflux of fluconazole in these isolates.
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TABLE 6.4. Susceptibility to itraconazole and fluconazole of S. cerevisiae transformants expressing 
CdERGll alleles

Transformant CdERGll allele
MIC (^g/ml) “

Itraconazole Fluconazole

YKYES vector only 0.06 1

EPY81 CDS 19-1 0.06 2

EPY82 CDS 19-1 0.06 1

EPY83 CDS 19-1 0.06 1

EPY95 CDS 19-1 0.06 1

EPY96 CDS 19-1 0.06 1

EPY85 CDS 19-8 0.06 1

EPY86 CDS 19-8 0.06 1

EPY87 CDS 19-8 0.06 1

EPY88 CDS 19-8 0.06

EPY89 CDS 19-8 0.06 1

EPY90 CDS 19-8 0.06 1

“ MICs were determined by BMD in SC-URA broth supplemented with 2% (w/v) galactose.

CdERG ll

25 S rRNA

FIGURE 6.4. Northern blot analysis showing expression of CdERGll alleles in S. cerevisiae YKKB-13 
(ApdrS) transformants harbouring cloned CdERGll genes. Cells were grown in defined medium 
supplemented with galactose. Lane 1: YKKB-13, lanes 2 to 10: YKKB-13 transformants expressing 
CdERGll alleles. Total RNA was extracted from exponentially growing cultures and 15 ng were 
electrophoresed on a denaturing agarose gel. Following transfer to a nylon membrane, the blot was 
hybridised with a radiolabeled probe homologous to the CdERGll gene. 25S ribosomal RNA was used as 
a control for RNA loading.
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FIGURE 6.5. Accumulation o f  [^HJfluconazole in C. dubliniensis clinical isolates. Accumulation levels 
were determined following 20 min incubation in the presence o f  [^H]fluconazole. Isolates were all 
recovered simultaneously from an AIDS patient with fluconazole-recalcitrant oral candidosis. Isolate 
CD519-8 was found to be susceptible to all azoles tested while isolates C D 519-I,  CD519-7 and 
CDS 19-14 showed decreased susceptibilities to these drugs.



6.3.6 Glucose-induced rhodamine 6G (R6G) efflux
In order to more closely examine energy-dependent efflux mechanisms in the clinical

isolates with reduced-susceptibility to azole drugs, the uptake and glucose-mediated 

efflux of R6G were measured in these isolates and compared to those of the 

azole-susceptible isolate CDS 19-8. As described in Chapter 4 (section 4.3.7), the 

method used in this study directly assessed the efflux of R6G by measuring 

extracellular concentrations of R6G following the addition of glucose to energy-starved 

cells. In the absence of glucose, the extracellular R6G concentrations were similar in all 

four isolates which reflected similar levels of R6G uptake (Table 6.5). However, in the 

presence of glucose, the extracellular R6G concentration of the azole-susceptible isolate 

CDS 19-8 was markedly lower than the extracellular R6G concentrations of isolates 

CDS 19-1, CDS 19-7 and CDS 19-14 (Fig 6.6 and Table 6.5). This showed that in the 

isolates with reduced susceptibility to azole drugs, energy-dependent efflux was 

increased. This result mirrored the decrease in [^HJfluconazole accumulation observed 

in these isolates and suggested that reduced susceptibility to azoles in isolates CDS 19-1, 

CDS 19-7 and CDS 19-14 was associated with increased energy-dependent efflux.

6.3.7 Expression of multidrug efflux transporter genes
Northern blot analysis was carried out in order to determine if the observed increase

in energy-dependent efflux in the clinical isolates with reduced susceptibility to azole 

drugs correlated with increased expression of multidrug resistance genes. The three 

isolates with reduced susceptibility to azole drugs showed increased mRNA levels of 

the two multidrug resistance genes CdCDRl and CdCDR2  compared to the 

azole-susceptible isolate CDS 19-8 (Fig. 6.3). CdCDRl expression was increased by 

approximately S-fold, 2-fold and 6-fold in isolates CDS 19-1, CDS 19-7 and CDS 19-14 

respectively. Expression of CdCDR2 was increased by approximately 21-fold, 12-fold 

and 17-fold in isolates CDS 19-1, CDS 19-7 and CDS 19-14 respectively. However, this 

was not the case for the multidrug resistance gene CdMDRl, the expression of which 

was not detectable in any of the four clinical isolates (Fig. 6.3).
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TABLE 6.5. Rhodamine 6G uptake and glucose-induced efflux from C. duhliniemis clinical isolates

Isolate R6G uptake * * 

(nmol/10®cells)

glucose-induced R6G efflux ° 

(nmol/10®cells)

CD519-1 9.5S±0.12 3.06 ± 1.62

CDS 19-7 9.61 ±0.04 2.89 ± 1.31

CDS 19-8 9.74 ± 0.00 1.81 ±0.71

CDS18-14 9.61 ±0.09 3.03 ± 1.50

“ The values are mean ± S.D. and are from at least two sets of independent experiments.
* R6G uptake was calculated by subtracting the value of R6G extracellular concentration after 30 min 
incubation in glucose-free PBS from the initial value of R6G concentration added to the medium. 
Glucose-induced efflux was calculated by subtracting the value of R6G extracellular concentration in the 

absence of glucose from the value of R6G extracellular concentration in the presence of glucose.
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FIGURE 6.6. Glucose-induced rhodamine 6G efflux from clinical isolates. Cells were incubated with 
10 |iM R6G at 37°C. After 30 min incubation in glucose-free phosphate-buffered saline, glucose was 
added to a final concentration of 10 ^M. After a further 30 min incubation with or without glucose at 
37°C, cells were centrifuged and the absorption of the resulting supernatant was measured ate 527 nm. 
The concentration of R6G was calculated using a standard concentration curve of R6G. R6G efflux was 
calculated by subtracting the value of R6G extracellular concentration in the absence of glucose from the 
value of R6G extracellular concentration in the presence of glucose. Each bar indicates the standard 
deviation of the mean of 2 sets of experiments



6.3.8 Analysis of CdMDRl ORF and promoter sequences
In opposition to previously established mechanisms of resistance to fluconazole in

C. dubliniensis, reduced susceptibility to azole drugs in C  dubliniensis clinical isolates 

CDS 19-1, CDS 19-7 and CDS 19-14 did not correlate with overexpression of CdMDRl. 

For this reason, it was decided to study the CdMDRl gene from the four C. dubliniensis 

CDS 19 isolates. The ORF and promoter sequences from these isolates were amplified 

by PCR using the primer pairs BENRN/C and PROF/R respectively (Table 6.1) and 

sequenced. Fragments o f the expected sizes (approximately 1.7 kb for the CdM DRl 

ORF and 920 bp for the CdMDRl promoter) were obtained in each case. In order to 

reduce PCR errors, all PCR reactions were carried out using a proof-reading polymerase 

(Expand PCR System). Sequence analysis of the four ORFs showed that the sequences 

obtained for the four clinical isolates were identical and contained five polymorphisms 

(D32G, T68S, AlOS, T307I and E41SK) which affected the amino acid sequence o f the 

CdM drlp protein compared with the published sequence o f CdMDRl obtained from 

isolate CD36 (EMBL accession no. AJ2277S2) (Moran et a i,  1998) (Table 6.6 and Fig. 

6.7).

Sequence analysis of the CdMDRl promoter region showed that promoter sequences 

obtained from the clinical isolates CDS 19-1, CDS 19-7, CDS 19-8 and CDS 19-14 were 

identical. However, there were several nucleotide differences between the sequence 

obtained from isolate CD36 and the sequence data obtained from the four isolates 

CDS19-1, CDS19-7, CDS19-8 and CDS19-14 (Fig. 6.8).

6.3.9 Heterologous expression of CdMDRl
Finally, in order to find out if  the polymorphisms found in the CdMDRl gene from

the CDS19 isolates affected the function of the CdM drlp pump, the CdMDRl gene was 

heterologously expressed in an azole-hypersusceptible strain o f S. cerevisiae. The 

CdMDRl gene from isolate CDS 19-1 was amplified by PCR, cloned into the expression 

vector pAAHS and transformed in S. cerevisiae strain YKKB-13 which is deficient for 

PDR5, the S. cerevisiae homologue of the CdCDRl gene. The YKKB-13 transformant 

expressing the CdMDRl from CDS19-1 (EPY84) was subjected to susceptibility testing 

with fluconazole and metabolic inhibitors on solid media. For comparative purposes, 

the YKKB-13 transformant expressing the CdMDRl gene from isolate CD36 (YGM3) 

(Moran et a l ,  1998) and the YKKB-13 transformant harbouring the empty vector

lOS



T A B L E  6.6. Sequence divergence o f  C dM D RI alleles in C. dubliniensis

DNA sequence amino acid sequence

CD36" CD519'’ CD36“ CD519*

’"GAT GGT ^^Asp Gly

205a c t AGT “̂ Thr Ser

313g c t ACT '“ Ala Thr

’ '“’a c t A IT “̂■'Thr He

'̂ "̂ g a a AAA "‘^Glu Lys

° C. dubliniensis type strain NCPF 3949
*T he sequence o f  the C d M D R I  gene w as determ ined in four isolates o f  the sam e strain: C D 519-1, 
CDS 19-7, CDS 19-8 and CDS 19-14

CD36 MHYRFLRDSFVGRWYHLSKHKYFAHPEEAKDYIVPEKYLADYKPTLGDDTSINFEKEEIDNEGEPNSTQSSSNNTV 77
CD519 MHYRFLRDSFVGRWYHLSKHKYFAHPEEAKGYIVPEKYLADYKPTLGDDTSINFEKEEIDNEGEPNSSQSSSNNTV 77

CD36 VSNTNEDDKIIVTWDGDDDPENPQNWPALQKAFFIFQISFLTTSVYMGSaWTPGieELMHDFGIGRWATLPLTLF 154
CD519 VSNTNEDDKIIVTWDGDDDPENPQNWPTLQKAFFIFQISFLTTSVYMG^VYTPGIEELMHDFGIGRVVATLPLTLF 154

* * * * * * * * * * * * * * * * ♦ * * * * * * * * * * . * * * * * ♦ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * *

CD36 VIGYGVGPLVFSPM SENAIFGRTSIXlVTLFLFVILQIPTALVNNIAGgClLRFLGGFF^PCLATGGASVADW KF 231
CD 519 VIGYGVGPLVFSPM SENAIFGRTSlYlVTLFLFVILQIPTALVNNIAGgClLRFLGGFftePCLATGGASVADW KF 231

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CD36 WNLPVGLAAWSLGAVCtSPSFGPFFGSILTVKAS^HTFWFMCIISGFSFVMLCFTI^BFSKTLLYRKAKRLRAITG 308
CD519 WNLPVGLAAWSLGAVCGPSJSPFFGSILTVKAS^aTFW FMCIISGFSFVMLCFTI.IHE'SKTLLYRKAKRLRAIIG 3 08

CD36 NNRITSEGEIENSKMTSHELIIDTLW RPLEITVMEPW LLINIYIAM VYSILYLFFEVFPIYFIGVKHFTLVELGTT 3 8 5
CD 519 NNRITSEGEIENSKMTSHELIIDTLW RPLEITVMEPW LLINIYIAM VYSILYLFFEVFPIYFIGVKHFTLVELGTT 3 8 5

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CD36 YM SIVIGIVIAAFIYIPVIRQKFTKPILREEQVFPEVFIPIAIVGGILLTSGLFIFGW SANRTTHHVGPLFGAAITA 4 62
CDS 19 YMSIVIGIVIAAFIYIPVIRQKFTKPILRKEQVFPEVFIPIAIVGGILLTSGLFIFGW SANRTTHW VGPLFGAAITA 4 62

CD36 SGAFLIFQTLFNFM GASFKPHYIASVFASNDLFRSVU^I-eiiFGAPLFDNLATPEYPVAW GSSVLGFITLLM IAIP 5 3 9
CD 519 SGAFLIFQTLFNFM GASFKPHYIASVFASNDLFRSVJjij^F^FGAPLFDNLATPEYPVAW GSSVLGFITLLM IAIP 539

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1111*

CD36 VLFYLNGPKLRARSKYAN 557
CD 519 VLFYLNGPKLRARSKYAN 557

F IG U R E  6.7 . A lignm ent o f  the amino acid sequences o f  CdM drlp from the C. dublin iensis  type strain 
C D 36 (G enBank accession  no. A J2277S2, (Moran et al., 1998) and clin ical strain C D S19. A sterisks 
indicate identical residues, co lons indicate conservative substitutions, dots indicate sem i-conservative  
substitutions and gaps indicate dissim ilar residues. Am ino acids highlighted in grey correspond to m otifs 
typical o f  M FS transporter proteins. Residues matching the consensus m otif described by Paulsen e t al. 
(Paulsen et al., 1996), are underlined. The WRW and PET m otifs, w hich correspond to highly conserved  
regions in related MFS proteins from S. cerevisiae  are highlighted in black (G offeau et al., 1997).



C D 5 1 9  AAGTAAATTTACCAGATTCGTGTGGTTGAAATATGATTTGTTTAAAAGTATTGTAGCCACACATTTCTTGCAACCTT - 6 5 7
C D 36 AAGTAAATTTACCAGATTCGTGTGGTTGAAATATGATTTGTTTAAAAGTATTGTAGTCACACATTTCTTGCAACCTT - 6 5 4

CD519 CTGGTGTAGCCTTGTACTGCTGTCACTATGCCAAGTTCAAGAAGAAAGCATCTATAAAGTAGGACTAACCCCTTGAG -580
CD36P CTGGTGTAGCCTTGTAATGCTGTCACTATGCCAAGTTC/y\GAAGAAAGCATCTATAAAGTAGGACTAACCCCTTGAG -577

CD519 GAGACTTTGCTGGTAATTATTGACGTGGGATTGGTAAATAAAGCTATTGTTTTTGTTACTTGATTTTTCATTTTAGG -503
CD36 GAGACTTTGCTGGTAATTATTGACGTGGGATTGGTAAATA/VAGTTATTGTTTTTGTTACTTGATTTTTCATTTTAGG -500

* * * * * * * * * * * * * - * * * * * * * * * * * * * * * * * * * *

CD519 AAATTTACCGAGTTTTTGCTCGTTTAATTATGCCCCATTATAAATCAAAATCTCTCCTTCATCATCATCATCATCAT - 4 2 6
C D 36 AAATTTACCGAGTTTTTGCTCGTTTAATTATGCCCCATTATAAATCATVAATCTCTCCTTCGTCATCATCATCAT  - 4 2 3

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * *

C D 5 1 9  CAGCCGAATGCCGTTTTTCCTTCCTTTGGCATTTTTCCGTGGCTAACATTTTAAGGTTTTATTCTGTGTTTGTGTAA - 3 4  9
C D 36  CAGCCGAACGCCGTTTTCCCTTCCTTAGGCATTTTTCCGTGGCTAACATTTTAAGGTTTTATTCTGTGTTTGTGTAA - 3 4  9

* * * * * * * *  * * * * * * * *  * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CD19 CATTATTTGGTGTTGCTACCAATTAATTATCACGGTAAATCCACATTAGGAAAAATACCGAGAATGGCACAACCTTA -272
CD36 CATTATTTGGTGTTGCTACCAATTAATTATCACGGTA7U\TCCACATTAGGAAAAATACCGAGAATGGCACAACCTTA -272

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C D 5 1 9 GATTTTGTTTTCGGAAATTTATTCTCCAGCGCTTATTTTCCATAAACTTCTATCGCGAAATCGATACTCTTATGATT - 1 9 5
C D 36  GATTTTGTTTTCGGAAATTTATTCTCCAGCGCTTATTTTCCATAAACTTCTATCGCGAAATCGATACTCTTATGATT - 1 9 5

CD519 AATAATAGCAAGAATCAATCATGAAAGAATAGTTTTGAAAAATTATTTAAGGGATGGAATACCCTCCCTTCATTGAA - 118
CD36 AATAATAGCAAGAATCAATCATGAAAGAATAGTTTTGAAAAATTATTTAAGGGATGGAATACCCTCCCTTCATTGAA -118

C D 5 1 9  a g a g t t g t t c t a a t t t t t t t t c t t t t Cc t C c t t a a c a g t c t a c a t t c t a a t t t a c a a t t t g c c a a a t a g c a a t a c a t  - 4 i
CD36 AGAGTTGTTCTAATTl’ITI't-CTT'frCCTC CTTA A C A TTC TA C A TTCTA A TTTA CA A TTTG C CA A A T A G C A A TA C A T - 4 2

CD519 ATACTTACATATCTCAACCAAAGAAA-CACAATTTCACACA -1
CD36 ATACTTACATATCTCAACCAAAGAAAACACAATTTCACACA -1

FIGURE 6.8. Alignment o f C dM D RI  promoter sequences from strains CD519 and CD36 generated with 
the CLUSTAL W sequence alignment program. Asterisks indicate identical residues, spaces indicate 
dissimilar residues and hyphens indicate gaps created to obtain alignment. A putative CT box is 
highlighted in grey. Upstream sequences from -700 to -1 are shown where +1 is the first base o f the ATG 
start codon.



pAAHS (YP5) (Moran et a l,  1998) were included in the experiment. To verify that the 

expression system worked, total RNA was extracted from cells growing exponentially 

and Northern blot analysis was carried out using a probe homologous to the CdMDRl 

gene. High levels o f CdMDRl mRNA expression were observed except in the control 

transformant YP5 (Fig. 6.9.A). The transformant expressing the CdMDRl gene from 

isolate CDS 19-1, EPY84, exhibited a susceptibility pattern which was identical to the 

susceptibility pattern of YGM3, the transformant expressing the CdM DRl gene from 

isolate CD36. Both transformants showed decreased susceptibility to fluconazole, 

benom yl, cycloheximide and 1,10 phenanthroline compared with the control 

transformant YPS (Fig. 6.9.B). The results from this experiment indicated that the 

CdM DRl gene from isolate CDS 19-1 was functional since it was able to confer 

resistance to fluconazole and metabolic inhibitors in S. cerevisiae.
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FIGURE 6.9. Expression of CdMDRI alleles in S. cerevisiae and susceptibility to metabolic inhibitors. 
(A) Northern blot analysis showing expression of CdMDRI alleles in S. cerevisiae YKKB-13 {IspdrS) 
transformants harbouring cloned CdMDRI genes. Total RNA was extracted from exponentially growing 
cultures and 15 ng were electrophoresed on a denaturing agarose gel. Following transfer to a nylon 
membrane, the blot was probed with a radiolabeled CdMDRI probe. 25S ribosomal RNA was used as a 
control for RNA loading. (B) Susceptibility of S. cerevisiae YKKB-13 (&pdr5) transformants harbouring 
cloned CdMDRI genes to fluconazole and metabolic inhibitors. CdMDRI alleles from C. dubliniensis 
isolates were amplified by PCR, cloned into the expression vector pAAH5 and transformed into the 
S. cerevisiae strain YKKB-13. The transformants harbour the pAAH5 plasmid (YP5) and the CdMDRI 
genes from isolates CD36 (YGM3) and CD519-1 (EPY84). Each transformant was grown to exponential 
growth phase to a density of 2xl0’ cells/ml and 4 jil were spotted in a dilution series on minimal agar 
medium plates containing fixed concentrations of fluconazole and metabolic inhibitors as indicated. 
Plates were incubated for 48 h at 30°C.



6.4 Discussion
It is now well established that long-term treatment of Candida infections with azole 

drugs can result in the development of antifungal resistance. In particular fluconazole 

treatment of oral candidosis in HIV-infected and AIDS patients has been associated 

with treatment failures (Muller et a l ,  2000; White, 1997; White et a l ,  1997). The 

recently described species C. dubliniensis has been shown to be particularly prevalent in 

this patient cohort and the recovery of C. dubliniensis isolates exhibiting reduced 

susceptibility / resistance to fluconazole has been described (Moran et al., 1997; Perea 

et al., 2002; Ruhnke et al., 2000). This section of the present study concentrated on the 

investigation of the molecular mechanisms involved in mediating reduced susceptibility 

to azole drugs in oral clinical isolates of C, dubliniensis recovered from an AIDS patient 

with recurrent oral candidosis recalcitrant to fluconazole treatment. Four single colony 

isolates were recovered from a single oral sample obtained from this patient in the 

Dublin Dental Hospital in November 1997. All four isolates, belonging to genotype 3, 

showed similar DNA fingerprint and karyotype patterns indicating that they were 

closely related. One isolate (CDS 19-8) was susceptible to azole drugs while the other 

three (CD519-1, CD519-7 and CD519-14) showed decreased susceptibility to 

fluconazole, itraconazole, ketoconazole, voriconazole and posaconazole (Table 6.2). 

The decreased susceptibility to azole drugs in these three isolates was not associated 

with overexpression o f the C dER G l 1 gene nor with the presence o f mutations in 

C dE rgllp  (Fig. 6.2. and Table 6.4). Unusually, the three isolates showing decreased 

susceptibility to azole drugs showed increased susceptibility to the metabolic inhibitor 

benomyl but not to other metabolic inhibitors. There was no indication o f membrane 

permeability alterations in these isolates. Indeed, all four isolates accumulated 

ergosterol in their membranes (Table 6.3) which suggested that defects in the enzyme 

sterol C5,6-desaturase were not involved in mediating reduced susceptibility to azole 

drugs in these clinical isolates.

Reduced susceptibility to azole drugs was, however, associated with reduced 

intracellular accumulation of fluconazole (Fig. 6.5) and an increase in glucose-mediated 

efflux mechanisms (Fig. 6.6). This was confirmed by Northern blot analysis which 

showed a correlation between overexpression o f the multidrug resistance genes 

CdCDRl and CdCDR2 and a reduction in azole susceptibility. Contrary to previous 

studies of fluconazole resistance mechanisms in C. dubliniensis, overexpression of the
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multidrug resistance gene CdMDRl was not observed in the three clinical isolates 

exhibiting reduced susceptibility to azole drugs. Although resistance to fluconazole in 

clinical isolates C. dubliniensis has been associated with combinations o f different 

molecular mechanisms (Perea et al., 2002), the primary mechanism of resistance to 

fluconazole in this species has been shown to be reduced intracellular accumulation of 

drug mediated by the overexpression of CdMDRl. Therefore, it was surprising that the 

CdMDRl gene was not upregulated in the clinical isolates showing reduced azole 

susceptibility. The CDS 19 isolates were also unusual because their reduced 

susceptibility to azole drugs was associated with overexpression of the CdCDR2 gene. 

While overexpression of CDR2  had been observed in azole-resistant isolates of 

C. albicans (Sanglard et al., 1997), overexpression of its C. dubliniensis homologue, 

CdCDR2, had never been observed and was therefore thought not to be implicated in 

azole drug resistance in this species.

In order to investigate the reason(s) for the lack o f upregulation of the CdMDRl gene 

by exposure to fluconazole treatment in the CDS 19 isolates, the CdMDR 1 ORF and 

promoter sequences from the CDS 19 isolates were amplified by PCR and sequenced. 

Five amino acid-altering polymorphisms were identified in the sequence of the 

CdMDRl ORF obtained from the four CDS 19 isolates (Fig. 6.7). However, 

heterologous expression of the CdM D Rl gene from isolate CDS 19-1 in a strain of 

S. cerevisiae defective for the CdCDRl homologue PDR5 showed that the CdM DRl 

gene was functional since it was able to mediate resistance to fluconazole, benomyl, 

cycloheximide and 1,10 phenanthroline with the same efficiency as the CdMDRl gene 

from the C. dubliniensis type strain CD36 (Fig. 6.9). There were also several 

polymorphisms in the promoter sequences of the C dM D Rl genes from the CDS 19 

clinical isolates compared to the promoter sequence obtained from the C. dubliniensis 

type strain CD36 (EMBL accession no. AJ2277S2) (Fig. 6.8). In C. a lb icans  

overexpression of M D Rl in fluconazole-resistant clinical isolates has been associated 

with mutations in a /ra«5-regulatory factor (Wirsching et al., 2000b). Although this 

^ra«5'-regulatory factor has not yet been identified, it is likely that there is a homologue 

of it in C. dubliniensis. It is tempting to speculate that the polymorphisms found in the 

CdMDRl promoter from the CDS 19 isolates could alter the regulatory effect of this 

unknown regulator on CdMDRl expression which would be a possible explanation for 

the absence of CdMDRl upregulation in these isolates. However, the absence of 

upregulation of CdMDRl expression in these isolates is probably unrelated to the
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polymorphisms found in the CdMDRl promoter. A comparative functional analysis of 

the CdMDRl promoter from the CDS 19 strain and the C. dubliniensis type strain CD36 

should be carried out to find out the relevance of these polymorphisms

In conclusion, the thorough analysis o f matched clinical isolates belonging to 

C. dubliniensis genotype 3 showed that reduced susceptibility to azole drugs could only 

be associated with increased energy-dependent efflux mechanisms mediated by the 

overexpression of the CdCDRl and CdCDR2 genes. These results are in contrast to the 

mechanisms of azole resistance described to date in C. dubliniensis.
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Chapter 7 

General discussion
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7.1 General discussion

7.1.1 Introduction
The emergence o f C. dubliniensis during the 1990s corresponded with significant 

changes in the epidemiology of Candida infections, particularly with an increase in the 

prevalence o f infections caused by previously rarely recovered non-C. albicans 

Candida species. It has been suggested that the widespread use of antifungal drugs, 

including fluconazole, has contributed to the emergence of these species especially 

those that are less susceptible to azole drugs compared to C. albicans such as C. krusei, 

and those which can rapidly develop resistance such as C  glabrata. Unlike C. krusei 

and C. glabrata, C. dubliniensis  is not inherently less susceptible to azole drugs, 

however, comparison of the geometric mean MICs for fluconazole, itraconazole and 

ketoconazole o f C  dubliniensis and C. albicans isolates, showed that the MIC values of 

C. dubliniensis were consistently and significantly higher than those o f C. albicans 

isolates (Odds et a l ,  1998). In addition, susceptible isolates o f C. dubliniensis can 

readily develop resistance to fluconazole when exposed to this antifungal agent in vitro 

(Moran et al., 1998; Moran et al., 1997). The ability o f C. dubliniensis to rapidly 

develop resistance to fluconazole and its increased adherence to epithelial cells in the 

presence of the drug have been suggested to contribute to its ability to successfully 

colonise the oral cavities of HIV-infected individuals receiving prophylactic or 

therapeutic fluconazole treatment for oral candidosis (Borg-Von Zepelin et al., 2002). 

Indeed, a number of C. dubliniensis isolates exhibiting resistance or dose-dependent 

susceptibility to fluconazole have been recovered from fluconazole-treated 

HIV-infected individuals (Kirkpatrick et al., 1998; Moran et al., 1998; Moran et al., 

1997; Ruhnke et al., 2000).

The predominant molecular mechanism involved in fluconazole resistance identified 

in C. dubliniensis to date is the overexpression of efflux transporters. In particular, the 

development of fluconazole resistance is primarily mediated by the upregulation of the 

multidrug transporter gene CdMDRl (Moran et al., 1998; Perea et al., 2002). In fact, 

overexpression of CdM DRl has been observed in all isolates exhibiting high level 

fluconazole resistance while the concomitant overexpression of CdCDRl has been 

observed in only 40 to 50% of isolates (Moran et al., 1998; Perea et al., 2002). 

Furthermore, it was recently shown that, in contrast to C. albicans, CdCD Rl is not
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required for the development of fluconazole resistance in C. dubliniensis (Moran et a l, 

2002a). However, C dC D R l has been shown to be involved in mediating reduced 

susceptibility to itraconazole and ketoconazole (Moran et al., 2002a). Interestingly, 

Moran et al. reported the high prevalence (35 %) in C. dubliniensis isolates of a 

nonsense mutation in CdCDRl alleles which renders the pump unable to transport azole 

drugs (Moran et al., 2002a). At the start o f the present study, the antifungal agent 

itraconazole was beginning to be used more frequently particularly following the 

introduction of the oral cyclodextrin formulation o f itraconazole in 1997. Given the 

inability o f CdM drlp to transport azole drugs such as itraconazole and the relatively 

high prevalence of the nonsense mutation in C dCD Rl, the overall aim of the present 

study was to investigate the prevalence and the molecular basis o f itraconazole 

resistance in C. dubliniensis.

7.1.2 Development of a simple assay to differentiate C. dubliniensis and 
C. albicans isolates

In order to determine the incidence o f itraconazole resistance in C. dubliniensis 

isolates, a large number of clinical isolates had to be collected. Because C. dubliniensis 

shares many phenotypic traits with C  albicans, its reliable identification from clinical 

specimens has always been difficult and has complicated epidemiological studies. 

Therefore an important aim of the present study was to develop a simple and effective 

method to discriminate between C. dubliniensis and C. albicans isolates in order to 

facilitate the identification o f isolates whose susceptibility to itraconazole would be 

determined. Since it had been shown previously that differential growth at 42°C was 

relatively unreliable to distinguish the two species, the usefulness o f comparing the 

growth of the two species at 45°C was investigated. Based on the analysis of the growth 

of 120 C. dubliniensis and 98 C. albicans clinical isolates at 45°C, it is clear that 

C. dubliniensis isolates can be easily distinguished from C. albicans by the incubation 

of isolates on Emmons SDA at 45°C. Differential growth at 45°C is a simple, reliable, 

inexpensive, reproducible test for the differentiation of the two species which is 

applicable to the processing of large number o f isolates in any mycology laboratory. 

Indeed, on the basis of the data from the present study this simple assay has been used 

extensively in the epidemiological analysis of C. dubliniensis (Boyle etal., 2002; Jabra- 

Rizk et al., 1999; Polacheck et al., 2000). In the present study, this simple test
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facilitated the identification o f C. dubliniensis  isolates in order to investigate the 

prevalence o f fluconazole and itraconazole resistance.

7.1.3 Investigation of the incidence and molecular basis of itraconazole and 
fluconazole reduced susceptibility in C  dubliniensis clinical isolates

In the present study 6 out o f 58 clinical isolates o f  C. dubliniensis from 56 separate 

patients exhibited reduced susceptibility to itraconazole (MIC range 0.25 to 0.5 |ag/ml). 

Since reduced susceptibility to itraconazole correlated with reduced susceptibility to 

fluconazole in these 6 isolates and since the patients from whom these isolates were 

recovered had been treated with fluconazole but not with itraconazole it is likely that the 

reduced susceptibility to itraconazole observed was a result o f  the fluconazole 

treatment. While these isolates are not considered clinically resistant to itraconazole 

according to the breakpoints outlined by Rex et al. (R ex  et a l ,  1997) they are 

considered to be ‘susceptible dose-dependent’ and have significantly higher MICs than 

susceptible isolates suggesting that resistance to itraconazole may be starting to appear 

in C. dubliniensis. The recovery o f itraconazole-resistant isolates o f C. dubliniensis was 

recently reported by Quindos et al. (Q uindos et al., 2000). However, when some o f 

these isolates were included in the present study, they did not exhibit resistance to 

itraconazole. It is possible that these isolates had transient resistance to itraconazole 

which was lost upon repeated subcultures and long term storage as has been previously 

described in C. albicans (Marr et al., 2001; Marr et al., 1998).

The vast majority o f the isolates included in this study have been recovered from 

samples obtained from the oral cavity o f individuals with oral candidosis. However, 

during the course o f this project the incidence o f  oropharyngeal candidosis in AIDS 

patients has decreased dram atically  due to the in troduction  o f  highly active 

antiretroviral therapy (HAART). Because o f this, itraconazole has not been used in the 

treatment o f oral candidosis as extensively as anticipated at the outset o f this project. 

Fluconazole remains the drug o f choice for therapeutic and prophylactic treatment o f 

such infections, especially in Ireland, and the patients included in the present study did 

not receive itraconazole therapy, which may explain why itraconazole-resistant isolates 

were not recovered in the present study.

In addition to the susceptibility testing o f independent isolates from separate patients, 

twelve single-colony isolates recovered from the same clinical specimen obtained from 

a patient receiving fluconazole treatment for recurrent oral candidosis were subjected to
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fluconazole and itraconazole susceptibility testing. DNA fingerprinting analysis showed 

that all twelve were clonally related isolates o f the same C. dubliniensis genotype 3 

strain, CDS 19 in which CdCDRl is functional (Gee, 2002) (see also Chapter 6). These 

isolates exhibited either susceptibility or dose-dependent susceptibility to itraconazole 

and fluconazole (fluconazole MIC range 0.25-8 |ig/ml; itraconazole MIC range 

0.06-0.5 |J,g/ml). Although the isolates were recovered from the same clinical specimen 

and not from a series of specimens obtained during the course o f fluconazole therapy, 

the simultaneous coexistence in a single patient o f variants of a single strain exhibiting 

varying levels of azole susceptibility suggested a correlation between the development 

of reduced susceptibility to azole drugs and prolonged fluconazole treatment.

O f the twelve isolates of strain CD519 recovered, four isolates, one susceptible, the 

other three exhibiting reduced susceptibility to itraconazole, fluconazole, ketoconazole, 

voriconazole and posaconazole, were examined in Chapter 6. Results showed that 

reduced susceptibility to azole drugs was associated with an increase in CdCDRl and 

CdCDR2  expression which correlated with reduced intracellular accumulation of 

fluconazole and an increase in energy-dependent efflux mechanisms. In contrast to 

previously known m echanism s o f fluconazole resistance in C. dubliniensis, 

overexpression o f CdMDRl was not observed. Despite a thorough investigation of all 

possible mechanisms of azole resistance, no other mechanism could be associated with 

reduced susceptibility to azole drugs in the four isolates studied.

Because the absence o f CdMDRl upregulation in these isolates was remarkable, the 

CdMDRl gene of CD519 was closely examined by sequencing and functional analyses. 

In C  albicans, polymorphic mutant alleles of M D Rl have been identified which show 

distinct drug resistance profiles (Gupta et a l, 1998). Although five amino acid-altering 

polymorphisms could be identified in the sequence o f CdM DRl o f CD519, 

heterologous expression of this gene in S. cerevisiae showed that the transport function 

of Cdm drlp was not altered. Comparison of the CdMDRl promoter region sequence of 

CD519 with the sequence of the C. dubliniensis type strain CD36 revealed the presence 

of polymorphisms. It is possible that the presence of these polymorphisms could affect 

the transcriptional regulation of C dM D R l. Currently, little is known about the 

regulation of CdMDRl expression, in particular, the molecular mechanism(s) involved 

in the up-regulation of CdM DRl expression in fluconazole-resistant isolates have not 

been determined. It is likely that they involve mutations in a trans-?LcX\ng factor(s), as 

has been described in C. albicans (Wirsching et a l,  2000b).
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Moran et al. showed previously that the C dCD Rl gene could mediate resistance to 

fluconazole and itraconazole when heterologously expressed in a hypersusceptible 

S. cerevisiae strain which suggested that CdCdr2p could transport azole drugs (Moran 

et al., 2002a). Despite this, overexpression of the multidrug transporter gene CdCDR2 

had never been reported before the present study and consequently was thought not to 

be involved in azole-resistance in clinical C. dubliniensis isolates. However, previous 

studies investigating azole-resistance in C. dubliniensis have only examined genotype 1 

clinical isolates (Moran et al., 2002a; Moran et al., 1998). Since the CDS 19 isolates 

analysed in the present study belong to genotype 3, it is tempting to speculate that 

different subgroups of C. dubliniensis isolates also differ in the molecular mechanisms 

they engage in the development of azole resistance. It would therefore be interesting in 

the future to compare molecular mechanisms of resistance in all four subgroups of 

C  dubliniensis isolates.

In C. albicans, the concomitant overexpression o f CDRI and CDR2  has been 

described in several azole-resistant clinical isolates (Maebashi et al., 2001; Sanglard et 

al., 1997; White et al., 1998) and is thought to be the consequence o f mutations in a 

trans-acling factor which co-regulates the expression o f both genes. Similarly, in the 

CDS 19 isolates examined in the present study it is likely that the coordinated 

upregulation of CdCDRl and CdCDRl is caused by alterations in a common regulator. 

Recently Moran et al. (Moran et al., 2002a) identified drug response elements (DRE) in 

the promoters o f the CdCDRl and CdCD Rl genes which match the consensus of the 

DRE motifs which were shown to be associated with transient upregulation of CDRI 

and CDRI in response to drug exposure in C. albicans (de Micheli et al., 2002). It has 

been suggested that, in C. albicans, transient and constitutive expression o f CDRI and 

CD RI share similar regulatory pathways (de Micheli et al., 2002). In C. dubliniensis, 

regulation of CdCDRl and CdCDRl expression, whether transient or constitutive, has 

not yet been investigated.

7.1.4 Generation of itraconazoie-resistance in vitro and investigation of the 
molecular mechanisms involved

In order to investigate molecular mechanisms of resistance, it is preferable to use 

matched pairs of isolates, that is a drug-susceptible and a drug-resistant derivative of the 

same strain. In the absence of naturally occurring itraconazole-resistant isolates of 

C. dubliniensis, it was not possible to examine matched pairs of clinical isolates in the
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present study. Therefore, in order to generate isogenic matched pairs that could be 

studied, resistance to itraconazole had to be induced in vitro. Since Moran et al. had 

previously reported the in vitro induction of fluconazole resistance in C. dubliniensis by 

sequential subculture o f susceptible isolates onto agar containing increasing 

concentration of drug (Moran et al., 1997), similar experiments using itraconazole were 

carried out in the present study. In addition, it was hypothesised that the presence of a 

nonsense mutation in CdCD Rl could impair the ability of C. dubliniensis isolates to 

develop resistance to itraconazole. Therefore, the effect of the CdCDRl mutation on the 

development of itraconazole in vitro was investigated by inducing resistance in isolates 

which harboured either the functional or non-functional CdCDRl gene. The isolates 

selected for exposure to itraconazole in vitro included the genotype 1 isolates CD36 and 

CD570 which harboured the non-functional CdCDRl gene and the genotype 3 isolate 

CDS 19-8 which harboured the functional C dC D Rl gene. Exposure to itraconazole 

resulted in the recovery of seven stable itraconazole-resistant derivatives that were 

cross-resistant to fluconazole and ketoconazole. In addition, six o f the derivatives 

exhibited a decrease in amphotericin B susceptibility. In contrast, the derivatives did not 

exhibit cross-resistance to the range of metabolic inhibitors and other antifungal drugs 

tested.

In order to identify the molecular mechanisms responsible for itraconazole resistance 

in the in v//ro-generated derivatives, the most common mechanisms o f azole resistance 

in Candida species were investigated. All derivatives exhibited overexpression of the 

C dERG ll gene while none o f them had mutations in CdErgl Ip that could be linked to 

the development of azole resistance. The derivatives did not show increased expression 

of the multidrug resistance genes CdMDRl and CdCDR2. However, six out of the seven 

derivatives exhibited overexpression of CdCDRl.

In six o f the azole-resistant derivatives, increased susceptibility to a range of 

metabolic inhibitors and a decrease in energy-dependent efflux efficiency suggested the 

presence o f alterations in the function and permeability o f their cell membranes. 

Analysis of the derivatives’ membrane sterol content showed that these six derivatives 

lacked ergosterol and accumulated ergosta 7,22-dienol, a C5 saturated sterol, which 

indicated that they were defective for the C5,6-desaturation step o f ergosterol 

biosynthesis. Sequencing and functional analysis o f the CdERGS  alleles from the 

derivatives showed the presence of homozygous loss o f function mutations in the 

CdERGS gene which correlated with altered membrane contents. Because the loss of
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function mutations in CdERG3 alleles were found to be homozygous, it is likely that the 

development o f azole resistance in the derivatives involved first the acquisition o f a 

mutation in a single CdERGS allele followed by gene conversion rendering the mutation 

homozygous rather than the acquisition o f two distinct loss o f function mutations in the 

two CdERGS alleles o f a single derivative.

For the remaining derivative, the only m olecular mechanism which was identified 

was a five-fold overexpression o f C dERG l 1 which is unlikely to account for the high 

level azole-resistant phenotype exhibited. Other m olecular mechanism(s) involved in 

mediating azole resistance in this derivative have yet to be determined.

In C. albicans fluconazole resistance has frequently been associated w ith the 

presence o f mutations in Erg l i p  which affect the affinity o f  the 14a-demethylase to 

fluconazole and, to a lesser extent, its affinity to itraconazole and other azole drugs 

(Calabrese, 2000; Perea e /a / . ,  2001; Sanglard a/., 1998). Perea et al. recently 

reported the presence o f  mutations affecting the amino acid sequence o f  C d E rg llp  in 

fluconazole-resistant isolates o f C. dubliniensis suggesting that resistance to fluconazole 

in C. dubliniensis can be mediated by the presence o f mutations in the 14a-demethylase 

as is the case for C. albicans (Perea et al., 2002). Therefore, it is remarkable that none 

o f  C. dubliniensis derivatives generated in the present study harboured mutations in 

CdErgl Ip that could explain their azole-resistant phenotype. This could be due to the 

fact that the derivatives were generated by exposure to itraconazole, a drug which has 

more interactions with the demethylase than fluconazole, resulting in a higher affinity 

for the enzyme.

The data from this study is consistent with the presence o f loss o f function mutations 

o f CdERGS  as the primary mechanism contributing to azole resistance in six o f the 

seven derivatives despite the observed overexpression o f C d E R G ll and C d C D R l. In 

addition to mediating resistance to azole drugs, the defect in C5,6-desaturation o f six o f 

the derivatives is also likely to be responsible for their decreased susceptibility to 

am photericin  B, since these derivatives lack ergosterol, the cellu lar target o f 

amphotericin B.
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7.2 Conclusion and perspectives
Data from the present study showed that loss o f function mutations in the

sterol C5,6-desaturase were involved in the development of high level stable pan-azole 

resistance following exposure to itraconazole in vitro. It was also shown that the 

presence or the absence o f a nonsense mutation in the CdCDRl gene had no effect on 

the development of resistance following exposure to itraconazole in vitro. It would be 

interesting to determine if in vivo exposure to itraconazole could lead to the acquisition 

of resistance by similar mechanisms. In C. albicans, the Darlington strain is an example 

o f a highly resistant clinical strain (itraconazole MIC > 4 |J.g/ml; fluconazole 

MIC: 32 |ig/ml) harbouring, as well as other resistance mechanisms, mutations in the 

sterol C5,6-desaturase (M iyazaki et a l,  1999). This suggests that the levels of azole 

resistance and the resistance mechanisms observed in the azole-resistant derivatives of 

C. dubliniensis are of clinical relevance.

While it has previously been established that multiple factors contribute to the 

development of resistance in Candida species, the findings of this study highlight the 

fact that, if not thoroughly investigated, azole resistance can wrongly be attributed to 

the apparent overexpression of multidrug resistance genes and of the target enzyme 

Erg l lp .  Indeed, more studies are needed to evaluate the contribution o f sterol 

C5,6-desaturase loss of function mutations in clinical azole resistance. This could easily 

be done by measuring the UV spectrophotometric profiles o f membrane sterols in 

clinical isolates of C. dubliniensis.

In conclusion, based on the analysis o f in viYro-generated itraconazole-resistant 

derivatives and clinical isolates with reduced azole susceptibility, the present study has 

identified molecular mechanisms of resistance to azole antifungal agents not previously 

described in C. dubliniensis. Consequently, this study has helped to develop a more 

extensive understanding o f the complexity and diversity o f mechanisms by which 

C. dubliniensis isolates can develop resistance to azole drugs. In order to further 

understand the molecular basis o f azole resistance in C. dubliniensis, the role of 

CdCDR2 in the development of azole resistance should be investigated by disrupting 

the CdCDR2  gene in clinical isolates in which CdCDR2 is overexpressed. Also, a 

detailed study of the regulatory pathways involved in controlling the expression of the 

CdMDRl, CdCDRl and CdCDR2 genes should be carried out.
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In addition to describing novel mechanisms of azole resistance for C. dubliniensis, 

the present study has allowed the identification of amino acid residues that are likely to 

be involved in the catalytic activity of the C. dubliniensis C5,6-desaturase enzyme. 

Furthermore, since these mutations affected highly conserved amino acid residues, it is 

likely that these residues are also important for the C5,6-desaturase activity in other 

species.
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