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Summary
Candida dubliniensis is a recently described Candida species primarily associated 

with oral candidosis in Human Immunodeficiency Virus (HlV)-infected and AIDS 

patients. The population structure of C. dubliniensis was investigated using the C. 

dubliniensis-^)QC\T\Q, fingerprinting probe Cd25. Using 98 isolates (81 oral and 17 non

oral) from 94 patients in 15 countries, the existence of two distinct populations of C. 

dubliniensis, designated Cd25-group I and Cd25-group II, respectively, was confirmed on 

the basis o f DNA fingerprint profiles generated with the Cd25 probe. The majority of 

Cd25-group I isolates (48/71, 67.6%) were from HIV-infected individuals, whereas the 

majority o f Cd25-group II isolates (19/27, 70.4%) were from HIV-negative individuals

(p<0.001).

Nucleotide sequence analysis of the internal transcribed spacer (ITS) regions of the 

rDNA genes from 19 representative isolates revealed the presence o f four separate 

genotypes. All of the Cd25-group I isolates tested belonged to genotype 1, whereas the 

Cd25-group II population was comprised of three distinct genotypes (genotypes 2-4) that 

corresponded to distinct clades within the Cd25 group II population.

In order to develop a rapid method to identify the four C. dubliniensis genotypes 

the divergence between the ITS nucleotide sequences of the four genotypes was exploited 

by designing genotype-specific primers. Each of the four sets of genotype-specific primers 

were tested with 70 C. dubliniensis isolates and allowed isolates belonging to particular 

genotypes to be correctly identified in as little as five hours.

The four C. dubliniensis genotypes did not exhibit sequence differences in the 

variable region (600 bp) of the large ribosomal subunit gene, in the intron of the large 

ribosomal subunit gene, in the intron of the CdPTR2 peptide transporter gene or in a partial 

sequence (500 bp) o f the mitochondrial cytochrome b gene. However, comparative 

nucleotide sequence analysis o f these regions with the corresponding region in other 

Candida species confirmed the phylogenetic position o f C. dubliniensis as a distinct 

species o f Candida, within the genus Candida.

The four C. dubliniensis genotypes could not be distinguished based on karyotype 

analysis, £coRI RFLP analysis, RAPD analysis or by PCR fingerprinting with the 

(GACA)4 probe. Hinj\ RFLP analysis of 36 C. dubliniensis isolates distinguished the 

majority o f the isolates belonging to the four genotypes with a single exception; one 

genotype 1 isolate could not be distinguished from the genotype 2 isolates tested. Aval 

RFLP analysis distinguished the four genotypes of C. dubliniensis. However, RFLP



analysis, RAPD analysis or PCR fingerprint analysis did not prove useful for the molecular 

epidemiological analysis of C. dubliniensis.

Five out of six of the genotype 3 isolates tested using the API ID 32C yeast 

identification system did not utilise glucosamine after 48 h. Only one other C. dubliniensis 

isolate (a genotype 1 isolate) out of 38 tested did not utilise glucosamine with the API ID 

32C yeast identification system after 48 h. Seventy-four isolates belonging to each of the 

four genotypes were tested for their susceptibilities to fluconazole, itraconazole and 5- 

fluorocytosine. The single genotype 4 isolate p7718 was resistant to 5-fluorocytosine 

(MIC >128 |ig/ml) while all the remaining 77 isolates tested were susceptible (MIC <0.25 

fig/ml).

Candida dubliniensis was shown to exhibit microevolution in vivo and in vitro. 

DNA fingerprinting analysis using the C. dubliniensis probes Cd25, Cd24 and Cdl, and 

karyotype analysis of multiple oral isolates recovered from the same specimen from each 

of eight separate patients revealed microevolution in 6/8 of the clonal populations. The 

genotype 1 isolates appeared to undergo chromosomal reorganisation more frequently than 

genotype 2 or genotype 3 isolates. Similarly, sequential clonal isolates from various 

anatomical sites in two separate patients exhibited microevolution. Microevolution was 

also shown to occur when two clinical isolates susceptible to fluconazole were exposed to 

the drug in vitro.

The relative virulence of C. dubliniensis to a number of medically important 

species was assessed using the Galleria mellonella insect larval model. Candida 

dubliniensis was found to be more virulent than the isolates of C. parapsilosis, C. 

tropicalis, C. glabrata and C. krusei tested. However, C. dubliniensis appears to be less 

virulent than C. albicans. No apparent difference in the relative virulence of the four C. 

dubliniensis ITS genotypes was observed using this model.

The results of this study demonstrate the considerable genetic diversity of C. 

dubliniensis. Sequence differences in the ITS region have allowed the development of a 

rapid method for distinguishing the genotypes of C. dubliniensis which should aid in the 

in-depth molecular epidemiological analysis of this emerging opportunistic pathogen. Use 

of the insect larval model G. mellonella in virulence studies of C. dubliniensis suggests C. 

dubliniensis is less virulent than C. albicans but more virulent than other medically 

important species such as C. parapsilosis and C. tropicalis. Further extensive 

investigations are needed to establish the importance of C. dubliniensis as an agent of 

disease.
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system.
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General Introduction
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1.1 ^on-Candida albicans Candida infection

The frequency of opportunistic fungal infection has increased in recent decades. 

During the past twenty years, Candida species have emerged as major human pathogens, 

and were identified as the fourth most common cause o f nosocomial bloodstream infection 

in both the USA and Switzerland (Beck-Sague et al., 1993; Edmond et al., 1999; Harbarth 

et al., 1999). There are a number o f reasons for this shift in the epidemiology o f human 

fungal disease. Firstly, there has been a significant increase in the number of 

immunocompromised patients over the past twenty years. Immunocompromised patients 

include those infected with HIV and im m unosuppressed patients undergoing 

chemotherapy, bone marrow or solid organ transplantation. Oral candidosis is the most 

common fungal infection in AIDS patients and its appearance is one o f the clinical signs of 

the onset o f AIDS. However, since the introduction in early 1996 o f highly active 

antiretroviral therapy the incidence o f opportunistic infections in HIV-infected individuals, 

such as candidiasis, has significantly reduced. Secondly, the increasing use of invasive 

medical procedures and broad-spectrum antimicrobial agents is another contributory factor 

to the increase in fungal disease (Fridkin and Jarvis, 1996).

Candida albicans is still the most common cause of Candida  infections and is 

considered to be the most pathogenic, but non-C. albicans species such as Candida 

parapsilosis, Candida tropicalis and Candida glabrata, which are generally considered to 

be less pathogenic or non-pathogenic, have been reported with increasing frequency 

(Coleman et al., 1995 and 1998; Pfaller et al., 1999b & 2000; Singh, 2001; Krcmery & 

Barnes, 2002). The reasons for this shift in the epidemiology of Candida infections may 

be linked to the general increase in the incidence o f mycoses. Also, the increased 

longevity o f severely immunocompromised individuals has allowed many of these species 

to emerge and cause disease. Accompanying the increase in Candida infections is the 

widespread therapeutic and prophylactic use of antifungal drugs such as fluconazole, 

which has contributed to the emergence of antifungal drug resistance (Bart-Delabesse et 

al., 1993; Heinic et al., 1993; He et al., 1994; Newman et al., 1994; Redding et al., 1994; 

Ruhnke et al., 1994; Sangeorzan et al., 1994; Barchiesi et al., 1995; Rex et al., 1995; 

Ghannoum et al., 1999; Jandourek et al., 1999; Saag et al., 1999). Many of the non-C. 

albicans Candida  species, such as C. glabrata and Candida krusei are inherently less
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susceptible than C. albicans to the azole drugs (White et a l ,  1998; Ghannoum & Rice, 

1999). In this regard, the importance o f fungal infections, particularly those caused by 

Candida species and azole resistant Candida species has increased in recent years.

1.2 Characterisation of C. dubliniensis

1.2.1 Discovery of C. dubliniensis

The identification and classification o f Candida species has relied largely on a 

relatively small number o f phenotypic parameters and morphological characteristics. 

However, phenotypic parameters such as substrate assimilation can vary greatly within 

some species such as C. albicans (Odds, 1988). This has led to confusion in the 

classification o f Candida  species. An example o f this is the taxonomic relationship 

between C. albicans and Candida stellatoidea. Candida stellatoidea was originally 

classified as a separate species due to its inability to utilise sucrose. Candida stellatoidea 

has since been divided into two types, named type I and type II (Kwon-Chung et al., 

1989). Type I C. stellatoidea produce a complex series of bands with the C. albicans 

fingerprinting probes 27A and Ca3, however, these fingerprint profiles are very distinct 

from those obtained with type II C. stellatoidea or C. albicans isolates (Kwon-Chung et 

al., 1989). Type I C. stellatoidea also produce distinct karyotype profiles from those of 

type II C. stellatoidea or C. albicans isolates and therefore type I is considered a subgroup 

of C. albicans (Kwon-Chung et a l, 1988 and 1989). Fingerprint profiles of type II C. 

stellatoidea isolates generated with the C. albicans fingerprinting probe 27A are similar to 

C. albicans isolate profiles and type II C. stellatoidea are now considered to be sucrose- 

negative variants of C. albicans (Kwon-Chung et al., 1990). Type 1 C. stellatoidea has 

since been shown to be most closely related to C. albicans based on nucleotide sequence 

analysis o f the V3 variable region of the large ribosomal subunit gene (Sullivan et al., 

1995) and is now considered a synonym of C. albicans (Odds, 1988). Similarly, Candida 

pseudotropicalis is now considered to be a synonym of Candida kejyr (Odds, 1988).

In the early 1990's there were several reports of the recovery of "atypical Candida 

isolates" from laboratories around the world (Schmid et al., 1992; Sullivan et al., 1993; 

Boerlin et al., 1995; McCullough et al., 1995). Like C. albicans these atypical isolates 

produced germ tubes and chlamydospores but yielded unusual substrate assimilation 

profiles with the API 20C AUX and ID 32C yeast identification systems that did not 

correspond to known yeast species profiles in the corresponding databases or corresponded

3



to poor identification as Candida sake. These atypical isolates were also sucrose-positive 

which distinguished them from C. stellatoidea. DNA fingerprint analysis with the C. 

albicans repetitive sequence containing fingerprinting probes 27A and Ca3, karyotype 

analysis and random amplified polymorphic DNA analysis (RAPD) revealed different 

fingerprint profiles, in each case, to those obtained with C. albicans or type I or type II C. 

stellatoidea (Boerlin et al., 1995; McCullough et al., 1995; Sullivan et al., 1995). Sullivan 

et al. (1993) postulated that these atypical isolates were a distinct species and therefore 

carried out an exhaustive study on the phenotypic and molecular properties of atypical 

isolates from Ireland, England and Australia. Sequence analysis of the V3 variable region 

of the large ribosomal subunit gene was carried out on nine atypical isolates from Ireland, 

England and Australia. The sequence of all nine atypical isolates were identical but 

distinct from the corresponding sequence of C. albicans, C. stellatoidea and five other 

medically important Candida species demonstrating a distinct taxonomic position for these 

isolates within the genus Candida, however, these isolates were most closely related to C. 

albicans than to other Candida species (Sullivan et al., 1995). Sullivan et al. (1995) on the 

basis of phenotypic, genotypic and phylogenetic analysis concluded that this organism 

represented a distinct taxon within the genus Candida for which the name C. dubliniensis 

was proposed. The phenotypic and genotypic properties of C. dubliniensis are described 

below.

1.2.2 Phenotypic properties of C. dubliniensis

1.2.2.1 Chlamvdospore production, germ tube production and serotype of C. dubliniensis

Candida dubliniensis shares many phenotypic properties with C. albicans and has 

been previously misidentified in several cases as C. albicans (Sullivan et al., 1995; Odds et 

al., 1998; Jabra-Rizk et al., 2000). Prior to the discovery of C. dubliniensis, the ability of 

C. albicans to produce germ tubes and chlamydospores were considered as diagnostic 

traits for this species (Odds, 1988). However, C. dubliniensis like C. albicans also 

possesses the ability to produce chlamydospores on appropriate media such as Rice Agar 

Tween agar (RAT agar) (Sullivan et al., 1995). Candida dubliniensis isolates tend to 

produce abundant chlamydospores, frequently arranged in contiguous pairs, triplets or 

larger groups attached to a single suspensor cell (Sullivan et al., 1995). In contrast, C 

albicans tends to produce chlamydospores singly, attached terminally to hyphae via a 

single suspensor cell (Sullivan et al., 1995). The vast majority of C. dubliniensis isolates
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also produce chlamydopsores on Staib agar unlike C. albicans isolates (Staib & 

Morschhauser, 1999; Al Mosaid et al., 2001). Both C. albicans and C. dubliniensis, unlike 

other Candida species, have the ability to produce germ tubes upon incubation in serum 

(Sullivan et al., 1995). However, C. dubliniensis does not produce germ tubes when 

incubated in N-acetyl glucosamine-containing medium unlike C. albicans (Gilfillan et al., 

1998). Furthermore, C. albicans can be serotyped as either serotype A (agglutinating) or 

serotype B (non-agglutinating) on the basis o f agglutination reactions with antisera raised 

against Candida antigenic factor number 6 (Odds, 1988). In contrast, all C. dubliniensis 

isolates tested to date agglutinated with sera raised against Candida  antigenic factor 

number 6, classifying them as serotype A (Sullivan et al., 1995). Type II C. stellatoidea, 

which are considered to be sucrose-negative variants of C. albicans, can be classified as 

serotype A or B (Kwon-Chung et al., 1989). Type I C. stellatoidea, which is genetically 

distinct from C. albicans as demonstrated by karyotype analysis and by DNA 

fingerprinting with the C. albicans-specific probe Ca3, always belong to serotype B 

(Kwon-Chung et al., 1989). Candida dubliniensis isolates were also found to react with 

serotype A-specific antisera using flow cytometry (Mercure et al., 1996).

1.2.2.2 Phenotvpic properties of C. dubliniensis on differential agar

Candida dubliniensis grows well on culture media routinely used to grow other 

Candida species (Sullivan et al., 1995). Colonies formed on Sabouraud agar or potato 

dextrose agar (PDA) are a creamy white colour, similar to those formed by C. albicans. 

Therefore, it is impossible to distinguish between colonies o f the two species grown on 

conventional mycological agars. CHROMagar Candida medium is one o f a number of 

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

commercially available CHROMagar Candida medium is a commonly used medium for 

the preliminary identification of medically important Candida species (Odds & Bemaerts, 

1994). On this medium C. dubliniensis isolates are dark green in colour on primary 

isolation whereas C. albicans are light blue-green in colour (Schoofs et al., 1997; Sullivan 

& Coleman, 1997a; Koehler et al., 1999). However, this medium is only useful for the 

identification o f C. dubliniensis from clinical samples following primary culture as C. 

dubliniensis isolates can lose their distinctive colony colouration following prolonged 

storage or culture (Schoofs et al., 1997). Candida dubliniensis also produces a distinctive 

colonial morphology on Staib agar. One study showed that C. dubliniensis isolates form
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rough colonies, hyphae and abundant chlamydospores following incubation on this agar at 

30°C whereas C. albicans isolates did not (Staib and Morschhauser, 1999). A more recent 

and more comprehensive study of 130 C. dubliniensis isolates and 166 C. albicans isolates 

by A1 Mosaid et al. (2001) using Staib agar showed that all C. albicans colonies tested 

produced smooth colonies on this medium whereas 97.7% of C. dubliniensis isolates 

produced rough colonies. This study also showed that 85.4% of the C. dubliniensis 

isolates tested produced chlamydospores on this medium. Therefore, the authors 

concluded that differentiation o f these two species on Staib agar should be based on 

colonial morphology and not on hyphae and chlamydospore production (Al Mosaid et al., 

2001).

1.2.2.3 Candida dubliniensis isolates do not grow at 45°C

Candida dubliniensis isolates grow well at 30°C and 37°C on culture media 

routinely used to grow Candida species (Sullivan et al., 1995). However, C. dubliniensis 

isolates do not grow or grow poorly at 42°C and fail to grow at 45°C. In a study of 120 C. 

dubliniensis isolates and 98 C. albicans isolates Pinjon et al. (1998) observed that C. 

dubliniensis isolates do not grow at 45°C, in contrast to the majority of C. albicans isolates 

that are capable of growth at 45°C (Pinjon et al., 1998). However, other studies have 

shown that some isolates o f C. albicans do not grow at this elevated temperature and 

therefore this method cannot be reliably used for the identification o f C. dubliniensis 

(Kirkpatrick et al., 1998; Gales et al., 1999).

1.2.2.4 Carbon and nitrogen assimilation profiles of C  dubliniensis

Commercially available yeast identification systems such as the API ID 32C and 

API 20C AUX systems are routinely used in diagnostic laboratories for identifying 

Candida  species. These systems are based on the ability or inability o f an isolate to 

assimilate a range of specific substrates. A numerical code or profile is generated based on 

substrate assimilation patterns that is compared with database profiles allowing an 

unknown isolate to be identified. A number of studies have shown that C. dubliniensis 

isolates yield substrate assimilation profiles with the API ID 32C and API 20C AUX yeast 

identification system which are distinct from those produced by C. albicans (Boerlin et al., 

1995; McCullough et al., 1995; Sullivan et ah, 1995; Schoofs et al., 1997; Kirkpatrick et 

al., 1998; Salkin et al., 1998; Gales et al., 1999; Jabra-Rizk et al., 1999a; Pincus et al., 

1999; Tintelnot et al., 2000). Before C. dubliniensis was included in the API ID 32C and
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API 20C AUX databases C. dubliniensis profiles did not match any profiles in the 

databases or they gave profiles that corresponded to poor identification of species such as 

C. sake (Sullivan et a l, 1995). In 1998, a limited number of C. dubliniensis profiles were 

added to the databases, however, Pincus et al. (1999) in a comprehensive study 

demonstrated that the databases should be modified to include more extensive C. 

dubliniensis profile data to allow reliable identification.

Many of the phenotypic properties o f C. dubliniensis described above have been 

used for distinguishing isolates of C. dubliniensis from C. albicans. However, the majority 

of these phenotypic properties are not definitive for C. dubliniensis and therefore in order 

to achieve definitive identification o f C. dubliniensis molecular methods based on 

genotypic characteristics (discussed below) need to be used.

1.2.3 Genotypic characteristics of C. dubliniensis

The first evidence that suggested that atypical Candida isolates now known to be 

C. dubliniensis were genetically distinct from C. albicans was obtained from DNA 

fingerprinting studies (Boerlin et al., 1995; McCullough et al., 1995; Sullivan et al., 1995). 

The moderately repetitive C. albicans fingerprinting probe 27A hybridises strongly to C. 

albicans and to type I and type II C. stellatoidea  ^coRI-digested DNA, producing a 

complex series o f bands (Scherer & Stevens, 1988). When genomic DNA from atypical 

Candida isolates was hybridised with 27A, the fingerprint pattern obtained consisted of a 

small number o f weakly hybridising bands (McCullough et al., 1995; Sullivan et al., 

1995). Similarly when genomic DNA from atypical Candida isolates was hybridised with 

the C. albicans fingerprinting probe Ca3, which is highly related to 27A, the atypical 

isolates hybridised weakly unlike C. albicans isolates which produced a complex series of 

strongly hybridising bands (Boerlin et al., 1995). When genomic DNA from C. 

dubliniensis isolates is digested with the restriction enzyme Hinfi and the fragments 

separated by gel electrophoresis distinct restriction fragment length polymorphism (RFLP) 

patterns are observed which are different from the corresponding Hinjl RFLP patterns of 

C. albicans, or type I and type II C. stellatoidea (Sullivan et al., 1995). Further evidence 

establishing the distinctive genomic organisation of C. dubliniensis was obtained following 

DNA fingerprint analysis using five different oligonucleotide probes homologous to 

eukaryotic microsatellite DNA sequences, and by RAPD analsyis (Sullivan et al., 1995). 

The electrophoretic karyotype profiles o f C. dubliniensis isolates are also very distinct
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from those of C. albicans isolates thus providing ftirther evidence that the two species are 

distinct. Candida albicans and type II C. stellatoidea isolates produce karyotype profiles 

consisting of seven distinct chromosome sized bands by pulsed-field gel-electrophoresis. 

In contrast, C. dubliniensis karyotype profiles consist of 9-10 chromosomal sized bands, 

including one or more bands o f < lM b, a feature shared with isolates o f type I C. 

stellatoidea (Sullivan et al., 1995).

Multilocus enzyme electrophoresis (MEE) is used for genetically characterising 

individuals at definite loci and has been used widely for population-analysis. MEE studies 

of atypical Candida isolates which have since been identified or tentatively identified as C. 

dubliniensis demonstrated that the organisms were genetically very divergent from other 

species examined including C. albicans or type 1 C. stellatoidea (Boerlin et al., 1995; 

Pujol et ah, 1997b). This data provides additional evidence for the designation o f C. 

dubliniensis as a distinct species. Furthermore, very little intraspecies divergence was 

observed by MEE with C. dubliniensis (Boerlin et al., 1995; Pujol et al., 1997b).

Joly et al. (1999) identified and cloned a species-specific DNA repetitive element 

termed Cd25 from C. dubliniensis for use in molecular epidemiological studies as it readily 

distinguished clinical isolates o f C. dubliniensis. The isolation o f a species-specific 

repetitive element provides further evidence that C. dubliniensis is indeed a distinct species 

(Joly et al., 1999). Furthermore, using the Cd25 probe Joly et al. (1999) observed that C. 

dubliniensis could be divided into two distinct groups termed Cd25 group I and Cd25 

group II based on fingerprint profiles obtained with this probe. Candida dubliniensis 

isolates within Cd25 group I were more homogeneous (average similarity coefficient (Sab) 

of 0.80) or more closely related to one another than isolates within Cd25 group II 

(Sab=0.47). Two other DNA repetitive elements (Cd24 and Cdl) have also been cloned 

from C. dubliniensis for fingerprinting, these cross react weakly with C. albicans DNA. 

Use o f Cd24 and Cdl probes in fingerprinting studies demonstrated that Cdl patterns were 

the least stable over time both in vitro and in vivo and for this reason proved most effective 

in investigating microevolution. The probe Cd24 was shown to be capable of detecting 

microevolution in vivo but not in vitro suggesting that variations within the Cd24 pattern 

are induced by in vivo conditions. The development of these C. dubliniensis fingerprinting 

probes provided important tools for the epidemiological analysis of C. dubliniensis.
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1.2.4 Phylogenetic analysis of C. dubliniensis

Molecular analysis has revealed that C. dubliniensis is genetically distinct from C. 

albicans and from other yeast species. However, these molecular genetic studies described 

above did not permit a quantitative determination of the genetic differences between C. 

dubliniensis and C. albicans or other C andida  species. In order to quantify the 

phylogenetic relationships between C. dubliniensis and other Candida species a number of 

researchers have analysed ribosomal, non-ribosomal and mitochondrion nucleotide 

sequences. Initially, Sullivan et al. (1995) sequenced 500 bp of the V3 variable region of 

the large ribosomal subunit gene of nine separate C. dubliniensis isolates from Ireland, the 

UK and Australia and compared them to the corresponding sequences of seven other 

Candida species (Sullivan et al., 1995). All the C. dubliniensis isolates yielded identical 

sequences which were completely distinct from the corresponding reference strains of C. 

albicans, C. stellatoidea, C. tropicalis, C. glabrata, Candida kefyr and C. krusei tested. A 

phylogenetic tree was produced based on these sequences of the V3 variable region and the 

C. dubliniensis isolates formed a homogeneous cluster that was significantly different from 

the other Candida species analysed (Sullivan et al., 1995). Candida dubliniensis and C. 

albicans showed 91.15% identity based on this region. These results were later confirmed 

by the analysis of the V3 region from a further five C. dubliniensis isolates from Ireland, 

the UK, Argentina and Switzerland (Sullivan et al., 1997). Furthermore, in a study by 

Kurtzmann & Robnett (1997) involving sequence analysis of the 5 ' end of the large 

ribosomal subunit rDNA genes from C. dubliniensis and a wide variety of other yeast 

species the distinct taxonomic position of C. dubliniensis was also demonstrated 

(Kurtzman & Robnett, 1997).

The distinct taxonomic position of C. dubliniensis was also revealed by comparison 

of the DNA sequence of the small subunit rDNA gene from the C. dubliniensis type strain 

CDS6, and the corresponding sequence of C. albicans, C. tropicalis, C. glabrata, Candida 

lusitaniae, C. krusei and Saccharomyces cerevisiae (Gilfillan et al., 1998). The C. 

dubliniensis sequence was observed to differ from the C. albicans sequence by 1.4 %. 

Interestingly, this is the same level of sequence difference found between C. albicans and 

C. tropicalis. When a phylogenetic tree was generated using the C. dubliniensis small 

subunit rDNA gene sequence and the corresponding sequences from a variety of other 

Candida species C. dubliniensis formed a separate branch confirming its unique taxanomic 

position within the genus Candida (Gilfillan et al., 1998).
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Boucher et al. (1996) characterised a group I self-splicing intron in the large 

ribosomal subunit encoding DNA from C. dubliniensis and found it was similar to that of 

C. albicans. However, the C. dubliniensis intron was found to possess two widely 

divergent stem-loop regions when compared to the C. albicans intron (Boucher et al., 

1996). The authors concluded that this evidence supports the conclusion that C. 

dubliniensis is taxonomically distinct from C. albicans and C. stellatoidea. Similar 

conclusions were reached by a number of other researchers who analysed non-ribosomal 

and mitochondrion sequences from C. dubliniensis and from other Candida species. 

Donnelly et al. (1999) showed that the sequence of the C. dubliniensis ACT! coding region 

had 97.9% identity with the corresponding C. albicans sequences; this figure is 

comparable to the divergence observed between the two species in the V3 variable region 

of the large subunit rDNA gene (Donnelly et al., 1999). In addition, Donnelly et al. (1999) 

showed that the C. dubliniensis and C. albicans A C T l-diSSOQ,\diXQ.di introns had 83.4% 

identity. The sequence of the C. dubliniensis and C. albicans M DRl gene, CD Rl gene, 

SA P 2 gene, putative SAP2 promoter region, PH Rl gene and PHR2 gene were also 

determined and found to be 92 %, 92%, 89.6%, 62.4%, 90.2%, 91.2% identical, 

respectively (Moran et al., 1998 and 2002; Kurzai et al., 1999; Donnelly, 2001). These 

comparative sequence differences are all considerably more than the corresponding 

divergence observed for the ribosomal and A C Tl gene sequences. However, it has been 

observed that both ribosomal and ACTl genes are relatively well conserved throughout the 

eukaryotic kingdom, presumably due to functional constraints, while putative virulence 

genes such as SAP2 are less well conserved. Analysis o f the partial mitochondrial 

cytochrome b nucleotide sequences o f C. albicans and C. dubliniensis showed 89.9% 

similarity, which is comparable to the divergence observed between the SAP2 gene of the 

two species (Yokoyama et al., 2000).

All of these studies based on ribosomal and non-ribosomal nuclear coding and non

coding sequences and mitochondrial sequences provide convincing evidence that C. 

dubliniensis is indeed phylogenetically a separate species clearly distinct from C. albicans. 

However, C. dubliniensis is most closely related to C. albicans than to other Candida 

species.

1.2.5 Identification of C. dubliniensis from clinical specimens
In order to conduct large-scale epidemiological studies of C. dubliniensis it is

essential to be able to identify this species in clinical samples as accurately and as rapidly
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as possible. Identification techniques should be inexpensive, easy to apply and 

reproducible. In the case of C. dubliniensis it is important to be able to differentiate it from 

C. albicans. Candida dubliniensis and C. albicans can be distinguished from all other 

Candida species by their ability to produce germ tubes and chlamydospores (Sullivan et 

a l,  1995). A large number of phenotypic and genotypic tests have been assessed recently 

for their ability to distinguish C. dubliniensis from C. albicans.

1.2.5.1 Phenotype based tests

1.2.5.1.1 CHROMagar Candida

CHROM agar Candida contains chrom ogenic substrates that allow  the 

differentiation of several clinically important Candida  species on the basis o f colony 

colour (Odds and Bernaerts, 1994). As mentioned previously, C. albicans colonies are a 

light blue-green in colour on CHROMagar while those of C. dubliniensis are dark green 

following primary isolation from a clinical specimen (Coleman et al., 1997a). However, a 

study by Tintelnot et al. (2000) indicated that C. dubliniensis like C. albicans can produce 

light green coloured colonies on CHROMagar Candida medium following primary culture 

indicating this medium was not reliable for the differentiation of C. dubliniensis and C. 

albicans (Tintelnot et al., 2000). In their study, Tintelnot et al. (2000) analysed 170 light 

and dark green colonies following primary isolation on CHROMagar from a total o f 150 

oral rinse samples and only 30 of the 53 C. dubliniensis isolates recovered showed the dark 

green pigmentation. This study indicates that if CHROMagar is used for the primary 

identification o f C. dubliniensis the actual prevalence o f C. dubliniensis  will be 

underestimated. Recently CHROMagar Candida media was reformulated by Becton 

Dickinson and it was reported that while C. dubliniensis colonies yielded typical dark 

green colonies, C. albicans colonies were a lighter shade o f green on the new media 

(Jabra-Rizk et al., 2001a). However, other researchers have not yet verified this medium.

1.2.5.1.2 TTCagar

The ability of C. dubliniensis to reduce 2,3,5-triphenyltetrazolium chloride was 

suggested as a method for differentiating it from C. albicans which does not reduce 2,3,5- 

triphenyltetrazolium chloride (Velegraki & Logotheti, 1998). In a study by Velegraki et 

al. (1998) C. albicans isolates grown on Sabouraud agar containing 2,3,5- 

triphenyltetrazolium chloride produced pale pink to whitish colonies while C. dubliniensis
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produced red to maroon colonies. However, C. tropicalis also produced a maroon colour 

on this agar and therefore the authors suggested the use of this test after a positive germ 

tube test (Velegraki and Logotheti, 1998). However, in another study 50 isolates each of 

C  albicans and C. dubliniensis were examined using the same agar which revealed that the 

colour of the C. dubliniensis colonies ranged from white through pink to maroon and were 

indistinguishable from C. albicans colonies (S. Donnelly & D. Coleman, unpublished 

data). Therefore, this medium does not appear suitable for the reliable identification of C. 

dubliniensis.

1.2.5.1.3 Staib agar

Staib agar is another differential agar that has been used to differentiate C. 

dubliniensis from C. albicans isolates. Staib et al. (1999) in a study of 14 C. dubliniensis 

isolates and 11 C. albicans isolates suggested that the ability of C. dubliniensis to produce 

rough colonies and chlamydospores on Staib agar provided a simple means of 

differentiating it from its close relative C. albicans. A more extensive study using 130 C. 

dubliniensis and 166 C. albicans isolates grown on Staib agar and on the related defined 

medium caffeic acid-ferric citrate agar found that while none of the C. albicans isolates 

produced chlamydopsores on either medium, 85.4 % and 83.8% of the C. dubliniensis 

isolates produced chlamydopsores on Staib agar and caffeic acid agar, respectively (Al 

Mosaid et al., 2001). All of the C. albicans isolates grew as smooth, shiny colonies on 

Staib agar after 48 to 72 h o f incubation at 30°C, while 97.7 % of the C. dubliniensis 

isolates grew as rough colonies. This study confirmed that Staib agar is a good medium 

for distinguishing between C. dubliniensis and C. albicans provided that differentiation is 

based on colony morphology rather than chlamydospore production (Al Mosaid et al., 

2001).

1.2.5.1.4 Tween 80 opacity test

It was reported that C. dubliniensis could be differentiated from C. albicans using 

the Tween 80 opacity test (Slifkin, 2000). The Tween 80 opacity test detects esterase 

production. The presence of a halo around an inoculated site on the Tween medium, 

viewed with transmitted light 2 to 3 days post-inoculation, indicates a positive test and 

indicates that the Candida isolate produced an esterase. In a study by Slifkin (2000) 

fifteen C. albicans isolates tested produced a halo on this medium but the 16 C. 

dubliniensis isolates tested did not (Slifkin, 2000). However, in a more recent study of 60
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C. albicans and 102 C. dubliniensis isolates, five C. albicans isolates did not produce a 

halo and two C. dubliniensis did produce a halo (A. A1 Mosaid and D. Coleman, personal 

communication). The results of this study indicate that this medium is not suitable for the 

reliable differentiation of C. albicans and C. dubliniensis.

1.2.5.1.5 45°Cgrowth temperature test

The ability of C. dubliniensis to grow at 45°C was used by Pinjon et al. (1998) as a 

method to distinguish C. dubliniensis from C. albicans. In a study of 120 C. dubliniensis 

isolates and 98 C  albicans isolates it was shown that 97 of the C. albicans grew at 45°C 

but none of the C. dubliniensis isolates grew at this temperature (Pinjon et al., 1998). 

However, other studies have shown that a significant proportion of C. albicans isolates 

cannot grow at 45°C. In one study of 100 C. albicans isolates 23 (23%) exhibited poor or 

no growth at 45°C (Gales et al., 1999). In another study, only 18 out of 28 (64%) C. 

albicans isolates grew at 45°C (Kirpatrick et al., 1998). Despite the fact that some C. 

albicans isolates fail to grow at 45°C all C. dubliniensis isolates tested to date do not grow 

at 45°C and therefore this method is still useful for the presumptive identification of C. 

dubliniensis as it is simple and inexpensive. However, other methods o f identification 

would have to be employed in conjunction with this method to definitively identify C. 

dubliniensis.

1.2.5.1.6 P-D-glucosidase test

Initial studies showed that C. dubliniensis unlike C. albicans lacked the ability to 

express /3-D-glucosidase activity (Boerlin et al., 1995). An assay was subsequently 

developed to distinguish the two species based on this finding (Schoofs et al., 1997). 

However, in a study by Odds et al. (1998) 12.4% (67/537) of C. albicans isolates tested 

did not express jS-D-glucosidase activity (Odds et al., 1998). In a more recent study, all 53 

C. dubliniensis isolates tested did not exhibit )3-D-glucosidase activity, however, 13% 

(15/117) of C. albicans strains tested were also /3-D-glucosidase negative (Tintelnot et al., 

2000). These results indicate this method is unsuitable for the identification o f C. 

dubliniensis.

1.2.5.1.7 API yeast identification systems

The commercially available API ID 32C and API 20C AUX yeast identification 

systems are routinely used in diagnostic laboratories to identify Candida species. Candida
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dubliniensis produces distinct nitrogen and carbon substrate assimilation profiles from 

other Candida  species with the API ID 32C and API 20C AUX systems (Gales et al., 

1999; Pincus et al., 1999; Sullivan et al., 1995). As discussed in section 1.2.2.4, in 1998, 

the API system databases were updated to include a limited number of C. dubliniensis 

isolate profiles. Tintelnot et al. (2000) tested the assimilation profiles of 53 C. dubliniensis 

isolates with the API ID 32C yeast identification system. When the profiles were 

compared with the ID 32C database only two isolates gave positive identification for C. 

dubliniensis the remaining isolates were identified as C. albicans. The results of this study 

and the results of a study by Pincus et al. (1999) indicate that modification o f the ID 32C 

database to include more extensive C. dubliniensis profile is necessary to correctly and 

reliably identify C. dubliniensis isolates.

1.2.5.1.8 Pyrolysis-mass spectrometry, Fourier transform-infrared spectroscopy and gas

liquid chromatography

Pyrolysis-mass spectrometry and Fourier transform-infrared spectroscopy have 

been used for the identification o f C. dubliniensis (Timmins et al., 1998). Candida 

dubliniensis may also be differentiated from C. albicans by fatty acid methyl ester analysis 

using gas liquid chromatography (Peltroche-Llacsahuanga et al., 2000a). However, these 

techniques require specialist equipment that are not readily available in most microbiology 

laboratories and are therefore not suitable for the routine identification of C. dubliniensis.

1.2.5.1.9 Other phenotypic tests

A number of other phenotypic tests developed in the last few years have been used 

to discriminate between C. albicans and C. dubliniensis. A 3-minute test based on the 

ability of C. dubliniensis to coaggregate with Fusobacterium nucleatum was developed by 

Jabra-Rizk et al. (1999b). This method is very simple, fast, inexpensive and suitable for 

use in routing diagnostic laboratories. An immunofluorescence test based on antibody 

detection o f differential antigen expression on C. dubliniensis blastospores and C. albicans 

germ tubes was reported by Bikandi et al. (1998). This method is very fast, it takes less 

than 2 h to perform and has been tested on 85 clinical isolates of C. dubliniensis (Bikandi 

et al., 1998). Candida dubliniensis and C. albicans can also be distinguished using MEE, 

however, this method is impractical for routine use in a diagnostic laboratory as it requires 

specialist equipment and is time consuming (Boerlin et al., 1995).
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1.2.5.2 PCR based tests

As noted above, many phenotype tests are unreliable and do not permit definitive 

identification o f C. dubliniensis. Therefore, a number of phenotypic tests need to be used 

to obtain reliable identification for C. dubliniensis, alternatively, tests should be carried out 

in conjunction with a genotypic test such as PCR.

In recent years several PCR based techniques have been developed for the 

identification of C. dubliniensis and for its differentiation from C. albicans. PCR based 

tests have a number of advantages over phenotypic and molecular typing methods in that 

they are rapid, easy to perform and are amenable to large throughput volume.

Donnelly et al. (1999) developed a C. dubliniensis-specific PCR using primers 

based on the y4Cr/-associated intron sequence o f C. dubliniensis. These primers yield 

amplimers from C. dubliniensis template DNA but not from any other yeast species tested, 

including C. albicans. The usefulness of this PCR method was confirmed with 122 C 

dubliniensis isolates and 53 C. albicans isolates and positive identification could be 

obtained for C. dubliniensis in 4 h (Donnelly et al., 1999).

A number of other PCR methods have also been developed based on sequence 

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

region (ITS) o f the ribosomal gene cluster. The ITS region comprises the ITSl region, 

which is located between the 18S (small) ribosomal RNA gene and the 5.8S rDNA gene, 

and the ITS2 region which is located between the 5.8S rDNA gene and the 25S (large) 

rDNA gene. In one study, a species-specific PCR assay based on sequence differences 

between different yeast species in the ITS2 region was used in conjunction with an enzyme 

immunoassay format to detect amplicons with C. dubliniensis template DNA and template 

DNA from a number o f other yeast species (Elie et al., 1998). However, this method 

involves a PCR-ELISA, which is time consuming and therefore not suitable for routine 

testing. Similarly, the PCR line probe assay based on the ITS region developed by Martin 

et al. (2000) for the identification of a number o f fungal pathogens, including C. 

dubliniensis, is time consuming.

In another study the sequence of the ITS2 region was used to develop a molecular 

beacon probe for identification of C. dubliniensis as well as C. albicans (Park et al., 2000). 

Molecular beacons are small, single stranded nucleic acid hairpin probes that brightly 

fluoresce when they are bound to their targets. When this approach was applied to an 

unknown selection of 23 yeast isolates consisting o f C. albicans and C. dubliniensis, the
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species-specific probes were 100% accurate in identifying both species correctly.

In three other studies, restriction fragment length polymorphism of the amplified 

ITSl and 1TS2 regions was used as a means for distinguishing C. albicans and C. 

dubliniensis (Irobi et al., 1999; McCullough et al., 1999a; Williams et a i, 2001). While 

this method is relatively simple to apply the PCR products require further manipulation 

after amplification thereby adding to the time before a positive identification for C. 

dubliniensis can be made.

Other PCR based methods for identifying C. dubliniensis and for distinguishing C. 

albicans from C. dubliniensis have also been developed. Posteraro et al. (2000) developed 

an assay based on PCR amplification of portions o f the ERG 11 gene and reverse cross blot 

hybridisation for direct detection and identification of a number o f yeasts in clinical 

specimens, including an assay for C. dubliniensis (Posteraro et al., 2000). However, this 

method is not suitable for the rapid identification o f C. dubliniensis as hybridisation 

reactions are time consuming. Mannarelli and Kurtzman, (1998) developed a PCR method 

using C. dubliniensis species-specific primers based on the variable region of the large 

subunit gene (Mannarelli & Kurtzman, 1998). However, this method was only tested on 

seven C. dubliniensis isolates.

A PCR test for identifying C. albicans, and therefore for discriminating C. albicans 

and C. dubliniensis, was developed based on sequence differences in the pH-regulated 

PH Rl and PHR2 genes o f the two species (Kurzai et al., 1999). Oligonucleotide primers 

based on the coding sequence of the C. albicans PH R l gene yielded a 1.6 kb amplimer, 

while amplimers were not observed with C. dubliniensis template DNA (Kurzai et al., 

1999). This method identifies C. albicans only and thus further tests would be required to 

definitively identify C. dubliniensis.

1.2.5.3 Molecular tvping tests for C. dubliniensis

A  variety of other molecular methods can also be used to distinguish between C. 

albicans and C. dubliniensis including hybridisation with the repeat sequence probes Ca3 

or 27A, hybridisation with the C. dubliniensis species-specific probe Cd25, hybridisation 

with the oligonucleotide probes (GGAT)4 , (GACA)4 , (GATA)4 , (GT)g and (GTG)5 , Hinfl. 

digestion o f chromosomal DNA, karyotype analysis, RAPD, PCR fingerprinting with the 

M13 primer and RNA sequence analysis (Boerlin et al., 1995; McCullough et al., 1995; 

Sullivan et al., 1995; Gilfillan et al., 1998; Joly et al., 1999; Meyer et al., 2001). These
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molecular typing techniques are reliable for the identification o f C. dubliniensis, however, 

they are time consuming and expensive and are therefore not suitable for use in routine 

diagnostic laboratories. The gold standard method for the identification of C  dubliniensis 

are PCR-based methods as they are fast, easy to perform and suitable for large numbers of 

samples and are therefore suitable for routine use in diagnostic laboratories. It would 

seem, therefore, that the most suitable methods for identifying C. dubliniensis in a 

diagnostic laboratory would be to presumptively identify the organism on a differential 

medium followed by PCR with C. dubliniensis-s^Qcific primers.

1.2.6 Geographic distribution and incidence of C. dubliniensis

Candida dubliniensis was initially recovered from the oral cavities o f HIV-infected 

patients from Ireland, Australia and the United Kingdom (Sullivan et al., 1995). Candida 

dubliniensis has since been shown to have a world-wide distribution with isolates 

recovered from different patient cohorts in Argentina, Belgium, Brazil, Canada, France, 

Germany, Greece, India, Israel, Italy, Japan, Norway, South Africa, Spain, Switzerland and 

the USA (Pujol et al., 1997b; Schoofs et al., 1997; Sullivan et al., 1997; Odds et al., 1998; 

Pinjon et al., 1998; Salkin et al., 1998; Jabra-Rizk et al., 1999a; Polacheck et al., 2000; 

Quindos et al., 2000; Al Mosaid et al., 2001; Fischer et al., 2001; Redding et al., 2001).

Candida dubliniensis has mainly been recovered from the oral cavity, particularly 

in HIV-infected and AIDS patients, including haemophiliacs, intravenous drug users and 

homosexuals (Coleman e /a /., 1997a and 1997b; Ponton et al., 2000). However, C. 

dubliniensis has also been recovered from the oral cavities of HIV-negative intravenous 

drug users, from diabetic patients and from healthy individuals (Odds et al., 1998; Jabra- 

Rizk et al., 1999a; Jabra-Rizk, 2000; Ponton et al., 2000; Willis et al., 2000). The best 

available data on the incidence of this organism in the oral cavity comes from studies of 

Irish individuals (Ponton et al., 2000). Candida dubliniensis was recovered from 32% of 

Irish AIDS patients with clinical symptoms o f oral candidosis and from 25% of 

asymptomatic Irish AIDS patients. In contrast, C. dubliniensis was only recovered from 

3.5% of Irish asymptomatic HIV-negative healthy individuals. However, this latter finding 

indicates that C. dubliniensis forms part o f the normal oral healthy flora. Other studies, 

predominantly from the USA, found the prevalence of oral C. dubliniensis in HIV-infected 

individuals to be between 11% and 25% (Kirkpatrick et al., 1998; Jabra-Rizk et al., 1999a; 

Meiller et al., 1999; Brown et al., 2000). All of these studies mentioned above indicate the
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prevalence o f C. dubliniensis is higher in HIV-infected individuals than in non-HIV- 

infected individuals.

Retrospective studies on culture collections have also provided information on the 

prevalence of C. dubliniensis. A retrospective study by Jabra-Rizk et al. (2000) concluded 

that of a collection of 1,251 isolates from the USA, originally identified as C. albicans, 15 

isolates (1.2%) from 12 patients were in fact C  dubliniensis. In this study, five o f the 12 

patients who had C. dubliniensis were HIV-positive and these isolates were originally 

recovered from the oral cavity or respiratory tract, again demonstrating a close association 

of C. dubliniensis with the oral cavity of HIV-positive and AIDS patients. In another study 

o f 2,589 yeasts that were isolated from patients as far back as the early 1970s, and 

originally identified as C. ablicans, 53 (2.05%) were identified as C. dubliniensis isolates 

(Odds et al., 1998). The majority of these newly identified C  dubliniensis isolates were 

recovered from oral and faecal samples, with a single isolate recovered from a 

vulvovaginal sample. Interestingly, 41% (15/36) of C. dubliniensis isolates from this study 

were recovered from HIV-infected individuals, again indicating a close association 

between C. dubliniensis and HIV-infected individuals. Furthermore, the prevalence of C. 

dubliniensis from healthy individuals was 11.8%, providing further evidence that C. 

dubliniensis forms part of the normal flora in healthy individuals. The oldest examples of 

C. dubliniensis in this study were originally recovered in 1973 and 1975 from the oral 

cavity of three separate patients, indicating that despite its association with the oral cavity 

o f HIV-positive and AIDS patients, recovery of C. dubliniensis from humans predates the 

AIDS epidemic. Other studies support this observation with the earliest C. dubliniensis 

isolate, originally identified as C. albicans, deposited in the Centraal Bureau voor 

Schimmelcultures in Holland in 1952 (Meis et al., 1999). Another isolate originally 

identified as C. stellatoidea (NCPF 3108), was recovered from a postmortem lung 

specimen of a patient who died in the United Kingdom in 1957 (Sullivan et al., 1995).

While C. dubliniensis is most frequently isolated from the oral cavity it has also 

been recovered from a variety of other body sites including sputum, respiratory tract, 

stools, vagina, urine, wound and ascites (Odds et al., 1998; Polacheck et al., 2000; Gee et 

al., 2002). Recently, C. dubliniensis has also been associated with systemic infection in 

both HIV-infected individuals and non-HIV-infected individuals (Brandt et al., 2000; 

Gottlieb et al., 2001; Boyle et al., 2002). All o f the individuals with C. dubliniensis 

fungemia had severe underlying medical conditions.
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1.2.7 Antifungal drug susceptibility of C. dubliniensis

Oral candidosis is common in HIV-infected and AIDS patients and these patients 

are frequently treated with antifungal agents. Candida dubliniensis is predominantly 

isolated from HIV-infected individuals or AIDS patients with oral candidosis (Coleman et 

al., 1997a and 1997b), therefore the susceptibility o f C. dubliniensis to the commonly used 

and new antifungal agents is important. The majority of C. dubliniensis isolates tested to 

date are susceptible to fluconazole (Moran et al., 1997; McCullough et al., 1999a). 

However, a number o f studies have reported clinical isolates with fluconazole dose 

dependent susceptibility (Moran et al., 1997; Quindos et al., 2000). Fluconazole resistant 

clinical isolates of C. dubliniensis have been detected by a number of researchers. Moran 

et al. (1997) described two clonal isolates of C  dubliniensis that were recovered from the 

same patient at separate clinical evaluations 18 months apart. The earlier isolate recovered 

was susceptible to fluconazole (MIC 0.5 |xg/ml) and the later isolate was fluconazole 

resistant (MIC 32 |j,g/ml), indicating the possible development of fluconazole resistance in 

vivo. In a study carried out by Quindos et al. (2000) of 36 C. dubliniensis isolates, four 

isolates that were resistant to fluconazole were detected. Fluconazole is the most 

commonly used antifungal agent in the treatment o f oral candidosis and the development 

of fluconazole resistant isolates in vivo has important clinical implications for the treatment 

o f patients. While the majority o f C. dubliniensis isolates tested are susceptible to 

itraconazole and ketoconazole, resistant C. dubliniensis isolates have been reported 

(Quindos et al., 2000). In fact Quindos et al. (2000) reported fluconazole resistant C. 

dubliniensis isolates that were cross-resistant to itraconazole and ketoconazole. Therefore, 

non-azole antifungal agents may prove important as alternatives for the treatment of 

infections caused by azole-resistant C. dubliniensis. Candida dubliniensis isolates are 

susceptible to the commonly used polyene antifungal agent amphotericin B, to 5- 

fluorocytosine, to the new formulations o f existing antifungal agents including 

amphotericin B colloidal dispersion, liposomal amphotericin B and liposomal nystatin and 

to the new antifungal agents LY303366, SCH56592 and voriconazole (McCullough et al., 

1999a; Quindos et al., 2000).

Fluconazole resistance in C. dubliniensis has been examined and found to exhibit 

both similarities and differences to fluconazole resistance in C. albicans. Homologues of 

the C. albicans multidrug transporter genes M DRl, CDRl and CDR2 have been identified 

in C. dubliniensis (Moran a/., 1998). However, northern analysis o f  fluconazole-
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susceptible and fluconazole-resistant isolates o f C. dubliniensis revealed that fluconazole 

resistance was mainly associated with increased expression of CdM DRl mRNA while in 

contrast, most studies showed that overexpression of C aC D R l was associated with 

fluconazole resistance in C. albicans (Moran et a l,  1998).

1.2.8 Candida dubliniensis virulence

It is generally accepted that all Candida species exhibit low pathogenicity, as 

Candida can colonise individuals without causing symptoms of disease (Odds, 1988). 

Underlying disease or immunodeficiency is usually the cause of predisposing individuals 

to Candida infections (Odds, 1988). However, Candida species possess a number of 

attributes that are considered to be important for successful colonisation and invasion of 

tissues. These attributes or putative virulence factors include the ability of Candida  

species to adhere to host epithelial cells, their ability to form hyphae, their ability to 

produce extracellular enzymes such as acid proteinases and their ability to exhibit 

phenotypic switching (Slutsky et al., 1987; Odds, 1988; Monod et al., 1988; Schaller et at., 

1999 and 2000). Candida albicans, which is considered the most pathogenic o f the 

medically important Candida species, is known to exhibit all of these putative virulence 

factors. Other less pathogenic Candida  species do not always possess all o f these 

attributes or if  they do they are expressed to a lesser degree (Fidel Jr et al., 1999).

Very little is known about the virulence of C. dubliniensis. Candida dubliniensis is 

isolated at a lower frequency than C. albicans from clinical samples, which suggests C. 

dubliniensis has a lower virulence (Coleman et al., 1997a and 1997b; Odds et al., 1998; 

Jabra-Rizk et al., 1999a and 2000; Meis et al., 1999; Brandt et al., 2000; Boyle et al., 

2002). A study by Gilfillan et al. (1998) using C. dubliniensis isolates in a mouse model 

of infection supports this observation. Gilfillan et al. (1998) assessed the virulence of four 

C. dubliniensis isolates in a systemic mouse model compared to C. albicans and found C. 

dubliniensis to be less virulent than C. albicans. In contrast, Curfs et al. (2000) in a study 

using two C  dubliniensis and two C. albicans isolates demonstrated C. dubliniensis was 

more virulent than C. albicans in a neutropenic mouse model. However, in the same study 

using a non-neutropenic mouse model the C. albicans isolates were more virulent than the 

C. dubliniensis isolates (Curfs et al., 2000). The immune response o f the host to C. 

dubliniensis and a number o f putative virulence factors o f C. dubliniensis (including 

adherence, germ tube production, cell surface hydrophobicity, extracellular proteases.
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phenotypic switching) that have been examined to date are discussed below.

1.2.8.1 Adherence

Adherence is one of the first stages o f the infection process for Candida species. 

Candida species have been observed to adhere to other bacteria, medical devices such as 

intra-venous catheters and to mammalian cells (Odds, 1988). Mucus 0-linked  

glycoproteins (mucins) are produced and secreted from the mucus cells of salivary glands, 

oesophagus, stomach, and small and large intestines, as well as the gall bladder and 

pancreatic ducts. Mucins form a gel-like material that play an important role in the 

lubrication of epithelial surfaces and in host defence against infection (De Repentigny et 

a l,  2000). The ability of microbial pathogens to adhere to and penetrate the mucin layer, 

which overlies the mucosal surface, may facilitate their access to host epithelial cells and 

subsequent colonisation. De Repentigny et al. (2000) demonstrated that binding of 

Candida species to purified small intestinal mucin showed a close correlation with their 

virulence hierarchy determined previously from animal models. In this study, C. 

dubliniensis was shown to adhere strongly to mucin and significant differences were found 

among three categories of Candida species adhering highly (C. dubliniensis, C. tropicalis 

and C. albicans), moderately (C. parapsilosis and C  lusitaniae) or weakly (C. krusei and 

C. glabrata) to mucin (De Repentigny et al., 2000).

Interactions between Candida species and bacterial species in the oral cavity may 

also be an important factor in Candida colonisation (Kolenbrander, 1989). Fusobacterium 

nucleatum, an anaerobic Gram-negative non-spore forming bacillus, is reported to be the 

most frequently isolated microbe from the subgingival plaque of periodontal lesions 

(Moore et al., 1983 and 1985). It has also been reported that F. nucleatum plays an 

important role in microbial colonisation in the oral cavity by its strong ability to attach to 

human cells (Dehazya & Coles Jr., 1980) and to coaggregate with many other oral 

microorganisms (George & Falkler Jr., 1992). Intergenic coaggregations (CoAgs) have 

been observed between C. albicans and Fusobacterium species (Grimaudo & Nesbitt, 

1997) as well as several other oral microorganisms (Hsu et al., 1990; Jenkinson et al., 

1990; Holmes et al., 1995). Jabra-Rizk et al. (1999b) demonstrated that a specific 

coaggregation occurs between F. nucleatum and C. dubliniensis. This may aid in the 

colonisation o f the oral cavity by C. dubliniensis. In another study Jabra-Rizk et al. 

(2001b) reported the recovery of C  dubliniensis from subgingival periodontal lesions. As
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the interactions among microorganisms have been shown to be an important step in 

infectious disease processes in the oral cavity, the ability o f C. dubliniensis to adhere to F. 

nucleatum may aid in colonisation of deep sulci or periodontal pockets (Jabra-Rizk et a i,  

2001b).

Interactions between Candida and medical devices may also be an important factor 

in microbial colonisation. In bacteria, one means of survival utilised by many oral species 

is the ability to form biofilms, which confers, in some measure, resistance to antibiotics 

and host defences (Baillie & Douglas, 1998). Kirkpatrick et al. (2000) showed that C. 

dubliniensis forms biofilms in vitro and that C. albicans demonstrated superior growth 

characteristics over C. dubliniensis in growth competition experiments under planktonic 

conditions. However, in similar experiments using biofilm growing conditions with a 

supporting structure provided by a piece o f PVC, C. dubliniensis was better able to 

withstand the competitive pressures from C. albicans (Kirkpatrick et al., 2000). To date, 

little is known about interspecies interactions between C. albicans and C. dubliniensis, yet 

these species have been frequently isolated concomitantly from the oral cavities of 

immunocompromised patients (Coleman et al., 1997a and 1997b).

Oral C. dubliniensis isolates have been shown to adhere to buccal epithelial cells 

(BECs) to a greater extent than C  albicans isolates when grown in the presence of glucose 

(McCullough et al., 1995; Gilfillan et al., 1998). This finding may be relevant to the 

observation that C. dubliniensis has been found almost exclusively in the oral cavity 

(Coleman et al., 1997a and 1997b; Odds et al., 1998; Jabra Rizk et al., 1999a and 2000; 

Polacheck et al., 2000). Interestingly, in a study o f 414 insulin-using diabetes mellitus 

patients the prevalence of oral C  dubliniensis was 15% (Willis et al., 2000), much higher 

than the 3.5% prevalence of C. dubliniensis observed in normal healthy individuals 

(Ponton et al., 2000). As diabetics can have higher salivary glucose levels than normal 

healthy individuals it is interesting to speculate that the higher incidence o f C. dubliniensis 

found in diabetics is related to the greater adherence o f C. dubliniensis to BECs when 

grown in the presence of glucose (Gilfillan et al., 1998).

The agglutinin-like sequence (ALS) gene family o f C  albicans encodes cell-surface 

glycoproteins implicated in adhesion o f the organism to host surfaces. Heterologous 

expression of ALS  genes in S. cerevisiae confers an adherence phenotype on the organism, 

suggesting Alsp proteins function in adhesion to host surfaces, a property that is positively 

correlated with Candida pathogenesis (Calderone & Braun, 1991). The ALS  gene family
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has been recently investigated in C. dubliniensis. Experiments carried out by Hoyer et al. 

(2001) suggested that Alsp proteins in this species encode the correct signals for cell wall 

localisation and that the basic wall structure o f these organisms is similar to that of S. 

cerevisiae and C. albicans (Calderone and Braun, 1991) . However, the study by Hoyer et 

al. (2001) suggested differences in the regulation o f the ALS gene family in C. dubliniensis 

and in the production o f cell wall proteins (Hoyer et al., 2001). The multiplicity of 

similarly expressed yllS'-hybridising messages on Northern blots of C. dubliniensis total 

RNA contrast sharply with the appearance o f ALS  Northern blots o f C. albicans in two 

ways: a seemingly increased number of expressed genes in C. dubliniensis and the 

apparent constitutive nature of the gene expression in C. dubliniensis (Hoyer et al., 2001).

One of the most important putative virulence factors o f C. albicans is its ability to 

exhibit dimorphism and to form true unconstricted germ tubes (Odds, 1988). The clinical 

implications o f this dimorphic behaviour are not clear as both yeast and hyphal forms have 

been observed in infected tissue. However, the hyphal form of C. albicans is thought to be 

more adherent than the yeast form and hyphae are more likely to be able to penetrate tissue 

(Cutler, 1991). The hyphal induction experiments carried out by Gilfillan et al. (1998) 

suggest that the kinetics o f hyphal formation were slower in C. dubliniensis compared to 

C. albicans. Nevertheless, C. dubliniensis formed unconstricted germ tubes that would 

pass the 'germ tube test' used to differentiate C. albicans from other non-C. albicans 

Candida species. This suggests that C. dubliniensis may be as capable as C. albicans at 

penetrating the epithelial layers o f host tissues and may relate to the primary association of 

C. dubliniensis with superficial infections of the oral mucosa (Coleman et al., 1997a and 

1997b).

1.2.8.2 Extracellular enzvmes

Secreted aspartic proteases (Saps) are believed to be involved in the attachment and 

tissue invasion of Candida cells during infection (Borg & Ruchel, 1988) and correlations 

between proteolytic activity and virulence of Candida strains have been reported (Ruchel, 

1992). To date at least 10 SAP genes (.S/^Pl-lO) have been cloned and sequenced in C. 

albicans and the presence of homologous multi-gene families in other Candida species has 

also been suggested (Monod et al., 1994 and 1998; Hube et al., direct submission to 

database). In their study, Gilfillan et al. (1998) showed that C. dubliniensis possesses 

homologues to each of the seven C. albicans SAP genes tested {SAPX-l). In another study.
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isolates originally identified as atypical C. albicans, now known to be C. dubliniensis, 

were shown to be highly proteolytic, producing greater amounts of proteinase than 

reference C. albicans strains (McCullough et al., 1995). Donnelly (2001) independently 

confirmed this finding in a more recent study. However, in a study by Hannula et al. 

(2000) C. albicans isolates were found to produce more proteinase than C. dubliniensis 

isolates (Hannula et al., 2000).

P-N-acetylhexosaminidase (HexNAcase) is a hydrolytic enzyme that is involved in 

autolysis o f fungal cell walls. In a recent study HexNAcase activity was found in both C. 

albicans and C. dubliniensis, but not in eight other C andida  species tested or in S. 

cerevisiae or Cryptococcus neoformans (Nimi et al., 2001). It has been suggested that a 

major function of C. albicans HexNAcase is in a nutrient-scavenging pathway that may 

give the cells a growth advantage (Nimi et al., 1997). It is therefore possible that 

HexNAcase also functions in a nutrient-scavenging pathway in C. dubliniensis.

1.2.8.3 Phenotypic switching

The ability of microorganisms to reversibly alter their phenotype is a common 

phenomenon in microbial pathogenesis. This phenomenon of phenotypic switching has 

been extensively documented in C. albicans (Slutsky et al., 1985 and 1987; Gallagher et 

al., 1992). Switching can be observed in vitro as the ability of an isolate to produce 

colonies with variant morphologies, such as rough, wrinkled or opaque. A well 

characterised switching system was described by Slutsky et al. (1987) in C. albicans strain 

WO-1, which was found to switch between a smooth white colony form and a flat grey 

colony type, termed opaque. A number of genes that are differentially expressed between 

the white and opaque phases of WO-1 have now been identified, including SAPl (Morrow 

et al., 1992; Srikantha & Soil, 1993). The ability of C. albicans to alter its phenotype may 

allow the organisms to rapidly adapt to different host environments during the course of 

infection (Odds, 1994). Sap Ip, a putative virulence factor is expressed in the opaque phase 

of WO-1 but not in the white phase, indicating a role for switching in virulence (Morrow et 

al., 1992). Furthermore, white phase cells of WO-1 were demonstrated to be more virulent 

than opaque cells in a systemic mouse model of infection (Kvaal et al., 1997).

Coleman et al. (2002) and Hannula et al. (2000) reported that C. dubliniensis 

isolates exhibited phenotypic switching more frequently than C. albicans isolates and thus 

phenotypic switching in C. dubliniensis may be involved in the virulence o f this organism.
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1.2.8.4 Cell surface hvdrophobicitv

The expression of cell surface hydrophobicity (CSH) by C. albicans has been 

correlated with increased virulence compared to cell surface hydrophilicity (Antley & 

Hazen, 1988; Glee et al., 1995). How CSH specifically influences virulence is unknown, 

but hydrophobic cells are more adherent to host and inanimate substrata (including mucin, 

epithelial cells and endothelial cells), more resistant to phagocytosis, and more germination 

competent compared to hydrophilic cells (Hazen & Hazen, 1988; Hazen, 1989 and 1991; 

Glee et al., 1995; De Repentigny et al., 2000) . In the case o f C. albicans, hydrophobic 

cells induced by growth at 23°C have been reported to be less sensitive to phagocytic 

killing than hydrophilic cells grown at 37°C when tested in vitro (Antley and Hazen, 1988). 

In contrast, C. dubliniensis cells were found to be hydrophobic, regardless of whether they 

were grown at 23°C or 37°C (Hazen et ah, 2001). Therefore, C. dubliniensis differs from 

C. albicans in its ability to express CSH. Candida dubliniensis also differs from C. 

albicans in its ability to express CSH-related protein and marmosylation features (Hazen et 

al., 2001). Studies have shown that the CSH status o f C. albicans involves multiple 

surface proteins and surface protein N-glycans (Hazen et al., 2001). The hydrophobic 

surface glycoprotein Cagp38 appears to be expressed by C. albicans constitutively 

regardless of growth temperature and medium (Hazen et al., 2001). This protein has been 

recently demonstrated to contribute strongly to attachment of hydrophobic cells to vascular 

endothelial cells (Glee et al., 1995). Candida dubliniensis expresses a 38-kDa protein that 

cross-reacts with an anti-C. albicans Cagp38 monoclonal antibody, however, expression of 

the protein was growth medium and growth temperature dependent (Hazen et al., 2001). 

In order for the hydrophobic proteins to be exposed to the extracellular milieu, protein 

mannosylation must be modified to cause the surface fibrils, which are composed o f high- 

molecular-mass mannoproteins, to alter conformation and unmask the hydrophobic surface 

proteins (Hazen et al., 2001). For C. albicans, the acid-labile phosphooligomannoside 

influences virulence and surface fibrillar conformation, which affects exposure of 

hydrophobic surface proteins (Hazen et al., 2001). A component o f the C. albicans N- 

glycan, acid-labile phosphooligomannoside, is expressed much less or negligibly by C. 

dubliniensis. Hazen et al. (2001) showed the N-glycan of C. dubliniensis differs from C  

albicans.

Taken together, these results indicate that C  albicans and C. dubliniensis differ in 

CSH-related protein and mannosylation features. While C. dubliniensis, unlike C.
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albicans, expresses CSH regardless of growth conditions, the variable expression of the 

hydrophobic wall protein Cagp38, which is involved in adhesion o f C. albicans to vascular 

endothelium, along with the negligible production o f acid-labile phosphooligomannoside, 

which appears to have immunomodulatory activity, may affect the ability o f C. 

dubliniensis to disseminate (Hazen et al., 2001). The differences in the CSH-related 

protein and mannosylation features between C. albicans and C. dubliniensis could 

therefore partially explain how C. dubliniensis is less virulent than C. albicans. The 

findings also demonstrate that merely being hydrophobic does not necessarily make a yeast 

more virulent than a less hydrophobic yeast (all other virulence traits being equal), rather 

the moieties which are responsible for making the cell hydrophobic are more important 

determinants of pathogenic potential (Hazen et al., 2001).

1.2.8.5 Host immune reactions to C. dubliniensis

The results of the study by Peltroche-Llacsahuanga et al. (2000b) showed that 

neutrophils are equally capable of phagocytosing and killing C. albicans and C . 

dubliniensis, indicating a preventive role of neutrophils in systemic infections caused by 

both o f these species. Using a rabbit model o f systemic infection, Moragues et al. (2001) 

showed that it is possible to differentiate between infections caused by C. dubliniensis and 

other Candida species including C. albicans, by detecting the antibody response mounted 

by the infected animals (Moragues et al., 2001). These results confirm and extend their 

previous observations o f a patient with C. dubliniensis candidemia, who exhibited a 

specific antibody response against an antigen which was not observed in patients with C. 

albicans candidemia (Moragues et al., 2001; Salesa et al., 2001).

Despite a world-wide distribution, differences in virulence may account for the 

relatively low rate of C. dubliniensis infections observed compared with C. albicans 

(Coleman et al., 1997a and 1997b; Sullivan et al., 1997; Odds et al., 1998; Jabra-Rizk et 

al., 1999a and 2000; Meis et al., 1999; Brandt et al., 2000). The first study which 

investigated the virulence of C. dubliniensis relative to C. albicans, suggested C. albicans 

was more virulent (Gilfillan et al., 1998). However, a number of studies have shown that 

C. dubliniensis has greater secreted aspartic protease production than C. albicans and 

adheres better to buccal epithelial cells (McCullough et al., 1995; Gilfillan et al., 1998), 

although its ability to bind to mucin appears similar to that of C. albicans (De Repentigny 

et al., 2000). Candida dubliniensis also appears to be more readily able to develop
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resistance to fluconazole (at least in vitro), which is commonly used to treat oropharyngeal 

candidosis (Moran et al., 1997). However, as mentioned above, differences in surface 

structures, such as the CSH and CSH related proteins that have been implicated in 

virulence in C. albicans may account for differences in virulence between C. albicans and 

C. dubliniensis.

1.3 Typing of Candida species and strains

Assessing the relatedness of isolates o f the same species has become important in 

the epidemiological analysis of Candida infections. A wide variety o f methods have been 

developed for fingerprinting the infectious fungi such as m ultilocus enzyme 

electrophoresis (MEE), RFLP analysis, RAPD analysis, karyotype analysis and 

fingerprinting with complex probes. Soil (2000) proposed a number o f criteria for 

assessing the effectiveness of a DNA fingerprinting system. Firstly, the method should be 

resistant to environmental perturbations and high frequency genomic reorganisation, 

secondly the data should reflect genetic distance at the resolution necessary to answer the 

questions posed. Thirdly, for some purposes, for example fingerprinting independent 

isolates, fingerprints must be stable over time however for studies on microevolution this is 

not a requirement. Fourth, fingerprints generated must be reproducible. Finally, the data 

generated should be amenable to computer assisted analysis for retrospective analysis and 

for comparisons between laboratories. A number of fingerprinting methods that are in 

common use are discussed below, however, not all of these methods fulfil all of these 

requirements

1.3.1 Multilocus enzyme electrophoresis (MEE)

MEE involves separating enzymes in cell extracts by starch electrophoresis, 

polyacrylamide gel electrophoresis or isoelectric focusing under native conditions and 

visualising the enzymes by staining with enzyme specific stains. Nucleotide 

polymorphisms can lead to amino acid changes in proteins that can result in a change in 

the charge of the protein, which in turn may affect the mobility of the protein. Therefore, 

enzymes from different strains can vary in their electrophoretic mobility; this phenomenon 

has been used as the basis of a method for typing strains. For diploid organisms one or two 

bands are visually observed for each enzyme. Therefore, to obtain complex data for 

computing a similarity coefficient between two isolates several enzymes must be assessed 

(Pujol et al., 1997a). In this way strain-specific staining profiles can be obtained that are
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amenable to computer assisted analysis. MEE has been used in number o f studies to 

fingerprint Candida isolates. Pujol et al. (1997a) compared the ability of MEE, RAPD and 

fingerprinting with the complex probe Ca3 to cluster a set o f test C. albicans isolates. 

Parity was observed between the three fingerprinting methods for clustering isolates of C. 

albicans verifying MEE as a reliable method for fingerprinting C. albicans. However, 

MEE is time consuming, expensive and requires specialised equipment.

1.3.2 Restriction fragment length polymorphism analysis

Restriction fragment length polymorphism (RFLP) analysis was one of the first 

DNA fingerprinting methods used to assess strain relatedness in fungi and has been applied 

to a variety of fungi including C. albicans (Scherer & Stevens, 1987; Clemons et al., 

1997). RFLP involves the electrophoretic separation of restriction-enzyme digested DNA 

which yields a pattern of fragments. The pattern is based on differences in restriction sites 

that lead to differences in fragment lengths. The patterns generally consist of a small 

number of intensely staining bands and a large number of unresolved bands (because all 

restriction fragments are stained). Ribosomal DNA sequences, and to a lesser extent 

mitochondrial DNA sequences represent the majority of intense bands in an RFLP pattern 

(Soil, 2000). However, these fragment patterns do not provide enough information to 

assess the relatedness of moderately related isolates and therefore this method does not 

lend itself to studies in which cluster analyses of moderately related isolates are necessary 

(Soil, 2000). However, there is evidence from the many RFLP studies of C. albicans that 

the method has been successful in identifying the same strain in independent isolates and 

in distinguishing among unrelated isolates (Soil, 2000).

1.3.3 Complex DNA fingerprinting probes

One method that has been demonstrated to be particularly effective for DNA 

fingerprinting the infectious fungi is Southern blot hybridisation of restriction enzyme- 

digested DNA with a complex DNA probe. Complex probes consist of both repetitive and 

unique elements and therefore provide more information than a repetitive sequence- 

containing probe only i.e. their complexity is due to the sequences they include and not due 

to the number o f bands they produce following hybridisation. The most successful probes 

have been cloned complex probes, such as the C. albicans 21A  and Ca3 probes (Scherer 

and Stevens, 1988; Schmid et al., 1990). Complex probes have also been cloned for C. 

parapsilosis, C. glabrata, C. tropicalis and C. dubliniensis (Joly et al., 1996 and 1999;
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Lockhart et al., 1997; Enger et al., 2001). The hybridisation patterns generated by these 

probes are amenable to computer assisted analysis that enable quantitative comparison of 

large numbers of moderately related strains. DNA fingerprinting methods using complex 

fingerprinting probes are among the most successful and popular hybridisation-based 

techniques used for studying populations o f isolates and are now considered the gold 

standard method for fingerprinting Candida species in population analysis (Soil, 2000).

1.3.4 Random amplified polymorphic DNA analysis

Random amplified polymorphic DNA analysis (RAPD) uses random primers of 

short length (approximately 10 bp) in a PCR reaction with low annealing temperatures. 

Amplified products are separated on an agarose gel and stained with ethidium bromide. 

RAPDs have been widely used for fingerprinting infectious fungi (Lott et al., 1993; Bart- 

Delabesse et al., 1995; Thanos et al., 1996; Clemons et al., 1997; Pujol et al., 1997a). 

However, problems with the reproducibility o f RAPD patterns have been encountered 

between laboratories due to variations within reaction conditions, such as primer to 

template ratio and even including differences in the brand of PCR machine used (Soil, 

2000). Variations within laboratories have also been observed due to differences in 

batches of Tag polymerase (Loudon et al., 1995). Despite this RAPDs are still widely 

used. Most studies have used RAPD analysis with a simple primer for comparison of 

isolates, but the majority of primers tend to yield only 3 intensely staining bands (Soli, 

2000). Pujol et al. (1997a) in a study of 29 C. albicans isolates combined the results of 

eight separate RAPD profiles and used this information to generate a dendrogram based on 

isolate pattern similarity coefficients and compared the dendrogram with dendrograms 

generated from similarity coefficients of the isolates based on Ca3 and by MEE patterns. 

The results o f the RAPD method were found to compare favourably with results obtained 

with the complex fingerprinting probe Ca3 and by MEE. Clustering o f the isolates was 

similar with all three methods used, suggesting RAPD has the same resolving power as 

fingerprinting with complex probes and MEE. Parity has also been observed between 

isolate clustering using the C. parapsilosis complex fingerprinting probe Cp3-13 and 

RAPD and also between isolate clustering using the C. glabrata complex fingerprinting 

probe Cg6 and RAPD (Lockhart et al., 1997; Enger et al., 2001).

1.3.5 Electrophoretic karyotyping

Electrophoretic karyotyping has been used extensively to fingerprint a number of
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Candida species, including C. albicans (Bart-Delabesse et a l, 1993; Lott et a i, 1993; 

Vazquez et al., 1993; Barton et a l, 1995). This technique is based on the separation of 

large chromosome-sized DNA molecules according to size through agarose gels using an 

alternating electric field. Pulsed field gel electrophoresis can be used to discriminate 

between individual strains because the sizes of individual chromosomes can vary widely 

within different Candida species. Karyotyping has been found to be superior to RFLP in 

discriminating between independent isolates (Magee et al., 1992). Thrash-Bingham and 

Gorman (1992) demonstrated that in spite of karyotypic variability among strains of C. 

albicans, the general genomic organisation was maintained and that translocations 

contributed to karyotypic variability (Thrash-Bingham & Gorman, 1992). However, some 

cells of C. albicans can be present in low or high frequency modes of chromosomal 

reorganisation, leading to low rates of karyotypic change in the former case and high rates 

in the latter case (Ramsey et al., 1994). This suggests that karyotyping is an unsuitable 

method for fingerprinting independent isolates of Candida species. Also there has been no 

verification of the efficacy of electrophoretic karyotyping in clustering moderately related 

strains (Soli, 2000).

1.3.6 Sequencing as a basis for DNA fingerprinting

The comparison of DNA sequences is the preferred method for measuring 

relationships between species and within species. The assumption is that mutations 

accumulate in protein-coding regions at rates that reflect evolutionary clocks. Sequence 

analysis has been used in a number of studies as a method for typing Candida species. 

Multilocus sequence typing (MLST) is a recently proposed method for typing C. albicans 

(Bougnoux et al., 2002). MLST is based on the analysis of nucleotide polymorphisms in 

internal regions (450-500 bp) of housekeeping genes. For each housekeeping locus, the 

different sequences are assigned as distinct alleles, and for each isolate, the alleles at each 

of the sequenced loci define an allelic profile or sequence type. Each isolate of a species is 

therefore unambiguously characterised by a series of integers that correspond to the alleles 

at the housekeeping loci studied. When multilocus sequence typing was applied to 42 C. 

albicans isolates and two reference strains it allowed the identification of 39 unique 

genotype combinations (Bougnoux et al., 2002).

In typing studies, non-coding regions are often selected based on the assumption 

that they are less prone to bias resulting from selective pressure and therefore are expected
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to have a faster evolutionary clock (Soil, 2000). The internal transcribed spacer region 

(ITS) is a non-coding region that has been used for analysing subpopulations within C. 

parapsilosis (Lin et al., 1995). Other studies have examined microsatellite sequences and 

mitochondrial sequences as methods for typing Candida species (Bretagne et al., 1997; 

Barns et al., 2000; Biswas et al., 2001). So far no DNA region has been selected for 

sequencing to provide a highly accurate genotype but the recently developed MLST 

method for typing C. albicans looks extremely promising, however, it has to be verified for 

other Candida species.

1.4 Knt\-Candida agents in clinical use

Due to the significant increase in the number o f immunocompromised and 

medically compromised individuals over the last two decades there has been a dramatic 

increase in the frequency of fungal infections (Fischer-Hoch and Hutwagner, 1995; Fridkin 

and Jarvis, 1996; Edmond et al., 1999; Harbarth et al., 1999; Pfaller, 1994a; Rangel- 

Frausto et al., 1999). This in turn has led to an increase in use of antifungal drugs as 

therapeutic and prophylactic agents. Resistance to antifungal agents developed as a 

significant clinical problem during the 1990s in parallel with the widespread use of 

antifungal drugs (Bart-Delabesse et al., 1993; Heinic et al., 1993; He et al., 1994; Newman 

et al., 1994; Redding et al., 1994; Ruhnke et al., 1994; Sangeorzan et al., 1994; Barchiesi 

et al., 1995; Rex et al., 1995; Ghannoum et al., 1999; Jandourek et al., 1999; Saag et al., 

1999). The most common antifungal agents currently used to treat Candida infections and 

their mechanism of action are described below.

1.4.1 Azoles

Ergosterol is the major sterol in the fungal plasma membrane and is important for 

maintaining the fluidity and integrity o f the membrane, for the proper functioning of 

membrane-bound enzymes and is important for cell growth and division (White et al., 

1998; Ghannoum and Rice, 1999). Azoles interact with enzymes involved in the synthesis 

o f ergosterol, thereby inhibiting its production (White et al., 1998; Ghannoum and Rice, 

1999). In vitro, azoles exhibit fungistatic activity. The first generation of azole 

antifungals, the imidazoles, were introduced in the 1970's. Since then newer improved 

azoles, which are less toxic, have been introduced, such as the triazoles which include 

fluconazole and itraconazole (Saag & Dismukes, 1988). Fluconazole is water soluble, 

binds poorly to plasma proteins, yields high serum concentrations following oral
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administration and rarely has toxic side effects making it one of the most effective 

antifungals available (Hughes et ah, 1988; Ghannoum and Rice, 1999).

1.4.2 Amphotericin B

Amphotericin B is a member of the polyene group of antifungal agents. It was first 

introduced in 1960 and is still the antifungal of choice for the treatment of severe systemic 

mycoses (Ghannoum and Rice, 1999; Sheehan et al., 1999). The effects of polyenes on the 

fungal cell membrane are thought to involve the formation o f small pores composed of 

aggregates of drug and sterol which leads to depolarisation o f the membrane and an 

increase in membrane permeability (Gharmoum and Rice, 1999). Klepser et al., 1997, in 

their study, demonstrated that C. albicans cells were replication incompetent after 

exposure to amphotericin B at >4xMIC and concluded that amphotericin B had fungicidal 

activity. However, a subsequent study demonstrated that C. albicans cells which were 

replication incompetent after exposure to greater than 0.5 |ag of amphotericin B per ml still 

maintained degrees o f physiological function and may represent cells capable of 

resuscitation (Liao et al., 1999). The possibility o f resuscitation and outgrowth of these 

replication-deficient C. albicans cells in a systemic infection could represent an important 

therapeutic problem, however, resuscitation or phenotypic resistance of these replication- 

incompetent cells has not yet been determined (Liao et al., 1999). Amphotericin B is 

administered intravenously but has poor solubility, is toxic and, in particular, has been 

associated with renal toxicity that can result in long-term kidney damage (Gharmoum and 

Rice, 1999). Toxicity is a result o f the affinity o f the polyenes for cholesterol in 

mammalian membranes (Ghannoum and Rice, 1999). However, new liposomal 

formulations of amphotericin B have been introduced and have been associated with less 

severe toxic side effects (Ghannoum and Rice, 1999).

1.4.3 5-fluorocytosine

5-fiuorocytosine is used to treat infections caused by Candida species, Aspergillus 

species and C. neoformans (Ghannoum and Rice, 1999). 5-fluorocytosine enters fungal 

cells aided by a permease enzyme. When 5-fluorocytosine enters the cell it is converted to 

5-fluorouracil by the enzyme cytosine deaminase, which in turn is converted in to 5- 

fluorouridylic acid (FUMP). FUMP is incorporated into RNA resulting in the disruption 

of protein synthesis and inhibition of fungal cell growth. Thus, 5-fluorocytosine interferes 

with pyrimidine metabolism, as well as RNA, DNA and protein synthesis in the fungal cell
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(Ghannoum and Rice, 1999).

1.5 Antifungal susceptibility testing

Prior to the development of standardised antifungal susceptibility testing methods 

there were very significant inter-laboratory variations in antifungal MIC results (Galgiani 

et a i, 1987). To overcome this problem a collaborative study undertaken by the National 

Committee for Clinical Laboratory Standards (NCCLS) developed a reproducible 

susceptibility testing method for antifungal agents (National Committee for Clinical 

Laboratory Standards, 1997). Subsequent studies have demonstrated the inter-laboratory 

reproducibility of this method (Rex et al., 1997b). The NCCLS method is based on broth 

dilution tests, as this was a commonly used approach in many laboratory tests and could be 

easily adapted to a microdilution format (Espinel-Ingroff et al., 1991). Other antifungal 

susceptibility tests under evaluation include the commercially available Etest (Sewell et 

al., 1994) and disk diffusion tests (Barry & Brown, 1996).

Rex et al. (1997b) developed interpretative MIC breakpoints for fluconazole and 

itraconazole for infections caused by a variety of Candida species to aid in clinical 

interpretation of antifungal susceptibility testing results. The breakpoints for fluconazole 

MICs are <8 |ag/ml, susceptible; 8 to 32 |ig/ml, susceptible dose-dependent; and >64 

Hg/ml, resistant. The breakpoints for itraconazole MICs are <0.125 |J.g/ml, susceptible; 

0.25 to 0.5 |J.g/ml, susceptible dose dependent; and >1 |ag/ml, resistant.

An antifungal MIC is an in vitro measurement of the susceptibility of a 

microorganism to an inhibitory agent under specific conditions. However, whether a 

patient responds to antifungal therapy depends not only on the in vitro MIC but also on the 

host's immune response and other factors, including the presence of prosthetic devices such 

as indwelling catheters (White et al., 1998). Thus, patients infected with 'susceptible' 

microorganisms can fail to respond to therapy. Therefore, a number of studies have sought 

to determine if in vitro susceptibility test results correlate with in vivo responses 

(Ghannoum et al., 1996). Graybill et al. (1995) demonstrated in mice infected with 

fluconazole-resistant C. albicans isolates that higher doses of fluconazole were required to 

eradicate infection compared to mice infected with susceptible organisms (Graybill et al., 

1995). Furthermore, a correlation of in vitro resistance with in vivo response has been 

observed for oral candidosis in HIV-infected patients in a number of studies (White et al., 

1998). However, not all studies have shown good correlation demonstrating that host
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variables are important in determining the outcome to infection. Pfaller et al. (1994b) 

described three patients suffering from oral candidosis with high level in vitro fluconazole 

resistance (MIC >64|ig/ml as determined by NCCLS method). However, in vitro- 

resistance was associated with failure of fluconazole in only one of these patients (Pfaller 

et al., 1994b). In another study of 64 fluconazole treated patients suffering from oral 

candidosis with in vitro fluconazole susceptibility (MIC <16 |j.g/ml), fluconazole failure 

occurred in 19 patients (Rex et al., 1997a). Therefore, interpretative 'breakpoints' for in 

vitro susceptibility testing of yeasts should be used only as guidelines for the treatment of 

patients.

1.6 Resistance to antifungal agents

1.6.1 Definition of resistance

Clinical resistance is defined as persistence or progression of an infection despite 

antimicrobial therapy. Clinical response depends on the susceptibility of the infecting 

organism but also on a number of other factors including the host's immune response, drug 

interactions, drug penetration and distribution, patient compliance, and absence of a 

protected or persistent focus of infection (e.g. catheter or abscess) (White et al., 1998).

The in vitro resistance of an isolate is described as either primary or secondary. An 

organism that is resistant to a drug prior to exposure is described as having either primary 

or intrinsic resistance. Secondary resistance develops in response to exposure to an 

antimicrobial agent (White et al., 1998).

1.6.2 Resistance to azoles

Resistance to the azoles, particularly fluconazole, in Candida species is well 

documented. Both primary and secondary resistance have been observed. Candida krusei 

is intrinsically resistant to fluconazole (Bille, 2000), whereas species such as C. albicans 

can acquire or develop resistance. This phenomenon of acquiring resistance has been 

observed with increasing frequency, particularly among HIV-positive and AIDS patients 

with oral candidosis who are often treated with recurrent courses of fluconazole (Bille, 

2000). Resistance to azole drugs involves a number of mechanisms, including 

modification of the azole target and active efflux of the drug, both of which are discussed 

below.
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1.6.2.1 Modification of the target

Ergosterol is an essential component of Candida cell membranes and is synthesised 

from its precursor squalene through a complex pathway of enzyme mediated steps in the 

ergosterol biosynthetic pathway. Lanosterol demethylase, encoded by the ERG 11 gene, is 

one of the enzymes in the ergosterol biosynthetic pathway and is the target of the azole 

antifungal drugs. Several genetic alterations in the ERG 11 gene, including point mutations 

in the coding region, over-expression of the gene and gene amplification have been 

identified that are associated with azole resistance in C. albicans strains (Bille, 2000). In 

addition to alterations in the lanosterol demethylase enzyme, alterations can also occur in 

other enzymes in the ergosterol biosynthetic pathway that have also been associated with 

azole resistance in C. albicans (White et ah, 1998).

1.6.2.2 Decreased accumulation of drug

Active efflux is an important mechanism of resistance to azole antifungals. 

Eukaryotic cells contain two types of efflux pumps, the ATP binding cassette (ABC) 

transporters and major facilitators (MF) (White et al., 1998). The MF efflux proteins are 

associated with the transport of a range of compounds including compounds toxic to the 

cell (Ghannoum and Rice, 1999). A MF protein associated with drug resistance in C. 

albicans is a product of the MDRl gene (Ben*̂ ), which is implicated in resistance to several 

drugs, including fluconazole. The ABC transporters bind ATP, which is essential for 

substrate transport. The CDR gene family of Candida encode ABC transporters and C. 

albicans CDRl has been correlated with azole resistance. Evidence for their roles in 

acquired resistance in clinical isolates and in v/Yro-generated mutants come from 

accumulation assays, measurements of increased mRNA levels, genetic deletion of both 

alleles in C. albicans resulting in hyper-susceptible strains and complementation of S. 

cerevisiae mutant restoring resistance (Sanglard et al., 1995). Efflux pumps associated 

with azole resistance have been identified in C. albicans, C. glabrata, C. tropicalis and C. 

dubliniensis (Sanglard et al., 1995; Miyazaki et al., 1998; Moran et al., 1998; Bille, 2000).

1.6.3 Resistance to amphotericin B

Amphotericin B resistance in Candida species has been reported although is not a 

major clinical problem to date despite more than 30 years of clinical use. Intrinsic 

resistance of C. lusitaniae and Candida guillermondii to amphotericin B has been reported 

and resistant derivatives of C. albicans, C. neoformans, Aspergillus nidulans and
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Aspergillus fennelliae have been generated in vitro (Ghannoum and Rice, 1999).

Most of the knowledge of the mechanisms of resistance to polyenes has come from 

studies using in vzYra-generated resistant derivatives (Ghannoum and Rice, 1999). There is 

evidence to suggest that alterations in the membrane structure or in the sterol-to- 

phospholipid ratio in the membrane may be associated with resistance (White et al., 1998). 

A number of polyene-resistant isolates have a greatly reduced ergosterol content in their 

membranes (Vanden Bossche et ah, 1994; White et al., 1998; Ghannoum and Rice, 1999). 

Therefore, it has been postulated that resistant cells with altered sterol content should bind 

smaller amounts of polyene than do susceptible cells (Ghannoum and Rice, 1999). Only a 

few studies have addressed the genetic basis of polyene resistance and these have focused 

mainly on S. cerevisiae. These studies showed that polyene-resistant mutants of S. 

cerevisiae lacked ergosterol and dehydroergosterol in their membranes, but were present in 

isogenic polyene-susceptible parental isolates (Ghannoum and Rice, 1999).

1.6.4 Resistance to 5-fluorocytosine

Resistance to 5-fluorocytosine develops rapidly and therefore the use of 5- 

fluorocytosine in monotherapy is not encouraged (White et al., 1998). Primary resistance 

to 5-fluorocytosine is common; estimates suggest that 10% of C. albicans clinical isolates 

are intrinsically resistant and that 30% will develop secondary resistance (Bille, 2000). 

Primary resistance to 5-fluorocytosine is usually the result of a defect in cytosine 

deaminase. Secondary resistance to 5-fluorocytosine in C. albicans is due primarily to a 

decrease in the activity of uracil phosphoribosyl transferase (UPRTase), which is involved 

in the synthesis of FUMP (White et al., 1998). 5-fluorocytosine is an effective drug when 

used in combination with amphotericin B (Ghannoum and Rice, 1999) however, as 5- 

fluorocytosine is toxic, the serum concentrations of 5-fluorocytosine must be monitored to 

adjust 5-fluorocytosine doses to minimise toxic side effects.

1.7 Aims

Candida dubliniensis is a recently described species of Candida. Candida 

dubliniensis isolates have been identified throughout the world in a wide variety of patient 

cohorts and from a variety of body sites. Despite its widespread distribution, very little is 

known about the molecular epidemiology or genetic diversity of this species. The complex 

probes Cd25, Cd24 and Cdl were recently developed by Joly et al. (1999) for 

fingerprinting C. dubliniensis isolates. Using the Cd25 probe in fingerprint analysis of 57
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independent isolates from 11 countries, Joly et al. (1999) demonstrated that the C. 

dubliniensis isolates could be divided into two separate groups, termed Cd25 group I and 

Cd25 group II.

The first aim of the present study was to further investigate the genetic diversity of 

C. dubliniensis by analysis o f Cd25-generated fingerprint profiles using a large number of 

isolates from around the world taken from a broad range of anatomic sites.

The second aim o f the study was to determine if the two C. dubliniensis Cd25 

groups represent specific genotypes which could be differentiated based on nucleotide 

sequence analysis o f the internal transcribed spacer regions (ITS) o f the rDNA gene 

cluster, the intron in the large ribosomal subunit gene, the variable region of the large 

ribosomal subunit gene, partial sequence analysis o f the mitochondrial cytochrome b gene 

or the intron of the peptide transporter gene CdPTRl.

The third aim of the study was to determine if the two C. dubliniensis Cd25 groups 

identified on the basis o f Cd25-generated fingerprint profile analysis could be further 

distinguished based on RFLP analysis, karyotype analysis, PCR fingerprint analysis or 

RAPD analysis.

The fourth aim of this study was to investigate the phenomenon of microevolution 

in clonal populations of C. dubliniensis and in isolates o f C. dubliniensis exposed to 

fluconazole in vitro, using the three C. dubliniensis fingerprinting probes Cd25, Cd24 and 

Cdl (Joly et al., 1999) and by karyotype analysis.

The fifth aim of this study was to investigate (1) the relative virulence of C. 

dubliniensis compared to the most frequently isolated medically important Candida 

species (2) the relative virulence of matched fluconazole-susceptible and fluconazole- 

resistant C. dubliniensis isolates (3) the relative virulence o f m drl null mutants and their 

matched parental isolates using the Galleria mellonella insect larval model system.
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Chapter 2 

Materials and Methods
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2.1 General Microbiological Methods

2.1.1 Culture media and growth conditions

All Candida  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 Laboratories, Detroit, 

M ichigan, USA], 20 g glucose, pH 5.5) at 37°C in a Gallenkamp (model G25) orbital 

incubator (New Brunswick Scientific Company Incorporated, Edison, New Jersey, USA) 

set at 200 rpm.

The Escherichia coli strain XL2-Blue MRP' (D[mcrA\183 ^[m crC B-hsdSM R-m rr^nS  

endAl supE 44 thi-1 r e c A l gyrA96 relA l lac[FproAB lacH Z M /fl5  TnlO  (Tet^) Amy 

Cam^]^’*̂ ; Sambrook et al., 1989) was routinely cultured on Luria-Bertani agar (LA), pH 

7.4 (Lennox, 1955), at 37°C, and for liquid culture, in Luria-Bertani broth (LB), pH 7.4 

(Lennox, 1955), at 37°C for 18 h in an orbital incubator (Gallenkam p) at 200 rpm. 

Escherchia coli XL2-Blue MRF' was used as the host strain for plasmid pBluescript II KS 

(-) (Stratagene, La Jolla, California, USA) and its recom binant derivatives and was 

maintained on LA containing 100 |ag ampicillin/ml.

The E. coli strain LE 392 {supEAA supFSS hsdR 5\4  g a lK l galT22 metBl trpR55 

lacY l) (Sambrook et al., 1989) was routinely cultured on LA agar supplemented with 2% 

(w/v) maltose and 0.01 M M gS0 4 , pH 7.4, at 37°C, and for liquid culture, in LB broth 

containing 2% (w/v) maltose and 0.01 M M gS04  at 37°C for 18 h in an orbital incubator 

(G allenkam p) at 200 rpm. E scherchia coli LE 392 was used as the host strain for 

recombinant Lambda bacteriophage.

2.1.2 Chemicals, enzymes, radioisotopes, antifungal drugs and oligonucleotides

A nalytical-grade or m olecular biology-grade chem icals w ere purchased from 

Sigma Aldrich Ireland Ltd. (Tallaght, Dublin, Ireland), BDH (Poole, Dorset, UK), or 

Roche Diagnostics Ltd. (Lewes, East Sussex, UK). Enzymes were purchased from the 

Prom ega Corporation (M adison, W isconsin, USA) and from N ew  England Biolabs 

(Beverly, M assachusetts, USA) and used according to m anufacturer's instructions, [a-
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^^P]dATP (6,000 Ci/mmol; 222 TBq/mmol) was purchased from Amersham International 

Pic. (Little Chalfont, Buckinghamshire, UK). Custom-synthesised oligonucleotides were 

purchased from Sigma-Genosys Biotechnologies (Europe) Ltd. (Pampisford, 

Cambridgeshire, UK). DNA molecular weight markers were purchased from Gibco BRL 

Life Technologies (Gaithersburg, Madison, USA). Zymolase 20T (21,600 U/g) was 

purchased form the Seikagaku Corporation (Tokyo, Japan).

Fluconazole powder and itraconazole powder were gifts form Pfizer Central 

research (Sandwich, Kent, UK) and were dissolved in 10% (v/v) dimethyl sulfoxide with 

the aid of heating to 70°C at a concentration of 1 mg/ml. 5-fIuorocytosine (Sigma Aldrich 

Ireland Ltd.) was dissolved in water at a concentration of 1 mg/ml.

RNase solutions were prepared by dissolving pancreatic RNase (RNase A, Roche 

Diagnostics Ltd.) 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 (Roche Diagnostics Ltd.) solutions 

were prepared in sterile distilled water at a concentration of 20 mg/ml and also stored at - 

20 “C.

2.L3 Buffers and solutions

Tris-EDTA (TE) buffer was used routinely in many experiments and consisted of 

10 mM Tris-HCl, 1 mM EDTA, pH 8. TBE buffer was prepared at 5x concentration and 

consisted of 0.45 M Trizma base, 0.45 M boric acid, 0.01 M EDTA. This was diluted in 

distilled water to Ix concentration and was used as the buffer for agarose gel 

electrophoresis. Final sample buffer was also prepared at lOx concentration and consisted 

of 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue and 0.1 M EDTA, pH 8.0. SSC 

buffer was prepared at 20x concentration and consisted of 3.0 M NaCl, 0.3 M tri-sodium 

citrate, pH 7.0. Liquefied phenol washed in Tris-buffer was purchased from Fisher 

Scientific Ltd. (Loughborough, Leicestershire, UK) and used in the preparation of phenol 

chloroform (1:1), which was prepared by mixing an equal volume of liquefied phenol and 

chloroform. This solution was stored at 4°C for up to two months in the dark. Phosphate- 

buffered saline (PBS) was prepared at lOx concentration and contained 1.45 M NaCl, 0.33 

M NaH2P04, 0.95 M Na2HP04, pH7.5.

2.1.4 Storage of Candida isolates

Candida cells and derivatives were stored at -70°C in cryo-vials (Protect, Protect-
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Technical Service Consultants, Lancashire, UK). Cells were activated by sub-culture onto 

PDA plates and incubated for 48 h at 37°C.

2.2. Identification of Candida species

2.2.1 Chlamydospore production

All C. dubliniensis isolates were tested for their ability or inability to produce 

chlamydospores on rice-agar-Tween medium (RAT medium, bioMerieux, Marcy I'Etoile, 

France). Test isolates were cultured on PDA for 24-48 h at 37°C. Single colonies (3-4mm 

diameter) were removed from PDA plates with a sterile loop and used to inoculate the 

RAT medium by cutting shallow grooves in the surface o f the agar medium. A glass 

coverslip was then placed over the inoculated area and pressed down firmly to create semi- 

anaerobic conditions. Following incubation in the dark at room temperature for 2-3 days 

the isolates were examined microscopically (x 40 objective lens) for the presence of 

pseudohyphae, hyphae and chlamydospores. The C. albicans oral reference strain 132A 

(Gallagher et al., 1992) and the C. dubliniensis type strain CD36 (Sullivan et a l,  1995) 

were used as positive controls for chlamydospore production in all tests.

2.2.2 Biotyping

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 

nitrogen-source and carbohydrate-source assimilation tests contained in 32 separate 

cupules on a plastic strip with a specially adapted database (Pincus et al., 1999). Tests 

were carried out according to the manufacturer's instructions. An inoculum was prepared 

for each test isolate from 24-48 h old colonies cultured on PDA medium. Four colonies of 

3-4 mm in diameter were resuspended in sterile saline to a turbidity equivalent to a 2 

McFarland standard (bioMerieux). This suspension was then used to inoculate an aliquot 

of 'C medium' that was supplied by the manufacturers. Each of the cupules in the strip was 

then inoculated with 135 |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 of the cupules. The presence or absence of growth was recorded for each cupule on a 

result sheet supplied by the manufacturers, and the substrate assimilation profile of the 

isolate was converted into an eight-digit numerical profile. These profiles were then 

checked against profiles in the ID 32C database o f the APILAB software package
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(bioMerieux). In the database, each profile is listed along with a percentage of  

identification (%id), which is an estimate o f how closely the profile corresponds to that of 

a particular taxon, relative to all the other taxa in the database and the T index value, which 

is an estimate o f how closely the profile corresponds to the most typical set of reactions for 

a particular taxon. Based on these parameters, a set of reactions which closely resemble 

those of a particular taxon will be classed as an 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 values and are usually unable to provide an 

identification o f an isolate to the species level.

2.2.3 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. tropicalis 

(purple) and C. krusei (rough, colourless colonies) can easily be distinguished from each 

other upon primary isolation from a clinical specimen, and the medium has been shown to 

be clinically useful in the presumptive identification of these species (Odds and Bernaerts, 

1994). Candida dubliniensis colonies following primary isolation from clinical samples 

are dark green on this medium but can lose the ability to provide dark green colonies 

following subculture or storage (Coleman et al., 1997a; Schoofs et a i ,  1997).

2.2.4 PCR identification of C. dubliniensis

PCR identification of C. dubliniensis was performed using the C. dubliniensis- 

specific primer pair DUBF (5'-GTATTTGTCGTTCCCCTTTC-3')/DUBR (5'- 

GTGTTGTGTGCACTAACGTC-3') which amplify a portion of the C. dubliniensis ACTl 

associated intron. Reactions were carried out in a 50 |il final volume containing 10 pmol 

each o f the forward and reverse primers, 2.5 mM MgCl2, 10 mM Tris-HCl (pH 9.0 at 

25°C), 10 mM KCl, 0.1% (v/v) Triton X-100, 2.5 U Taq DNA polymerase (Promega) and 

25 1̂1 o f template DNA containing-cell supernatant (prepared as described below) 

(Donnelly et al., 1999). Each reaction mixture also contained 10 pmol each of the 

universal fungal primers RNAF (5'-GCATATCAATAAGCGGAGGAAAAG-3')/RNAR 

(5'-GGTCCGTGTTTCAAGACG-3'), which amplify approximately 610 bp from all fungal 

large subunit rDNA genes and were used as an internal positive control (Fell, 1993).
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Cycling conditions consisted of 6 min at 95°C followed by 30 cycles of 30 s at 94°C, 30 s 

at 58°C, 30 s at 72°C, followed by 72°C for 10 min. Amplification products were separated 

by electrophoresis through 2.0% (w/v) agarose gels containing 0.5 ^g ethidium bromide/ml 

and were visualised on a UV transilluminator.

The rapid isolation o f C. dubliniensis template DNA for use in PCR identification 

experiments involved placing a single colony from a culture grown for 48 h at 37°C on 

CHROMagar Candida media or PDA into 50 |il o f sterile distilled water. The cell 

suspensions were boiled for 10 min and the lysed cells were subjected to a clearing spin for 

5 min at 2,500 x g in an Eppendorf (model 5417C) microfuge (Eppendorf, Hamburg, 

Germany). 25 |il of supernatant thus obtained was used in the PCR reactions.

2.3 Isolation of genomic DNA and DNA fingerprinting

2.3.1 Extraction of genomic DNA from C. dubliniensis

Genomic DNA was prepared from cells grown in 50 ml o f YPD broth in a 250 ml 

flask at 37°C in an orbital incubator at 200 rpm for 18 h. Cultures were then decanted into 

50 ml Falcon tubes (Becton Dickinson, New Jersey, USA) and centrifuged in a bench top 

(Sepatech Megafuge 1.0) centrifuge (Heraeus, Germany) at 2,500 x g for 5 min. The 

supernatant was decanted and the pellet was resuspended in 500 fj.1 of a solution consisting 

of 1 M sorbitol, 20 mM phosphate buffer and transferred to a 1.5 ml microfuge tube. Cell 

walls were digested by the addition of 10 mg Zymolase 20T and incubated at 37°C for 30 

min. The resulting protoplasts were harvested by centrifugation at 2,500 x g for 10 min in 

a bench top centrifuge (Sepatech Megafuge 1.0) and the pellet was resuspended in 500 |al 

of Ix TE containing 1% (w/v) sodium dodecyl sulphate (SDS). Proteinase K was added to 

a final concentration of 2 mg/ml and the cell lysates were incubated for 18 h at 55°C. 

Protein was precipitated by the addition o f 250 |il o f 5 M potassium acetate and incubated 

on ice for 15 min. The cell lysates were then centrifuged at 2,500 x g  for 10 min. The 

cleared supernatant was extracted four times using an equal volume o f a mixture of 

phenolxhloroform (1:1) and precipitated with the addition of two volumes of ice-cold iso

propanol. The resulting DNA precipitate was then transferred to a fresh tube and washed 

in 500 |al ice-cold 70% (v/v) ethanol, dried and resuspended in 40 |j,l TE.
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2.3.2 Restriction endonuclease digestion of genomic DNA and agarose gel 

electrophoresis

Large scale restriction endonuclease digestions of genomic DNA were carried out 

in a 40 |il volume containing 20 U of restriction enzyme and the appropriate restriction 

enzyme buffer according to the manufacturer's instructions. Electrophoresis was 

performed in 0.65-1 % (w/v) agarose gels made with Ix TBE buffer containing 0.5 |^g 

ethidium bromide/ml. Restriction endonuclease-generated DNA fragments in a Ix final 

sample buffer were applied to the gel wells. Electrophoresis was performed at 60 V. 

Following electrophoresis, gels were visualised on a UV transilluminator (wavelength 

345nm) and photographed through a red filter with Polaroid 667 film (Polaroid (UK) Ltd., 

Wheathamsptead, Hertfordshire, UK).

2.3.3 Southern transfer of DNA from agarose gels

Following the separation of restriction endonuclease digested DNA fragments by

agarose gel electrophoresis, DNA fragments were transferred by capillary action using the

method of Southern (1975) to nylon membranes. The gel was soaked in 0.02 M HCl with

gentle agitation for 10 min to depurinate the DNA. Following depurination, the DNA was

denatured by soaking the gel in denaturation solution (1.5 M NaCl, 0.5 M NaOH) for 45

min with gentle agitation. Following denaturation, the gels were neutralised by soaking in

a solution containing 1 M Tris-HCl, pH 7.5, 1.5 M NaCl for a further 45 minutes.

DNA was transferred to MagnaGraph nylon membranes (MSI, Wesborough,

Massachusetts, USA) using 20x SSC as the transfer buffer. Following transfer the gel was

rinsed in 2x SSC and baked at 80°C for 1 h to fix the DNA or the DNA was fixed using a
2

UV crosslinker (CL-508, UVI tec, Cambridge, Cambridgeshire, UK) set at 0.120 J /cm .

2.3.4 Random primer labelling of DNA fragments with [a-^^PJdATP

DNA fragments were labelled with [a- P] dATP by random primer labelling using 

the Prime-a-gene kit purchased from Promega. DNA to be labelled was denatured by 

boiling for 2 min and then added to a reaction mixture containing 1 x labelling buffer, 

dNTPs (dTTP, dCTP and dGTP), bovine serum albumin, 3 |al o f [a-^^P] dATP (6,000 

Ci/mmol; 220 TBq/mmol) and 5U o f Klenow DNA polymerase, and was incubated at 

room temperature for 2 h. Unincorporated nucleotides were removed by passing the 

reaction mixture through a Nick column (Amersham Pharmacia Biotech, Uppsala,
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Sweden) containing sephadex G-50, according to the manufacturers instructions.

2.3.5 Southern hybridisation

Hybridisation reactions were carried out in 25 x 3.5 cm bottles (Hybaid, 

Teddington, Middlesex, UK) in a rotary hybridisation oven (Hybaid) by the method of 

Sambrook et al. (1989). Nylon membranes were rinsed in 6x SSC prior to hybridisation. 

Membranes were then prehybridised in 15 ml o f a solution containing Ix Denhardt's 

solution (1% [w/v] Ficoll, 1% [w/v] polyvinylpyrrolidone, 1% [w/v] BSA), 6x SSC, 100 

|jg/ml denatured salmon sperm DNA and 0.5% (w/v) SDS in the oven at 65°C for 2 h.

Radiolabelled probe (~ 2 x 10  ̂ dpm) was denatured by boiling for 5 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. Unbound probe was removed from the 

membranes following hybridisation by washing the membrane in the bottle with a solution 

o f 2x SSC, 0.1% (w/v) SDS at room temperature for 5 min, followed by a wash at room 

temperature in 0.1 x SSC, 0.5% (w/v) SDS for 15 min and a high stringency wash at 65°C 

in 0.1 X SSC, 0.5% (w/v) SDS for 30 min. After washing, the membranes were wrapped in 

Saran wrap (Dow Chemical Co., Stade, Germany) and placed in an autoradiograghy 

cassette with a Kodak BioMax MS-1 intensifying screen (Eastman Kodak Company, 

Rochester, New York, USA) and exposed to Kodak Biomax MS-1 X-ray film at -70°C. 

Autoradiograms were developed with Kodak GBX developer and fixed in Kodak GBX 

fixer.

Bound probe was removed from membrane filters by immersing the membrane in a 

boiling solution of dH20, followed by a brief rinse in 2x SSC.

2.3.6 Computer assisted analysis of gel patterns

Computer-assisted analysis of gel patterns were performed according to the method 

previously described for the C. dubliniensis probe Cd25 and the C. albicans probe Ca3 

(Schmid et al., 1990; Joly et al., 1999). To analyse gel patterns, autoradiographed images 

were digitized into the Dendron software package version 2.0 (Solltech, Iowa City, Iowa, 

USA) using a ScanJet 6100C scanner (Hewlett-Packard Company, Loveland, Colorado, 

USA). The pattern from the C. dubliniensis isolate CM6 (Sullivan et a l ,  1995) was used 

as a reference isolate on each gel as a universal standard to link data from different gels. 

Distortions in the image were corrected using the unwarping and straightening options of 

DENDRON. Lanes and bands were automatically identified and analysed. Patterns of
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different C. dubliniensis isolates were compared by computing the similarity coefficient 

(S ab) between every pair. The similarity coefficient (S ab) computation was based on band 

positions alone according to the formula S ab= 2 E (2 E  +a+b), where E is the number of 

bands in patterns A and B sharing the same positions, a is the number of bands in pattern 

A with no correlates in pattern B and b is the number o f bands in pattern B with no 

correlates in pattern A. An Sab of 0.00 indicates A and B patterns with no bands in 

common, an S ab of 1.00 indicates A and B patterns with all bands matching and S ab’s 

from 0.01 to 0.99 represent patterns with increasing numbers o f bands at the same 

position. The unweighted pair group method was used to create dendrograms based on 

Sab values (Sneath and Sokal, 1973).

2.3.7 Karyotype analysis of Candida species

2.3.7.1 Preparation of yeast chromosomes in agarose plugs

Agarose plugs were prepared by the method o f Vazquez et al. (1993). 

Chromosomes were prepared from cells grown in 50 ml YPD broth at 37°C for 18 h in an 

orbital incubator (Gallenkamp). Cells were pelleted at 2,500 x g  for 5 min in a bench top 

centrifuge, washed in 10 ml NE buffer containing 1 M NaCl, 0.5 M EDTA, pH 9.0 and 

finally resuspended in 2 ml of NE buffer. A 0.4 ml aliquot o f this suspension was heated 

to 37°C and mixed with 0.6 ml of 0.125 mM EDTA pH 7.5, 1% (w/v) InCert agarose 

(FMC BioProducts, Maine, USA), 9 mg Zymolase 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 at 4°C. The solidified agarose plugs were incubated overnight (16 h) in 

5 ml 0.5 M BDTA, pH 7.5, containing 7.5% (v/v) (3-mercaptoethanol, in a waterbath at 

37"C. The agarose plugs were washed three times for 5 min with gentle shaking in 50 mM 

EDTA, pH 7.5, at room temperature. They were incubated overnight (18 h) in a waterbath 

at 50"C in 5 ml ESP buffer (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.

2.3.7.2 Pulsed-field gel electrophoresis

Yeast chromosomes were resolved in 1.4% (w/v) agarose gels by contour clamped 

homogenous electric field system using a CHEF-Mapper pulsed field gel electrophoresis
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(PFGE) system (Bio-Rad). Saccharomyces cerevisiae chromosome preparations (Bio- 

Rad) were included on each gel as reference standards. The electrophoresis buffer used 

was Ix TBE and was maintained at 14°C using buffer recycling through a Bio-Rad 

minichiller (model 1000). Gels were electrophoresed at 4 V/cm for 72 h with an initial 

switch time of 40 s and a final switch time of 600 s, a ramping factor of -2.379 and an 

included angle o f 110°. Following electrophoresis, gels were stained with 0.5 ng/ml 

ethidium bromide for 15 min and viewed on a UV transilluminator. The gels were 

photographed with Polaroid 667 film.

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 o f Sambrook et al. (1989). Briefly, E. coli cultures were grown overnight in LB 

medium in the presence o f selective antibiotic (100 i^g ampicillin/ml in the case of 

pBluescript II KS [-]). A 1.5 ml aliquot of this culture was pelleted at 2,500 x g  for 30 s in 

a microfuge and resuspended in 100 |.il ice cold solution 1 (50 mM glucose, 25 mM Tris- 

HCl, 10 mM EDTA, pH 8.0). Cell were lysed by the addition of 200 ^1 solution 2 (0.2 N 

NaOH, 1% [w/v] SDS) and left on ice for 5 min. Protein was then precipitated by the 

addition of 150 |il solution 3 (5 M potassium acetate, 11.3% (v/v) acetic acid). The 

mixture was vortexed and centrifuged at 2,500 x g  for 5 min in a microfuge. The 

supernatant was transferred to a fresh microfuge tube and extracted once with an equal 

volume of phenol:chloroform (1:1), and the DNA precipitated by the addition of 2 volumes 

of ice-cold ethanol. The precipitate was pelleted again at 2,500 x g  for 5 min and 

resuspended in 50 |il sterile distilled water. RNA was removed by incubating the DNA 

solution with 0.1 mg RNase A for 30 min.

2.4.2 Polymerase chain reaction (PCR) and puriflcation of PCR amplimers

Custom synthesised oligonucleotide primers were purchased from Genosys 

Biotechnologies (Europe) Ltd. and stored at a stock concentration of 1 /xg/ml in sterile 

water at -20°C. The Expand High Fidelity PCR System® purchased from Roche 

Diagnostics Ltd. was used to amplify sequences according to the manufacturer's 

instructions. Amplification reactions were carried out in 0.5 ml Eppendorf microfuge 

tubes in a Perkin Elmer Cetus DNA thermal cycler (Perkin Elmer, Boston, Massachusetts,
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USA) in 100 fi\ volumes containing 120 mM Tris-HCl (pH 7.5 at 25”C); 100 mM KCl; 1 

mM dithiothreitol; 0.1 mM EDTA; 0.5% Tween 20 (v/v); 0.5% Nonidet P40 (v/v); 50% 

glycerol (v/v); dATP, dTTP, dCTP and dGTP at 200 fiM  each; 2.6 U of Expand High 

Fidelity PCR System Enzyme Mix containing Taq DNA polym erase and a proofreading 

polymerase; 1.5 mM MgCl2; 300 nM (each) of a forward and reverse primer and 100 ng 

genom ic DNA template. The mixture was overlaid with 60 /xl of sterile mineral oil. 

Amplification conditions and specific primers will be described in the relevant sections. 

PCR am plified DNA fragm ents were purified from  agarose gels using the W izard 

M inpreps PCR DNA Purification System ®  (Prom ega) and used according to the 

manufacturer's instructions.

2.4.3 Ligation of DNA fragments

Purified DNA fragments were ligated to pBluescript II KS (-) phagemid digested 

with the appropriate restriction enzyme. Ligation o f  PCR products to pBluescript was 

carried out using restriction sites that had been designed within the oligonucleotide primers 

used in the am plification reactions. Purified DNA fragm ents were ligated into the 

appropriate restriction enzyme generated site in the cloning vector. Ligation reactions 

were carried out in a 10 |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.

2.4.4 Transformation of competent coli prepared using CaCi2

Transformation o f E. coli with C aC h was carried out by the method o f Sambrook 

et al. (1989). Escherchia coli XL2-Blue MRF' was inoculated from an ovem ight broth 

culture into 100 ml LB and grown at 200 rpm in an orbital incubator at 37°C until the 

ODeoo reached -0 .5 . The culture was then decanted into ice-cold 50 ml Falcon tubes 

(Becton Dickinson, New Jersey, USA) and chilled on ice for 10 min. Cells were then 

pelleted by centrifugation at 5,000 x g  in a Sorvall SS34 rotor (D upont Co., Denver, 

Colarado, USA) in a Sorvall RC 5B centrifuge (Dupont Co.) at 4°C for 10 min. Each 

pellet was resuspended in 10 ml o f ice-cold 0.1 M CaCl2 , and recentrifuged 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 200 |j,l aliquot o f  this cell-suspension was transferred to a sterile 1.5 ml 

microfuge tube on ice for each transformation experiment. Plasmid DNA (up to 50 ng)
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was added to each tube and incubated for 30 min on ice. A  known amount o f  a standard 

plasmid preparation was added to a separate tube as a positive control, and a tube which  

contained no plasmid DN A was also included as a negative control. The tubes were then 

heat shocked at 42°C for exactly 90 s and rapidly transferred to an ice bath. The cells were 

then incubated at 37°C in a water bath in the presence o f  800 |̂ 1 LB medium to allow  the 

cells to recover and express the antibiotic resistance marker (ampicillin resistance in the 

case o f  pBluescript II KS [-]). A  100 |̂ 1 aliquot o f  this suspension was then spread on to 

LA plates containing antibiotic (100 |ig  ampicillin/ml in the case o f  pBluescript II KS [-]), 

1 mM isopropyl-(3-D-thiogalactopyranoside (IPTG, Boerhringer Mannheim) and 100 |ig  

(5-bromo-4-chloro-3-indoyl-|3-D-galactopyranoside (X -gal, Roche Diagnostics Ltd.) and 

incubated at 37°C for 20 h. Recombinants were identified using blue-white selection as 

described by Sambrook et al. (1989).

2.4.5 Lambda DNA purification

Overnight culture o f  E. coli LE 392 was grown in LB medium supplemented with 

2% maltose and 0.01 M M gS04  at 37°C. O f the overnight culture 500 1̂ was transferred 

to a test tube containing 10 1̂ o f  Lambda bacteriophage and incubated for 20 min at 37°C. 

500 |al o f  the infected culture was transferred to a 250 ml Erlenmeyer flask containing 100 

ml o f  LB medium supplemented with 1 ml o f  1 M M gS04  and incubated at 37°C with 

shaking until lysis occurred. After cell lysis, 500 |̂ 1 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 D N A was purified using the Wizard Lambda Prep 

D N A  Purification System ®  (Prom ega) and used according to the manufacturer's 

instructions. The Lambda D N A was used directly for radiolabelling.

2.5 DNA Sequencing

N ucleotide sequence analysis was performed by the dideoxy chain-terminating 

m ethod o f  Sanger et al. (1977) using an automated Applied B iosystem s 377 D N A  

sequencer and dye-labelled terminators (Applied B iosystem s, Foster City, California, 

USA ). The sequencing primers used were either the M l3 forward and reverse primers or in 

the case o f  direct sequencing o f  PCR amplimers the PCR primers were used as sequencing 

primers. D N A  sequence alignments and phylogenetic analysis were carried using the 

CLUSTAL W sequence alignment computer program (Thompson et al., 1994).
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2.6 Antifungal susceptibility testing

2.6.1 National Committee for Clinical Laboratory Standards (NCCLS) broth 

microdilution assay

The broth microdilution (BMD) assay was carried out by the method outlined in the 

NCCLS docum ent M -27A, a reference standard for antifungal susceptibility testing 

(National Committee for Clinical Laboratory Standards, 1997). The assay was carried out 

in sterile 96-well microtitre plates (Com ing, New York, USA). The medium used was 

RPM I-1640 m edium  (Sigm a Aldrich Ireland Ltd.), as recom m ended in the NCCLS 

document M-27A. Microtitre plates consisted of 8 rows of 12 wells, one row was used for 

each susceptibility test, which allowed eight M IC determinations to be carried out on each 

plate. Wells one and twelve of each row were dispensed with 100 /xl of RPMI medium and 

were used as a sterility control and a positive growth control respectively. The 

microdilution trays were prepared with antifungal agent at twice the test concentration and 

one-half the final test volume in RPMI. The final range of concentrations for fluconazole, 

itraconazole, voriconazole, 5-fluorocytosine in the wells were 0.12-128 jUg/ml, 0.007-8 

/xg/ml, 0.007-8 /xg/ml and 0.06-32 /ig/ml, respectively. M icrotitre trays were incubated at 

35°C in a moist chamber. The inoculum was prepared by suspending 4-5 colonies from a 

24-48 h old culture plate into 0.85% (w/v) NaCl solution. A spectrophotometer set at 530 

nm was used to match turbidity equal to a 0.5 M acFarland standard (bioMerieux) (for yeast 

this is equivalent to 1-5x10® organism/ml). This standardised organism suspension was 

diluted 1:1000 to an inoculum concentration of 1-5x10^ and 100 /xl was added to each well 

o f the microtitre plate except wells in row 1 (sterile control wells). The C. albicans isolate 

ATCC 90028, the C. parapsilosis  isolate ATCC 22019, C. parapsilosis  isolate ATCC 

90018 and C. krusei isolate ATCC 6258 were included as reference strains for quality 

control of dilution methods. The MIC endpoints for these drugs were determined visually, 

following 48 h incubation, as the lowest concentration of drug which inhibited 80% of 

growth relative to the growth control well.

2.6.2 Rodriguez-Tudela and Martinez-Suarez (1995) modified broth microdilution 

(BMD) assay

The BM D assay was used for susceptibility  testing o f  C and ida  species to 

fluconazole, itraconazole and 5-fluorocytosine and was carried out by the method o f
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Rodriguez-Tudela and Martinez-Suarez (1995), which is a modification of the method 

outlined in the NCCLS document M-27A (see section 2.6.1). The medium used was 

RPMl-1640 medium (Sigma Aldrich Ltd.), as recommended in the NCCLS document M- 

27A. However, this was modified by Rodriguez-Tudela and Martinez-Suarez (1995) by 

the addition of glucose to a concentration of 2% (w/v; RPMI-2% glucose) which gives 

improved growth with Candida species and allows MIC determination following 24 h 

incubation (Rodriguez-Tudela & Martinez-Suarez, 1995). RPMI-2% glucose consisted of 

RPMI-1640 medium supplemented with 18 g glucose/1, buffered with 0.165 M 

morpholinepropanesulphonic acid (MOPS) buffer (Sigma Aldrich Ireland Ltd.) which was 

adjusted to pH 7.0 using 10 N NaOH.

Microtitre plates consisted of 8 rows of 12 wells. One row was used for each 

susceptibility test, which allowed eight MIC determinations to be carried out on each 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 from 

0.125 to 64 ng/ml in the case of fluconazole, 0.03 to 16 |ig/ml in the case o f itraconazole 

and in the case o f 5-fluorocytosine two microtitre plates were prepared with concentrations 

ranging from 0.03-16 |ag/ml and 0.25-128 |J.g/ml.

The inocula were prepared from 24-48 h old PDA plates. Three to four colonies (3- 

4 mm in diameter) of each organism to be tested were resuspended in 1.5 ml o f sterile 

saline. The cell density was adjusted to give a concentration of 1 x 10^ cfu/ml. This 

suspension was then diluted 1/10 in RPMI-2% glucose and 10 |j.l aliquots were dispensed 

in wells 2-12, yielding a final cell density of 1 x 10  ̂cfii/ml.

Test plates were covered with lids supplied by the manufacturers, wrapped in 

plastic and incubated for 24 h at 37°C. Before spectrophotometric reading o f MIC 

endpoints, the plates were agitated for 2 min using a whirlimixer (Gallenkamp). End 

points were determined spectrophotometrically by measuring the turbidity in each well at 

405nm (A405) with an automated plate reader (Spectra I; SLT-Labinstruments, Salzburg, 

Austria). An endpoint (IC50), termed the MIC, was determined by the method of Galgiani 

and Stevens (1976) as the lowest drug concentration which fulfilled the criterion % 7 >  % 

Tk + 0.5(100-%r^), where T is the transmission from a microtitre plate well containing 

fluconazole and the organism being tested, and Tk is the transmission from the fluconazole 

free growth control well containing the organism being tested. The IC50 represents the
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drug concentration that inhibited growth by 50%, as determined by transmission, compared 

with the growth o f controls, as described by Rodriguez-Tudela and Martinez-Suarez 

(1995). All tests were performed in duplicate on at least two separate occasions. The C. 

albicans isolate 132A and the C. albicans strain Y0109 were used as reference controls 

(Gallagher er a/., 1992).

2.6.3 Etest fluconazole susceptibility testing

The Etest (AB Biodisk, Dalvagen, Solna, Sweden) is a commercially available 

susceptibility testing system which consists of a plastic strip impregnated with a 

concentration gradient of the appropriate drug. Strips containing Amphotericin B ranging 

in concentration from 0.002-32 /ig/ml were used in this study. The inoculum was prepared 

in 0.85% NaCl to 0.5 McFarland turbidity. Separate 150 mm Petri dishes containing 

antibiotic medium 3 (Difco Laboratories) were lawned with 400 /il of the test organism 

and were allowed to dry before the application of the strip, which was placed on the 

surface of the plate using a sterile forceps. Plates were incubated at 35°C for 24 h, or until 

sufficient growth was obtained to determine an end point. Following the manufacturer's 

guidelines, the endpoint (MIC) was assessed visually as the drug concentration at which 

one observed an 80% reduction in growth.
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Chapter 3

Determination of four distinct genotypes of 

Candida dubliniensis
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3.1 Introduction

3.1.1 Epidemiological analysis of C. dubliniensis

Candida dubliniensis isolates have been identified throughout the world in a wide 

variety o f patient cohorts (Sullivan et a i, 1997; Jabra-Rizk et al., 1999a; Joly et al., 1999; 

Kamei et al., 2000; Polacheck et al., 2000; Quindos et al., 2000; Al Mosaid et al., 2001). 

Originally associated with oral carriage and oral candidosis in HIV-infected and AIDS 

patients, C. dubliniensis has more recently been identified in cases of systemic disease in 

Europe, the USA and Australia (Meis et al., 1999; Brandt et al., 2000; Marriott et al., 

2001; Salesa e? a/., 2001).

In an attempt to improve our understanding of the epidemiology of C. dubliniensis, 

Joly et al. (1999) developed and characterised three complex DNA fingerprinting probes 

for C. dubliniensis, one of which (i.e. Cd25) was species-specific (Joly et al., 1999). The 

remaining two probes (i.e. Cdl and Cd24) reacted weakly with C. albicans DNA. As well 

as providing a useful means o f investigating the epidemiology o f C. dubliniensis, the 

existence o f the species-specific sequences contained within Cd25 provided further 

evidence that C. dubliniensis is a distinct species. Furthermore, the Cdl and Cd24 probes 

were shown to be useful for detecting in vitro and in vivo microevolutionary events, 

whereas Cd25 yielded stable complex fingerprint patterns suitable for the comparison of 

strains in epidemiological studies. In a recent study, Joly et al. (1999) used the Cd25 probe 

to fingerprint 57 independent C. dubliniensis isolates from 11 countries (Joly et al., 1999). 

Computer-assisted analysis of the fingerprints obtained using the software package 

DENDRON (Schmid et al., 1990; Joly et al., 1999) demonstrated that the C. dubliniensis 

isolates could be clearly divided into two separate groups, groups I and II. Group I isolates 

comprised 86% of those tested and were all closely related (average Sab~0.80), whereas 

the group II isolates, which comprised the remaining 14%, comprised a less closely related 

clade (average Sab=0.47).

One of the aims of the present study was to investigate further the genetic diversity 

of C. dubliniensis by analysis of Cd25-generated fingerprint profiles using a larger number 

o f isolates from around the world taken from a broader range of anatomic sites. Karyotype 

analysis was also used as a fingerprinting method to further examine the genetic diversity
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of these isolates.

3.1.2 Internal transcribed spacer region

The small (18S rDNA) and large (25S rDNA) ribosomal subunit gene sequences 

have been used extensively for the phylogenetic analysis of Candida species (Hendriks et 

a l, 1991; Fell et al., 1992; Sullivan et al., 1995; Gilfillan et al., 1998). A number of 

studies have also established the importance of the ITS region from a taxonomic 

standpoint. The ITS region is located between the IBS and 25S rDNA genes and is 

subdivided into the ITS 1 region, which separates the 18 S and 5.8S rDNA genes, and the 

ITS 2 region, which is found between the 5.8S and 25S rDNA genes (Fig. 3.1). As the ITS 

regions are non-coding and therefore believed to have less functional constraints it is 

generally thought that they exhibit higher rates of genetic divergence than the 18S, 5.8S or 

25S rDNA genes (Sugita et al., 1999). The ITS region has been used to distinguish a wide 

variety of fungi including Candida, Aspergillus, Trichosporon, Pneumocystis and 

Cryptococcus species (Elie et al., 1998; Lott et al., 1993; Sugita et al., 1999 and 2000; 

Turenne et al., 1999; Henry et ah, 2000). Chen et al. (2000) used the ITS2 region and the 

25S and 18S rDNA sequences to generate phylogenetic trees for 34 fungal species. The 

trees generated using the ITS2 sequences showed striking similarity to the corresponding 

trees constructed with 25S and 18S rDNA sequences. The ITS2 trees displayed good 

bootstrap support at terminal branches, distinguishing different species. However, the 

bootstrap support at the basal branches was stronger with 25S and 18S rDNA trees when 

compared to ITS2 (Chen et al., 2000). This observation was also made by others (Sugita 

et al., 1999) and the most accurate phylogenetic relationships between fungal species may 

be provided by the less rapidly evolving structural rDNA genes.

A number of studies have examined intraspecies variability in the ITS region 

nucleotide sequence. Turenne et al. (1999) in a study of Candida species did not observe 

any intraspecies variability among C. albicans, C. guilliermondii, C. tropicalis, C. krusei, 

C. glabrata and C. parapsilosis (Turenne et al., 1999). In phylogenetic studies of 

Trichosporon species and Aspergillus species less than 1% of nucleotide bases were 

different among various strains of the same species (Sugita et al., 1999; Henry et al., 

2000). However, other studies have demonstrated intraspecies variability. Chen et al. 

(2000) in a study of the ITS2 region of 34 yeast species observed intraspecies variability. 

Candida parapsilosis can be divided into three groups based on sequence differences in
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ITS 1

18S ITS1 5.8S ITS2 25S

ITS 4

Figure 3.1. Genomic organisation o f the fungal 18S rDNA (small ribosomal subunit gene), 25S rDNA 
(large ribosomal subunit gene), 5.8S rDNA, internal transcribed spacer 1 (ITSl) and internal transcribed 
spacer 2 (1TS2) region. Arrows indicate the positions of the primers ITSl and ITS4 (Table 3.2) used in the 
present study for the amplification o f the ITSl, ITS2 and the 5.88 rDNA gene from C. dubliniensis 
isolates.



the ITS region (Lin et al., 1995). These groupings are also observed based on a number of 

fingerprinting techniques including fingerprinting with the complex probe Cp3-13 (Enger 

et al., 2001).

The second aim o f the present study sought to determine if  the two groups 

identified on the basis of Cd25-generated fingerprint profile analysis represent specific 

genotypes which can be differentiated based on nucleotide sequence analysis o f the ITS 

region of the rDNA gene cluster.

I
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3.2 Materials and Methods

3.2.1 Candida dubliniensis clinical isolates

Ninety-eight isolates o f C. dubliniensis from 94 separate individuals in 15 different 

countries were included in this study (Table 3.1). In addition, multiple single-colony 

isolates of C. dubliniensis recovered from the same clinical specimen obtained from eight 

separate individuals (patients A through H, Table 3.1) were also included.

3.2.2 Preparation of yeast DNA, Southern hybridisation and computer assisted 

analysis of fingerprint profiles

The preparation o f yeast genomic DNA, EcoKl restriction enzyme digestion. 

Southern hybridisation with the Cd25 probe and computer assisted analysis o f fingerprint 

profiles were as described in chapter 2 sections 2.3.1 to 2.3.6.

3.2.3 Preparation of the Cd25 fingerprinting probe

Cd25 is a genomic sequence containing a dispersed repetitive element cloned from 

C  dubliniensis into bacteriophage Lambda EMBL3 (Joly et a i ,  1999). Cd25 DNA was 

prepared as described in chapter 2 section 2.4.5.

3.2.4 Karyotype analysis

Preparation o f whole chromosomal DNA embedded in agarose plugs and pulsed-field 

gel electrophoresis was carried out as described in chapter 2 section 2.3.7.

3.2.5 PCR amplification

The ITS1/ITS4 primer pair (Table 3.2) was used to amplify the internal transcribed 

spacer 1 and 2 (ITSl and ITS2, respectively) regions and the intervening 5.8S rDNA gene 

o f C. dubliniensis isolates. These primers are complementary to conserved regions o f the 

fungal 18S (small ribosomal subunit gene) and 25S (large ribosomal subunit gene) rDNA 

genes, respectively, which flank the ITSl and ITS2 regions (White et al., 1990). Specific 

restriction endonuclease cleavage sites were incorporated into the primers to facilitate
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Table 3.1. The C. dubliniensis isolates used in the study

C  dubliniensis 

isolates^

HIV

status

Body^

site

Year^

o f
isolation

Country^

o f
origin

Reference

CD71 HIV+ve Oral 1994 Argentina Sullivan e t ai., 1997
C M l HIV+ve Oral 1991 Australia Sullivan e t al., 1995
CM 2 HIV+ve Oral 1991 Australia Sullivan et al., 1995
CM 4 HlV+ve Oral 1991 Australia Sullivan et al., 1995
CM 5 HIV+ve Oral 1991 Australia Sullivan et al.^ 1995
CM 6 HIV+ve Oral 1992 Australia Sullivan et a i ,  1995
Can6 HIV+ve Oral 1995 Canada Pinjon et al., 1998
C anl HIV+ve Oral 1996 Canada Pinjon et al., 1998
Can3 HIV+ve Oral 1996 Canada Pinjon et al., 1998
Can4 HIV+ve Oral 1996 Canada Pinjon et al., 1998
Can9 HIV+ve Oral 1996 Canada Pinjon et al., 1998
Can 13 HIV+ve Oral 1996 Canada Pinjon et al., 1998
CDS 16 HIV+ve Oral 1996 Finland Pinjon et al., 1998
C D 96.29 HIV+ve Oral 1996 Germany Pinjon et al., 1998
C D 96.34 HIV+ve Oral 1996 Germany Pinjon et al., 1998
CD96.54 HIV+ve Oral 1996 Germany Pinjon et al., 1998
CD96.63 HIV+ve Oral 1996 Germany Pinjon et al., 1998
CD159 HIV+ve Oral 1995 Greece Pinjon et al., 1998
CBS2747 HIV-ve Sputum 1952 Netherlands M els et al., 1999
C B S8500 HIV-ve Blood 1998 Netherlands M els et al., 1999
CBS8501 HIV-ve Blood 1998 Netherlands M eis et al., 1999
CD98923 HIV+ve Oral 1998 India AI M osaid et al., 2001
CD 36 HIV+ve Oral 1988 Ireland Sullivan et al., 1995
CD500 AIDS Oral 1988 Ireland Pinjon et al., 1998
CD33 HIV+ve Oral 1989 Ireland Sullivan et ai., 1995
CD38 HIV+ve Oral 1989 Ireland Sullivan et al., 1995
CD503 HIV+ve Oral 1989 Ireland Pinjon el al., 1998
CD505 HIV+ve Oral 1989 Ireland Pinjon et a!., 1998
CD506 AIDS Oral 1989 Ireland This study
CD57 HIV-ve Vagina 1992 Ireland M oran et al., 1997
CD507 (A ,I8) AIDS Oral 1992 Ireland This study
C D 509 HIV+ve Ora] 1992 Ireland Pinjon et al., 1998
CD510 AIDS Oral 1994 Ireland Pinjon et al., 1998
CDS 11 HIV+ve Oral 1995 Ireland Pinjon el a l., 1998
CDS12 HIV+ve Oral 1995 Ireland Pinjon et a l., 1998
CDS 13 HIV-ve Oral 1995 Ireland This study
C D 514(B ,11) HIV-ve Oral 1995 Ireland This study
CDS 17 HIV-ve Oral 1996 Ireland Pinjon et al., 1998
CDS 18 HIV-ve Oral 1996 Ireland Pinjon et al., 1998
C D S 1 9 (C , 8) AIDS Oral 1997 Ireland This study
CDS20 HIV-ve Oral 1997 Ireland This study
CDS21 HIV+ve Oral 1997 Ireland Pinjon et al., 1998
CDS22 HIV+ve Oral 1997 Ireland Pinjon et a l., 1998

CDS23A (D»17) 
C D S23B (D , 3)

HIV-ve Oral 1997 Ireland This study

CD524 HIV-ve Oral 1997 Ireland This study
CD52S HIV-ve Oral 1997 Ireland This study
CDS26 HIV+ve Oral 1998 Ireland This study

CDS27A (E , 15) 
CDS27B (E , 2)

AIDS Oral 1998 Ireland This study

CDS28 (F , 20) AIDS Oral 1998 Ireland This study
CD S29 (G , 18) AIDS Oral 1998 Ireland This study
CD530 HIV-ve Oral 1998 Ireland This study
CDS31 HIV-ve Oral 1998 Ireland This study
CD532 HIV-ve Oral 1998 Ireland This study
CD533 M V-ve Blood 1998 Ireland This study
CD S36 (H , 10) HIV-ve Oral 1998 Ireland This study
CD542 HIV-ve Oral 1999 Ireland This study
CD543 AIDS Oral 1999 Ireland This study
CD 2000 HIV-ve Oral 2000 Ireland Al M osaid et al., 2001
CD2003 HIV-ve Oral 2000 Ireland Al M osaid et al., 2001
CD2004 HIV-ve Oral 2000 Ireland Al M osaid et al., 2001
p626S HIV-ve Sputum 1999 Israel Polacheck et al., 2000
p678S HIV-ve Urine 1999 Israel Polacheck et al., 2000

Continued overleaf



Table 3.1 continued.

C. dubliniensis  

isolates^

HIV

status

Body^

site

V b Year

o f
isolation

Country^

of
origin

Reference

p7276 HIV-ve Resp. tract 1999 Israel Polacheck et a!., 2000
p7858 HIV-ve Vagina 1999 Israel This study
p7890 HlV-ve Resp. tract 1999 Israel This study
p7852 HIV-ve Vagina 1999 Israel This study
p7507 HIV-ve Sputum 1999 Israel This study
p7718 HIV-ve Wound 1999 Israel This study
CD534 HIV-ve N/A N/A Japan A1 M osaid et al., 2001
CD19398 HlV+ve Oral 1998 Norway A1 M osaid et al., 2001
CD94191 HIV+ve Oral 1994 Spain Pinjon et al., 1998
CD2491 HIV+ve Oral 1994 Spain Pinjon et al., 1998
CD94234 HIV+ve Oral 1994 Spain Pinjon et al., 1998
CD 941026 HIV+ve Oral 1994 Spain Pinjon e t al., 1998
CD94895 HIV-ve Oral 1994 Spain Pinjon et al., 1998
CD94208 HIV+ve Oral 1994 Spain Pinjon et al., 1998
CD94924 HIV+ve Oral 1994 Spain Pinjon et al., 1998
CD96104 HIV-ve Oral 1995 Spain Quindos et al., 2000
Co4 HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
CoS HIV+ve Oral 1993 Switzerland Boerlin e t al., 1995
Co7 HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
P2 HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
P7 HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
P2I HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
P27 HIV+ve Oral 1993 Switzerland Boerlin et al., 1995
N CPF3108 HIV-ve Stool 1957 UK Sullivan et al., 1995
CD75089 N/A Oral 1975 UK Pinjon et al., 1998
CD75043 N/A Oral 1975 UK Pinjon et al., 1998
CD75004 N/A Ora! 1975 UK Pinjon et al., 1998
CD538 HIV-ve Stool 1986 UK Pinjon et al., 1998
CD539 AIDS Oral 1994 UK Pinjon et al., 1998
CD540 HIV-ve Sputum 1997 UK Pinjon et al., 1998
CD541 HIV-ve Blood 1997 UK Pinjon et al., 1998
m26b HIV-ve Oral 1995 UK Pinjon et al., 1998
m262b m v -v e Oral 1995 UK Pinjon et al., 1998
m l96cd HIV-ve Oral 1995 UK Pinjon et al., 1998

"  There were multiple isolates o f  CD507, C D 5I4 , CD519, CD523, CD 527, CD 528, CD529 and CD 536. These 
isolates were recovered from the same oral specimen, in each case, from patients A-H. The patient designation (e.g. 
A) and the number o f  isolates o f  each strain examined are indicated in parentheses after the strain name e.g. CD507 
(A , 18) indicates there were eighteen isolates o f  the strain CD507 examined and that this strain came from patient A. 
Tw o separate C. dubliniensis strains detected on the basis o f  Cd25 fingerprint profiles were recovered from patients D 
and E and these were termed CD523A and CD523B (patient D) and CD527A and CD 527B (patient E), respectively. 
M ultiple clonal isolates o f  strains CBS8500 (6 isolates) and CBS8501 (15 isolates), respectively, were recover^  
from various body sites in tw o separate Dutch patients. The isolates C M l and CM 2 (Sullivan et a l . y  1995) and 
Can4 and Can6 were recovered from the same patient, in each case respectively, at separate clinical evaluations. The 
C. dubliniensis  type strain CD36 is lodged with the American Type Culture Collection (accession num ber MYA- 
646). Isolates CBS2747, CBS8500 and CBS8501 are lodged with the Centraalbureau voor Schim melcultures.

^  N /A , not available.

^ The provenance o f  specific clusters o f  isolates highlighted in colour in Fig. 3.1 was as follows: Australian isolates 
C M l, CM 2, CM 4, CMS and CM 6, were from patients at the Fairfield hospital M elbourne, V ictoria; Canadian 
isolates Can3, Can4, Can6 and Can9, were from patients at the Centre hospitaller de I’Universite Laval, Q uebec City; 
Irish isolates CD36, CD38, CD503, CD507, CD522, CD2000 and CD2003 w ere from patients at the D ublin Dental 
Hospital; CD57 was from a patient at St. James's Hospital, Dublin; Spanish isolates CD 94924, CD 941026 and 
CD94208 were from patients at the Hospital de Cruces, Bizkaia, Spain, whereas isolate CD94895 was isolated from 
a patient at the CHnicas O dontologicas, University o f  The Basque Country, Bilbao, Spain.



Table 3.2. Nucleotide sequence o f  PCR primers used to amplify specific regions o f  
C. dubliniensis DNA

Primer Sequence”* Purpose R eference

ITSl 5'-CGGAATTCTCCGTAGGTGAACCTGCGG-3' Forward primer for amplifying the ITS* region White ef a/., 1990

ITS4 5'-CGGAATTCTCCTCCGCTTATTGATATGC-3' Reverse primer for amplifying the ITS* region White et at., 1990

G IF 5'-TTGGCGGTGGGCCCCTG-3' Forward primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 1 isolates

This study

G IR 5'-AGCATCTCCGCCTTATA-3' Reverse primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 1 isolates This study

G2F 5'-CGGTGGGCCTCTACC-3' Forward primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 2 isolates

This study

G2R 5'-CATCTCCGCCTTACC-3' Reverse primer for amplifying approx. 330 bp 
o f the ITS region from genotype 2 isolates

This study

G3F 5'-TTGGTGGTGGGCTTCTG-3' Forward primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 3 isolates

This study

G3R 5'-GCAATCTCCGCCTTACC-3' Reverse primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 3 isolates

This study

G4F‘' 5’-GGCCTCTGCCTGCCGCCAGAGGATG-3' Forward primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 4 isolates

This study

G4R“' 5'-AGCAATCTCCGCCTTACT-3' Reverse primer for amplifying approx. 330 bp 
o f  the ITS region from genotype 4 isolates

This study

RNAF 5'-GCATATCAATAAGCGGAGGAAAAG-3’ Forward primer for amplifying approx. 610 bp 
o f  the large ribosomal subunit gene, used here 
as an internal positive control in genotype-specific 
PCR

FeW el al„ 1993

RNAR 5'-GGTCCGTGTTTCAAGACG-3' Reverse primer for amplifying approx. 610 bp 
o f  the large ribosomal subunit gene, used here 
as an internal positive control in genotype-specific 
PCR

Fell e /a /., 1993

^ Underlined sequence corresponds to E coK\  restriction enzyme sites incorporated into the primer to facilitate 
cloning.

The internal transcribed spacer region (ITS) includes the internal transcribed spacer 1, 5.8S rDNA gene and the 
internal transcribed spacer 2. The location o f  the various GF and GR primer sequences w ithin the ITS region 
are shown in Fig. 3.5A .
Q

The G4F/G4R primers each differed from the ITS genotype 4 sequence (shown in Fig. 3 .5A ) by a single base 
pair change at their 3' end to improve specificity.



cloning o f  amplified products (Table 3.2). PCR amplifications were performed using the 

High Fidelity PCR System (Roche Diagnostics Ltd.) following the recommendations o f  the 

manufacturer. In brief, each 100 \il reaction contained 120 mM Tris-HCl (pH 7.5 at 25°C); 

100 mM KCl; 1 mM dithiothreitol; 0.1 mM EDTA; 0.5% Tween 20 (v/v); 0.5% Nonidet 

P40 (v/v); 50% glycerol (v/v); dATP, dTTP, dCTP and dGTP at 200 |iM  each; 2.6 U o f  

Expand High Fidelity PCR System  Enzyme M ix containing Taq D N A polymerase and a 

proofreading polymerase; 300 nM o f  ITS 1, 300 nM o f  ITS4; 1.5 mM M gCl2 and 100 ng o f  

template DNA. Am plification reactions were carried out in a Perkin Elmer Cetus DNA  

Thermal Cycler with initial denaturation for 3 min at 95°C, followed by 35 cycles o f  1 min 

at 95°C, 1 min at 58°C, 2 min at 72°C and a final extension for 10 min at 72°C. Following  

amplification, the amplimers were purified using a Promega PCR extraction kit and cloned 

into pBluescript II KS(-) by conventional methods (Sambrook et a i ,  1989).

PCR identification o f  isolates belonging to C. dubliniensis genotypes 1, 2, 3 and 4 

was performed using the primer pairs G IF /G IR , G2F/G2R, G3F/G3R and G4F/G4R, 

respectively, (Table 3.2). These primers were designed based on observed differences in 

the nucleotide sequence o f  the ITSl and ITS2 regions o f  isolates belonging to each o f  the 

four C. dublin iensis  genotypes (see results section below ). The genotype 4-specific  

forward and reverse primers were designed with a base mismatch at their 3' ends to 

increase their specificity (Table 3.2). Each PCR reaction was carried out with one pair o f  

these genotype-specific primers and the universal fungal primers RNAF/RN AR (Fell, 

1993), which amplify approximately 610 bp from all fungal large-subunit rDNA genes and 

were used as an internal positive control. PCR was carried out using Taq D N A  

polymerase (Promega). Each 100 |j1 PCR reaction for genotypes 1, 2 and 3, respectively, 

contained 10 mM KCl, 0.1% (v/v) Triton X -100, dATP, lOmM Tris/HCl (pH 9.0 at 25°C); 

dTTP, dCTP and dGTP at 200 |^M each; 2.5 U  o f  Taq polymerase; 300 nM o f  each primer, 

1.5 mM M gCl2 and either 100 ng o f  purified template D N A or rapidly prepared template 

D N A  obtained by boiling yeast cells. Template D N A obtained by the latter method was 

prepared by boiling a single 48-h old PDA-grown colony in 50 |j1 o f  sterile ultrapure H2O 

for 10 min. After boiling, the debris was pelleted by centrifugation and the D N A  

contained in 25 |al o f  the supernatant was used as template for subsequent PCR reactions. 

The PCR cycling conditions were as follows: initial denaturation for 3 min at 95°C, 

followed by 30 cycles o f  1 min at 95°C, 1 min at 50°C, 20 sec at 72°C and a final extension 

for 10 min at 72°C. Optimum conditions for genotype 4-specific PCR were determined
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empirically. These were as above except 20 |o.M dNTPs were used and the annealing 

temperature was 55°C. Following PCR, 5 |il aliquots of the amplification mixture from 

genotype 1-, 2- and 3- specific PCR reactions, respectively, and 10 |al of the amplification 

mixture from genotype 4-specific PCR were separated by electrophoresis through 2.4% 

(w/v) agarose gels containing 0.5 |xg/ml ethidium bromide and were visualized on a UV 

transilluminator. Due to the lower dNTP concentration less PCR product is produced in 

the genotype 4-specific PCR compared to the other three genotype specific PCRs.

3.2.6 Sequencing

Sequencing was carried out as described in chapter 2 section 2.5.2.

3.2.7 Statistical analysis

Statistical analysis was performed using the chi-squared test.
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3.3 Results

3.3.1 DNA fingerprint analysis of a diverse collection of C. dubliniensis isolates

In order to investigate the range o f genetic diversity among C. dubliniensis isolates, 

a collection of 98 isolates recovered from 94 separate individuals in 15 different countries 

(Table 3.1) was fingerprinted with the C. dubliniensis-spQcific complex probe Cd25. 

Examples o f the fingerprint patterns obtained are shown in Fig. 3.2. The resulting complex 

hybridisation profiles were subjected to computer-assisted analysis with the fingerprint 

profile analysis software package DENDRON. Similarity coefficient ( S a b ) values were 

computed for every possible pairwise combination of isolates and these data were used to 

construct a dendrogram showing the relationships between all o f the isolates in the 

collection (Fig. 3.3). Examination of the dendrogram revealed that the isolates could be 

clearly divided by a node at an S a b  value o f 0.19 into two main populations o f isolates. 

The first population of isolates was designated Cd25-group I (n=71 isolates) and the 

second population o f isolates was designated Cd25-group II (n=27 isolates) (Fig. 3.3). 

These findings confirm and extend the findings of a previous study with Cd25-generated 

fingerprint profiles obtained with a collection of 57 independent C. dubliniensis isolates 

from 11 different countries, where the isolates were clearly separated into two distinct 

groups, at a S a b  node value of 0.24 (Joly et al., 1999). In the present study the total 

collection o f isolates had an average S a b  value of 0.54±0.30, Cd25-group I isolates had an 

average S a b  value of 0.80±0.06 and the Cd25-group II isolates had an average S ab  value of 

0.57±0.20. At an S a b  threshold value of 0.60 four distinct clades are evident (Fig. 3.3). 

Cd25-group I isolates form a distinct clade, whereas Cd25-group II isolates consist of three 

separate clades. These 4 clades correspond to the four distinct Cd25-generated fingerprint 

patterns shown in Fig. 3.2B.

Multiple isolates of the same C. dubliniensis strain (with identical or very closely 

related Cd25 fingerprint profiles) recovered from the same clinical specimen for each of 

eight separate individuals (patients A-H, Table 3.1) yielded Sab values o f >0.94 (see 

chapter 5), in each case respectively. Closely related clusters of isolates (e.g. S a b  values 

>0.9) are evident in the dendrogram. While many of these clusters have no obvious 

significance, in some cases clusters correspond to the hospital o f isolation and/or the
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Figure 3.2. Southern blot hybridisation patterns of C. dubliniensis isolates generated with the Cd25 probe. 
(A) Lane 1, CM6; lane 2, CD505; lane 3, CD36; lane 4, CD94208; lane 5, m2b2b; lane 6, CD36; lane 7, 
CD96.54; lane 8, CD511; lane 9, CD506; lane 10, Co7; lane 11, P21; and lane 12, CD75004. (B) Lane 1, 
CD36; lane 2, CD75089; lane 3, CD514 and lane 4, p7718. The hybridisation profiles in panel B are 
representative isolates from each o f the four clades observed at an Sab of 0-6 in the Cd25 dendrogram shown 
in Fig. 3.3 (see section 3.3.1). The relative positions of molecular weight markers (in kilobases) are indicated 
to the left of the panels.
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Figure 3.3. Dendrogram generated from the similarity coefficients (Sabs) computed for every possible pairwise combination of 98 C. 
dubliniensis isolates from 94 patients fingerprinted with the Cd25 probe. The origins o f  the isolates are shown in Table 3.1. At an Sab 
0.19 (short dashed vertical line) the isolates are divided into two main populations termed Cd25 groups I and II. At an Sab o f 0.6 (short 
dashed vertical line) four distinct clades are evident; one clade corresponds to Cd2S group I whereas the other three clades are found within 
Cd25 group II. Multiple isolates o f the same C. dubliniensis strain recovered from the same clinical specimen for each of eight separate 
individuals yielded Sab values o f >0.94; the Sab value o f 0.9 (dashed vertical line) was therefore chosen as an arbitrary threshold value for 
describing clusters. The cluster o f Australian isolates is highlighted in dark blue, two clusters consisting o f Irish isolates only are 
highlighted in green, a cluster o f four Spanish isolates is highlighted in red, and a cluster o f Canadian isolates and one Irish isolate is 
highlighted in light blue. The Cd25 groups (a) and the ITS genotypes (b) o f the isolates are shown to the right o f the dendrogram. All 27 of 
the Cd25-group II isolates and 43/71 o f the Cd25-group I isolates had their genotypes determined by genotype-specific PCR.



country of origin of the isolates (Fig. 3.3; Table 3.1). For example, there are two clusters 

that are solely comprised of isolates from the same hospital in Dublin, Ireland (highlighted 

in green in Fig. 3.3), all of the Australian isolates which were obtained in the same 

Melbourne hospital cluster closely together (highlighted in dark blue in Fig. 3.3), four of 

the Spanish isolates which were obtained in two separate clinics/hospitals cluster together 

(highlighted in red in Fig. 3.3) and there is a cluster o f Canadian isolates from the same 

hospital with one Irish isolate (highlighted in light blue in Fig. 3.3). There are also several 

examples o f pairs of isolates recovered in the same hospital from different patients with an 

S a b  value above 0.9 (Fig. 3.3), including oral isolates CD75089 and CD75043, ( S a b  =0.98) 

recovered from patients in a hospital in Leeds, United Kingdom and two pairs o f Irish oral 

isolates, CDS 18 and CDS27B ( S a b  =0.93) and CD2004 and CD534 ( S a b  =0.92), recovered 

in the Dublin Dental Hospital (Fig. 3.3).

There were several examples where isolates recovered from separate individuals 

yielded identical Cd25 fingerprint profiles suggesting that these individuals harboured 

identical or very closely related strains. In order to confirm this, these isolates were also 

fingerprinted by karyotype analysis. Three Australian Cd2S-group I isolates (CM4, CMS 

and CM6, Fig. 3.3; Table 3.1) yielded identical Cd2S patterns, however, Sullivan et al. 

(1995) previously showed that these isolates yielded distinctly different karyotype patterns 

with > S band differences (Sullivan et al., 199S), suggesting that these isolates are not 

necessarily the same strain. The Irish Cd25-group I isolates CD36 and CD503 (Fig. 3.3; 

Table 3.1) yielded identical Cd2S fingerprint patterns and similar karyotype patterns (Fig. 

3.4A). The Irish Cd25-group II isolates CDS 14 and CDS 19 also yielded identical Cd2S 

fingerprint patterns (Fig. 3.3; Table 3.1) and karyotype patterns (Fig. 3.4B) suggesting the 

isolates are the same strain. In addition, the Canadian isolates Can4, Can6 (both recovered 

from the same patient at different times), Can9 and the Irish isolate CDS30 (Table 3.1) 

yielded identical Cd2S fingerprint patterns (Fig. 3.3) despite the fact that the isolates were 

recovered in different countries. The isolates Can4, Can6 and Can9 also yielded identical 

karyotype patterns, thus confirming that they do in fact belong to the same strain (Fig. 

3.4C). However, the Irish isolate CDS30 yielded a very different karyotype pattem (only 1 

karyotype band in common) from the Canadian isolates, suggesting that this isolate, which 

is epidemiologically unrelated to the Canadian isolates, is highly unlikely to be the same 

strain (Fig. 3.4C).

The majority (48/71, 67.6%) o f the Cd2S-group I isolates were recovered from
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Figure 3.4. Electrophoretic karyotype profiles of C. dubliniensis isolates with identical Cd25 fingerprint 
profiles. (A) Lane 1, CD36 and lane 2, CD503. (B) Lane 1, CD514 and lane 2, CD519. (C) Lane 1, Can4; 
lane 2, Can6; lane 3, CD530 and lane 4, Can9. The DNA of the isolate in panel C, lane 1 is underloaded 
however it was run on a separate gel to confirm its karyotype profile and it was shown to have an identical 
profile to the isolate in lane 2. The relative positions of molecular weight markers (in megabases) are 
indicated to the left of the panels. The origins of the isolates are shown in Table 3.1.



HIV-infected patients, whereas the majority (19/27, 70.4%) of the Cd25-group II isolates 

were recovered from HIV-negative individuals (these include isolates CD75089, CD75043 

and CD75004, that were recovered in 1975 from a cardiac unit from patients assumed for 

the purpose of this study to be HIV-negative) (Table 3.1). Overall, 23/27 (85%) of the 

Cd25-group II isolates were recovered from individuals in Ireland, the Netherlands, the UK 

or Israel. Eight out of the 11 English isolates included in this study belonged to Cd25- 

group II and o f these seven were from HIV-negative individuals. A minority (17/98, 

17.3%) of the C. dubliniensis isolates in the total collection studied were non-oral isolates, 

and of these 8/17 (47%) belonged to Cd25-group II.

3.3.2 Nucleotide sequence analysis of C  dubliniensis ITS regions

In order to determine whether the separation of isolates into Cd25-groups I and II 

on the basis of Cd25 fingerprint patterns was reflected by differences at the nucleotide 

sequence level, the nucleotide sequences o f the ITSl and ITS2 regions and the intervening 

5.8S rDNA encoding DNA of 19 o f the C. dubliniensis isolates analysed by DNA 

fingerprinting were determined. The 19 isolates examined (Table 3.1) included seven 

Cd25-group I isolates (CD507, CD33, CD505, CD516, CD2491, P2 and CD96.54) and 12 

Cd25-group II isolates (Can6, CD539, CD540, CD75043, CD520, CD506, p7718, CD514, 

CDS 19, p6265, p6785 and p7276). These 19 isolates were originally selected as they 

represented a diverse range of isolates from the four clades observed in Fig. 3.3, and each 

yielded a different fingerprint profile with the Cd25 probe, apart from CDS 14 and CDS 19, 

which yielded identical fingerprints. PCR amplification reactions were performed with 

template DNA from each o f the isolates using the ITS1/ITS4 primers (Table 3.2), which 

were designed to specifically amplify the ITS region and flanking sequences. Specific 

restriction endonuclease cleavage sites were incorporated into the primers to facilitate 

cloning of amplified products (Table 3.2). A single amplimer o f approximately 520 bp 

was obtained with template DNA from each of the 19 isolates. Amplimer DNA from each 

isolate was digested with restriction endonucleases, cloned into vector plasmid pBluescript 

and the nucleotide sequence of both strands of the cloned insert determined. The ITS 

region (from the first nucleotide of ITS 1 to the last nucleotide of ITS2) o f the seven Cd2S- 

group I isolates was found to be 453 bp in length whereas the corresponding ITS region of 

the 12 Cd25-group II isolates, varied between 451-452 in length. Four sequence types 

were observed among the 19 isolates sequenced and the corresponding isolates were
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designated as genotypes 1 to 4, respectively, (Fig. 3.5A). The seven Cd25-group I isolates 

sequenced belonged to genotype 1 (ITS region 453 bp long; EMBL database accession no. 

AJ311895), six o f the Cd25-group II isolates sequenced belonged to genotype 2 (ITS 

region 451 bp long; EMBL database accession no. AJ311896), five of the Cd25-group II 

isolates sequenced belonged to genotype 3 (ITS region 452 bp long; EMBL database 

accession no. AJ311897) and the final Cd25-group II isolate sequenced belonged to 

genotype 4 (ITS region 452 bp long; EMBL database accession no. AJ311898) (Fig. 3.5A). 

Genotype 1 isolates differed from genotype 2 isolates at five nucleotide positions, from the 

five genotype 3 isolates at six nucleotide positions and from the single genotype 4 isolate 

at six nucleotide positions (Fig. 3.5A). Six o f the seven genotype 1 isolates examined 

yielded identical sequences to each other; the remaining isolate exhibited a single base 

difference (C changed to a T) at nucleotide position 413. Similarly, five o f the six 

genotype 2 isolates examined yielded identical sequences to each other, whereas one 

isolate showed a single base difference (C changed to a T) at nucleotide position 92. The 

five genotype 3 isolates yielded identical sequences. A phylogenetic neighbor-joining tree 

(Saitou & Nei, 1987) based on the ITS sequences o f the four C. dubliniensis genotypes and 

C  albicans was generated using CLUSTAL W (Fig. 3.5B). Each individual C. 

dubliniensis genotype in this tree corresponds to a distinct clade in the dendrogram shown 

in Fig. 3.3. The Cd25-group II isolates separate into 3 distinct clades in the dendrogram 

and these sub-groups correspond to ITS genotypes 2, 3 and 4, respectively (Fig. 3.3). The 

genotype 3 and 4 isolates separate from the genotype 2 isolates at a S a b  node o f 0.3. The 

genotype 4 isolate separates from the genotype 3 isolates at an Sab node of 0.32. Since the 

order of data input by the unweighted pair group method with arithmatic mean (UPGMA 

method), as used by the DENDRON software program, can affect branching and, thus 

affect the stability of clusters in a dendrogram (Backeljau et al., 1996), data input was 

randomized 100 times and 100 separate dendrograms generated. In these dendrograms the 

4 genotypes always clustered as four distinct clades (Fig. 3.3), demonstrating their 

stability.

Analysis of the nucleotide sequences o f the ITS region of the genotypes 1-4 

indicated differences in the presence or absence of specific restriction endonuclease 

cleavage sites (Fig. 3.5A). Thus, there is a unique Apal restriction enzyme site present in 

the genotype 1 sequence only. A unique Haelll restriction site is present in the sequences 

from genotypes 1, 2 and 4, which is absent in the corresponding genotype 3 sequence (Fig.
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Figure 3.5. Alignment of the sequences o f the ITSl, 5.8S rDNA gene, and ITS2 regions o f C. dubliniemis 
strains, representative o f  genotypes 1 (CD33), 2 (CD520), 3 (CDS 19) and 4 (p7718), generated using the 
CLUSTAL W software package and a phylogenetic tree generated from the alignment of the ITS sequences. 
Nineteen isolates in total were sequenced, including seven genotype 1 isolates, six genotype 2 isolates, five 
genotype 3 isolates and a single genotype 4 isolate. Panel A, ITS sequence alignment. The central 5.8S 
rDNA gene sequence is shown in italics, whereas the ITSl and ITS2 sequences located 5' and 3', 
respectively, are shown in plain text. Identical nucleotides are indicated by asterisks and gaps are indicated 
by hyphens. Sequence positions o f  the C. dubliniensis genotype-specific primers GIF/GIR, G2F/G2R, 
G3F/G3R and G4F/G4R (Table 3.2) are underlined. The locations of an Apal cleavage site (GGGCCC) and 
aHaeWl cleavage site (GGCC) present only in the genotype 1 sequence and in the genotype 1, genotype 2 
and genotype 4 sequences, respectively, are highlighted in bold. Panel B, phylogenetic neighbor-joining tree 
based on ITS sequences. The numbers at the nodes were generated by bootstrap analysis (Felsenstein, 1985) 
and represent the percentage of times the arrangement occurred in 1000 randomly generated trees. The scale 
bar represents 0.02 substitutions per site. The ITS sequence o f C. albicans was obtained from the GenBank 
nucleotide sequence database (accession no. AB049122). The nucleotide sequences o f the ITS regions o f the 
four C. dubliniensis isolates shown in the figure have been deposited in the EMBL nucleotide sequence 
database as follows: CD33 (accession no. AJ311895), CD520 (accession no. AJ311896), CD519 (accession 
no. AJ311897) and p7718 (accession no. A J311898).
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Genotype 2 CTGATTTGCTTAATTGCACCACATGTGTTTTGTTTTGGACAAACTTGCTTTGGCGGTGGG
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Genotype 1 CCCCTGCCTGCCGCCAGAGGACATAAACTTACAACCAAATTTTTTATAAACTTGTCACGA
Genotype 2 CCTCTACCTGCCGCCAGAGGACATAAACTTACAACCAAATTTTTTATAAACTTGTCACGA
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Genotype 4 CCTCTGCCTGCCGCCAGAGGATATAAACTTACAACCAAATTTTTTATAAACTTGTCACGA
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Genotype 3 GATTATTTTTAATAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTCGCATCGATGAAG
Genotype 4  GATTATTTTTAATAGTCAAAACTTTCAACAACGGATCTCTTGGTTC'TCGCATCGATOAAG

★ ★ ★ • A T * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

180

Genotype 1 AACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAATCTTT
Genotype 2 AACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAATCTTT
Genotype 3 AACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAATCTTT
Genotype 4 AACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAATCTTT
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Genotype 1 GAACGCACATTGCGCCCTCTGGTATTCCGGAGGGCATGCCTGTTTGAGCGTCGTTTCTCC
Genotype 2 GAACGCACATTGCGCCCTCTGGTATTCCGGAGGGCATGCCTGTTTGAGCGTCGTTTCTCC
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300

Genotype 1 CTCAAACCCCTAGGGTTTGGTGTTGAGCAATACGACTTGGGTTTGCTTGAAAGATGATAG
Genotype 2 CTCAAACCCCTAGGGTTTGGTGTTGAGCAATACGACTTGGGTTTGCTTGAAAGATGATAG
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Genotype 4 GGTCTCTGGCGTCGCCCATTTTATTCTTCAAACT
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3.5A). The presence of these restriction enzyme cleavage sites can be used to distinguish 

genotypes 1 and 3 by digestion of the 520 bp ITS amplimers generated with the 1TS1/1TS4 

primers (Fig. 3.6). However, genotypes 2 and 4 can not be distinguished from each other 

based on these restriction sites (Figs. 3.5A and 3.6).

3.3.3 Phylogenetic analysis of C dubliniensis based on ITS sequence analysis

Figure 3.7 shows an alignment of the ITS region of C. dubliniensis (ITS genotype 1 

isolate P2, this study) and C. albicans (GenBank accession no. AB049122; Tamura et al., 

2001). The overall nucleotide sequence identity between C. albicans and C. dubliniensis 

genotype 1 for the entire ITS region including the 5.8S gene was 93.2%. The 5.8S gene in 

C. albicans and C. dubliniensis is 100% identical (Fig. 3.7). The C. dubliniensis and C. 

albicans ITS 1 and ITS 2 regions showed 92.6% and 86.7% identity, respectively. The 

sequence of the ITS region from selected strains of C. albicans, C. parapsilosis, C. 

tropicalis, C. glabrata and S. cerevisiae were obtained from the GenBank database and 

compared to the C. dubliniensis ITS sequence determined in the present study using the 

CLUSTAL W sequence alignment software package. An evolutionary distance matrix was 

generated based on these sequences incorporating corrections for multiple base changes 

according to the method of Jukes & Cantor (1969) (Table 3.3). When bootstrap analysis of 

the aligned sequences was performed, C. dubliniensis and C. albicans were grouped 

separately in 100%) of the trees generated (Fig. 3.8).

3.3.4 Genotype specific PCR

In order to be able to rapidly identify C. dubliniensis isolates belonging to each of 

the four genotypes determined by ITS region sequencing, genotype-specific primer pairs 

were designed based on nucleotide sequence differences observed in the ITSl and ITS2 

regions (Fig. 3.5A; Table 3.2). Each genotype-specific primer pair was used separately to 

amplify a DNA fragment of approximately 330 bp from C. dubliniensis template DNA 

from each of forty-three genotype 1 isolates (i.e. Cd25-group 1 isolates), all twenty-one 

genotype 2 isolates, all five genotype 3 isolates and the single genotype 4 isolate. PCR 

reactions also contained the fungal universal primers RNAF/RNAR (Fell, 1993), which 

amplify a product of approximately 610 bp from the fungal large-subunit rDNA gene and 

serve as an internal positive control. While all C. dubliniensis isolates should produce a 

product of approximately 610 bp with the RNAF/RNAR primers, only C. dubliniensis
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Figure 3.6. Apal (lanes 2-5) and Haelll (lanes 7-10) restriction fragment length polymorphism o f the ITS 
region of C. dubliniensis isolates, amplified using the ITS1/1TS4 primer pair. Lanes 1 and 6, 100 bp 
molecular weight marker; lanes 2 and 7, CM6 (genotype 1 isolate); lanes 3 and 8, CD520 (genotype 2 
isolate); lanes 4 and 9, CDS 14 (genotype 3 isolate); lanes 5 and 10, p7718 (genotype 4 isolate). Molecular 
weights in bp are indicated to the left of the gel.



C. dubliniensis CTGATTTGCTTAATTGCACCACATGTGTTTTGTTCTGGA-CAAACTTGCTTTGGCGGTGG 
C. albicans CTGATTTGCTTAATTGCACCACATGTGTTTTTCTTTGAAACAAACTTGCTTTGGCGGTGG

C . d u jb iiniensis GCCCCTGCCTGCCGCCAGAGGACATAAACTTACAACCAAATTTTTTATAAACTTGTCACG 
C . albicans GCCCA-GCCTGCCGCCAGAGGTC-TAAACTTACAACCAA-TTTTTTATCAACTTGTCACA

★ * ★ * * * * ★ * * * ★ * * ★  *  ★ * * * * * ★ * * * ★ * ★ ★ *  * * * ★ ★ * * ★ ★ *  

C . dubliniensis --AGATTATT-TTTAATAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTCGCATCGAT 
C . albicans CCAGATTATTACTTAATAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTCGCATCGAT 

* * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C . dubliniensis GAAGAACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAAT 
C . albicans GAAGAACGCAGCGAAATGCGATACGTAATATGAATTGCAGATATTCGTGAATCATCGAAT

C . dubliniensis CTTTGAACGCACATTGCGCCCTCTGGTATTCCGGAGGGCATGCCTGTTTGAGCGTCGTTT 
C . albicans CTTTGAACGCACATTGCGCCCTCTGGTATTCCGGAGGGCATGCCTGTTTGAGCGTCGTTT

C . dubliniensis CTCCCTCAAACCCCTAGGGTTTGGTGTTGAGCAATACGACTTGGGTTTGCTTGAAAGATG 
C . albicans CTCCCTCAAACCGCT-GGGTTTGGTGTTGAGCAATACGACTTGGGTTTGCTTGAAAGACG

C . dubliniensis ATAGTGGTATAAGGCGGAGATGCTT-GACAATGGCTTAGGTGTAACCAAAAACATTGCTA 
C . albicans GTAGTGGTA— AGGCGGGATCGCTTTGACAATGGCTTAGGTCTAACCAAAAACATTGCTT 

★ ★**■*★** **★ **★  * * * ♦  * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * *

C . dubliniensis AGGCGGTCTCTGGCGTCGCCCATTTTATTCTTCAAACTT 
C . albicans --GCGG-CGGTAACGTCTACCACGTATATCTTCAAACTT 

* * * *  *  *  * * * *  * * *  *  * * * * * * * * * * *

Figure 3.7. Alignment o f  the ITS region o f  C. albicans and C. dubliniensis. The C. dubliniensis sequence 
was from strain P2 (ITS genotype 1; this study) and the C. albicans sequence was from strain CBS 1905 
(GenBank accession no. AB018038; Tamura e t al., 2001). Asterisks indicate identical nucleotides and 
dashes indicate deletions.



Table 3.3. Genetic distance matrix based on comparison o f sequences o f the entire ITS 
region o f several Candida species and S. cerevisiae. “

C. du. C. al. C  tr. C. pa. C. gl. S. ce.

C. dubliniensis
C. albicans 6.8
C. tropicalis 16.9 15.8
C. parapsilosis 23.4 21.1 22.0
C. glabrata 32.5 32.4 33.6 32.4
S. cerevisiae 35.6 35.6 33.8 33.0 41.0

“ Values correspond to percentages o f difference corrected for multiple base changes by the method o f Jukes 
& Cantor (1969).
The C. dubliniensis sequences were from strain P2 (ITS genotype 1; this study), the C. albicans sequence 
was from strain CBS 1905 (GenBank accession no. AB018038; Tamura et al., 2001), the C. parapsilosis 
sequence was from strain ATCC22019 (GenBank accession no. AF287909; Iwen et al., direct submission), 
the C. tropicalis sequence was from GenBank accession no. AF321539 (Las Heras-Vazquez et al., direct 
submission), the C. glabrata sequence was from strain IFO 0622 (GenBank accession no. AB032177; Sugita 
et al., direct submission) and the S. cerevisae sequence was from strain CECT 1757 (GenBank accession no. 
AJ275936; Femadez-Espinar et al., 2000).



C. dubliniensis

100

C. albicans 
99.1

C. tropicalis81.7

C. parapsilosis

S. cerevisiae

C. glabrata

I --------- 1

Figure 3.8. An unrooted phylogenetic neighbour-joining tree generated from an alignment of yeast ITS 
region sequences. The scale bar represents 0.1 substitutions per site. The numbers at each node were 
generated by bootstrap analysis (Felsenstein, 1985) and represent the percentage o f times the arrangement 
occurred in 1000 randomly generated trees. The sequences used to construct the trees are indicated in the 
legend in Table 3.3.



isolates belonging to the correct genotype should yield a product of approximately 330 bp 

with the appropriate genotype-specific primer pair. All 70 C. dubliniensis isolates tested 

yielded the 610 bp product resulting from amplification with the fungal universal primers. 

However, only the 43 genotype 1 isolates tested yielded a product of approximately 330 bp 

with the genotype 1 primer pair (GIF/G IR) (Fig. 3.9). Similarly, only the 21 genotype 2 

isolates yielded a product o f approximately 330 bp with the genotype 2 primer set 

(G2F/G2R), only the five genotype 3 isolates yielded a product of approximately 330 bp 

with the genotype 3 primer set (G3F/G3R) and only the single genotype 4 isolate yielded a 

product of approximately 330 bp with the genotype 4 primer set (G4F/G4R) (Fig. 3.9).

3.3.5 Karyotype analysis of C. dubliniensis isolates

Eighty-nine of the C. dubliniensis isolates fingerprinted with the Cd25 probe were 

also investigated by karyotype analysis, including 65 Cd25-group I isolates and 24 Cd25- 

group II isolates (including 18 ITS genotype 2 isolates, the five ITS genotype 3 isolates 

and the single ITS genotype 4 isolate). The karyotype profiles of the majority o f the 89 

isolates tested are shown in Fig. 3.10 in the order that they appear on the Cd25 dendrogram 

shown in Fig. 3.3, to facilitate the comparison of closely related isolates. Twenty three out 

of 24 Cd25-group II isolates tested had a chromosome-sized DNA band o f approximately 

1.7 Mb present in their karyotype profiles that was absent in the corresponding profiles of 

all but five (5/65, 7.6%) of the Cd25-group I isolates tested (Fig. 3.11 A). Furthermore, the 

majority (60/65, 92.3%) of the Cd25-group I isolates tested had a chromosome-sized DNA 

band of approximately 1.75 Mb present in their karyotype profiles that was absent in the 

corresponding profiles o f the vast majority (23/24, 95.8%) of the Cd25 group II isolates 

tested (Fig. 3.11 A). A 1.7 Mb band was also present in the five Cd25-group I isolates 

lacking the band of approximately 1.75 Mb (Fig. 3.1 IB). Similarly a 1.75 Mb band was 

present in the Cd25 group II isolate that lacked a 1.7 Mb band (Fig. 3.10B, lane 10).

Between 5 and 10 chromosome sized bands were observed for the karyotype 

profiles of the C. dubliniensis isolates. As noted by Sullivan et al. (1995) a characteristic 

feature o f the karyotype profiles o f C. dubliniensis was the presence o f one or more 

chromosome sized bands <1 Mb. In addition, some o f the isolates had a minichromosomal 

sized band of approximately 0.75 Mb (Fig. 3.101).

The following pairs of isolates yielded identical karyotype profiles in each case, 

C07 and CD2491 (Fig. 3.10A, lanes 9 and 10), CD514 and CD519 (Fig. 3.4B), Can6 and
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Figure 3.9. Agarose gel showing ethidium bromide-stained amplimers (approximately 330 bp products) 
from PCRs with C  dubliniensis genotype-specific primer sets GIF/GIR (lanes 2 to 5), G2F/G2R (lanes 6 to 
9), G3F/G3R (lanes 10 to 13) and G4F/G4R (14 to 17) and the fungal universal primers RNAF and RNAR 
(610-bp product). The amplimers shown in the lanes were obtained from template DNA from C. 
dubliniensis isolates as follows: lanes 2, 6, 10 and 14 CD505 (genotype 1); lanes 3, 7, 11 and 15 CD536 
(genotype 2); lanes 4, 8, 12 and 16 CD514 (genotype 3) and lanes 5, 9, 13 and 17 p7718 (genotype 4). 
Lanes 1 and 19, molecular weight size reference markers (100-bp ladder); lane 18, negative control reaction 
lacking template DNA but including RNAF/RNAR primers.
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Figure 3.10. Electrophoretic karyotype profiles o f C. dubliniensis isolates. Chromosome sized DNA bands were 
separated by pulsed-field gel electrophoresis in 1.4% (w/v) agarose gels as described in chapter 2, section 2.3.7. The 
profiles shown in panels A-G were all from genotype 1 isolates. (A) Lane 1, CD33; lane 2, CBS8500; lane 3, CD96104 
lane 4, CD518; lane 5, CD527B; lane 6, CD538; lane 7, CD528; lane 8, CD505; lane 9, CD2491; lane 10, Co7; lane 11 
Co4; lane 12, CD94234; lane 13, CD96.29; lane 14, ml96cd; and lane 15, CD512. (B) Lane 1, CD33; lane 2, CD94I91 
lane 3, CD96.63; lane 4, Canl3; lane 5, CD96.54; lane 6, CD96.34; lane 7, CD71; lane 8, P2I; lane 9, CoS; lane 10 
CD516 and lane 11, CD517. (C) Lane 1, CM6; lane 2, P2; lane 3, P21 and lane 4, CM l. (D) Lane 1, p7858; lane 2 
p7890 and lane 3, p7507. (E) Lane 1, CD33, lane 2, P7 and lane 3, P27; lane 4, CD19398; lane 5, CBS8501; lane 6 
CD524; lane 7, CD98923; lane 8, CD525; lane 9, CD542; lane 10, p7852; lane 11, P2; lane 12, CD2000; lane 13 
CD2003 and lane 14, CD522. (F) Lane 1, CD94845; lane 2, CD94929; lane 3, CD941026; lane 4, CD94208; lane 5 
CD2004; lane 6, CD534; lane 7, CD529; lane 8, CD36; lane 9, CD503; lane 10, CD57; lane 11, CD38; lane 12, CD507; 
lane 13, CD523A and lane 14, CD543. (G) Lane 1, CD33; lane 2, Canl; lane 3, CD527A; lane 4, CD523B; lane 5, 
CD521; lane 7, CD33 and lane 7, CDS 15. Continued overleaf
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Figure 3.10 continued. The electrophoretic profiles shown in panel H were all from genotype 2 isolates. The 
electrophoretic profiles shown in panel J were all fi’om genotype 3 isolates. The genotypes o f the 
electrophoretic profiles of isolates in panels I and K are indicated above the figure. (H) Lane 1, Can6; lane 2, 
Can3; lane 3, CD541; lane 4, CD540; lane 5, CD539; lane 6, CD75089; lane 7, CD75043; lane 8, CD75004; 
lane 9, CD520; lane 10, CD506; lane 11, m262b; lane 12, m26b and lane 13, CD514. (I) Lane 1, CD33; lane 
2, p6265; lane 3, p6265; lane 4, isolate not included in study; lane 5, p6785; lane 6, isolate not included in 
study; lane 7, p7276; lane 8, CBS 8500; lane 9, CBS8501 and lane 10, CBS 2747. (J) Lane 1, CD514; lane 2, 
CD519; lane 3, p6265; lane 4, p6785 and lane 5, p7276. (K) Lane 1, p7718; lane 2, isolate not included in 
study and lane 3, CD533. An arrow in panel 1 indicates the position of a minichromosomal band at 
approximately 0.75 Mb. The relative positions of molecular weight markers (in megabases) are indicated to 
the left o f the panels.
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Figure 3.11. Electrophoretic karyotype profiles of C. dubliniensis isolates. (A) Two major karyotype profiles 
were observed among C. dubliniensis isolates based on the presence of either a 1.75 Mb band or a 1.7 Mb 
band. Lane 1, CD33 (genotype 1); lane 2, CD94924 (genotype 1); lane 3, Can6 (genotype 2); lane 4, Can3 
(genotype 2); lane 5, CD541 (genotype 2). The position of a chromosome-sized band of approximately 1.75 
Mb present in the majority of the genotype 1 isolate profiles but absent in the majority of genotype 2 isolate 
profiles is indicated by an arrowhead. The position of a chromosome-sized band of approximately 1.7 Mb 
present in the majority of genotype 2 isolate profiles but absent in the majority of genotype 1 isolate profiles 
is also indicated by an arrowhead. Genotypes 3 and 4 lacked a band at 1.75 Mb and like the genotype 2 
isolates had a band at approximately 1.7 Mb (data not shown). (B) While the majority of genotype 1 isolates 
contained a band at 1.75 Mb and lacked a band at 1.7 Mb there were exceptions. Examples of genotype 1 
isolates lacking a band at 1.75 Mb and containing a 1.7 Mb like the genotype 2 isolates are shown. Lane 1, 
CD523A (genotype 1); lane 2, CD534 (genotype 1); lane 3, CD94191 (genotype 1); lane 4, CD539 (genotype 
2); lane 5, CD506 (genotype 2) and lane 6, CD75043 (genotype 2). The relative positions o f molecular size 
reference markers (in megabases) are shown on the left of the panels.



Can9 (Fig. 3.4C, lanes 2 and 4), P7 and P27 (Fig. 3.10E, lanes 2 and 3), CD94924 and 

CD94895 (Fig. 3.1 OF, lanes 1 and 2) and CD38 and CD36 (Fig. 3.1 OF, lanes 8 and 11). 

Many of the isolates only had minor differences in their karyotype profiles, such as slight 

differences in the position of the low molecular weight band of < 0.85 Mb (Figs. 3.10 A, 

lanes 10 and 11, 3.10 G, lanes 6 and 7).
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3.4 DISCUSSION

3.4.1 Cd25 fingerprint analysis of C. dubliniensis isolates from disparate geographic 

locations

Candida dubliniensis is a recently identified pathogenic yeast species associated 

with superficial and systemic disease in humans, the epidemiology of which is still 

incompletely understood. Analysis of hybridisation patterns generated by complex DNA 

probes has proven to be one of the most effective methods for investigating the 

epidemiology of several other species of Candida, since it fulfils many of the requirements 

for performing computer-assisted broad epidemiological studies (Schmid et al., 1990; 

Lockhart et al., 1997; Scherer & Stevens, 1988; Joly et al., 1999; Soil, 2000; Enger et al., 

2001). In 1999 Joly et al. described the characterisation of a moderately repetitive C. 

dubliniensis-sx>tc\^\c DNA fingerprinting probe, Cd25. When this probe was applied to the 

analysis of 57 independent C. dubliniensis isolates, they found that the group of isolates 

examined appeared to be comprised of two distinct populations. One of the purposes of 

the present study was to investigate the findings of Joly et al. (1999) and to examine 

further the population structure of C. dubliniensis using a larger number of isolates from a 

broader geographical range than used in the original study. Ninety-eight isolates of C. 

dubliniensis from 94 separate individuals obtained from 15 countries around the world 

(Table 3.1) were included in the study. These were subjected to DNA fingerprinting 

analysis using the Cd25 fingerprinting probe. Computer-assisted analysis of the 

fingerprint patterns obtained showed that the isolates separated clearly into two 

populations corresponding to the two groups described by Joly et al. (1999). The first 

population of isolates was designated Cd25-group I and the second population was 

designated Cd25-group II (Fig. 3.3). A similar form of dichotomy was observed 

previously in C. albicans by Pujol et al. (1997a) who used the complex probe Ca3 to 

distinguish major groups in C. albicans (Pujol et al., 1997a). These groups were 

subsequently confirmed by Lott et al. (1999) using microsatellites and ISl analysis (Lott et 

al., 1999). In addition, a recent study using the complex C. parapsilosis fingerprinting 

probe Cp3-13 confirmed the existence of three major subgroups of C. parapsilosis (Enger
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et al., 2001) originally suggested on the basis o f restriction length polymorphism analysis 

(Scherer & Stevens, 1987; Roy et ah, 1998), random amplified polymorphic DNA analysis 

(Lin et al., 1995), karyotype analysis (Lott et al., 1993) isoenzyme profiles and ITS 

sequencing (Lin et al., 1995).

In the present study, the majority (72%) o f the isolates examined belonged to 

Cd25-group I, with a mean Sab value of 0.80±0.06, indicating they are very closely related 

despite being recovered from geographically disparate areas, including North America, 

South America, Europe and Israel (Fig. 3.3; Table 3.1). Cd25-group II isolates had a mean 

S a b  o f  0-57±0.20 and came from Canada, Ireland, Israel and England. This value is 

greater than that observed in the eight group II isolates previously identified by Joly et al. 

(1999) (i.e. S a b  0.47). However, it is evident that there is still significantly greater 

diversity within the group II population than within the group I population. Joly et al. 

(1999) suggested that the greater variability found among Cd25-group II isolates could be 

associated with a higher frequency of Cd25 sequence reorganisation than in group I 

isolates or that group I represents a more recent, and therefore a more homogeneous 

subgroup o f C. dubliniemis that has become predominant world-wide. In the strain 

collection examined in the present study we observed that 48/71 (67.6%) of the Cd25- 

group I isolates were recovered form HIV-infected patients while 19/27 (70.4%) o f the 

Cd25-group II isolates were recovered from HIV-negative individuals. While these 

differences are significant (p<0.001), their epidemiological relevance is not clear. It is 

possible that the group I isolates are specifically adapted for colonisation and survival 

within the oral cavity, and that they have become over represented in the human 

population as a result of the HIV pandemic. However, in order to validate this hypothesis 

a much broader epidemiological study will have to be conducted. In the Joly et al. (1999) 

study, 6/8 (75%) Cd25-group II isolates were from the United Kingdom, suggesting that 

there may be some reason for the clustering of these isolates in a specific geographical 

region. However, such a geographical bias was not observed in this study, with only 8/27 

group II isolates (30%) originating from the United Kingdom.

In the present study several sets of C. dubliniensis isolates yielded identical Cd25 

patterns. The Irish isolates CD36 and CD503 (Table 3.1), recovered from separate 

individuals attending the Dublin Dental Hospital in 1988 and 1989, respectively, gave 

identical Cd25 fingerprints and highly similar karyotype profiles, indicating that the 

isolates are closely related. Interestingly, the Irish isolates CD514 and CD519 also yielded
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identical Cd25 and karyotype patterns, indicating that they are the same strain, despite the 

fact they were recovered two years apart from separate individuals attending the same 

hospital as outpatients (Table 3.1). In contrast, while the Australian isolates CM4, CMS 

and CM6, from separate individuals, all had identical Cd25 fingerprint patterns, their 

karyotype patterns differed significantly, suggesting they are in fact separate strains. 

Similarly, the Canadian isolates Can4, Can6 and Can9 and the Irish isolate CD530 all gave 

identical Cd25 fingerprints. However, while all three Canadian isolates gave identical 

karyotype profiles indicating that they belong to the same strain, the Irish isolate CD530 

gave a very different karyotype profile suggesting that it is unlikely that the Irish and 

Canadian isolates are epidemiologically related. Therefore, it is possible that Cd25 

fingerprint profiling is not sufficiently discriminatory to distinguish between all strains of 

C. dubliniensis. However, considerable variation can occur in the karyotype profiles 

within some C. dubliniensis strains due to microevolution (see chapter 5) and this could 

explain why some isolates of the same strain with identical Cd25 fingerprint profiles may 

exhibit karyotype differences.

A study by Pfaller et al. (1998) suggested that individual strains of C. albicans can 

become established in some hospitals infecting and colonizing patients and can 

subsequently diversify rapidly through microevolution (Pfaller et a l, 1998). As described 

earlier, there appears to be no epidemiological link between the isolates in many of the 

clusters evident in the dendrogram shown in Fig. 3.3. However, there are several clusters 

of closely related C. dubliniensis isolates that were recovered from separate patients 

attending specific hospitals. The isolates CD36 and CD503 were oral isolates recovered 

from separate patients at the Dublin Dental Hospital between 1988 and 1989, respectively 

(Fig. 3.3; Table 3.1). Furthermore, the cluster of Australian isolates C M l, CM2, CM4, 

CMS and CM6 were all recovered from patients attending the same hospital in Melbourne, 

Australia between 1991-1992. The English isolates CD7S098 and CD7S043 came from 

different patients attending the same hospital in Leeds in 1975. Other examples are also 

evident in Fig. 3.3. These findings suggest that, in some cases, strains of C. dubliniensis 

may establish themselves in individual hospitals or patient populations and diversify 

through microevolution (see chapter S).

3.4.2 ITS sequencing and genotype-specific PCR

The Cd2S DNA fingerprinting data obtained in this study confirm the findings of
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Joly et al. (1999) that there are distinct sub-populations present within the species C. 

dubliniensis. In addition, when an Sab threshold o f 0.60 was used to identify subgroups, 

the Cd25-group I isolates remained as a single group, but the Cd25-group II isolates 

separated into three distinct subgroups or clades. This suggests that there are significant 

differences in the genomic organisation o f these sub-populations. In order to investigate if 

these differences are also manifested at the level o f nucleotide sequence, the ITS regions 

o f seven representative Cd25-group I isolates and 12 Cd25-group II isolates were 

compared. Four genotypes were identified among the isolates based on sequence 

differences; the seven Cd25-group I isolates sequenced comprised genotype 1, six Cd25- 

group II isolates sequenced comprised genotype 2, five Cd25-group II isolates sequenced 

comprised genotype 3 and one Cd25-group II isolate sequenced comprised genotype 4. 

Sequence variations in the isolates belonging to the four different genotypes were 

distributed between the ITSl and ITS2 regions, while the 5.8S rDNA regions were 

identical (Fig. 3.5A). These differences correlated exactly with the clusters identified in 

the dendrogram generated from S a b  values obtained from Cd25 fingerprinting. Genotype 

I and genotype 2 isolates separate from each other at an S ab  node value of 0.19, the five 

genotype 3 isolates and the single genotype 4 isolate separate from the genotype 2 isolates 

at a S a b  node of 0.3. The genotype 4 isolate separates from, the genotype 3 isolates at an 

S a b  node of 0.32. The separation of C. dubliniensis into four genotypes based on the ITS 

sequence data together with the S ab  node values for the four genotypes strongly suggest 

that C. dubliniensis consists o f at least four distinct populations. Indeed, it is also 

conceivable that analysis of a larger number of isolates could reveal additional genotypes. 

Three distinct genotypes have also been identified in C. parapsilosis using several 

methods, including ITS region sequence analysis and hybridisation with the repeat 

sequence probe Cp3-13 (Lin et al., 1995; Enger et al., 2001). However, there were far 

more substantial sequence differences observed between the C. parapsilosis genotypes 

(ranging from 82 to 88%) than found in the present study with C. dubliniensis (Fig. 3.5A). 

In C. parapsilosis, most differences were observed in ITSl, while the 5.8S rDNA regions 

were identical and ITS2 showed minimal differences (Lin et al., 1995).

In order to determine if the genotype subgroupings of C. dubliniensis have any 

epidemiological significance, it will be necessary to be able to rapidly and accurately 

identify isolates belonging to each genotype in large collections o f isolates. 

Differentiation o f C  dubliniensis isolates into ITS genotypes following nucleotide
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sequencing or into Cd25-groups using fingerprint analysis, respectively, is time- 

consuming and expensive. To simplify matters, a genotype-specific PCR assay was 

designed based on sequence differences in the ITS region between the four genotypes 

(Figs. 3.5A and 3.9). Using this procedure the genotype, and hence the Cd25-fingerprint 

group, of an isolate could be determined in a matter of five hours.

3.4.3 Phylogenetic analysis of C. dubliniensis based on ITS sequence analysis

In this study the C. dubliniensis 5.8S ribosomal RNA gene was sequenced and was 

found to have 100% identity with the corresponding C. albicans 5.8S ribosomal RNA 

gene. The ITS! and ITS2 regions flank the 5.8S ribosomal RNA gene; these are generally 

considered to exhibit higher rates of sequence divergence than the ribosomal structural 

genes. The ITSl region of the C. dubliniensis genotype 1 isolate P2 examined here 

differed from C. albicans by 7.4% and the ITS2 region differed from C. albicans by 

13.3%. The phylogenetic tree generated using the entire ITS sequence from a number of 

Candida species, including the C. dubliniensis genotype 1 isolate, showed the distinct 

taxonomic position of C. dubliniensis within the genus Candida and showed that C. 

dubliniensis was the species most closely related to C. albicans. The phylogenetic 

relationship of C. dubliniensis to other Candida species inferred on the basis of sequence 

analysis of the entire ITS region is similar to that obtained by other researchers based on 

nucleotide sequence analysis of the variable region of the large ribosomal subunit gene, the 

entire small ribosomal subunit gene and the AC Tl gene (Sullivan et al., 1995; Gilfillan et 

al., 1998; Donnelly et al., 1999).

3.4.4 Karyotype analysis

Two major karyotype patterns were found based on the presence or absence of 

chromosome sized bands of approximately 1.7 Mb and 1.75 Mb (Fig. 3.11). While 23/24 

(95.8%) genotype 2 isolates tested and all the genotype 3 and 4 isolates analysed had a 

band at 1.7 Mb, the majority (60/65, 92.3%) of genotype 1 isolates lacked this band but 

had a band at 1.75 Mb. Therefore, while karyotype analysis distinguished the majority of 

the Cd25-group I and Cd25-group II isolates there are a number o f exceptions to this. 

Karyotype analysis did not distinguish the four C. dubliniensis genotypes.

Several sets of C. dubliniensis isolates yielded identical karyotype patterns;
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interestingly these isolates were also clustered on the Cd25 dendrogram shown in Fig. 3.3 

with Sabs >0.9, demonstrating the close relationship between these isolates. A number of 

isolates from separate individuals in the same country yielded identical karyotype profiles 

including the Swiss isolates P7 and P27, the Spanish isolates CD94924 and CD94895 and 

the Irish isolates CD38 and CD36 and these isolates clustered on the Cd25 dendrogram at 

Sabs o f 0.91, 0.98 and 0.98 respectively. In addition, the Spanish isolate CD2491 and the 

Swiss isolate Co7 produced identical karyotype profiles and they clustered at an S a b  of 

0.98 with the Cd25 fingerprinting probe, indicating they are highly related despite coming 

from different countries. Karyotype analysis of isolates within some of these clusters (with 

an S a b  >0.9) in the Cd25 dendrogram provides further evidence that these isolates are 

indeed very closely related.

In conclusion, this study confirmed the existence of two distinct populations within 

the species C. dubliniensis, designated Cd25-group I and Cd25-group II, respectively, on 

the basis o f DNA fingerprints generated with the C. dubliniensis-spccific probe Cd25. The 

majority o f Cd25-group I isolates (48/71, 67.6%) were from human immunodeficiency 

virus (HlV)-infected individuals, whereas the majority o f Cd25-group II isolates (19/27, 

70.4%) were from HIV-negative individuals (p<0.001). Nucleotide sequence analysis of 

the internal transcribed spacer (ITS) regions of the rDNA genes revealed the presence of 

four separate genotypes. These four ITS genotypes corresponded to distinct clades within 

the Cd25 dendrogram. A genotype specific PCR was developed based on sequence 

differences in the ITS region in order to be able to rapidly identify C. dubliniensis 

genotypes in epidemiological studies. Karyotype analysis distinguished the majority of the 

Cd25 group I and Cd25 group II isolates based on the presence or absence of bands at 1.7 

Mb and 1.75 Mb, however, there were a number of exceptions to this.
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Chapter 4 

Phenotypic and genotypic analysis of 

Candida dubliniensis ITS genotypes
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4.1 Introduction

4.1.1 Genotypic analysis of the C. dubliniensis ITS genotypes

4.1.1.1 Variable region of the large ribosomal subunit genes and the large ribosomal 

subunit gene-associated introns of C. albicans and C. dubliniensis

A single dimorphic restriction fragment generated by EcoKl digestion of total 

cellular DNA was the basis for the initial subdivision of C. albicans strains into two DNA 

types (Scherer & Stevens, 1987). Some strains o f C  albicans possess an intensely staining 

3.7 kb fragment while others possess an intensely straining 4.2 kb fragment in ^coRI 

RFLPs. Further investigation led to the identification and characterisation o f a group I 

intron of 379 bp, located in the large ribosomal subunit gene, and referred to as the C. 

albicans large subunit gene intron. The presence or absence o f this intron among C. 

albicans isolates account for the difference observed in the ^coRI restriction patterns of 

the two C. albicans DNA types referred to above (Mercure et al., 1993). Further analysis 

of C. albicans isolates demonstrated that C. albicans can be subdivided in to three 

genotypes termed, A, B and C, based on the presence or absence o f this intron. Genotype 

A isolates lack the intron, genotype B isolates contain an intron of 379 bp whereas the 

intron is only partially present in genotype C isolates (McCullough et al., 1999a).

Candida dubliniensis possesses an authentic group I intron in the large ribosomal 

subunit gene that is 621 bp in length, significantly longer than the 379 bp o f the C. 

albicans intron (Boucher et al., 1996). Sequence analysis revealed that the intron o f C. 

dubliniensis is inserted exactly at the same site as previously observed in the corresponding 

large ribosomal subunit gene of C. albicans. The intron harboured by C. dubliniensis is 

highly homologous to the corresponding intron o f C. albicans except for two important 

regions of divergence where the sequence is essentially unique to the C. dubliniensis 

intron; additional nucleotides in these two regions account for the difference in length 

between the C. albicans and C. dubliniensis introns. There is no open reading frame of 

significant length in the C. albicans or C. dubliniensis introns. Interestingly, a recent study 

identified a fourth C. albicans genotype; these isolates contain a large ribosomal subunit 

gene intron of 962 bp similar to the C. dubliniensis intron of 621 bp but with a 341 bp
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insertion (Tamura et al., 2001).

Previous studies involving sequence analysis of the variable region of the large 

ribosomal RNA gene sequences have provided very useful information concerning the 

phylogenetic relationships between a variety of yeasts (Fell et al., 1992). Sullivan et al. 

(1995) used sequence analysis of the variable region to assess the relatedness of C. 

dubliniensis to a variety of other medically important Candida species. To determine if 

intron-containing and intron-non-containing C. albicans were distinct subspecies of C. 

albicans Boucher et al. (1996) sequenced the variable region of the large ribosomal 

subunit gene from a selection of strains. All the C. albicans strains examined, either with 

or without the intron, had almost identical nucleotide sequences; only a few positions were 

variable but there was no apparent correlation between a given sequence and the presence 

of the intron. Therefore, the genotypes were distinct subgroups of C. albicans.

In the present study the variable region of the large ribosomal subunit gene and the 

intron of the large ribosomal subunit gene were analysed to determine if the four ITS 

genotypes of C. dubliniensis described in the previous chapter could be differentiated 

based on sequence differences in these regions.

4.1.1.2 Mitochondrial cytochrome b sequences

Comparative analysis of molecular sequences has been used for a variety of 

taxonomic groups to determine relatedness (Fell et al., 1992; Donnelly et al., 1999). The 

ribosomal subunit genes have been used extensively as macroevolutionary markers of 

microorganism phylogeny and taxonomy, including those of pathogenic yeasts, because of 

functional equivalence, size, and universal distribution ( Hendriks et al., 1991; Fell et al., 

1992; Sullivan et al., 1995; Gilfillan et al., 1998; Barns et al., 2000). However, 

intraspecific sequence comparisons of nuclear genes in eukaryotes, especially in those 

genes for which divergence was very recent or the evolutionary rate is very small, show 

few substitutions. Mitochondrion encoded genes evolve approximately 10-fold faster than 

nuclear genes due to low-fidelity replication, defective repair, and high concentrations of 

mutagens in mitochondria and therefore are more suitable for the resolution of close 

phylogenetic relationships (Brown et al., 1982; Clark-Walker, 1991).

The mitochondrial cytochrome b gene has been used to study the evolution and 

phylogenetic relationships of many animals, such as birds, mammals and fish (Wang et al., 

2000). Yokoyama et al. (2000) showed that partial nucleotide sequence analysis of the
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mitochondrial cytochrome b gene region is useful for the classification and phylogenetic 

analysis of medically important yeast species. These works also demonstrated a higher 

divergence of mitochondrial cytochrome b genes in yeasts compared to nuclear genes 

(Yokoyama et a l,  2000). Candida albicans, C. glabrata  and C. tropicalis all show 

intraspecies variation based on sequence analysis o f mitochondrion encoded genes 

(Yokoyama et al., 2000). Candida albicans can be divided into three types (I, II and III) 

and C. stellatoidea represents a distinct fourth type based on sequence differences in 396 

bp of the mitochondrial cytochrome b gene (Biswas et al., 2001). These genotypes 

however, do not correspond to the genotypes determined on the basis of intron sequences 

in the large ribosomal subunit gene (Biswas et al., 2001). Furthermore, C. glabrata can be 

divided into two clusters based on sequence analysis o f the mitochondrion-encoded 

cytochrome c oxidase subunit 2 gene, these clusters correspond to the geographical origins 

of the strains (Sanson & Briones, 2000).

In the present study part of the mitochondrial cytochrome b gene nucleotide 

sequence was analysed to determine if the four ITS genotypes of C. dubliniensis described 

in the previous chapter could be differentiated based on sequence differences in this region.

4.1.1.3 The peptide transporter gene CJ/*r/?2-associated intron

Introns are non-coding sequences and therefore are subject to less functional 

constraints than coding sequences and are expected to exhibit higher rates of divergence 

than coding sequences. In the present study the intron o f the peptide transporter gene 

CdPTR2 was selected at random for sequence analysis to determine if the four ITS 

genotypes of C. dubliniensis described in the previous chapter could be differentiated 

based on sequence differences in this region.

4.1.1.4 Restriction fragment length polymorphisms. RAPP analysis and PCR fingerprint 

analysis with the primers M l 3 and (GACA)4

Restriction fragment length polymorphisms (RFLPs), RAPD analysis and PCR 

fingerprinting are methods commonly used to fingerprint C a n d id a  isolates in 

epidemiological studies (Soil, 2000). As mentioned above, the initial classification of C. 

albicans isolates into two subgroups was based on a single dimorphic restriction fragment 

generated by £coRI digestion of total cellular DNA (Scherer and Stevens, 1987). Three 

subgroups o f C. parapsilosis have also been observed based on a number of techniques
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including ITS sequence analysis, fingerprinting with the complex probe Cp3-13, RPLP and 

RAPD analysis (Scherer and Stevens, 1987; Lehman et a i,  1992; Lin et ah, 1995; Roy et 

al., 1998; Enger et a l ,  2001). Another aim of this part o f the present study was to 

investigate if other differences between the four C. dubliniensis genotypes could be 

detected based on PCR fingerprinting, RFLP analysis and RAPD analysis and to further 

investigate the genetic diversity of C. dubliniensis using these methods. Here the 

restriction enzymes £^coRI, H inji and Aval were selected for RFLP analysis of C. 

dubliniensis and the microsatellite primer M l3 and the primer (GACA)4 were used in the 

PCR fingerprint analysis of C. dubliniensis isolates.

4.1.2 Phenotypic analysis of C. dubliniensis ITS genotypes

4.1.2.1 Substrate assimilation profiles

The classification of Candida species was originally based on morphological and 

phenotypic characteristics such as the differences in the ability o f Candida species to 

utilise a variety o f carbon-source and nitrogen-source substrates. Candida parapsilosis can 

be divided into three genotypes based on a wide variety o f molecular fingerprinting 

techniques and these genotypes also differ in their API 20C AUX substrate assimilation 

profiles (Lin et al., 1995). Another aim of this part of the present study was to determine if 

the four C. dubliniensis ITS genotypes could be differentiated based on substrate 

assimilation profiles using the commercially available API ID 32C yeast identification 

system.

4.1.2.2 Anti-fungal susceptibility

Different species and subgroups o f Candida can vary in their susceptibility to 

antifungal agents. Candida krusei and C. glabrata have intrinsically reduced susceptibility 

to fluconazole while other species such as C. albicans are susceptible (White et al., 1998). 

Furthermore, Mercure et al. (1993) described a difference between the two major ^coRI 

RFLP DNA types of C. albicans and their susceptibility to 5-fluorocytosine. Another aim 

of this part o f the present study was to determine if the four C. dubliniensis ITS genotypes 

differ in their susceptibilities to commonly used antifungal agents including fluconazole, 

itraconazole and 5-fluorocytosine.
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The overall aim o f this part of the study was to further examine the genotypic and 

phenotypic heterogeneity of the C  dubliniensis genotypes using some of the phenotype 

based methods and molecular techniques that distinguish genotypes within C. albicans and 

C. parapsilosis.
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4.2 Materials and Methods

4.2.1 Candida dubliniensis isolates

The majority of C. dubliniensis isolates used in this part of the present study are 

described in Table 3.1. In addition, two other genotype 3 isolates, p8123 and p8994, were 

included in this study. The genotype o f the isolates was determined using genotype- 

specific PCR as described in chapter 3 section 3.2.4. p8123 and p8994 were obtained from 

Prof. Itzhack Polacheck and were recovered from the respiratory tract o f two separate 

patients attending the Hadassah University Hospital in Jerusalem, Israel in 1999 and 2000, 

respectively.

4.2.2 PCR amplification of the variable region (V2 and V3 regions) of the large 

ribosomal subunit gene

The RNAF (5'-CGAAGCTTGCATATCAATAAGCGGAGGAAAAG-3') and 

RNAR (5'-CGAAGCTTGGTCCGTGTTTCAAGACG-3') primer pair was used to amplify 

the V3 variable region of the large ribosomal subunit gene of C. dubliniensis isolates (Fell 

et a l,  1993). The V2F (5'-CGAAGCTTGCGAGAGACCGATAGGGAAC-3') and V2R 

(5'-CGAAGCTTTAGTTCACCATCTTTCGGGT-3') primer pair was used to amplify the 

V2 variable region of the large ribosomal subunit gene o f C. dubliniensis isolates (Boucher 

et al., 1996). Both sets of primers are complementary to conserved regions o f the fungal 

large ribosomal subunit gene (Fell, 1993; Boucher et al., 1996). The V2 and V3 variable 

regions overlap, however, in this study the two regions were amplified separately. The 

conditions for PCR (for amplification of both the V2 and V3 regions) were as described in 

chapter 2, section 2.4.2, except 3 mM MgCb was used here. Amplification reactions were 

carried out in a Perkin Elmer Cetus DNA Thermal Cycler with initial denaturation for 3 

min at 95°C, followed by 30 cycles of 1 min at 95°C, 1 min at 62°C, 2 min at 72°C and a 

final extension for 10 min at 72°C. Following amplification, the amplimers were purified 

using a Promega PCR extraction kit and sequenced directly as described in chapter 2, 

section 2.5 with the primers used for PCR described above.
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4.2.3 PCR amplification of the intron of the large ribosomal subunit gene

The DUBINTF (5'-ATCAACTTAGAACTGGTACGG-3') and DUBINTR (5'- 

GATAGTAGATAGGGACAGTGG-3') primer pair was used to amplify the intron in the 

large ribosomal subunit gene (Boucher et al., 1996). These primers are complementary to 

conserved regions of the large ribosomal subunit coding gene that flank the intron. PCR 

amplifications were performed as described in chapter 2, section 2.4.2 using the same PCR 

cycling conditions as described in section 4.2.2. Following amplification, the amplimers 

were purified using a Promega PCR extraction kit and cloned and sequenced directly as 

described in chapter 2, section 2.5 with the primers used in the PCR.

4.2.4 PCR amplification of the cytochrome b gene

The cytbF (5 '-C A G TA A C TTA T A A G TA C C G G A -3') and cytbR  (5'- 

AAGTATAGCACCGAACATAGC-3') primer pair was used to amplify 550 bp of the 

mitochondrial cytochrome b gene. These primers are complementary to the cytochrome b 

gene of C. albicans (GenBank accession no. NC_002653; Anderson et al., 2001). PCR 

conditions and amplification conditions were performed as described in chapter 2, section 

2.4.2 and section 4.2.2, respectively. Following amplification, the amplimers were 

purified using a Promega PCR extraction kit and sequenced directly as described in chapter 

2, section 2.5 with the PCR primers, described above.

4.2.5 PCR amplification of the peptide transporter gene CdPTR2-associated intron

The PTF (5 '-G T T T T G G A T T T G T T G T T T G T T -3’) and PTR (5 '- 

GAAGCTTTCCAGGCAGTGATT-3') primer pair was used to amplify the intron of the 

peptide transporter gene C dP T R 2  o f C. dubliniensis isolates. These primers are 

complementary to the coding region of the peptide transporter gene CaPTR2 of C. albicans 

(GenBank accession no. U09781; Basrai et al., 1995). PCR conditions and amplification 

conditions were performed as described in chapter 2, section 2.4.2 and section 4.2.2, 

respectively. Following amplification, the amplimers were purified using a Promega PCR 

extraction kit and sequenced directly as described in chapter 2, section 2.5 with the PCR 

primers, described above.
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4.2.6 Restriction fragment length polymorphism analysis and computer-assisted 

analysis of fingerprint profiles

Restriction fragment length polymorphism analysis and computer assisted analysis 

of fingerprint profiles was carried out as described in chapter 2, section 2.3.2 and section 

2.3.6.

4.2.7 PCR fingerprinting

PCR fingerp rin ting  was carried  out w ith the M13 prim er (5 '- 

GAGGGTGGCGGTTCT-3') (Vassart et al., 1987) and with (GACA )4 as single primers 

(Meyer et al., 2001). A mastermix containing 10 mM KCl; 0.1% (v/v) Triton X-10; 10 

mM Tris/HCl (pH 9.0 at 25 °C); 2.5 U Tag polymerase; 30 ng primer; dATP, dTTP, dCTP 

and dGTP at 0.2 mM each and 3.5 mM MgCb was made. The mastermix was aliquoted in 

to 0.5 ml Eppendorf microcentrifuge tubes and 500 ng of DNA was added. Amplification 

was carried out in a Perkin Elmer Cetus DNA Thermal Cycler with initial denaturation for 

3 min at 94°C, followed by 35 cycles of 20 s at 94°C, 1 min at 43°C, 20 s at 72°C, and a 

final extension for 10 min at 72°C. PCR products were electrophoresed in 1.4% (w/v) 

agarose gels.

4.2.8 Random amplified polymorphic DNA analysis

RAPD was carried out with the primer (5'-GCGATCCCCA-3') (Sullivan et al., 

1995). A mastermix containing 10 mM KCl; 0.1% (v/v) Triton X-100; 10 mM Tris/HCl 

(pH 9.0 at 25 °C); 2.5 U Tag; 30 ng primer; dATP, dTTP, dCTP and dGTP at 2.5 mM each 

and 3.5 mM MgCh was made. The mastermix was aliquoted into 0.5 ml Eppendorf 

microcentrifuge tubes and 500 ng of DNA was added. Amplification was carried out in a 

Perkin Elmer Cetus DNA Thermal Cycler with intial denaturation for 3 min at 94°C, 

followed by 35 cycles of 20 s at 94°C, 1 min at 43°C, 20 s at 72°C, and a final extension for 

10 min at 72°C. PCR products were electrophoresed in 1.4% (w/v) agarose gels.

4.2.9 Substrate assimilation profiles

The substrate assimilation profiles of isolates were determined using the API ID 

32C yeast identification system as described in chapter 2 section 2.2.2.
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4.2.10 Antifungal susceptibility testing

The antifungal susceptibility o f isolates to fluconazole, itraconazole, 5- 

fluorocytosine and voriconazole were determined using the NCCLS broth microdilution 

method as described in chapter 2, section 2.6.1 and by the modified broth microdilution 

method as described in chapter 2, section 2.6.2. Amphotericin B susceptibility was 

determined using the Etest method as described in section 2.6.3. The breakpoint for 

fluconazole MICs is <8 ^g/ml, susceptible; for itraconazole MICs is <0.125 ng/ml, 

susceptible and for 5-fluorocytosine is <8.0 |ig/ml, susceptible (Rex et al., 1997b). 

Interpretive criteria have not been defined for voriconazole or amphotericin B. For 

purposes of comparison, the threshold concentration used for itraconazole was applied to 

these agents (Pfaller et al., 1999a).
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4.3 Results

4.3.1 Analysis of C. dubliniensis large ribosomal subunit gene nucleotide sequences

The aim of this part of the study was to determine if the C. dubliniensis genotypes 

contained nucleotide sequence differences in the variable region of the large ribosomal 

subunit gene (25S rDNA). The PCR primers RNAF/RNAR and V2F/V2R were used to 

amplify approximately 700 bp of DNA from the variable region (V2 and V3 region) of the 

large ribosomal subunit genes from five C. dubliniensis isolates including P2 (genotype 1), 

Can6 (genotype 2), CDS 14 (genotype 3) and p7718 (genotype 4) taken as representative 

isolates of each of the four genotypes (Table 3.1). A 652 bp segment of nucleotide 

sequence, corresponding to nucleotide positions 154 to 806 bp of the C. albicans large 

ribosomal subunit gene (GenBank accession no. X70659; Mercure et al, 1993) from 

isolates of the four genotypes of C. dubliniensis were compared. The sequences of the 

genotype 1, genotype 2 and genotype 4 isolates were identical; the genotype 3 isolate 

differed at a single base from the corresponding sequences of the other genotypes (Fig. 

4.1). Figure 4.2 shows a nucleotide sequence alignment between the C. albicans and C. 

dubliniensis genotype 1 sequence. The sequence of the C. dubliniensis genotype 1, 2 and 4 

isolates differed from the corresponding C. albicans sequence at 22 positions (96.6% 

identical), whereas the genotype 3 isolate differed from the C. albicans sequence at 23 

positions (96.5% identical).

The sequence of 500 bp of the variable region from selected isolates of C. 

dubliniensis (this study), C. albicans (GenBank accession no. X70659; Mercure et al., 

1993), C. albicans 132A (GenBank accession no. X83717; Sullivan et al., 1995), C. 

stellatoidea (GenBank accession no. X83716; Sullivan et al., 1995), C. tropicalis 

(GenBank accession no. Z48346; Sullivan et al., 1995), C. parapsilosis (GenBank 

accession no. Z48343; Sullivan et al., 1995), C. glabrata (GenBank accession no. Z48344; 

Sullivan et al., 1995), C. krusei (GenBank accession no. Z48342; Sullivan et al., 1995) and 

S. cerevisiae (GenBank accession no. J01355; Bayev et al., 1981) were compared using the 

CLUSTAL W sequence alignment software package. Only 500 bp of the sequence 

corresponding to bases 154-656 bp of the C. albicans gene was aligned as this was the only
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1 5 4 b p
I
AATTTGAAATCTGGCGTCTTTGGCGTCCGAGTTGTAATTTGAAGAAGGTATCTTTGGGCC

CGGCTCTTGTCTATGTTCCTTGGAACAGGACGTCACAGAGGGTGAGAATCCCGTGCGATG

AGATGGCCCGGGTCTATGTAAAGTTCCTTCGACGAGTCGAGTTGTTTGGGAATGCAGCTC
-----------C-------------------------------------------------------------------------
-----------X-------------------------------------------------------------------------
-------------c --------------------------------------------------------------------------------------

TAAGTGGGTGGTAAATTCCATCTAAAGCTAAATATTGGCGAGAGACCGATAGCGAACAAG

TACAGTGATGGAAAGATGAAAAGAACTTTGAAAAGAGAGTGAAAAAGTACGTGAAATTGT

TGAAAGGGAAGGGCTTGAGATCAGACTTGGTATTTTGCAAGTTACTCTTTCGGGGGTGGC

CTCTGCGGTTTACCGGGCCAGCATCGGTTTGGAGCGGTAGGATAATGGCGGGGGAATGTG

GCACGACTTTGGTTGTGTGTTATAGCCTCTGACGATACTGCCAGCCTAGACCGAGGACTG

CGGTTTTTACCTAGGATGTTGGCATAATGATCTTAAGTCGCCCGTCTTGAAACACGGACC

AAGGAGTCTAACGTCTATGCGAGTGTTTGGGTGTAAAACCCGTACGCGTAATGAAAGTGA

8 0 6 b p

ACGAAGATGGGGGCCTGTATGGGTGCACCATCGACCGATCCTGATGTGTTC

Figure 4.1. Alignment o f partial nucleotide sequences (variable region) o f the large ribosomal subunit (25S 
rDNA) gene from the four C. dubliniensis ITS genotypes. The C. dubliniemis sequences were from strains 
P2 (ITS genotype 1), Can 6 (ITS genotype 2), CDS 14 (ITS genotype 3), and p7718 (ITS genotype 4). The 
region shown corresponds to nucleotide positions 154 to 806 bp o f  the C. albicans 25S rDNA gene 
(GenBank accession no. X70659; Mercure et al., 1993). Sequence matches are indicated by dashes.



C. dubliniensis 
C. albicans

154bp
I

A ATTTG A AA TCTGG CG TCTTTGG CG TCCG AG TTGTAA TTTG AA G AA G GTATCTTTG G GCC
A ATTTG A AA TCTGG CG TCTTTGG CG TCCG AG TTGTAA TTTG AA G AA G GTATCTTTG G GCC
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C. dubliniensis 
C. albicans

CGGCTCTTGTCTATGTTCCTTGGAACAGGACGTCACAGAGGGTGAGAATCCCGTGCGATG
CGGCTCTTGTCTATGTTCCTTGGAACAGGACGTCACAGAGGGTGAGAATCCCGTGCGATG
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C. dubliniensis 
C. albicans

AGATGGCCCGGGTCTATGTAAAGTTCCTTCGACGAGTCGAGTTGTTTGGGAATGCAGCTC
AGATGACCCGGGTCTGTGTAAAGTTCCTTTGACGAGTCGAGTTGTTTGGGAATGCAGCTC

C. dubliniensis 
C. albicans

TAAGTGGGTGGTAAATTCCATCTAAAGCTAAATATTGGCGAGAGACCGATAGCGAACAAG
TAAGTGGGTGGTAAATTCCATCTAAAGCTAAATATTGGCGAGAGACCGATAGCGAACAAG
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C. dubliniensis 
C. albicans

TACAGTGATGGAAAGATGAAAAGAACTTTGAAAAGAGAGTGAAAAAGTACGTGAAATTGT
TACAGTGATGGAAAGATGAAAAGAACTTTGAAAAGAGAGTGAAAAAGTACGTGAAATTGT
★ ★ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C . dubliniensis 
C. albicans

TGAAAGGGAAGGGCTTGAGATCAGACTTGGTATTTTGCAAGTTACTCTTTCGGGGGTGGC 
TGAAAGGGAAGGGCTTGAGATCAGACTTGGTATTTTGCATGCTGCTCTCTCGGGGGCGGC 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  * * * *  * * * * * * *  * * *

C. dubliniensis 
C. albicans

CTCTGCGGTTTACCGGGCCAGCATCGGTTTGGAGCGGTAGGATAATGGCGGGGGAATGTG 
CGCTGCGGTTTACCGGGCCAGCATCGGTTTGGAGCGGCAGGATAATGGCGGAGGAATGTG 
*  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * *  * * * * * * * *

C. dubliniensis 
C. albicans

C. dubliniensis 
C. albicans

GCACGACTTTGGTTGTGTGTTATAGCCTCTGACGATACTGCCAGCCTAGACCGAGGACTG 
GCACGGCTTCTGCTGTGTGTTATAGCCTCTGACGATACTGCCAGCCTAGACCGAGGACTG 
* * * * *  * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

656 bp 
I

C G G T T T T — TACCTAGGATGTTGGCATAATGATCTTAAGTCGCCCGrCTTGAAACACGGii? 
CG GTTTTTTTA CCTAG GA TG TTGG CA TA ATGA TCTTA AG TCG CCCG TCrTG A AA CA CGG A  
* * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C. dubliniensis 
C. albicans

C. dubliniensis 
C. albicans

CCAAGGAGTCTAACGTCTATGCGAGTGTTTGGGTGTAAAACCCGTACGCGTAATGAAAGT
CCAAGGAGTCTAACGTCTATGCGAGTGTTTGGGTGTAAAACCCGTACGCGTAATGAAAGT

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

806bp
I

GAACGAAGATGGGGGCCTGTATGGGTGCACCATCGACCGATCCTGATGTGTTC 
GAACGAAGGTGGGGGCCCATTAGGGTGCACCATCGACCGATCCTGATGTGTTC 
* * * * * * * *  * * * * * * * *  *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Figure 4.2. Alignment o f  partial nucleotide sequences o f  the variable region o f  the large ribosomal subunit 
gene o f  C. albicans  and C. dublin iensis. The C. dubliniensis sequence was from strain P2 (taken as 
representative o f  ITS genotypes 1, 2 and 4; this study) and the C. albicans sequence was from isolate 62-1 
(GenBank accession no. X70659; Mercure et al., 1993). The region shown corresponds to nucleotide 
positions 154 to 806 bp o f  the C. albicans large ribosomal subunit gene. Asterisks indicate identical 
nucleotides and dashes indicate deletions.



sequence available for some of the species examined. An evolutionary distance matrix 

(Table 4.1) based on these sequences was compiled from the eight aligned sequences, 

correcting for multiple base changes according to Jukes and Cantor (1969). Using this 

data, an evolutionary tree was generated employing the neighbour-joining method of 

Saitou and Nei (1987) (Fig. 4.3). When bootstrap analysis of the aligned sequences was 

performed, C. albicans and C. dubliniensis were grouped separately in 99.7% of the trees 

generated.

In addition to the above, partial sequences of the variable region of the large 

ribosomal subunit gene from a number of additional isolates was determined. 

Approximately 420 bp (corresponding to nucleotide positions 424 bp to 806 bp of the 

variable region of the large ribosomal subunit C. albicans gene (Fig. 4.1)) was amplified 

from the genotype 1 isolates CDS 16 and CD2491, these sequences gave identical 

sequences to the corresponding sequence of the genotype 1, 2 and 4 isolates shown in Fig. 

4.1. Also approximately 500 bp (corresponding to positions 154 bp to 654 bp of the C. 

albicans gene (Fig. 4.1)) of the variable region was amplified from the genotype 2 isolates 

CD539 and CD520, these sequences gave identical sequences to the genotype 1, 2 and 4 

isolates shown in Fig. 4.1.

These findings demonstrate that the variable region of the large ribosomal subunit 

gene is not useful for discriminating isolates of the four ITS genotypes of C. dubliniensis. 

However, comparative sequence analysis of this sequence and the corresponding region of 

other Candida species confirms the phylogenetic position of C. dubliniensis within the 

genus Candida relative to other Candida species.

4.3.2 Analysis of nucleotide sequences of C. dubliniensis large ribosomal subunit gene- 

associated introns

The aim of this part of the study was to determine if the four C. dubliniensis ITS 

genotypes contained differences in the intron of the large ribosomal subunit gene. The 

PCR primers DUBINTF/DUBINTR were used to amplify the intron of the large subunit 

ribosomal gene from seven different isolates of C. dubliniensis including CD2491 

(genotype 1), CD516 (genotype 1), CD520 (genotype 2), CD540 (genotype 2), CD514 

(genotype 3), p7276 (genotype 3) and p7718 (genotype 4), taken as representative isolates 

of each of the four genotypes (Table 3.1). No differences in nucleotide sequence between 

the four genotypes were observed (data not shown). Fig. 4.4 shows a nucleotide alignment
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Table 4.1. Genetic distance matrix based on comparison o f nucleotide sequences o f 500 
bp o f the variable region o f the large ribosomal subunit gene.

C. du. C. al. C. al. 
(132 A)

C. St. C. tr. C. pa. C.gl. C. ke. C. kr. S. ce.

C. dubliniensis
C. albicans 3.0

C. albicans 132A 2.8 0.2

C. stellatoidea 2.6 0.4 0.2

C. tropicalis 6.8 8.2 8.0 7.8

C. parapsilosis 8.7 9.9 9.7 9.5 4.7

C. glabrata 19.1 18.0 17.7 18.1 20.5 21.5

C. kefyr 14.6 15.5 15.3 15.2 16.8 15.0 13.3

C. krusei 24.9 24.3 24.3 24.5 27.0 25.7 28.1 26.3

S. cerevisiae 18.3 17.7 17.5 17.9 17.8 16.1 12.4 10.2 10.2

Values correspond to percentages o f difference corrected for multiple base changes by the method of Jukes & 
Cantor (1969). The C. dubliniensis sequence was from strain P2 (taken as representative o f ITS genotypes 1, 
2 and 4; this study), the C. albicans sequence was from isolate 62-1 (GenBank accession no. X70659; 
Mercure et al., 1993), the C. albicans 132A, C. stellatoidea, C. tropicalis, C. parapsilosis, C. glabrata, C. 
kefyr, C. krusei sequences were from Sullivan et al., 1995 (GenBank accession numbers X83717, X83716, 
X83718, Z48346, Z48343, Z48341, Z48344 and Z48342, respectively) and the S. cerevisiae sequence was 
from Bayev et al., (1981) (GenBank accession no. J01355). The sequences aligned correspond to nucleotide 
positions 154 bp to 656 bp of the C. albicans gene.
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Figure 4.3. An unrooted phylogenetic neighbour-joining tree generated from an alignm ent o f  the variable 
region o f  the large ribosomal subunit gene o f  yeast species. The scale bar represents 0.1 substitutions per 
site. The numbers at each node were generated by bootstrap analysis (Felsenstein, 1985) and represent the 
percentage o f  tim es the arrangem ent occurred in 1000 randomly generated trees. The sequences used to 
construct the trees are indicated in the legend in Table 4.1.



C. dubliniensis CAACCTATAAGGGAGGCAAAAGTAGGGACGCTATGGTTTCCAGAAATGGGCCGAGGTGTT 
C. stellatoidea CAACCTATAAGGGAGGCAAAAGTAGGGACGCCATGGGTTGCAGAAATGGGCCGAGGTGTT 
C. albicans CAACCTATAAGGGAGGCAAAAGTAGGGACGCCATGGGTTCCAGAAATGGGCCGCGGTGTT

★ ★ ★ * ■ * * ★ * * * * * * ★ * * * * * * * ★ * ★ ★ ★ ★ * *  + ★ ★ * ★ * ★ * * *  ★ * ♦ ★ * * * * * ★ * ★ *  ★ * ★ * * *

C. dubliniensis 
C, stellatoidea 
C. albicans

TTTGACCTGCTAGTCGATCTGGTTAATTAGGTATTTTGTATATTACTTATCAGAGTATTC
TTTGACCTGCTAGTCGATCTGG----------------------AC-TAT---------
TTTGACCTGCTAGTCGATCTGG----------------------AC-TAT---------

C. dubliniensis TCCTGGTATTATACATTTTACTTTATGACGACAACTATTACCCGCGGGACAACCATTTCT
C. stellatoidea -----------------------------------------------------------
C. albicans -----------------------------------------------------------

C. dubliniensis TGATTTATTTACTGCAAGTGATTCTAGAATATGGTGATTCCAGTTATAACACCAACTGTT
C. stellatoidea -----------------------------------------------------------
C. albicans -----------------------------------------------------------

C. dubliniensis ATGACACAAGTGTGATACAGTCATAAGCTGTGGGTAACCAGCGGCGACATAACCTGGTAC
C. stellatoidea -------------------------- CTGTGGGTGGCCAGCGGCGACATAACCTGGTAC
C. albicans  CTGTGGGTGGCCAGCGGCGACATAACCTGGTAC

C. dubliniensis GGGGAAGGCCTCGAAGCAGTATATATTTTGGGATTGAAAATCGGGTTGCAAAACTTTTGT
C. stellatoidea GGGGAAGGCCTCGAAGCAGTGTTCACCTTGGGA--------------------------
C. albicans GGGGAAGGCCTCGAAGCAGTGTTCACCTTGGGA--------------------------

* * * * * * * * * * * * * * * * * * * *  * * * * * * * *

C. dubliniensis TTTTGGAAACACGGTTGGTGAGGAAAAAAAAAATATTTTTTCCCCGCACTTGAAGAAATA
C. stellatoidea GTGCGCAGCACAAAGAGGTGAG-------------------------------------
C. albicans GTGCGCAGCACAAAGAGGTGAG-------------------------------------

* * *  * * * * * *

C. dubliniensis TATGTTGTATGGGGTTAATCCCGTGGCGAGCCGTCAGAGCGCGAGTTCTGGCAGTGGCCG 
C. Stellatoidea --TGGTGTATGGGGTTAATCCCGTGGCGAGCCGTCAGGGCGCGAGTTCTGGCAGTGGCCG 
C. albicans — TGGTGTATGGGGTTAATCCCGTGGCGAGCCGTCAGGGCGCGAGTTCTGGCAGTGGCCG

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * *  

C. dubliniensis TCGTAGAGCACGGAAAGGTATGGGCTGGCTCTCTGAGTCGGCTTAAGGTACGTGCCGTCC 
C. stellatoidea TCGTAGAGCACGGAAAGGTATGGGCTGGCTCTCTGAGTTGGCTTAAGGTACGTGCCGTCC 
C. albicans TCGTAGAGCACGGAAAGGTATGGGCTGGCTCTCTGAGTCGGCTTAAGGTACGTGCCGTCC

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * *  

C. dubliniensis CACACGATGAAAAGTGTGCGGTGCAGAATAGTTCCCACAGAACGAAGCTGCGCCGGAGAA 
C. stellatoidea CACACGATGAAAAGTGTGCGGTGCAGAATAGTTCCCACAGAACGAAGCTGCGCCGGAGAA 
C. albicans CACACGATGAAAAGTGTGCGGTGCAGAATAGTTCCCACAGAACGAAGCTGCGCCGGAGAA

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C. dubliniensis AGCGATTTCTTGGAGCAATG 
C. stellatoidea AGCGATTTCTTGGAGCAATG 
C. albicans AGCGATTTCTTGGAGCAATG

* * * * * * * * * * * * * * * * * * * *

Figure 4.4. Alignment o f  the large ribosomal subunit gene (25S rDNA gene) se lf splicing intron o f  C. 
dubliniensis, C. albicans and C. stellatoidea. The C. dubliniensis sequence was from strain CD249I (ITS 
genotype 1; this study), the C. albicans sequence was from isolate 4-1 (GenBank accession no. X74272; 
Mercure et a i ,  1993) and the C. stellatoidea  sequence was from Boucher et al. (1996). Asterisks indicate 
identical nucleotides and dashes indicate deletions.



of the C. albicans (GenBank accession no. X74272; Mercure et a l, 1993), C. stellatoidea 

(Boucher et al., 1996) and C. dubliniensis introns (this study) generated using CLUSTAL 

W. An evolutionary distance matrix (Table 4.2) based on these sequences was compiled 

from the three aligned sequences, correcting for multiple base changes according to Jukes 

and Cantor (1969). The C. dubliniensis and C. albicans sequences were 16.9% divergent, 

the C. dubliniensis and C. stellatoidea sequences were 16.9% divergent and the C. albicans 

and C. stellatoidea sequences were 0.8% divergent. Using this data, an evolutionary tree 

was generated employing the neighbour-joining method of Saitou and Nei (1987) (Fig. 

4.5). When bootstrap analysis of the aligned sequences was performed, C. albicans and C. 

dubliniensis were grouped separately in 100% of the trees generated. Overall the findings 

of this part of the study show that the four C. dubliniensis ITS genotypes do not contain 

nucleotide sequence differences in the intron o f the large ribosomal subunit gene. 

However, comparative sequence analysis of this sequence with the corresponding region of 

C. albicans confirms the distinct phylogenetic position of C. dubliniensis.

4.3.3 Analysis of mitochondrial cytochrome b gene nucleotide sequences

The aim of this part o f the study was to determine if the four C. dubliniensis 

genotypes contained sequence differences in a 500-bp segment o f the mitochondrial 

cytochrome b gene. The PCR primers cytF/R were used to amplify 550 bp of the 

mitochondrial cytochrome b gene from five C. dubliniensis isolates including P2 (genotype 

1), Can6 (genotype 2), p6265 (genotype 3), p6785 (genotype 3) and p7718 (genotype 4), 

selected as representative isolates o f each of the four genotypes (Table 3.1). The sequence 

of a 506-bp segment from each of the four genotypes, corresponding to nucleotide 

positions 2043 to 2549 bp of the C. albicans cytochrome b coding sequence (GenBank 

accession no. NC_002653), were compared (Fig. 4.6). The genotype 2 isolate (Can6) 

differed from the other genotypes at two nucleotide positions (Fig. 4.6). However, the two 

base pair changes observed do not lead to any amino acid changes in the predicted protein. 

No other differences between the nucleotide sequences o f the four genotypes were 

observed. Figure 4.7 shows an alignment of 506-bp of the C. dubliniensis and C. albicans 

cytochrome b coding sequence; both sequences share 89.4% identity. The sequence of 396 

bp of the cytochrome b gene o f  C. dubliniensis (this study), C. albicans (G enBank 

accession no. NC_002653; Anderson et al., 2001), C. tropicalis (GenBank accession no. 

AB044933; Yokoyama et al., 2000), C. parapsilosis (GenBank accession no. AB044929;
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Table 4.2. Genetic distance matrix based on comparison o f nucleotide sequences o f  the 
large ribosomal subunit gene associated introns.

C. albicans C. stellatoidea C. dubliniensis
C. albicans
C. stellatoidea 0.8
C. dubliniensis 16.9 16.9

Values correspond to percentages of difference corrected for multiple base changes by the method of Jukes & 
Cantor (1969). The C, dubliniensis sequence was from isolate CD2491 (ITS genotype 1; this study), the C. 
albicans sequence was from isolate 4-1 (GenBank accession no. X74272; Mercure et a i ,  1993) and the C. 
stellatoidea sequence was from Mercure et. a i ,  1993.
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Figure 4.5. An unrooted phylogenetic neighbour-joining tree generated from an alignment o f  large 
ribosomal subunit gene associated introns. The scale bar represents 0.01 substitutions per site. The 
num ber at the node was generated by bootstrap analysis (Felsenstein, 1985) and represents the 
percentage o f  tim es the arrangem ent occurred in 1000 randomly generated trees. The sequences 
used to construct the trees are indicated in the legend in Table 4.2.



G e n o ty p e  1 TATATTTATAAAAAGGATAAATATAGTTAACCTAGGCAACAGTAATTACAAATCTATTAT
G e n o ty p e  2 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  3 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  4 ---------------------------------------------------------------------------------------------------------------------------

G e n o ty p e  1 CAGCTATACCTTTTATCGGTAATGATATAGTACCCTTTATATGAGGAGGTTTCTCTGTAA
G e n o ty p e  2  A-----------------------------------------------------------------------------------------------------------------
G e n o ty p e  3  T-----------------------------------------------------------------------------------------------------------------
G e n o ty p e  4  T-----------------------------------------------------------------------------------------------------------------

G e n o ty p e  1 GTAATCCTACAATACAGCGTTTCTTTGCATTACATTTCTTATTACCTTTTATATTAGCAG
G e n o ty p e  2 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  3 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  4 ---------------------------------------------------------------------------------------------------------------------------

G e n o ty p e  1 
G e n o ty p e  2 
G e n o ty p e  3 
G e n o ty p e  4

G e n o ty p e  1 
G e n o ty p e  2 
G e n o ty p e  3 
G e n o ty p e  4

G e n o ty p e  1 
G e n o ty p e  2 
G e n o ty p e  3 
G e n o ty p e  4

CATTAGTATGTATGCACTTAATGGCATTACATGTAAATGGTTCATCAAACCCTGTAGGTA

TAACAGGTAATATAGATAGATTACCAATGCATCCTTATTTCATATTTAAAGATCTTATAA

CTGTATTTGTATTCTTATTAATATTTAGTTTATTTGTATTTTATTCACCTAATACATTAG

G e n o ty p e  1 GTCATCCTGATAATTATATACCAGGAAACCCAATGGTGACACCTCCATCAATTGTACCAG
G e n o ty p e  2 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  3 ---------------------------------------------------------------------------------------------------------------------------
G e n o ty p e  4 ---------------------------------------------------------------------------------------------------------------------------

G e n o ty p e  1 AATGATATCTATTACCATTCTATGCTATATTACGTAGTATACCAGATAAATTAGGAGGTG
G e n o ty p e  2  C-----------------------------------------------------------------------------------------------------------
G e n o ty p e  3  T----------------------------------------------------------------------------------------------------------
G e n o ty p e  4  T----------------------------------------------------------------------------------------------------------

G e n o ty p e  1 TTATTGCTATGTTCGGGCTATACTTA
G e n o ty p e  2 -----------------------------------------------------
G e n o ty p e  3 ----------------------------------------------------
G e n o ty p e  4 -----------------------------------------------------

Figure 4.6. Alignment o f partial nucleotide sequences o f  the mitochondrial cytochrome b gene o f  the four C. 
dubliniensis ITS genotypes. The C. dubliniemis sequences were from strains P2 (ITS genotype 1), Can6 (ITS 
genotype 2), p6265 (ITS genotype 3), and p7718 (ITS genotype 4). The region shown corresponds to bases 
2043 to 2549 bp o f  the C. albicans cytochrome b coding sequence (GenBank accession no. NC_002653). 
Sequence matches are indicated by dashes.



C . dubliniensis TAT ATTT AT AAAAAGGAT AAAT AT AGTTAACCTAGGCAACAGT AATT ACAAATCT ATTAT 
C. albicans TATATTTATATAATATGTAAATATAGTTAATCTAGGCGACTGTTATTACAAATTTATTAT

★ * *  * * * * ★ * ★ ★ * ★ * ★ *  ★ ★ * ★ ★ ★  ★ ★  ★ ★  ★ * ★ ★ ★ * * * ★  ★ * ★ ★ ★ *

C . dubliniensis CAGCTATACCTTTTATCGGTAATGATATAGTACCCTTTATATGAGGAGGTTTCTCTGTAA 
C . albicans CAGCTATACCTTTCATAGGTAATGATATCGTACCATTTATATGAGGAGGTTTCTCCGTTA

•k -k •k ■k * ★  * * ★ * * ■ * • * * * * • * :  * ★ * ★ *  * ★ ★ * * • * • * * ★ * ★ ★  +  * ★ * ★ ★ ★ ★  * *  *

C. dabllnlensls GTAATCCTACAATACAGCGTTTCTTTGCATTACATTTCTTATTACCTTTTATATTAGCAG 
C . albicans GTAACCCTACTATACAACGGTTCTTTGCATTGCATTTCTTATTACCTTTCATACTTGCTG

* * * *  * * * * *  * * * * *  ** * * * * * * * * * * *  * * * * * * * * * * * * * * * * *  * * *  * ** * 

C . dubllnlensls CATTAGTATGTATGCACTTAATGGCATTACATGTAAATGGTTCATCAAACCCTGTAGGTA 
C . albicans CATTAGTATGTATGCACTTGATGGCCTTACATGTACATGGTTCATCTAACCCTGTAGGTA

* * * * * * * * * * * * * * * * * * *  * * * * *  * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * * * * *  

C. dubllnlensls TAACAGGTAATATAGATAGATTACCAATGCATCCTTATTTCATATTTAAAGATCTTATAA 
C . albicans TTACTGGTAATATTGATAGATTGCCAATGCATCCTTACTTCATATTTAAAGACTTAATTA

* ** * * * * * * * *  * * * * * * * *  * * * * * * * * * * * * * *  * * * * * * * * * * * * * *  * **  * 

C . dubllnlensls CTGTATTTGTATTCTTATTAATATTTAGTTTATTTGTATTTTATTCACCTAATACATTAG 
C . albicans CTGTCTTTGTATTCTTATTAATATTTAGTTTATTCGTATTCTATTCACCTAATACATTAG

* * * * * * * ★ * * ★ ★ * ★ * * * * ★ * * ★ ★ ★ * * ★ ★ *  ★ * * ★ *  * ★ * * ★ ★ • * • ★ * * * * ★ * ★ ■ * ★ * ★  

C . dubllnlensls GTCATCCTGATAATTATATACCAGGAAACCCAATGGTGACACCTCCATCAATTGTACCAG 
C . albicans GACATCCTGATAACTATATACCAGGTAACCCTATGGTAACACCTCCTTCAATTGTACCAG

*  * * * * * * * * * * *  ★ ★ ★ * * * * * * ★ *  * * * * *  k  -k -k -k it * * * * * * * *  * * * * * * * * * * * * *

C . dubllnlensls AATGATATCTATTACCATTCTATGCTATATTACGTAGTATACCAGATAAATTAGGAGGTG 
C . albicans AATGATACTTATTACCATTCTATGCTATACTTCGTAGTATACCTGATAAATTAGGTGGTG

* * * * * * *  * * * * * * * * * * * * * * * * * * * *  *  * * * * * * * * * * *  * * * * * * * * * * *  * * * *  

C . dubllnlensis TTATTGCTATGTTCGG-GCTATACTTA 
C . albicans TTATCGCTATGTTCGGTGCTATACTTA

* * * *  * * * * * * * * * * *  * * * * * * * * * *

Figure 4.7. Alignment o f  partial nucleotide sequences o f  the mitochondrial cytochrome b gene o f  C. 
dubliniensis and C. albicans. The C. dubliniensis sequence was from strain P2 (ITS genotype 1; this study) 
and the C. albicans sequence was from strain SC5314 (GenBank accession no. NC_002653 for the entire 
mitochondrial DNA; Anderson e/ al., 2001). The region shown corresponds to 2043 to 2549 bp o f  the C. 
albicans cytochrome b coding sequence. Asterisks indicate identical nucleotides and dashes indicate 
deletions.



Yokoyama et a l,  2000), C. glabrata (GenBank accession no. AB044922; Yokoyama et a l, 

2000) and S. cerevisiae (GenBank accession no. X84042; Claros et al., 1995) were 

compared using the CLUSTAL W sequence alignment software package. Only 396 bp 

were used in the alignment, as this was the only sequence available for C. tropicalis and C. 

parapsilosis in the GenBank database. An evolutionary distance matrix (Table 4.3) based 

on these sequences was compiled from the five aligned sequences, correcting for multiple 

base changes according to Jukes and Cantor (1969). Using this data, an evolutionary tree 

was generated employing the neighbour-joining method of Saitou and Nei (1987) (Fig. 

4.8). When bootstrap analysis of the aligned sequences was performed, C. albicans and C. 

dubliniensis were grouped separately in 95% o f the trees generated. These findings 

demonstrate that partial sequence analysis of the mitochondrial cytochrome b gene is not 

useful for distinguishing the four C. dubliniensis genotypes, however, comparative 

sequence analysis of this sequence with the corresponding sequence in other Candida 

species confirms the distinct phylogenetic position of C. dubliniensis within the genus 

Candida.

4.3.4 Analysis of nucleotide sequences of peptide transporter associated CdPTRl 

introns

The aim o f this part of the study was to determine if the four C. dubliniensis 

genotypes contained nucleotide sequence differences in the intron o f the peptide 

transporter gene CdPTR2. The primers PTF/PTR were used to amplify approximately 200 

bp of the peptide transporter gene CdPTR2 from five C. dubliniensis isolates, selected as 

representative isolates o f each of the four genotypes, including P2 (genotype 1), Can6 

(genotype 2), p6265 (genotype 3), p6785 (genotype 3) and p7718 (genotype 4). The 

sequence o f a 152-bp segment from each of the four genotypes, corresponding to positions 

3192 bp to 3355 bp in the C. albicans peptide transporter sequence and including the 

intron (GenBank accession no. U09781; Basrai et al., 1995), were compared (Fig. 4.9). 

The genotype 2 isolate (Can6) differed from the other genotypes at one nucleotide in the 

coding sequence (Fig. 4.9). This base change did not lead to an amino acid change in the 

predicted protein. No other differences between the nucleotide sequences of the four 

genotypes were observed. Figure 4.10 shows an alignment o f 152-bp of the C. 

dubliniensis and C. albicans peptide transporter gene including 79 bp o f coding sequence 

and the peptide transporter gene associated intron. The C. albicans intron is 84 bp and the
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Table 4.3. Genetic distance matrix based on comparison o f partial sequences o f  the 
mitochondrial cytochrome b gene.

C. du. C. al. C. tr. C. pa. C. gl.
C. dubliniensis
C. albicans 10.6
C. tropicalis 20.2 19.7
C. parapsilosis 15.4 15.9 19.7
C. glabrata 20.5 18.9 27.8 20.7
S. cerevisiae 21.7 21.5 26.3 21.0 15.2

Values correspond to percentages o f difference corrected for multiple base changes by the method of Jukes & 
Cantor (1969). The C. dubliniensis sequence was from isolate P2 (ITS genotype 1; this study), the C. 
albicans sequence was from strain SC5314 (GenBank accession no. NC_002653 for the entire mitochondrial 
DNA; Anderson et al., 2001), the C. parapsilosis sequence was from strain IFM 40119 (GenBank accession 
no. AB044929; Yokoyama et al., 2000), the C. tropicalis sequence was from strain IFM 49101 (GenBank 
accession no. AB044933; Yokoyama et al., 2000), the C. glabrata  sequence was from strain IFM 40065 
(GenBank accession no. AB044922; Yokoyama et al., 2000) and the S  .cerevisae sequence was from strain 
WR200 (GenBank accession no. X84042; Claros et al., 1995). The region shown corresponds to bases 2043 
to 2549 bp of the C. albicans cytochrome b gene.
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Figure 4.8. An unrooted phylogenetic neighbour-joining tree generated from an alignment of partial 
nucleotide sequences of yeast mitochondrial cytochrome b sequences. The scale bar represents 0.1 
substitutions per site. The numbers at each node were generated by bootstrap analysis (Felsenstein, 1985) and 
represent the percentage of times the arrangement occurred in 1000 randomly generated trees. The partial 
sequences used to construct the trees correspond to bases 2093 to 2488 bp of the C. albicans cytochrome b 
coding sequence (GenBank accession no. NC_002653) and the origins of the strains are indicated in the 
legend in Table 4.3.



Genotype
Genotype
Genotype
Genotype

3192 bp 3242 bp
I  I
CCTTTTCACAAATTGCTGGGTTTGTTTTACAAAAACAAGTTTATGAACAAGMrGTAAAA

Genotype
Genotype
Genotype
Genotype

TATTG G AG TTTTC A AC TC ATTTG TTTC C A AG ATTTTC TTG ATTAC TA AC AA C A TTA TTTT

3325bp 3355bp

Genotype
Genotype
Genotype
Genotype

AGTCTCCATGTGGCTACTACGCTACCAACTGT
-------------------------------A------------
-------------------------------T------------
-------------------------------T------------

Figure 4.9. A lignm ent o f  the peptide transporter gene CdPTR2-assoc\aXed introns and partial nucleotide 
sequences o f  the coding region surrounding the intron from the four C. dubliniensis  ITS genotypes. The C. 
dubliniensis sequences were from strains P2 (ITS genotype 1), Can6 (ITS genotype 2), p6265 (ITS genotype 
3) and p7718 (ITS genotype 4). The region shown corresponds to bases 3192 to 3355 o f  the C. albicans 
peptide transporter gene from strain ATCC 18804 (GenBank accession no. U09781; Basrai et al., 1995). The 
intron (3242-3324 bp) is shown in italics and 79 bp o f  the coding region surrounding the intron is in plain 
text. Sequence matches are indicated by dashes.



3192bp 3242bp

I  I
C. d u b l i n i e n s i s  CCTTTTCACAAATTGCTGGGTTTGTTTTACAAAAACAAGTTTATGAACAAGMrGTAAAA
C. a l b i c a n s  CCTTTTCACAAATTGCCGGGTTTGTTTTACAAAAACAAGTTTATGAGCAAGrarGrAAAr

* * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *

C. d u b l i n i e n s i s  TATTGGAG-------- TTTTCAACTCATT--------------TGTTTCCAAGATTTTCTTGATTACTAA
C. a l b i c a n s  TATCAGAGGTTTTTTTTACACTCATTGTATAGTTCTTTTCAAGATTCCGTTGATTACTAA

* * ★  * ★ ★ ★  ★ ★ ★ ★  ★ * * * * ★ ★  ★ * ★ ★ ★ * ★ ★ * ★ *

3325bp 3355bp

C . d u b l i n i e n s i s  CAACATTATTTTAGICTCCATGTGGCTACTACGCTACCAACTG'V
C. a l b i c a n s  CArCCrTATrrMGTCACCATGTGGATACTACGCTACCAACTGT

* *  *  * * * * * * * * * * *  * * * * ★ ★ * ★  I t * * * * * * * * * * * * * * * * *

Figure 4.10. Alignment o f  the C. dubliniensis and C. albicans peptide transporter gene CdPTR2-associated 
introns and partial nucleotide sequences o f the coding region surrounding the intron. The C. dubliniensis 
sequence was from strain P2 (taken as representative o f ITS genotypes 1, 3 and 4; this study) and the C. 
albicans sequence was from strain ATCC 18804 (GenBank accession no. U09781; Basrai et al., 1995). The 
region shown corresponds to bases 3192 to 3355 bp o f the C. albicans peptide transporter gene. The intron is 
shown in italics (3242-3325 bp) and 79 bp o f  the coding region surrounding the intron is in plain text. 
Asterisks indicate identical nucleotides and dashes indicate deletions.



corresponding intron in C. dubliniensis is 72 bp. The C. albicans and C. dubliniensis 

introns were 83.1% identical. The C. albicans and C  dubliniensis coding regions analysed 

differed by four bases pairs and were 93.2% identical (Fig. 4.10). The four base pair 

changes observed in the nucleotide coding sequence of C. dubliniensis compared to the 

corresponding C. albicans sequence did not lead to any amino acid changes in the 

predicted protein. These findings demonstrate that the intron of the peptide transporter 

gene CdPTR2 is not useful for distinguishing the four C. dubliniensis genotypes, however, 

comparative sequence analysis of this sequence with the corresponding sequence in C. 

albicans confirms the distinct phylogenetic position of C. dubliniensis.

4.3.5 EcoRI restriction enzyme analysis of C. dubliniensis isolates

In order to determine if the four C. dubliniensis ITS genotypes differed in their 

£coRI restriction enzyme patterns 78 isolates were digested with the restriction enzyme 

£’coRI and electrophoresed through a 0.65% agarose (w/v) gel, the gel was stained with 

ethidium bromide and the intensely stained bands visually analysed for polymorphisms. 

The isolates analysed included 54 genotype 1, 18 genotype 2, 5 genotype 3 and the 

genotype 4 isolate. The resulting £coRI profiles yielded between 3 and 5 intensely staining 

bands (Fig. 4.11). Among the ^coRI RFLPs for the 78 isolates examined six patterns were 

observed (Fig. 4.11), however, these patterns did not correspond to the Cd25 groups or to 

the ITS genotypes described in chapter 3. The genotype 3 isolates lacked bands at 

approximately 9.5 kb and 8 kb (Fig. 4.11, lanes 6-8) that were present in all the isolates 

examined from each of the other three genotypes (Fig. 4.11, lanes 1-5 and lane 9). The 

Irish genotype 3 isolates CD514 and CDS 19 yielded identical £coRI RFLP patterns but 

this pattern differed from the £coRI RFLP pattern o f the Israeli genotype 3 isolates p6265, 

p6785 and p7276 due to differences in the migration of a band at approximately 8.5 kb 

(Fig. 4.11, lanes 6-8). Three pattems were observed among the genotype 1 isolates tested. 

Twenty out o f 53 genotype 1 isolates examined yielded four intensely stained bands; 

however, 33/54 (61%) genotype 1 isolates examined had an additional band at 

approximately 9.0 kb (Fig. 4.11, lane 2). One genotype 1 isolate (CM6) had an additional 

band at approximately 9.75 kb that was not present in any of the other 77 isolates tested 

(Fig. 4.1, lane 1). Two patterns were observed among the genotype 2 isolates. Like the 

genotype 1 isolates, thirteen genotype 2 isolates yielded four intensely stained bands (Fig. 

4.11, lane 5) and like the genotype 1 isolates, 5/18 (28%) also had an additional band at 9
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Figure 4.11. Agarose gel (0.65%[w/v]) showing ethidium bromide-stained EcoRi generated fragments of C. 
dubliniensis isolate genomic DNA following separation by electrophoresis. The intensely stained bands 
were used for RFLP analysis. Lane 1, CM6; lane 2, CD507; lane 3, CD36; lane 4, CD75089; lane 5, 
CD541; lane 6, CD514; lane 7, p6265; lane 8, p6785 and lane 9, p7718. Approximate molecular weights (in 
kilobases) are indicated to the left of the gel. Polymorphisms are indicated by arrows. The ITS genotype to 
which each of the isolates belongs is indicated above the lane.



kb. Therefore, the genotype 2 £coRI patterns could not be distinguished from the ^coRI 

patterns for the genotype 1 isolates. The genotype 4 isolate had a similar pattern to the 

patterns observed among the genotype 1 and 2 isolates (Fig. 4.11, lane 9). These findings 

demonstrate that the four C. dubliniensis ITS genotypes could not be distinguished based 

on EcoRl RFLP patterns. In addition, as only six RFLP patterns were observed among 78 

C. dubliniensis isolates tested this method is not sufficiently discriminatory as a 

fingerprinting method for the epidemiological analysis of C. dubliniensis.

4.3.6 A val restriction enzyme analysis of C. dubliniensis isolates

Genomic DNA from 34 C. dubliniensis isolates was digested by the restriction 

enzyme Aval and the resulting fragments separated by electrophoresis, stained with 

ethidium bromide and the intensely staining bands analysed for polymorphisms to 

determine whether the fragment pattern obtained could be used to differentiate isolates 

belonging to the four different genotypes. The genotype 1 isolates included in the study 

were CM6, C M l, P2, P21, CD941026, CD94929, CD94845, CD538, CD505, CD57, 

CD507, CD95104 and CD516 (Table 3.1). The genotype 2 isolates included in the study 

were Can6, Can3, CDS 13, CD541, CD540, CD539, CD75043, CD75004, CD520, CD506, 

m262b, m26b, Can9 and CD75089 (Table 3.1). The genotype 3 isolates included in the 

study were CD514, p6265, p6785, p7275, p8123 and p8994 (Table 3.1). The single 

genotype 4 isolate p7718 was also included in the analysis. The intensely staining bands 

(Fig. 4.12A) were digitised into computer files using the software program DENDRON 

and a computer generated image of the intensely staining bands in the gel was produced to 

facilitate easier interpretation o f the fragment patterns obtained (Fig. 4.12B). Between 11 

and 12 intensely staining bands were produced for each o f the isolates tested, however, 

there were differences in the migration o f bands. Out of the 34 isolates tested five patterns 

were observed. All of the genotype 1 isolates tested yielded one pattern (Fig. 4.12A, lane 

1; Fig 4.12B, lane 1), all o f the genotype 2 isolates tested yielded the second pattern (Fig. 

4.12A, lane 2 and Fig. 4.12B, lane 2), two patterns were observed among the genotype 3 

isolates tested and the genotype 4 isolate yielded the fifth pattern. The Irish genotype 3 

isolate CDS 14 had a pattern which differed by four bands from the other five Israeli 

genotype 3 isolates p626S, p678S, p7276, p8123 and p8994 tested (Fig. 4.12A, lanes 3-8 

and Fig. 4.12B, lanes 3-8).

The Aval restriction enzyme digestion patterns were subjected to computer-assisted
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Figure 4.12. (A) Agarose gel (l%[w/v]) showing ethidium bromide-stained ylval-generated fragments of C. 
dubliniensis isolate genomic DNA following separation by electrophoresis. The intensely stained bands 
were used for RFLP analysis (B) Computer generated Aval fragment patterns showing the relative positions 
of the intensely stained bands used in RFLP analysis. Lanel, CM6; lane 2, Can6; lane 3, CDS 14; lane 4, 
p6265; lane 5, p6785; lane 6, p7276; lane 7, p8123; lane 8, p8994 and lane 9, p7718. Arrows to the left of 
the gel indicate the relative positions of molecular weight markers in kilobases. The ITS genotype to which 
each of the isolates belongs is indicated above the lane.



analysis with the fingerprint profile analysis software package DENDRON. Similarity 

coefficient ( S a b )  values were computed for every possible pairwise combination of the five 

Aval patterns and these data were used to construct a dendrogram showing the 

relationships between them (Fig. 4.13; Table 4.4). Only one isolate pattern from each of 

the genotype 1 and genotype 2 isolates tested were included in the analysis. All the 

genotype 3 isolates patterns and the genotype 4 pattern were included in the analysis. The 

average S ab  for the five patterns was 0.905±0.05 (Fig. 4.13).

All of these results demonstrated Aval RFLP analysis could be used to distinguish 

between the four C. dubliniensis genotypes. However, as only five RFLP patterns were 

observed among 34 C. dubliniensis isolates tested this method is not sufficiently 

discriminatory as a fingerprinting method for the epidemiological analysis o f C. 

dubliniensis.

4.3.7 Hinfl restriction enzyme analysis of C. dubliniensis isolates

Genomic DNA from 36 C. dubliniensis isolates (including 19 genotype 1 isolates, 

12 genotype 2 isolates, four genotype 3 isolates and the genotype 4 isolate) were digested 

by the restriction enzyme Hinjl and the resulting fragments separated by electrophoresis, 

stained with ethidium bromide and the intensely staining bands analysed for 

polymorphisms to determine whether the fragment pattern obtained could be used to 

differentiate isolates belonging to the four different genotypes. The genotype 1 isolates 

included in the study were CM6, CD94191, Canl, CD96.54, CD36, CD515, CD57, C04, 

CD33, C M l, P2, P21, CD941026, CD94929, CD94845, CD94208, CD538 and CD507 

(Table 3.1). The genotype 2 isolates included in the study were Can6, Can3, CD75043, 

CD75004, CD520, m262b, CD506, Can9, CD540, CD539, CD75089, m26b and CD541 

(Table 3.1). The genotype 3 isolates included in the study were CDS 14, p6265, p6785 and 

p7275 (Table 3.1). The single genotype 4 isolate p7718 was also included in the study. 

The resulting Hinjl profiles yielded between 5 and 8 intensely staining bands (Fig. 4.14). 

The genotype 3 and 4 isolates contained a band at approximately 950 bp (Fig. 4.14A, lanes 

3-7) that was absent in all the genotype 1 and genotype 2 isolates tested (Fig. 4.14A, lanes 

1-2). In addition, the genotype 4 isolate contained a band at approximately 3.5 kb (Fig. 

4.14A, lane 3) while the genotype 3 isolates did not have any bands >2.7 kb (Fig. 4.14A, 

lanes 4-7). Therefore, based on the absence of a band between 2.8 kb and 4 kb and the 

presence of a band at approximately 950 bp the genotype 3 isolates could be distinguished
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Table 4.4. Sab matrix based on Aval restriction enzyme profiles o f C. dubliniensis ITS 
genotypes.

1§ 2̂
Genotype*
3̂  (CDS 14) 3^(p6265) 4̂

Genotype 1
Genotype 2 0.9S0
Genotype 3 (CDS 14) 0.820 0.870
Genotype 3 (p6265) 0.910 0.960 0.830
Genotype 4 0.910 0.960 0.920 0.920

* Four genotypes are observed in C. dubliniensis based on sequence differences observed in the ITS region.
 ̂All 13 genotype 1 isolates tested yielded identical Aval fingerprint patterns and all 14 genotype 2 isolates 

yielded identical fingerprint patterns. However, two Aval restriction enzym e patterns were observed within 
genotype 3 isolates. CDS 14 yielded one pattern and the rem aining genotype 3 isolates (p6265, p6785, p7275, 
p 8 123 and p8994) yielded a second pattern. Isolate p6265 was used here as representative o f  these isolates. 
Only one genotype 4 isolate was available for testing.
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Figure 4.13. Dendrogram generated from the similarity coefficients (S abs) computed for every possible 
pairwise combination o f  nine isolates from nine separate patients fingerprinted by Aval restriction enzyme 
analysis. All ITS genotype 1 isolates gave identical Aval restriction enzyme patterns, similarly all ITS 
genotype 2 isolates gave identical patterns and therefore only one isolate o f each was used to construct the 
dendrogram. Two patterns were observed in the Aval restriction enzyme patterns of the genotype 3 isolates 
and therefore all o f the ITS genotype 3 isolates used in this study were included on the dendrogram. The ITS 
genotypes (a) and the Cd25 groups (b) o f the isolates are shown to the right o f the dendrogram. The dashed 
line indicates an Sab of 0.92.
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Figure 4.14. Agarose gel (0.8%[w/v]) showing ethidium bromide-stained Hinjl generated fragments of C. 
dubliniensis isolate genomic DNA following separation by electrophoresis. (A) Lane 1, CD36; lane 2, 
m26b; lane 3, p7718; lane 4, CD514; lane 5, p6265; lane 6, p6785 and lane 7, p7276. (B) Lane 1, 1 kilobase 
molecular weight marker; lane 2, CM6; lane 3, CMl; lane 4, P2; lane 5, P21; lane 6, CD941026; lane 7, 
CD94929; lane 8, CD94845; lane 9, CD94208; lane 10, CD538; lane 11, CD507 and lane 12, Can6. (C) 
Lane 1, 1 kilobase molecular weight marker; lane 2, CM6; lane 3, CD541; lane 4, CD539; lane 5, CD73089; 
lane 6, CD75043; lane 7, CD520; lane 8, m262b; lane 9, m26b; lane 10, Can3; lane 11, Can9 and lane 12, 
CD94845. The ITS genotype to which each of the isolates belongs to is indicated above the lane. The 
molecular weights in kilobases are indicated to the left of the gels and approximate molecular weights are 
indicated by arrows. The origins of the isolates are shown in Table 3.1.



from the genotype 1, genotype 2 and genotype 4 isolates tested. The presence of bands at 

approximately 3.5 kb and at 950 bp in the genotype 4 isolate (Fig. 4.14, lane 3) allowed 

this isolate to be distinguished from the genotype 1, genotype 2 and genotype 3 isolates 

tested (Fig. 4.14A, lanes 1-2 and lanes 4-7; Fig. 4.14B, lanes 2-12 and Fig. 4.14C, lanes 2- 

12). All o f the genotype 2 isolates yielded one or two high molecular weight bands, which 

depending on the isolate, migrated between 3.5 kb and 4 kb (Fig. 4.14A, lane 2 and Fig. 

4.14C, lanes 3-11). Only one genotype 1 isolate, CM6 had a band that migrated at this 

molecular weight (approximately 4 kb) (Fig. 4.14C, lane 2). However, because of this the 

genotype 1 and 2 isolates could not be reliably distinguished from one another (Fig. 4.14C, 

lanes 2-11).

The Hinji restriction enzyme digestion patterns were subjected to computer- 

assisted analysis with the fingerprint profile analysis software package DENDRON. Only 

the intensely staining bands were used in the analysis (Fig. 4.14). Similarity coefficient 

( S a b )  values were computed for every possible pairwise combination o f isolates and these 

data were used to construct a dendrogram showing the relationships between the 36 

isolates used in the study (Fig. 4.15). Examination of the dendrogram revealed that at an 

S a b  of 0.89 18/19 of the Cd25 group I (ITS genotype 1) isolates used in the study separate 

out from the Cd25-group II (ITS genotype 2, 3 and 4) isolates. The genotype 3 and 4 

isolates form a distinct cluster within the Cd25 group II isolates. It can be seen from the 

dendrogram that the genotype 2 isolates CD520 and CD75043 separate out from the rest of 

the genotype 2 isolates at a node of 0.72 (Fig. 4.15). Both of these isolates lack two bands, 

at approximately 2.3 kb, which were present in the other 34 C. dubliniensis isolates used in 

this study (Fig. 4.14C, lanes 6 and 7). Some of the clusters evident in the dendrogram 

contained isolates from specific geographic locations. Four Spanish isolates which were 

obtained in two separate clinics clustered together (highlighted in red in Fig. 4.15), three of 

the Canadian isolates from the same hospital clustered together (highlighted in blue in Fig.

4.15) and two of the Swiss isolates were clustered together (highlighted in beige in Fig.

4.15), however, all o f these clusters also consisted o f other geographically unrelated 

isolates (Fig. 4.15). There are two clusters that contain isolates from the same country 

only, the Irish isolates CD36 and CD57 were clustered together (highlighted in green in 

Fig. 4.15) and the Israeli isolates p6785 and p7276 were clustered together (highlighted in 

purple in Fig. 4.15).

In 36 isolates analysed by Hinfi. RFLP analysis only 17 patterns were observed and
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pairwise combination of 36 independent C. dubliniensis isolates from 36 patients fingerprinted by Hinfl 
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are highlighted in yellow and the Canadian isolates that clusto^ are highlighted in blue. The Cd2S groups (a) 
and the ITS genotypes (b) of the isdates are shown to the right of the dendrogram. The dashed line indicates 
an Sab value of 0.89.



only nine of the 36 isolates gave a unique pattern with the Hinfl. enzyme (Fig. 4.15). The 

19 genotype 1 isolates gave six patterns, the 12 genotype 2 isolates gave nine patterns and 

the four genotype 3 isolates gave three patterns.

While Hinfl RFLP analysis can distinguish the majority o f genotype 1, genotype 2, 

genotype 3 and genotype 4 isolates tested from each other based on the presence or 

absence of specific bands there was an exception to this and therefore this method is not 

suitable as a means of identifying the four genotypes. In addition, Hinfl. analysis is not 

suitable as a typing method for the epidemiological analysis of C. dubliniensis as only nine 

out o f the 36 independent isolates tested produced a unique RFLP pattern.

4.3.8 PCR fingerprinting of C. dubliniensis isolates with the (GACA)4 primer

PCR fingerprinting using (GACA)4 was applied to the C. dubliniensis isolates 

tested by PCR with genotype-specific primers in order to determine if the profiles obtained 

could be used to differentiate isolates of the different genotypes. The genotype 1 isolates 

included in this study were CM6, CD57, CD941026, CD96.34, CD33, CD507, CD94191, 

CD96.54, CD36, CD516, P2, CMl and CD2491 (Table 3.1). The genotype 2 isolates 

included in this study were m262b, m26b Can6, Can3, Can9, CD75043, CD75004, 

CD73089, CD506, CD539 and CD541 (Table 3.1). The genotype 3 isolates included in 

this study were CDS 14 and CDS 19 (Table 3.1). The genotype 4 isolate was not tested. All 

13 genotype 1 isolates tested yielded identical RAPD profiles consisting of 7 strong bands 

(Fig. 4.16, lanes 2-6). In contrast, the 11 genotype 2 isolates tested yielded identical 

RAPD profiles consisting of 5 strong bands in each case, which were similar in size to 

bands present in the genotype 1 RAPD profiles (Fig. 4.16, lanes 7-12). However, the 

presence o f two extra bands of 450 bp and 800 bp in the genotype I pattern allowed 

genotype 1 isolates to be readily distinguished from genotype 2 isolates. The RAPD 

patterns obtained with the two genotype 3 isolates were indistinguishable from the 

corresponding genotype 1 patterns (Fig. 4.16, lane 13).

4.3.9 PCR fingerprinting of C dubliniensis isolates with the M13 primer

PCR fingerprint analysis using the M l3 primer was applied to the C. dubliniensis 

isolates tested by PCR with genotype-specific primers in order to determine if the profiles 

obtained could be used to differentiate isolates of the different genotypes. The isolates in 

this study included five genotype 1 isolates (CM6, CD96.34, CD33, CD507 and
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Figure 4.16. Agarose gel electrophoresis of amplified DNA products generated using the primer (GACA)4 
in PCR fingerprint analysis of C. dubliniensis isolates. Lane 1, 100 bp molecular weight marker; lane 2, 
CM6; lane 3, CD941026; lane 4, CD96.34; lane 5, CD33; lane 6, CD507; lane 7, CD73089; lane 8, CD506; 
lane 9, m262b; lane 10, CD539; lane 11, Can9; lane 12, CD541 and lane 13, CDS 14. The ITS genotype of 
the isolates is indicated above each lane. Molecular weights in bp are shown on the left and right of the gel. 
Arrows indicate the positions of polymorphisms.



CD941026), five genotype 2 isolates (Can9, m262b, CD75089, CD506 and CD539) and 

the genotype 3 isolate CDS 14. The genotype 4 isolate was not included in this study. 

Between 8 and 12 bands were obtained with the M13 primer (Fig. 4.17). Among the 12 

independent isolates examined by PCR fingerprinting with the M l3 primer only six 

produced unique patterns. All the genotype 1 isolates tested had a band at approximately 

700 bp (Fig. 4.17, lanes 2-6) that was not present in the other genotype 2 or genotype 3 

isolates tested (Fig. 4.17, lanes 7-13). The genotype 3 isolate CDS 14 had a band at 

approximately 800 bp (Fig. 4.17, lane 13) that was not present in the genotype 2 isolates 

(Fig. 4.17, lanes 7-12). Based on these results the genotype 1, 2 and 3 isolates could be 

distinguished.

A dendrogram was generated based on the profiles generated with the M13 primer 

(Fig. 4.18). With the exception o f the genotype 1 isolate CM6, the Cd25-group I and 

CD25-group II isolates form 2 separate groups at a node of 0.84. The genotype 1 isolate 

CM6 separates out from all the other isolates at a node of 0.82; CM6 yielded two extra 

bands not present in any of the other isolates tested. Therefore, PCR fingerprinting with 

the M l3 primer could distinguish the genotype 1, genotype 2 and genotype 3 isolates, 

however, the genotype 4 isolate was not tested.

4.3.10 RAPD analysis of C. dubliniensis isolates with the primer (5'-GCGATCCCCA- 
3')

RAPD analysis of C. dubliniensis using the primer (5'-GCGATCCCCA-3') was 

applied to five C. dubliniensis isolates tested by PCR with genotype-specific primers in 

order to determine if the profiles obtained could be used to differentiate isolates of the 

different genotypes. The isolates included in the study were the genotype 1 isolates CM6 

and CD507, the genotype 2 isolate CD536 and the genotype 3 isolate CDS 14. The pattern 

obtained was not discriminatory, the isolates from genotypes 1, 2 and 3 could not be 

distinguished (Fig. 4.19), however, the genotype 4 isolate was not analysed.

4.3.11 Substrate assimilation of C. dubliniensis isolates from each of the four 

genotypes

The aim of this part of the study was to determine if the C. dubliniensis genotypes 

produced different carbon-source and nitrogen-source substrate assimilation profiles using 

the commercially available API ID 32C yeast identification system. Five different API
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Figure 4.19. Agarose gel electrophoresis of amplified DNA products generated using the primer (5- 
GCGATCCCCA-3') in RAPD analysis of C. dubliniensis isolates. Lane 1, 100 bp ladder; lane 2, CM6; lane 
3, CD507; lane 4, CD536; lane 5, CD514 and lane 6, 100 bp ladder. The ITS genotype of the isolates is 
indicated above each lane. Size reference markers are indicated in kilobases on the left of the figure.



profiles were observed among the 38 C. dubliniensis isolates tested for their substrate 

assimilation profiles using the API ID 32C yeast identification system (Table 4.5). The 

substrate assimilation patterns for each of the five different API profiles are shown in 

Table 4.5 and the corresponding API profiles for each of the isolates tested are shown in 

Table 4.6. All o f the isolates tested showed positive assimilation reactions for the 

carbohydrate substrates galactose, glucose, maltose, sucrose, mannitol, sorbitol and 2- 

Keto-gluconate but were unable to utilise 18 other carbon-source and nitrogen-source 

substrates tested (Table 4.5).

After 48 h five out of six of the genotype 3 isolates tested did not utilise the amino 

acid glucosamine i.e. the tenth digit in their API profiles was 1 (e.g. 7042100011) (Table

4.6). Only one of the 16 genotype I isolates (C04) tested did not utilise glucosamine, all 

the other genotype 1, genotype 2 isolates and the genotype 4 isolate utilised glucosamine 

i.e. the tenth digit in their API profiles was 5 (e.g. 7142100015) (Table 4.6). The 

differences between isolates of the four genotypes in their ability to utilise glucosamine are 

significant (p<0.001).

After 48 h none of the 16 genotype 1 isolates tested utilised palatinose i.e. the sixth 

digit in their API profiles was 0 (e.g. 7 142100015) (Table 4.6). After 48 h 12 out of 15 

genotype 2 isolates tested utilised palatinose i.e. the sixth digit in their API profiles was 4 

(e.g.. 7142140015) (Table 4.6). After 48 h only one of six genotype 3 isolates tested 

utilised palatinose and the genotype 4 isolate did not utilise palatinose. The differences 

between isolates of the four genotypes in their ability to utilise palatinose after 48 h are 

significant (p<0.025).

After 48 h none of the genotype 3 isolates utilised the amino acid N- 

acetylglucosamine i.e. the second digit in their API profiles was 0 (e.g. 704210011) (Table

4.6). After 48 h eight out of 16 of the genotype 1 isolates and four out of 15 o f the 

genotype 2 isolates also did not utilise N-acetylglucosamine (Table 4.6). After 24 h the 

genotype 4 isolate utilised acid N-acetylglucosamine (Table 4.6). The differences between 

isolates o f the four genotypes in their ability to utilise acid N-acetylglucosamine are 

significant (p<0.025).

4.3.12 Antifungal susceptibility of C. dubliniensis isolates from each of the four 

genotypes

Seventy-four C. dubliniensis isolates representing each of the four genotypes were
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Table 4.5. Substrate assimilation by C. dubliniensis isolates

S u b s tra te Iso la te s
A B C D E F
«=10 10 10 5 2 1

Pentoses
L-Arabinose - - - - - -

D-Xylose - - - - - -

Ribose - - - - - -

Hexoses
Alpha-Methyl-D-glucoside - - - - - -
Galactose + + + + + +
Glucose + + + + + +
Sorbose - - - - - -
Rhamnose - - - - - -

Dissaccharides
Cellobiose - - - - - -

Maltose + + + + + +
Lactose - - - - - -

Melibiose - - - - - -

Sucrose + + + + + +
Trehalose - - - - - -

Palatinose - + - - + +
Trisacchardes
Melezitose - - - - - -

Rafinose - - - - - -

Alcohols
Glycerol - - - - - -

Erythritol - - - - - -

Mannitol + + + + + +
Inositol - - - - - -

Sorbitol + + + + +
O rganic acids
Glucutonate - - - - - -

DL-Lactate - - - - - -

2-Keto-gluconate + + + + + +
Levulinate - - - - - -

Gluconate - - - - - -

Amino acids
N-acetylglucosamine + + - - - -

Glucosamine + + + ” + ■

Substrate utilisation was determined using the API ID 32C yeast identification system. Each isolate was 
tested on two separate occasions. ID 32C assimilation profile codes: A = 7I421000I5, B = 7142140015, C = 
7042100015, D = 7042100011, E = 7042140015 and F = 7042140011.



Table 4.6. API ID 32C profiles o f  C. dubliniensis isolates

Isolate Genotype API Profile Pattern*

CD70 1 7142100015 A
CM6 1 7I42I00015 A
Can 1 1 7042100015 C
CD96.34 1 7042100015 C
CD515 1 7142100015 A
CD33 1 7042100015 C
CD504 1 7142100015 A
CD505 1 7042100015 C
CD507 1 7142100015 A
CD527 1 7142100015 A
p7858 1 7142100015 A
p7890 1 7142100015 A
CBS 8501 1 7042100015 C
CD94191 1 7042100015 C
C04 1 7042100011 D
ml96cd 1 7042100015 C
Can 3 2 7142140015 B
Can 6 2 7142140015 B
Can 9 2 7142140015 B
CD506 2 7042140015 E
CD513 2 7142140015 B
CD520 2 7142140015 B
CD533 2 7042100015 C
CD539 2 7142100015 A
CD540 2 7142140015 B
CD541 2 7042100015 C
m26b 2 7142140015 B
m262b 2 7142140015 B
CD75004 2 7142140015 B
CD75043 2 7042140015 E
CD75089 2 7142140015 B
p6265 3 7042100011 D
p6785 3 7042100011 D
p7276 3 7042140011 F
p8123 3 7042100011 D
p8994 3 7042100011 D
CD514 3 7042100015 C
p7718 4 7142100015 A

*A = 7142100015, B = 7142140015, C = 7042100015, D = 7042100011, E = 7042140015 and F 
7042140011.



tested for their susceptibilities to fluconazole, itraconazole and 5-fluorocytosine (Table 

4.7). Sixty-eight of these isolates were also tested for their susceptibilities to voriconazole 

and amphotericin B (Table 4.7).

Fifty-one genotype 1 isolates, fifteen genotype 2, seven genotype 3 and the single 

genotype 4 isolate were tested for their susceptibilities to 5-fluorocytosine (Table 4.7). All 

the genotype 1, 2 and 3 isolates were susceptible to 5-fluorocytosine (MIC <0.25 |ag/ml) 

but the genotype 4 isolate p7718 was resistant (MIC 128 |ig/ml). The genotype 4 isolate 

p7718 was originally recovered from a 27 year old HIV-negative male patient who had 

suffered trauma and who had no known previous antifungal therapy.

Fifty-three genotype 1 isolates, 16 genotype 2, seven genotype 3 and the genotype 

4 isolate were tested for their susceptibilities to fluconazole (Table 4.7). All isolates were 

found to be susceptible to fluconazole (MIC <8 |ig/ml).

Fifty-one genotype 1 isolates, 15 genotype 2, seven genotype 3 and the genotype 4 

isolate were tested for their susceptibilities to itraconazole (Table 4.7). All the isolates 

tested were susceptible to itraconazole (MIC <0.25 |ig/ml).

Forty-eight of the genotype 1 isolates and 15 of the genotype 2 isolates were tested 

for their susceptibility to amphotericin B (Table 4.7). All isolates tested were found to be 

susceptible. Forty-eight of the genotype 1 isolates and 15 of the genotype 2 isolates were 

tested for their susceptibility to voriconazole. All isolates tested were found to be 

susceptible to voriconazole (MIC <0.03 |ag/ml).
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Table 4.7. Antifungal susceptibility o f  C. dubliniensis isolates.

Antifungal M IC (ng/m l)"

Isolate* Itra Flu 5FC Vori Amph Isolate * Itra Flu 5FC Vori Amph

G enotype 1 G enotype 1 continued

C D 4 4 ' 0.12 0.25 0.06 0.007 0.19 C D 5 2 9 ' 0.125 0.25 <0.06 n/d n/d

C M 1‘ 0.12 0.25 0.06 0.015 0.190 C o 4 ' 0.03 0.12 0.06 0.007 0.190

C M 4 ' 0.12 0.25 0.06 0.007 0.250 C o S ' 0.03 0.12 0.06 0.007 0.190

C M 5 ' 0.25 0.25 0.06 0.015 0.250 P 2 ' 0.03 0.12 0.06 0.007 0.250

C M 6 ' 0.12 0.25 0.06 0.015 0.19 P 7 ' 0.03 0.12 0.06 0.007 0.125

Can 1 ‘ 0.12 0.12 0.06 0.015 0.250 P 2 1 ' 0.25 O.S 0.06 0.015 0.38

Can 13 ' 0.12 0.25 0.06 0.015 0.190 P 2 7 ' 0.12 0.25 0.06 0.007 0.750

C D 515 ' 0.06 0.25 0.06 0.007 0.125 C o 7 ' 0.03 0.12 0.06 0.007 0.190

9 6 .2 4 ' 0.06 0.25 0.06 0.015 0.125 C D 2491 ' 0.03 0.12 0.06 0.007 0.190

96 .34 ' 0.03 0.12 0.06 0.007 0.250 C D 94191 ' 0.03 0.12 0.06 0.007 0.190

96 .54 ' 0.03 0.12 0.06 0.007 0.250 C D 94208 ' 0.03 0.12 0.06 0.007 0.250

9 6 .6 3 ' 0.06 0.25 0.06 0.030 0.250 C D 94234 ' 0.03 8.00 0.06 0.060 0.019

#C B S 8500 ' n/d 0.25 n/d n/d n/d G enotype 2

#C B S8501' n/d 0.25 n/d n/d n/d C an3‘' 0.12 0.12 0.06 0.007 0.190

C D 33 ' 0.25 0.25 0.06 0.015 0.125 C an4‘' 0.03 0.12 0.06 0.007 0.190

C D 36 ' 0.06 0.25 0.06 0.030 0.190 C an6‘' 0.03 0.12 0.06 0.007 0.094

C D 38 ' 0.06 0.12 0.06 0.015 0.125 C an9‘' 0.03 0.12 0.06 0.007 0.125

C D 57 ' 0.03 0.12 0.06 0.015 0.250 C D 506“' 0.12 0.25 0.06 0.007 0.500

C D 500 ' 0.06 0.12 0.06 0.015 0.125 C D 513 '' 0.12 0.12 0.06 0.007 0.19

C D 5 0 I ' 0.12 0.50 0.06 0.015 0.094 0 0 5 2 0 “' 0.06 0.25 0.06 0.007 0.064

C D 502 ' 0.03 0.12 0.06 0.030 0.190 #C D 536'' n/d 0.25 n/d n/d n/d

C D 503 ' 0.03 0.12 0.06 0.007 0.250 C D 539'' 0.12 0.12 0.06 0.007 0.250

C D 504 ' 0.25 0.25 0.06 0.015 0.190 CD 540'' 0.06 0.12 0.06 0.007 0.250

C D 94764 ' 0.06 0.25 0.06 0.007 0.094 C D 541'' 0.12 0.25 0.06 0.007 0.380

C D 94845 ' 0 06 0.25 0.06 0.007 0.125 C D 75004'' 0.03 0.25 0.06 0.007 0.047

C D 94929 ' 0.12 0.50 0.06 0.007 0.125 0 0 7 5 0 4 3 “' 0.06 0.2S 0.06 0.007 0.380

CD 941026' 0.02 0.25 0.06 0.007 0.125 C D 75089'' 0.06 0.12 0.06 0.007 0.190

C D 95104 ' 0.06 0.25 0.06 0.015 0.250 m 26,b“' 0.03 0.12 0.06 0.007 0.250

N C PF-3108' 0.06 0.12 0.06 0.007 0.094 m 262b“' 0.03 0.12 0.06 0.007 0.125

m l9 6 C D ' 0.06 0.25 0.06 0.007 0.250 G enotype 3

C D 538 ' 0.12 0.25 0.06 0.007 0.190 CDS 14 ' 0.06 0.25 0.06 0.007 0.125

C D 505 ' 0.12 0.25 0.06 0.015 0.190 #C D 519‘ p6265‘ 0.25 <0.25 n/d n/d

C D 507 ' 0.03 0.12 0.06 0.007 0.125 #p626S 0.25 0.25 <0.25 n/d n/d

C D 511 ' 0.03 0.12 0.06 0.007 0.190 #p6785 ' 0.25 0.25 <0.25 n/d n/d

C D 516 ' 0.03 0.12 0.06 0.007 0.380 #p7276 ' 0.25 0.5 <0.25 n/d n/d

C D 517 ' 0.03 0.12 0.06 0.015 0.190 #p8123 ' 0.25 0.5 <0.25 n/d n/d

C D 518 ' 0.25 0.25 0.06 0.030 0.250 #p8994 ' 0.25 O.S <0.25 n/d n/d

C D 521 ' 0.12 0.25 0.06 0.015 0.190 G e n o ty p e 4 #

C D 523 ' 0.06 0.12 0.06 0.007 0.38 p7718^ 0.25 0.25 >128 n/d n/d

C D 527 ' 0.125 0.5 <0.06 n/d n/d

C D 528 ' 0.25 0.5 <0.06 n/d n/d



Table 4.7. Footnotes

“ Itra=itraconazole, Flu=fluconazole, 5FC=5-fluorocytosine, Vori=voriconazole and 

Amph=amphotericin B

* The origins o f the C. dubliniensis isolates used in this study are described in Table 3.1.

Genotype 1 isolates; ^Genotype 2 isolates; ^Genotype 3 isolates; ̂ Genotype 4 isolate. 

#The susceptibility of these isolates to fluconazole, itraconazole, 5-fluorocytosine and 

voriconazole was determined using the modified broth microdilution method as described 

in chapter 2, section 2.6.2. The susceptibility o f the remaining isolates to fluconazole, 

itraconazole and 5-fluorocytosine were determined using the NCCLS broth microdilution 

method as described in chapter 2, section 2.6.1. Amphotericin MICs were determined by 

Etest as described in chapter 2, section 2.6.3. 

n/d, not determined



4.4 Discussion

The first aim of this part of the study was to determine if the four genotypes of C. 

dubliniensis identified based on Cd25 fingerprint profiles and ITS sequence analysis could 

be further discriminated based on sequence differences in other regions of the genome. 

The intron of the large ribosomal subunit gene and the cytochrome b gene were selected 

for nucleotide sequence analysis as C. albicans can be differentiated into different 

genotypes based on sequence differences in these regions (McCullough et al., 1999; 

Biswas et al., 2001). The variable region of the large ribosomal subunit gene was chosen 

for nucleotide analysis as this region differs between species (Sullivan et al., 1995). The 

intron of the peptide transporter gene, CdPTR2, was selected at random for analysis 

(Basrai et al., 1995). The £coRI, Aval and Hinfl RFLP patterns of C. dubliniensis isolates 

were analysed to determine if the four C. dubliniensis genotypes could be further 

discriminated based on differences in RFLP patterns. ^coRI was selected as C. albicans 

can be divided into subtypes based on £coRI RFLP patterns (Scherer and Stevens, 1987). 

The restriction enzymes Hinfi and Aval were selected as C. dubliniensis isolates yield 

between five and 12 intensely staining following digestion with these enzymes. The 

second aim of this part of the study was to determine if the four C dubliniensis genotypes 

had phenotypic differences. The genotypes of C. albicans differ in their susceptibility to 

the antifungal agent 5-fluorocytosine (Mercure et al., 1993). The susceptibility of the 

genotypes of C. dubliniensis to a range of antifungal agents was investigated to determine 

if differences exist among the C. dubliniensis genotypes. Candida parapsilosis can be 

divided into three genotypes based on a number of molecular techniques, including RFLP 

patterns, hybridisation with the complex fingerprinting probe Cp3-13 and ITS sequence 

analysis (Scherer and Stevens, 1987; Lin et al., 1995; Roy et al., 1998; Enger et al., 2001). 

The C. parapsilosis genotypes also have differences in their ability to assimilate substrates 

in the API 20C AUX yeast identification system (Lin et ah, 1995). In the present study the 

carbon and nitrogen substrate assimilation profiles of C. dubliniensis isolates from each of 

the four genotypes were determined using the API ID 32C yeast identification system to 

determine if the genotypes differed in their substrate assimilation profiles.
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4.4.1 Comparative analysis of sequences from four C. dubliniensis ITS genotypes

No sequence differences were observed between the four C. dubliniensis ITS 

genotypes based on nucleotide sequence analysis of the variable region of the large 

ribosomal subunit gene, the intron of the large ribosomal subunit gene, the mitochondrial 

cytochrome b partial sequence or the intron of the peptide transporter gene CdPTR2. 

Therefore, nucleotide sequence analysis of these regions was not useful for the further 

differentiation of the C. dubliniensis ITS genotypes.

4.4.2 Phylogenetic analysis of C. dubliniensis

Nucleotide analysis of the variable region of the large ribosomal subunit gene, the 

intron of the large ribosomal subunit gene, the mitochondrial cytochrome b partial 

sequence and the intron of the peptide transporter gene CdPTR2 was useful for the 

phylogenetic analysis of C. dubliniensis. In the present study, 650 bp of the variable 

region of the large ribosomal subunit gene of C. dubliniensis (including the 500 bp 

analysed by Sullivan et al. (1995)) exhibited a 96.9% identity with the corresponding C. 

albicans region. Other researchers examining ribosomal sequences and the housekeeping 

gene ACTl observed similar levels of divergence. Sullivan et al. (1995 and 1997) 

previously analysed 500 bp of the variable region of the large ribosomal subunit gene and 

found 97.52-97.75% divergence of the C. dubliniensis sequence from the C. albicans 

sequence. Furthermore, analysis of the entire small ribosomal subunit gene of C. albicans 

and C. dubliniensis by Gilfillan et al. (1998) revealed a 98.6% identity, while 97.9% 

identity was reported for the ACTl gene by Donnelly et al. (1999).

In the present study 79 bp of the peptide transporter coding gene CdPTR2 in C. 

dubliniensis was analysed and compared with the corresponding region of the C. albicans 

gene, four nucleotide differences were observed between the two species which shared 

93.2% identity. This identity value shows good agreement with that found by other 

researchers between the two species for other genes. Moran et al. (1998) previously 

observed 92% identity between the MDRl genes of C  albicans and C. dubliniensis. A 

92% identity between the CDRl genes of C. albicans and C. dubliniensis has also been 

observed (Moran et al., 2002).

Mitochondrial DNA is known to show higher rates of evolution than nuclear genes, 

and therefore can be used to study the phylogenetic relationships of closely related species 

(Brown et al., 1982; Clark-Walker, 1991; Yokoyama et al., 2000). Yokoyama et al.
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(2000) examined 396 bp of the mitochondrion cytochrome b gene and found 89.9% 

identity between C. albicans and C  dubliniensis gene sequences. In the present study, 506 

bp of the cytochrome b gene (including the 396 bp examined by Yokoyama et al. (2000)) 

was examined and a 89.3% identity between C. albicans and C. dubliniensis sequences 

was observed.

The intron sequence of the peptide transporter gene CdPTR2 and the intron of the 

large ribosomal subunit gene of C. dubliniensis analysed in this study both differed from 

the corresponding C. albicans sequences by 16.9%. This divergence shows good 

agreement with that found by Donnelly et al. (1999) who showed that C  albicans and C  

dubliniensis ACT! gene introns differed by 16.6%. It is interesting to note that the C. 

dubliniensis ITSl and ITS2 regions differ from C. albicans by 7.4% and 13.3%, 

respectively. This is less divergence than that observed for the peptide transporter intron 

and the large ribosomal subunit gene intron yet the ITS region of C. dubliniensis exhibited 

intraspecies variability, while the peptide transporter gene CdPTR2 and large ribosomal 

subunit associated introns did not.

4.4.3 RFLP and RAPD analysis of C. dubliniensis isolates

Hinji RFLP distinguished the majority o f the 36 genotype 1, genotype 2, genotype

3 and genotype 4 isolates tested, however, there was one exception to this and therefore 

Hinji RFLP is not a reliable means of distinguishing the 4 genotypes. Six patterns were 

observed among the 78 isolates analysed by £coRI RFLP, however, £^coRI RFLP analysis 

did not discriminate between the four C. dubliniensis genotypes, ^ v a l RFLP analysis 

distinguished between the four C. dubliniensis genotypes, however, two patterns were 

observed among the genotype 3 isolates with the Irish isolate CDS 14 producing one pattern 

and the five Israeli isolates producing a second pattern. RFLP has been used by a large 

number o f researchers for distinguishing independent isolates of Candida species (Soil, 

2000), however, in this study independent isolates o f C. dubliniensis did not always 

produce unique A v a l , Hinjl or £coRI RFLP fingerprints and therefore RFLP analysis with 

these enzymes was not useful for epidemiological studies o f C. dubliniensis. RAPD 

analysis with the primer (5'-GCGATCCCCA-3') and PCR fingerprinting with the primer 

(GACA ) 4  could not distinguish the C. dubliniensis  genotypes, however, PCR 

fingerprinting with the primer M l3 could distinguish the three genotypes tested (genotype

4 not tested). Meyer et al. (2001) have used the M l3 primer and (GACA ) 4  primers for
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fingerprinting C. dubliniensis isolates, these profiles were found to distinguish the majority 

of the 16 independent C. dubliniensis isolates employed (Meyer et al., 2001). However, in 

the present study very different profiles were obtained from those obtained by Meyer et al. 

(2001) that did not always distinguish independent isolates of C. dubliniensis. Differences 

in fingerprint patterns obtained in the two studies may be due to differences in the 

concentrations o f MgCh and DNA employed in the two studies. Similarly, the RAPD 

profiles obtained in the present study using the primer (5'-GCGATCCCCA-3') differed 

from the C. dubliniensis RAPD profiles obtained by Sullivan et al. (1995) using the same 

primer. A lot of inter laboratory variation has previously been observed in RAPD analysis 

o f Candida species, it has been demonstrated that even differences in batches of Taq 

polymerase can account for different profiles obtained within laboratories (Loudon, 1995).

4.4.4 Substrate assimilation profiles

The substrate assimilation profiles o f 38 C. dubliniensis isolates were determined 

using the commercially available API ID 32C yeast identification system and the profiles 

were read after 48 h. Significant differences were observed between the genotypes in their 

ability to utilise glucosamine; five out of six of the genotype 3 isolates did not utilise the 

amino acid glucosamine while only one other isolate (the genotype 1 isolate Co4) did not 

utilise glucosamine. Interestingly, the five genotype 3 isolates that did not utilise 

glucosamine were recovered in Israel while the genotype 3 isolate that did utilise 

glucosamine was recovered in Ireland. However, two genotype 1 Israeli isolates that were 

also included in this study utilised glucosamine indicating that the inability of genotype 2 

isolates to utilise glucosamine is more likely to be a genotype-specific trait rather than due 

to geographical differences in the origin o f isolates. As one of the genotype 3 isolates did 

utilise glucosamine this is not recommended as means of identifying genotype 3 isolates, 

however, it would be interesting to obtain a larger collection of genotype 3 isolates to 

determine if this is a common feature o f genotype 3 isolates. Pincus et al. (1999) tested the 

assimilation profiles of 80 C. dubliniensis isolates with the API ID 32C yeast identification 

system and demonstrated that none o f the isolates utilised the substrates xylose or a - 

Methyl-D-glucoside after 48 h incubation. However, using the conventional substrate 

assimilation procedures o f Wickerham and Burton (Wickerham and Burton, 1948) all 80 

C. dubliniensis isolates tested utilised a-Methyl-D-glucoside and xylose after an extended 

incubation period (up to 31 days). Therefore, it is likely that the six C. dubliniensis

98



isolates unable to utilise glucosamine after 48 h with the API ID 32C system could utilise 

glucosamine after an extended incubation period using conventional procedures.

4.4.5 Antifungal susceptibilities

The susceptibility of 74 C. dubliniensis isolates to a range of antifungal agents was 

tested to determine if the four genotypes differed in their susceptibilities. No differences 

were observed between the four genotypes based on their susceptibilities to fluconazole 

and itraconazole. The single genotype 4 isolate (p7718) was resistant to 5-fluorocytosine 

(MIC >128 |ag/ml); whereas all 73 other isolates tested from genotypes 1, 2 and 3 were 

susceptible (MIC <0.25 |ig/ml). The genotype 4 isolate was originally recovered from a 

patient who did not have prior antifungal suggesting this isolate is intrinsically resistant to 

5-fluorocytosine. Primary or intrinsic resistance to 5-fluorocytosine in C. albicans is 

common and studies have shown that 10% of C. albicans isolates are intrinsically resistant 

to 5-fluorocytosine (Bille, 2000). Primary resistance to 5-fluorocytosine in C. dubliniensis 

appears to be less common as only 1.35% (1/74) of this collection is resistant. As only one 

isolate o f genotype 4 was detected in this study it is not known if  5-fluorocytosine 

resistance is a feature o f genotype 4 isolates. It has been shown that the two C. albicans 

genotypes, A and B, differ in their susceptibility to 5-fluorocytosine (Mercure et a l, 1993). 

It would, therefore, be interesting to examine more C. dubliniensis genotype 4 isolates to 

determine if there is a relationship between genotype and susceptibility to 5-fluorocytosine 

in C. dubliniensis.

In conclusion, while C. dubliniensis can be divided into four genotypes based on 

sequence differences in the ITS region and by fingerprint analysis with the Cd25 probe the 

genotypes could not be reliably distinguished based on the majority of methods employed 

in this part o f the study. However, the majority of isolates tested (35/36) by Hinjl RFLP 

analysis could be separated into four groups corresponding to the four ITS genotypes based 

on the presence or absence of a number of bands in the Hinfi profile, but there was one 

exception to this. In addition, Aval RFLP analysis could distinguish between the four ITS 

genotypes. Comparative nucleotide sequence analysis of the variable region of the large 

ribosomal subunit gene, the intron o f the large ribosomal subunit gene, the intron o f the 

peptide transporter gene CdPTR2 and partial sequence analysis o f the cytochrome b gene, 

with the corresponding regions in other Candida species confirms the distinct phylogenetic 

position o f C. dubliniensis within the genus Candida.
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Chapter 5

Analysis of in vivo and in vitro microevolution in

Candida dubliniensis
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5.1 Introduction

In an attempt to improve our understanding of the epidemiology of C. dubliniensis, 

Joly et al. (1999) developed and characterised three complex DNA fingerprinting probes 

Cd25, Cd24 and Cdl for C. dubliniensis. The Cdl and Cd24 probes were shown to be 

useful for detecting in vitro and in vivo microevolutionary events, whereas Cd25 yielded 

stable complex fingerprint patterns suitable for the com parison o f  strains in 

epidemiological studies. In a limited study Joly et al. (1999) observed microevolution in 

15 serial isolates o f C. dubliniensis. Previously, Moran et al. (1997) observed minor 

variations in the karyotype profiles o f in vitro generated fluconazole-resistant C. 

dubliniensis derivatives compared to the fluconazole-susceptible parental isolates. Other 

studies in C. albicans with the C. albicans 21A  and CARE2 probes have shown that clonal 

populations o f C. albicans which colonise a particular anatomical site undergo 

microevolution over time (Schmid et al., 1990; Schroppel et ah, 1994; Lockhart et al., 

1995 and 1996). In addition, Southern blot hybridisation with DNA fingerprinting probes 

has also demonstrated microevolution in clonal populations o f C. tropicalis, C. 

parapsilosis and C. glabrata (Joly et al., 1996; Lockhart et al., 1998; Enger et al., 2001).

The objectives o f the present study were to further investigate the genetic 

heterogeneity o f populations of C. dubliniensis and to investigate the phenomenon of 

microevolution in C. dubliniensis, both in vivo and in vitro, using karyotype analysis and 

by fingerprint analysis using the three fingerprinting probes Cd25, Cd24 and Cdl recently 

described by Joly et al. (1999). In the first part of this study the genetic heterogeneity of 

populations of C. dubliniensis isolates from different patients was assessed. Multiple 

single colony isolates recovered from the same clinical specimen from each o f eight 

separate patients were analysed. In the second part o f this study serial isolates from 

different body sites of two patients with C. dubliniensis fungemia were analysed. In the 

third part of the study two fluconazole-susceptible C. dubliniensis isolates were exposed to 

fluconazole in vitro and the derivatives generated analysed for microevolution.
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5.2 Materials and Methods

5.2.1 Isolates of C. dubliniensis used in this study

Multiple single colony isolates of C. dubliniensis recovered from the same clinical 

specimen obtained from eight separate individuals (patients A through H, Table 5.1) were 

studied. For each population, cells were sampled directly from the site of colonisation by 

plating swab specimens from the mid-dorsum of the tongue on to CHROM agar Candida 

medium (Odds & Bemaerts, 1994; Coleman et al., 1997a). After 48 h incubation at 37°C 

single colony isolates were presumptively identified as C. dubliniensis on the basis of their 

dark green coloration (Coleman et al., 1997a). Definitive identification was confirmed by 

the inability of the isolates to grow at 45°C (Pinjon et al., 1998) and by their substrate 

assimilation profiles using the API ID 32C yeast identification system (bioM erieux) as 

described previously (Pincus et al., 1999). Two of these individuals, patients D and E 

respectively, each harboured two distinct strains of C. dubliniensis as determined by DNA 

fingerprinting analysis (see results section 5.3.1.1). In a separate analysis, serial isolates 

were recovered from two separate patients in the Netherlands over a defined time period 

(Table 5.2) (Meis et al., 1999). In the first case, a patient receiving chem otherapy for 

relapsed nasopharyngeal rhabdom yosarcom a yielded C. dubliniensis  from a variety of 

anatomic sites (including blood) over a period of five months. In the second case, a patient 

suffering from graft versus host disease following an allogeneic hematopoietic stem cell 

transplant also yielded a series of C. dubliniensis isolates in samples taken over a period of 

10 days. Following each sampling, isolates were identified as C. dubliniensis on the basis 

of lack of growth at 45°C, dark green colony colour on CHROM agar Candida medium, 

poor hybridisation with the C. albicans fingerprinting probe Ca3, and RAPD fingerprint 

pattern analysis (Meis et al., 1999). In each case a single colony was chosen for further 

analysis.
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Table 5 .1. Candida dubliniensis isolates used in the study

C  dubliniensis 

isolates^

HIV

status

Body

site

Year

of
isolation

Country

of
origin

Reference

CD36 HIV+ve Oral 1988 Ireland Sullivan er a/., 1995
CD507 (A ,18) AIDS Oral 1992 Ireland This study
CDS 14 (B ,11) HIV-ve Oral 1995 Ireland This study
C D 519(C , 8) AIDS Oral 1997 Ireland This study
C D 523A (D , 17) 
CD523B (D, 3)

HIV-ve Oral 1997 Ireland This study

CD527A (E, 15) 
CD527B (E, 2)

AIDS Oral 1998 Ireland This study

CD528 (F, 20) AIDS Oral 1998 Ireland This study
CD529 (G , 18) AIDS Oral 1998 Ireland This study
CD536 (H, 10) HIV-ve Oral 1998 Ireland This study

^  There were multiple isolates o f  CD 507, CD514, CD519, CD 523, CD527, CD 528, CD529 and CD 536. These isolates were 

recovered from the same oral specimen, in each case, from patients A-H. The patient designation (e.g. A) and the number o f  isolates 

o f  each strain examined are indicated in parentheses after the strain name e.g. CD507 (A , 18) indicates there were eighteen isolates of 

the strain CD507 examined and that this strain came ft’om patient A. Two separate C. dubliniensis  strains detected on the basis of 

Cd25 fingerprint profiles were recovered from patients D  and E and these were termed CD523A and CD523B (patient D) and 

CD 527A  and CD527B (patient E), respectively. The C. dubliniensis  type strain CD36 is lodged with the American Type Culture 

Collection (accession number MYA-646).



Table 5.2. Candida dubliniensis serial isolates recovered from various anatomical 
locations in two separate Dutch patients

Patient" Isolate Date o f Isolation Body Site

Patient 1 CBS 8501.1 26-06-1995 Oral
CBS 8501.2 17-07-1995 Bronchial
CBS 8501.3 25-07-1995 Faecal
CBS 8501.4 4-08-1995 Oral
CBS 8501.5 7-08-1995 Sputum
CBS 8501.6 11-08-1995 Oral
CBS 8501.7 13-08-1995 Faecal
CBS 8501.8 13-08-1995 Blood
CBS 8501.9 13-08-1995 Blood
CBS 8501.10 13-08-1995 Blood
CBS 8501.11 14-08-1995 Oral
CBS 8501.12 14-08-1995 Oral
CBS 8501.13 18-8-1995 Oral
CBS 8501.14 19-08-1995 Wound
CBS 8501.15 21-11-1995 Oral

Patient 2 CBS 8500.1 8-01-1996 Faecal
CBS 8500.2 12-01-1996 Ascites
CBS 8500.3 12-01-1996 Blood
CBS 8500.4 15-01-1996 Blood
CBS 8500.5 15-01-1996 Blood
CBS 8500.6 18-01-1996 Blood

^ Serial isolates were recovered from two separate patients in the Netherlands (Meis et al., 1999). 
Patient 1 yielded C. dubliniensis from a variety o f anatomic sites over a period o f five months 
while receiving chemotherapy for relapsed nasopharyngeal rhabdomyosarcoma. Patient 2 also 
yielded C. dubliniensis over a period o f 10 days while suffering from graft versus host disease 
following an allogeneic hematopoietic stem cell transplant.



5.2.2 Exposure of isolates of C. dubliniensis to fluconazole in vitro

One hundred fluconazole-susceptible colonies of each of the C. dubliniensis strains 

CDS 14 and CD36 (Table 5.1) were inoculated onto YPD agar medium containing 

fluconazole at a concentration of 0.5 ^g/ml and incubated for 48 h at 37°C. Each colony 

was then aseptically transferred using sterile toothpicks onto fresh YPD agar containing 

0.5 |ag/ml fluconazole and incubated for a further 48 h at 37°C. Each colony was then 

further sub-cultured twice as above on YPD agar containing concentrations of fluconazole 

at 1 |ag/ml, 5 |ag/ml, 10 |ig/ml, 50 |o.g/ml, 60 |ag/ml and 70 |ig/ml. At 50 |^g/ml of 

fluconazole, derivatives o f only 24/100 of the CD514 colonies initially selected still grew; 

20 o f these were selected for further study and termed CDS 14^’“^  ̂ derivatives. At 70 

Hg/ml of fluconazole, only 13/100 o f the CDS 14 colonies still grew; all o f these were 

selected for further study and termed CDS 14^’“ *̂̂ derivatives. Derivatives of all 100 CD36 

colonies initially selected were obtained which were capable of growing on 70 |J.g/ml of

fluconazole; 20 of these were selected for further study and termed CD36^*“ *̂̂ derivatives. 

Similar experiments were also performed with C. dubliniensis CDS 14 and CD36, which 

were repeatedly subcultured, as above, but in the absence of fluconazole.

5.2.3 Preparation of the C dl, Cd24 and Cd25 fingerprinting probes

C dl, Cd24 and Cd25 are three unrelated genomic sequences containing dispersed 

repetitive elements cloned from C. dubliniensis into bacteriophage Lambda EMBL3 (Joly 

et al., 1999). C dl, Cd24 and Cd25 have respective molecular sizes o f 15,500, 10,000, and 

16,000 base pairs. C dl, Cd24 and Cd2S DNA was prepared as described in chapter 2, 

section 2.4.5.

5.2.4 Southern blot hybridisation analysis

Southern blot hybridisation analysis of £coRI digested DNA with the Cd2S, Cd24 

and Cdl fingerprinting probes was carried out as described in chapter 2, section 2.3.

5.2.5 Karyotype analysis

Karyotype analysis was carried out as described in chapter 2, section 2.3.7.
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5.2.6 Antifungal susceptibility test methods

Microdilution susceptibility testing with fluconazole was carried out by the method 

o f Rodriguez-Tudela and Martinez-Suarez on RPMI medium supplemented with 2% (w/v) 

glucose (Rodriguez-Tudela & Martinez-Suarez, 1995), as described in chapter 2, section 

2 .6 .2 .
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5.3 Results

5.3.1 Microevolution in vivo

5.3.1.1 Genetic variation in multiple isolates from the same clinical specimen

To assess the genetic relatedness of populations of C. dubliniensis isolates from 

particular individuals, multiple single colony isolates recovered from the same oral 

specimen from each of eight separate patients attending the Dublin Dental Hospital, either 

with (patients A, C, D and E, Table 5.1) or without (patients B, F, G and H, Table 5.1) 

signs of oral candidosis, were fingerprinted with the complex probes Cd25, Cd24 and Cdl 

and by karyotype analysis. All of the isolates tested with the Cd25 probe from 6/8 patients 

studied (patients A, B, C, F, G and H, Table 5.1) were found to be clonal in each case 

(mean S a b  for isolates in each population >0.94) (examples from patients A, B and H are 

shown in Figs. 5.1A, 5.2A and 5.3A; Table 5.3). Patients D and E were each found to 

harbour two separate strains o f C. dubliniensis based on the Cd25 fingerprint profiles 

obtained (an example from patient D is shown in Fig. 5.4A). The S a b  values calculated for 

the two different strains present in patients D (strains CD523A and CD523B, Table 5.1) 

and E (strains CD527A and CD527B, Table 5.1) were 0.76 and 0.80, respectively.

None of the isolates tested from patients B, C and H yielded any variants with the 

Cd25 probe (for each population the mean S a b = 1 ;  Table 5.3) (examples from patients B 

and H are shown in Figs. 5.2A and 5.3A). However, minor hybridisation band differences 

were observed in the profiles of the clonal isolates from patients A, F and G (mean S ab  of 

0.99±0.02, 0.99±0.01 and 0.99±0.001, respectively) and in the profiles of the isolates of 

the most abundant strain in each case from patients D and E (mean S a b  of 0.94±0.07 and 

0.99±0.03, respectively), (examples from patients D are shown in Fig. 5.4A). No variation 

in the Cd25 fingerprint profiles of the minority strains from patient D (strain CD523B, 3 

isolates) or E (strain CD527B, 2 isolates) was observed (examples from patient D are 

shown in Fig. 5.4A).

Joly et al. (1999) previously reported that the Cdl and Cd24 C. dubliniensis 

fingerprinting probes were superior to Cd25 for assessing variability within a strain over 

time. In the present study, Cdl and Cd24 were used separately to fingerprint the clonal
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Table 5.3. Variability in DNA fingerprint and karyotype profiles in eight clonal populations" of C. dubliniensis isolates 
detected with the Cd25, Cd24 and Cdl probes and by karyotype analysis

Patient'' Strain* Probe
or
Karyotype
analysis

No. of 
isolates 
tested

No. of isolates'" 
with the 
predominant 
pattern

No. of isolates'' 
with a minor 
pattern

No. of*̂
minor
patterns

Band differences^ 
in minor patterns

A CD507(I, 1) Cd25 18/^(Sab 0.987±0.021) 15 3 3 K-l), 1(-1), K+l)
Cd24 18 8 10 5 3(+l,-I), 4(+ l,-I), 1(+1), l(+2,-2), l(+2,-l)
Cdl 18 0 18 18 All 18 isolates had a different pattern
Karyotype 18 5 13 6 3(+ l,-l), K-l), 2(+l,-2), 5(-l), l(+l,-2), l(+2,-l)

B CD514(I1,3) Cd25 1 1 /(S a b 100) 11 0 0 None
Cd24 11 11 0 0 None
Cdl 11 11 0 0 None
Karyotype 11 11 0 0 None

C CDS 19 (11,3) Cd25 8 / ' ( s * b  I 0 0 ) 8 0 0 None
Cd24 8 8 0 0 None
Cdl 8 8 0 0 None
Karyotype 8 8 0 0 None

D* CD523A(I, 1) Cd25 1 T ^ ( S a b 0  937±O.O72) 12 5 4 2(+3), l(+3,-l), 1(+1), 1(+1,-1)
Cd24 17 14 3 3 1(+1), l(+3,-2), K -l)
Cdl 17 4 13 11 3(-l), K+2,-2), K -l). K -l). K -l), l(-l).K + l.-3), l(+3,-2), l(+2,-l), l(-t-3,-2), 1(+1.-1)
Karyotype 17 16 1 1 K+3, -2)

E« CD527A (I, 1) Cd25 1 5 / ( S a b  0 985±0.028) 13 2 2 K+1.-2), K-H)
Cd24 15 10 5 2 4(-l), l(-2)
Cdl 15 10 5 1 5(-l)
Karyotype 15 3 12 9 K-Hl.-l), 2 (+ l,-l), 3(+2,-l), l(+3,-2), K-t-3,-2), l(+3,-2), 1(-h3,-3), l(-t-2,-l), l(-t-2,-2)

F CD528 (I, 1) Cd25 20/' (Sa b 0.992±0.011) 17 3 1 3(+l)
Cd24 20 8 12 2 7(-l), 5(-h2,-l)
Cdl 20 9 11 6 K+1,-2), 3 (+ l,-l), 3 (+ l,-l), 2(+l,-2), K+2,-1), K +l.-l)
Karyotype 20 9 11 3 5(+ l),4 (+ I), 2(+3,-I)

G CD529(I, 1) Cd25 18/^(Sa b 0.994±0.016) 17 1 1 K+I)
Cd24 18 17 1 1 K-^l,-l)
Cdl 18 5 13 6 2(-l), 3(-l), 3(+ l,-l), 2 (+ l,-l), l(-^l.-2), 2(+2,-l)
Karyotype 18 13 5 4 K-H). K+l). 2(+ l,-l), K + l.-l)

H CD536 (11, 2) Cd25 10̂ (Sab1.00) 10 0 0 None
Cd24 10 9 1 1 K+l)
Cdl 10 5 5 4 l(+l,-3), 2(+l), K +l.-l). K -l)
Karyotype 10 10 0 0 None



Table 5.3 Footnotes.

^Multiple single colony isolates recovered from the same oral specimen for each of eight 

separate individuals were investigated.

^The Cd25-group and the genotype to which each strain belongs is indicated in 

parenthesis as follows: 1= Cd25-group I; II=Cd25-group II; l=genotype 1; 2=genotype 2; 

3=genotype 3.

‘The proportion of predominant and minor fingerprint patterns were interpreted on the 

basis o f band position.

^ h e  number of minor patterns represents the number o f distinguishable patterns other 

than the predominant pattern.

^Each variant pattern was assessed according to the number of bands differing from the 

predominant pattern, e.g. (+1), a band addition; (-1), a band loss; (+1, -1), a band addition 

and a band loss. Numbers in front of the brackets refer to the number of isolates with the 

particular variant pattern, e.g. 2(+2, -1) indicates that two isolates had the same pattern 

that differed from the predominant pattern by the addition of two bands and the loss of 

one band.

/Similarity coefficient (S a b ) values were calculated from the Cd25-generated hybridisation 

patterns for all possible combinations o f isolate pairs in each population using the 

DENDRON software package. The mean average S a b  value for the isolates in each 

population is shown in parenthesis.

^Patients D and E were each found to harbour two distinct strains o f C. dubliniensis on 

the basis of Cd25 fingerprint profiles, one of which predominated in each case. The C. 

dubliniensis isolate population fi-om patient D studied consisted o f 17 isolates of strain 

CD523A and three isolates of strain CD523B (Table 5.1), whereas the C. dubliniensis 

isolate population studied from patient E consisted o f 15 isolates o f strain CD527A and 

two isolates o f strain CD527B (Table 5.1). None of the CD523B or CD527B isolates 

showed variation in fingerprint patterns with any of the three probes used and only one 

isolate o f CD523B showed a minor variation in karyotype profile (data not shown).
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Figure 5.1. DNA fingerprinting patterns of multiple C. dubliniertsis isolates recovered from the same clinical 
specimen from patient A. This patient harboured a single strain of C. dubliniensis (CD507 isolate series, Table 
5.1). (A) Probe Cd25-generated hybridisation patterns of £coRI-digested genomic DNA from 11 single-colony 
isolates o f C. dubliniensis strain CD507. Lane 1, C  dubliniensis reference strain CM6; lanes 2-12, CD507 
isolates 1 to 11, respectively. The relative positions of molecular weight markers (in kilobases) are shown on the 
left of the panel. (B) Probe Cd24-generated hybridisation patterns of £coRl-digested genomic DNA from 11 
single-colony isolates of C. dubliniensis strain CD507. Lane 1, C. dubliniensis reference strain CM6; lanes 2-12, 
CD507 isolates 1-11. The relative positions of molecular weight markers (in kilobases) are shown on the left of 
the panel Examples o f polymorphisms in the profiles are indicated by arrows. (C) Probe Cdl-generated 
hybridisation patterns of ^coRI-digested genomic DNA from 11 single-colony isolates of C. dubliniensis strain 
CD507. Lane 1, C. dubliniensis reference strain CM6; lanes 2-12, CD507 isolates 1-11. The relative positions of 
molecular weight markers (in kilobases) are shown on the left of the panel. Examples of polymorphisms in 
isolates in lanes 5, 6 and 7 are indicated by arrows. (D) Karyotype analysis of single-colony isolates of C. 
dubliniensis strain CD507. Lanes 1-10, CD507 isolates 10 to 18. Examples of polymorphisms in the profiles of 
isolates in lanes 7 and 10 are indicated by arrows. The relative positions of molecular size markers (in 
megabases) are shown on the left o f the panel.
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Figure 5.2. DNA fingerprinting patterns of multiple C. dubliniensis isolates recovered from the same clinical 
specimen from patient B. This patient harboured a single strain of C. dubliniensis (CDS 14 isolates series. Table 
5.1). (A) Probe Cd25-generated hybridisation patterns of £coRI-digested genomic DNA from II single-colony 
isolates of C. dubliniensis strain CDS 14. Lane 1, C. dubliniensis reference strain CM6; lanes 2-12, CDS 14 isolates 
1 to 11, respectively. The relative positions of molecular size markers (in kilobases) are shown on the left of the 
panel. (B) Probe Cd24-generated hybridisation patterns of £coRl-digested genomic DNA from 11 single-colony 
isolates of C. dubliniensis strain CD514. Lane 1, C. dubliniensis reference strain CM6; lanes 2-12, CD514 isolates 
1 to 11, respectively. The relative positions of molecular size markers (in kilobases) are shown on the left o f the 
panel. (C) Probe Cd I-generated hybridisation patterns of fcoRI-digested genomic DNA from 11 single-colony 
isolates of C. dubliniensis strain CDS 14. Lane 1, C. dubliniensis reference strain CM6; lanes 2-12, CDS 14 isolates 
1-11, respectively. The relative positions of molecular size markers (in kilobases) are shown on the left of the 
panel. (D) Karyotype profiles from 11 single-colony isolates of C. dubliniensis strain CDS 14. Lanes 1-11, CDS 14 
isolates 1 to 11. The relative positions o f molecular size markers (in megabases) are shown on the left of the panel.
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Figure 5.3. DNA fingerprinting patterns of multiple C. dubliniensis isolates recovered from the same 
clinical specimen from patient H. This patient harboured a single strain of C. dubliniensis (CD536 isolate 
series, Table 5.1). (A) Probe Cd25-generated hybridisation patterns of £coRl-digested genomic DNA from 
10 single-colony isolates of C. dubliniensis strain CD536. Lane 1, C. dubliniensis reference isolate CM6; 
lanes 2-11, CD536 isolates 1 to 10. The relative positions of molecular size markers (in kilobases) are 
shown on the left of the panel. (B) Probe Cd24-generated hybridisation patterns of £coRI-digested genomic 
DNA from 10 single-colony isolates of C. dubliniensis strain CD536. Lane 1, C. dubliniensis reference 
isolate CM6; lanes 2-11, CD536 isolates 1 to 10. The relative positions of molecular size markers (in 
kilobases) are shown on the left of the panel. An arrow indicates the position of a polymorphism in lane 7. 
(C) Karyotype profiles from 10 single-colony isolates of C. dubliniensis strain CD536. Lanes 1-10, CD536 
isolates 1 to 10. The relative positions of molecular size markers (in megabases) are shown on the left of the 
panel.
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Figure 5.4. DNA fingerprinting patterns of multiple C. dubliniensis isolates recovered from the same clinical 
sp«cimen from patient D. This patient harboured two distinct strains of C. dubliniensis, termed CD523A and 
CD523B (Table 5.1). (A) Probe Cd25-generated hybridisation patterns of £coRI-digested genomic DNA 
from 10 single-colony isolates of C. dubliniensis from patient D. Lane 1, C  dubliniensis reference strain 
CM6; lane 2, CD523B isolate 1; lanes 3-11, CD523A isolates 1 to 8 and lane 12 CD523B isolate 2. The 
relitive positions of molecular size markers (in kilobases) are shown on the left of the panel. Examples of 
poymorphisms in the profile in lane 8 are indicated by arrows. (B) Probe Cd24-generated hybridisation 
patterns of £coRI-digested genomic DNA from 10 single-colony isolates of C. dubliniensis from patient D. 
Laie 1, C. dubliniensis reference strain CM6; lane 2, CD523B isolate 1; lanes 3-11, CD523A isolates 1 to 8 
and lane 12, CD523B isolate 2. The relative positions of molecular size markers (in kilobases) are shown on 
the left of the panel. Examples of polymorphisms in the profiles in lanes 4 and 8 are indicated by arrows. 
(Cl Karyotype profiles from 10 single-colony isolates of C. dubliniensis from patient D. Lane 1, CD523B 
isolate 1; lanes 2-11, CD523A isolates 1-8 and lane 11, CD523B isolate 2. The relative positions of 
mclecular size markers (in megabases) are shown on the left of the panel. (D) Karyotype profiles from 10 
single-colony isolates of C. dubliniensis from patient D. Lane 1, CD523B isolate 3 and lanes 2-10, CD523A 
isolates 9 to 17. The relative positions of molecular size markers (in megabases) are shown on the left of the 
panel. Examples of polymorphisms in the profile in lane 9 are indicated by arrows.



populations from patients A to H. Using these probes minor band variation, or 

microevolution, was observed in the populations from patients A, D, E, F and G as also 

seen with Cd25, but in addition, microevolution was also observed in the population from 

patient H, but not in the populations from patients B and C (examples from patients A, B, 

D, E and H are shown in Figs. 5.IB, 5.1C, 5.2B, 5.2C, 5.3B, 5.4B, 5.5A and 5.5B; Table 

5.3). Furthermore, the hybridisation patterns obtained with probes Cd24 and C dl readily 

distinguished the two strains detected in the population of isolates from patients D and E 

using the Cd25 probe (Figs. 5.4B, 5.5A and 5.5B). As was found with the Cd25 probe, no 

variation was observed in the Cd24 and Cdl fingerprint profiles of the minority strains of 

patient D (strain CD523B, 3 isolates) and E (strain CD527B, 2 isolates) (examples of the 

Cd24 patterns are shown in Figs. 5.4B, 5.5A and 5.5B).

Isolates from each of the populations recovered from patients A to H were also 

examined by karyotype analysis. Variation in the karyotype profile was observed in the 

same isolate populations that exhibited microevolution using Cd25 (patients A, D, E, F 

and G) but not in the populations from patients that did not exhibit microevolution with 

Cd25 (patients B, C and H) (examples from patients A, B, D, E and H are shown in Figs. 

5 .ID, 5.2D, 5.3C, 5.4D, 5.5C and 5.5D; Table 5.3). Furthermore, the karyotype patterns 

obtained also distinguished the two strains detected in the population o f isolates from 

patients D and E using the Cd25 probe (Figs. 5.4C, 5.4D, 5.5C and 5.5D). The clonal 

isolates belonging to the majority strain from patient E (strain CD527A, Table 5.1) showed 

the greatest variability in karyotype pattern with nine different patterns detected in 15 

isolates examined (Figs. 5.5C and 5.5D). Variability was observed in the karyotype pattern 

o f one o f the three isolates of the minority strain o f patient D (Figs. 5.4C and 5.4D), 

although no variability was observed in the minority strain of patient E (Figs. 5.5C and 

5.5D).

The isolates from patients A-D and F-H were all susceptible to fluconazole (<8 

|ig/ml). The isolates from patient E (CD527) varied in their susceptibility to fluconazole. 

Four o f the fifteen isolates of the predominant strain from patient E (CD527A) had 

reduced susceptibility to fluconazole (MIC 16 |xg/ml), whereas the remaining 11 isolates 

were susceptible to fluconazole (MIC < 1 ng/ml). The four isolates with reduced 

susceptibility to fluconazole and one isolate that was susceptible to fluconazole (MIC 1 

|ig/ml) had Cd24, and Cdl patterns which differed from the patterns o f the remaining ten 

susceptible isolates (the Cd24 fingerprint patterns are shown in Figs. 5.5A and 5.5B). The
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Figure 5.5. DNA fingerprinting patterns of multiple C. dubliniensis isolates recovered from the same 
clinical specimen from patient E. This patient harboured two distinct strains of C. dubliniensis, termed 
CD527A and CD527B (Table 5.1). (A) Probe Cd24-generated hybridisation patterns of £coRI-digested 
genomic DNA from nine single-colony isolates of C. dubliniensis from patient E. Lane 1, C  dubliniensis 
reference strain CM6; lane 2, CD527B isolate 1; lanes 3-9, CD527A isolates 1 to 7. The relative positions of 
molecular size markers (in kilobases) are shown on the left of the panel. Polymorphisms in the profiles in 
lanes 6-9 are indicated by e u t o w s . (B) Probe Cd24-generated hybridisation patterns of £coRI-digested 
genomic DNA from nine single-colony isolates of C. dubliniensis from patient E. Lane 1, C. dubliniensis 
reference strain CM6; lanes 2-3, CD527A isolates 8-9; lane 4, CD527B isolate 2 and lanes 5-10, CD527A 
isolates 10 to 15, respectively. The relative positions of molecular size markers (in kilobases) are shown on 
the left of the panel. A polymorphism in the profile in lane 10 is indicated by an arrow. (C) Karyotype 
profiles from nine single-colony isolates of C. dubliniensis from patient E. Lane 1, CD527B isolate 1; lanes 
3-8, CD527A isolates 1 to 7. The relative positions of molecular size markers (in megabases) are shown on 
the left of the panel. Examples of a polymorphism at approximately 0.85 Mb in the karyotype profiles in 
lanes 5-8 are indicated by an arrow. (D) Karyotype profiles from nine single-colony isolates of C. 
dubliniensis from patient E. Lanes 1-2, CD527A isolates 8 to 9; lane 3, CD527B isolate 2; lanes 4-9, 
CD527A isolates 10 to 15, respectively. The relative positions of molecular size markers (in megabases) are 
shown on the left of the panel. An example of a polymorphism at approximately 0.85 Mb in the karyotype 
profile in lane 9 is indicated by an arrow.



karyotype profiles o f the four isolates with reduced susceptibility to fluconazole and one 

isolate that was susceptible to fluconazole (MIC 1 |j.g/ml) all lacked a band at 

approximately 0.85 Mb (Figs. 5.5C, lanes 5 to 8 and Fig. 5.5D, lane 9) that was present in 

the remaining ten susceptible isolates (Figs. 5.5C, lanes 1-4 and 5.5D, lanes 1-8). The two 

isolates from the minority strain from patient E (CD527B) were susceptible to fluconazole 

(MIC < 1 ^g/ml).

All the isolates from patient A, B and D were susceptible to itraconazole (MIC 

<0.25 |ig/ml) and to 5-fluorocytosine (MIC <0.25 |j,g/ml). The isolates from patients C 

and H were not tested for their susceptibilities to itraconazole and 5-fluorocytosine. Only 

a limited number of isolates from patients E, F and G were tested for their susceptibility to 

itraconazole and 5-fluorocytosine. Twelve isolates from patient E, 17 isolates from patient 

G and 10 isolates from patient F were selected and all found to be susceptible to 

itraconazole (MIC <0.25 |ag/ml) including the isolates from patient E with reduced 

susceptibility to fluconazole. Twelve isolates from patient E, 15 isolates from patient F 

and 13 isolates from patient G were selected for analysis and all were found to be 

susceptible to 5-fluorocytosine (MIC <0.06 |^g/ml).

5.3.1.2 Genetic variation in serial isolates of C. dubliniensis

Serial isolates of C. dubliniensis from two separate patients were also fingerprinted. 

These isolates were from two patients with systemic infection as were recently reported by 

Meis et al. (1999). For one of the patients concerned, samples were taken from a variety 

o f anatomic locations (including oral, bronchial, faecal, wound and blood samples) during 

a 5-month period (Table 5.2). The first sample was taken from the oral cavity, which had 

signs o f oral candidosis. Other samples (including sputum, faecal, oral and wound 

samples) were subsequently taken during the following 5 months for surveillance 

purposes. Blood samples were also taken when the patient had a fever, which was 

refractory to antibiotic therapy, thus suggesting a possible fungal infection. Candida 

dubliniensis was recovered in combination with C. albicans from all o f the samples, with 

the exception of the blood cultures, which yielded C. dubliniensis only. In each case a 

single C. dubliniensis colony was taken from the primary isolation plate and fingerprinted. 

Using the Cd25 probe all 15 isolates recovered from different clinical samples yielded 

very similar fingerprint patterns (average Sab=0.98±0.03) belonging to Cd25-group I, 

suggesting that the candidemia was endogenously acquired. Fingerprinting using the
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probes Cd25, Cd24 and Cdl (data not shown) and karyotype (Fig. 5.6) analysis revealed 

the presence of minor polymorphisms indicative o f microevolution. All 15 isolates were 

found to be susceptible to fluconazole.

In a second patient, C. dubliniensis isolates were recovered from four blood, one 

faecal and one ascites sample taken over a period o f 10 days. All six isolates were found 

to be susceptible to fluconazole. All six isolates were found to belong to a single Cd25- 

group I strain using the Cd25 probe. Fingerprinting with the Cd25 (average S a b  

=0.99±0.02) and Cdl probes and karyotype analysis showed that there were minor variants 

present, however, no variation was observed with the Cd24 probe.

5.3.2 In vitro microevolution in clonal populations of C. dubliniensis exposed to 

fluconazole

It has previously been shown that fluconazole resistance can be induced in C. 

dubliniensis by in vitro exposure to the drug (Moran et ah, 1997). In a similar experiment, 

twenty fluconazole-resistant (MIC 64 |xg/ml) derivatives o f the Cd25-group I (ITS

genotype 1) C. dubliniensis strain CD36, termed CD36^*“ ®̂, were obtained by repeated 

subculture o f the fluconazole-susceptible (MIC 0.5 |ig/ml) parental isolate on agar medium 

containing increasing concentrations o f drug (range 0.5 |ag/ml-70 |ig/ml). All 20 resistant 

derivatives grew well on media containing 70 |ag/ml fluconazole. Twenty control 

derivatives, termed CD36(control), were simultaneously repeatedly subcultured on agar

medium without fluconazole. These CD36^’̂ ^® and CD36(control) derivatives were tested 

for microevolution by hybridisation analysis with the Cd25, Cd24 and Cdl probes and by 

karyotype analysis (Figs. 5.7, 5.8 and 5.9). A single variant (Fig. 5.7B lane 5; Table 5.4)

was detected in the hybridisation patterns o f the 20 CD36^*“^  ̂ derivatives with the Cd25 

probe while no variants were observed in the control derivatives (Figs. 5.8A, 5.8B and 

5.8C; Table 5.4). Three variants (Figs. 5.7C and 5.7D; Table 5.4) were detected in the 

hybridisation patterns o f the CD36^’“ ®̂ derivatives with the Cd24 probe while only one 

variant (Fig. 5.8E; Table 5.4) was observed with the control derivatives. Variability was 

observed in the Cdl hybridisation patterns in both the fluconazole-resistant and control 

derivatives (data not shown). Variability in the presence or absence o f a chromosome

sized band o f approximately 1.65 Mb was observed in the karyotype patterns in both the 

fluconazole-resistant and the control derivatives (Fig. 5.9). This band was present in 5/20
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Fgure 5.6. Karyotype profiles of 14 serial clonal isolates of C. dubliniensis strain CBS8501 recovered from 
different anatomic sites o f a single Dutch patient (Table 5.2). Lane 1, CBS 8501.1 (oral); lane 2, CBS 
8501.2 (bronchial); lane 3, CBS 8501.3 (faecal); lane 4, CBS 8501.4 (oral); lane 5, CBS 8501.5 (sputum); 
laie 6, CBS 8501.6 (oral); lane 7, CBS 8501.7 (faecal); lane 8, CBS 8501.8 (blood); lane 9, CBS 8501.9 
(blood); lane 10, CBS 8501.10 (blood); lane 11, CBS 8501.12 (oral); lane 12, CBS 8501.13 (oral); lane 13, 
CBS 8501.14 (wound); and lane 14, CBS 8501.15 (oral). An arrow indicates the position of polymorphisms 
in the profiles in lanes 4, 8, 13 and 14. The relative jX)sition of molecular size reference standards (in 
megabases) are indicated on the left of the panel.
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Figure 5.7. Cd25 and Cd24 hybridisation patterns of isolates of C. dubliniensis strain CD36 and CD36 derivatives 
exposed to fluconazole in vitro. (A) Cd25 hybridisation patterns of C. dubliniensis isolate CD36 and derivatives 
(CD36'''"™) exposed to fluconazole in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. dubliniensis 
parental isolate CD36; lanes 3-12, CD36*''“™ derivatives I to 10, respectively. (B) Cd25 hybridisation patterns of 
C. dubliniensis isolate CD36 and derivatives (CD36'''“̂ ®) exposed to fluconazole in vitro. Lane 1, C. dubliniensis 
reference isolate CM6; lane 2, C. dubliniensis parental isolate CD36; lanes 3-12, CD36’’'“’® derivatives 10 to 20, 
respectively. An example of a polymorphism in the profile in lane 5 is indicated by an arrow. (C) Cd24 
hybridisation patterns of C  dubliniensis isolate CD36 and derivatives (CD36'''“™) exposed to fluconazole in vitro. 
Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. dubliniensis parental isolate CD36; lanes 3-12, CD36'''“™ 
derivatives 1 to 10, respectively. Examples o f polymorphisms in the profile in lane 11 are indicated by arrows. 
(D) Cd24 hybridisation patterns of C. dubliniensis isolate CD36 and derivatives (€036*^'“™) exposed to 
fluconazole in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. dubliniensis parental isolate CD36; 
lanes 3-12, €036'''“’° derivatives 10 to 20, respectively. Examples of polymorphisms in the profiles in lane 5 and 
lane 8 are indicated by arrows. The relative positions of molecular reference standards (in kilobases) are indicated 
to the left of the panels.



Figure 5.8. Cd25 and Cd24 hybridisation patterns of isolates o f C. dubliniensis strain CD36 and CD36(control) 
derivatives repeatedly subcultured in the absence of fluconazole. (A) Cd25 hybridisation patterns of C. 
dubliniensis isolate CD36 and control derivatives. Lane I, C. dubliniensis reference isolate CM6; lane 2, C. 
dubliniensis parental isolate CD36; lanes 3-12, CD36(control) derivatives 1 to 10, respectively. (B) Cd25 
hybridisation patterns of C. dubliniensis isolate CD36(control) derivatives. Lane 1, C. dubliniensis reference 
isolate CM6; lane 2, C. dubliniensis parental isolate CD36; lanes 3-10, CD36(control) derivatives 10 to 18, 
respectively. (C) Cd25 hybridisation patterns of C. dubliniensis isolate CD36 and control derivatives. Lane 1, C. 
dubliniensis parental isolate CD36; lanes 2-3, CD36(control) derivatives 19 to 20, respectively. (D) Cd24 
hybridisation patterns of C  dubliniensis isolate CD36 and control derivatives. Lane 1, C. dubliniensis reference 
isolate CM6; lane 2, C. dubliniensis parental isolate CD36; lanes 3-12, CD36 control derivatives 1 to 10, 
respectively. (E) Cd24 hybridisation patterns of C. dubliniensis isolate CD36 and control derivatives. Lane I, C. 
dubliniensis reference isolate CM6; lane 2, C. dubliniensis parental isolate CD36; lanes 3-10, CD36(control) 
derivatives 10 to 18, respectively. An arrow indicates the position of a polymorphism in the profile in lane 4. (F) 
Cd24 hybridisation patterns of C. dubliniensis isolate CD36 and control derivatives. Lane I, C. dubliniensis 
parental isolate CD36; lanes 2-3, CD36(control) derivatives 19 to 20, respectively. The relative positions of 
molecular weight reference standards (in kilobases) are indicated to the left of the panels.
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Figure 5.9. Karyotype patterns of isolates of C. dubliniensis exposed to fluconazole in vitro and control 
derivatives repeatedly subcultured in the absence of fluconazole. (A) Karyotype profiles of C. dubliniensis 
isolate CD36 and derivatives [CD36‘̂'“™] exposed to fluconazole in vitro. Lane 1, C. dubliniensis parental 
isolate CD36; lanes 2-13, CD36'''“™ derivatives. Examples of polymorphisms in the profiles in lanes 7, 9 and 
10 are indicated by arrows. The relative positions of molecular size reference markers (in megabases) are 
shown on the left of the panel. (B) Karyotype profiles of C. dubliniensis isolate CD36 and CD36 control 
derivatives repeatedly subcultured in the absence of fluconazole. Lane 1, C. dubliniensis parental isolate 
CD36; lanes 2-11, CD36 control derivatives. The arrow indicates the position of a chromosome-sized band 
o f approximately 1.65 Mb which was present in 11/20 of the CD36 control derivatives tested, examples of 
which are shown here in lanes 2 4, 9 and 10. The relative positions of molecular size reference markers (in 
megabases) are shown on the left of the panel.



Table 5.4. Variability in DNA fingerprint and karyotype profiles in clonal derivatives of two C. dubliniensis strains 
repeatedly subcultured in the presence or absence of increasing concentrations of fluconazole

C. dubliniensis 
derivatives"

No. of
derivatives
analyzed

Fingerprinting
method

No. of isolates * 
with the 
parental pattern

No of isolates * 
with a
minor pattern

No. o f “̂
minor
patterns

Band differences 
in minor 
patterns

C£)36F1u70 20 Cd25 19 1 1 K+l)
20 Cd24 17 3 2 2(-3). K+l)
20 Karyotype 10 10 6 1(-1), l(+2,-2), l(+2,-3), 4 (+ l,-l), l(+l,-2), 2(-l)

CD36( control) 20 Cd25 20 0 0 None
20 Cd24 19 1 1 U+2,-1)
20 Karyotype 19 1 1 K+1,-1)

C D 514F 1 u50 20 Cd25 6 14 10 1(+1), 1(+1), 1(+1), 1(+1), 2(+ l,-l), 2(+ l,-l), 3(-l), 1(+1,-1), 1(+1,-1), 1
20 Cd24 19 1 1 K-l)
20 Karyotype 19 1 1 K+l)

CD514^®(control) 20 Cd25 18 2 2 K+l). K+l)
20 Cd24 20 0 0 None
20 Karyotype 20 0 0 None

CD514f^“™ 13 Cd25 4 9 5 3(+l,-l), K-l). K+1,-3). K-2). 3(-2)
13 Cd24 13 0 0 None
13 Karyotyf)e 13 0 0 None

CD514™ (control) 13 Cd25 13 0 0 None
13 Cd24 13 0 0 None
13 Karyotype 13 0 0 None



Table 5.4 Footnotes.

“ Twenty fluconazole-resistant (MIC 64 ng/ml) derivatives of the Cd25-group I C. 

dubliniensis strain CD36, that were obtained by repeated subculture of the fluconazole- 

susceptible (MIC 0.5 |ag/ml) parental isolate on agar medium containing increasing 

concentrations of drug (range 0.5 ^g/ml-70 ng/ml), were tested for microevolution by 

hybridisation analysis with the Cd25 probe, Cd24 probe and by karyotype analysis. All 

20 resistant derivatives grew well on media containing 70 |ag/ml fluconazole and were

termed CD36^'“ *̂̂  derivatives. Twenty control derivatives which were simultaneously 

repeatedly subcultured on agar medium without fluconazole were also tested; these were 

termed CD36(control) derivatives. Variability in the presence or absence of a 

chromosome-sized band at approximately 1.65 Mb was observed in the karyotype 

patterns in both the fluconazole-resistant and the control derivatives and therefore only 

variability in other chromosomal bands were assessed for microevolution. In similar 

experiments with the Cd25-group II (genotype 3) C. dubliniensis isolate CD514 it proved 

more difficult to generate fluconazole-resistant derivatives. However, 20 derivatives that 

were recovered from agar plates containing 50 ^ig/ml fluconazole ( CD51 derivatives) 

and 13 derivatives that were recovered from plates containing 70 |ig/ml fluconazole 

(CD514^’“ *̂̂  derivatives) were studied. Control derivatives that were simultaneously 

repeatedly subcultured on agar medium without fluconazole were also tested; these were 

termed CD514^®(control) and CD514^®(control) derivatives.

*The proportion of parental and minor fingerprint patterns was interpreted on the basis of 

band position.

“̂The number of minor patterns represents the number of distinguishable patterns other 

than the parental pattern.

‘̂ Each variant pattern was assessed according to the number of bands differing from the 

parental pattern, e.g. (+1), a band addition; (-1), a band loss; (+1, -1), a band addition and 

a band loss. Numbers in front of the brackets refers to the number of isolates with the 

particular variant pattern, e.g. 2 (+1,-1) indicates that two isolates had the same pattern 

that differed from the parental pattern by the addition o f one extra band and the loss of 

one band.



of the CD36^'“ ®̂ derivatives and 11/20 o f the control derivatives. In addition, 18 separate 

colonies o f the parental CD36 strain from the same PDA plate culture were also 

fingerprinted by karyotype analysis and 12/18 colonies had a band at approximately 1.65 

Mb (data not shown). However, apart from variability in this band at 1.65 Mb, only 1/20 

of the control derivatives showed variability in other karyotype bands (Fig. 5.9 B; Table

5.4) compared with 10/20 of the CD36^’“ ®̂ derivatives (Fig. 5.9A; Table 5.4). These 

results suggested that exposure o f C. dubliniensis CD36 to fluconazole in vitro might be 

associated with increased levels of genetic variation, manifested as changes in Cd24 

fingerprint and/or karyotype profiles, particularly the latter.

In similar experiments using the Cd25-group II (ITS genotype 3) C. dubliniensis 

isolate CD514 it proved more difficult to generate fluconazole-resistant derivatives. The 

majority of the 100 colonies plated on increasing concentrations o f fluconazole grew very 

poorly; at 50 |ig/ml o f fluconazole only 24 out of the original 100 colonies grew and at 70 

|ag/ml o f fluconazole only 13 colonies grew. Twenty derivatives recovered from agar

plates containing 50 |ig/ml fluconazole (CD514^'“ ®̂ derivatives) and 13 derivatives 

recovered from plates containing 70 ^g/ml fluconazole (CD514^’“ ®̂ derivatives) were 

investigated for genetic variation. Most of the CD514^*'^^® derivatives and CD514^’“ ®̂ 

derivatives grew poorly on media containing 50 |ig/ml and 70 [ig/ml fluconazole, 

respectively. Four each of the CD514^*'^^® and the CD514^’“ ®̂ derivatives exhibited dose

dependent fluconazole susceptibility (MIC 16 |ig/ml), one o f the CD514^'“ ®̂ derivatives 

expressed fluconazole resistance (MIC 64 |ig/ml), while all the remaining derivatives were 

fluconazole-susceptible (MIC < 8 |ag/ml). No variability was observed in any of the 

fluconazole exposed or control derivatives with the C dl probe (data not shown). 

Variability was observed in one fluconazole-exposed derivative with the Cd24 probe (Fig. 

5.10B, lane 3; Table 5.4) but no variability was observed in any o f the control derivatives. 

However, minor variations were detected in some fluconazole-exposed derivatives with the 

Cd25 probe, including susceptible derivatives and derivatives with reduced susceptibility 

(Figs. 5.10A, and 5.11 A; Table 5.4). None of the control derivatives o f CD514 which 

were subcultured in the absence o f drug exhibited Cd24, Cdl fmgerprint or karyotype 

variations (examples are shown in Fig. 5.12), but two exhibited a minor band variation in 

the Cd25 fmgerprint pattern (Table 5.4). One of the fluconazole-exposed derivatives of 

CD514 exhibited a minor band change in karyotype profile (Fig. 5.10E). It is interesting to
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Figure 5.10. DNA fingerprinting patterns of isolates of C. dubliniensis strain CD514 exposed to fluconazole in vitro. 
(A) Cd25 hybridisation patterns of C. dubliniensis isolate CDS 14 and derivatives (CDS 14’"'“̂ ®) exposed to 
fluconazole in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. dubliniensis parental isolate CDS 14; 
lanes 3-12, CDS 14’"''̂ ® derivatives 1 to 10, respectively. Examples of polymorphisms in the profiles in lanes S, 6, 7, 
8, 11 and 12 are indicated by arrows. The relative positions o f molecular size reference markers (in kilobases) are 
shown on the left o f the panel. (B) Cd24 hybridisation patterns of C. dubliniensis isolate CDS 14 and derivatives 
(CDS 14'''“’®) exposed to fluconazole in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. dubliniensis 
parental isolate CDS 14; lanes 3-12, CDS14' '̂“̂ ° derivatives 1 to 10, respectively. An example of a polymorphism in 
the profile in lane 3 is indicated by an arrow. The relative positions of molecular size reference markers (in 
kilobases) are shown on the left of the panel. (C) Karyotype patterns of C. dubliniensis isolate CDS 14 and 
derivatives (CDS 14*''“’'’) exposed to fluconazole in vitro. Lane 1, C. dubliniensis parental isolate CDS14; lanes 2-12, 
CDS 14''''^'’ derivatives 1 to 11. The relative positions of molecular size reference markers (in megabeises) are shown 
on the left o f the panel. (D) Karyotype patterns of C. dubliniensis isolate CDS 14 and derivatives (CDS 14'''“*“) 
exposed to fluconazole in vitro. Lane 1, C. dubliniensis parental isolate CDS 14; lanes 2-5, CDS 14'''“*® derivatives 12 
to 15, respectively. The relative positions of molecular size reference markers (in megabases) are shown on the left 
of the panel. (E) Karyotype patterns of C. dubliniensis isolate CDS 14 and derivatives (CDS 14'''“*'’) exposed to 
fluconazole in vitro. Lane 1, C. dubliniensis parental isolate CDS14; lanes 2-6, CDS14'''“*® derivatives 16 to 20, 
respectively. An example of a polymorphism in the profile in leme 6 is indicated by an arrow.
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f igure 5.11. DNA fingerprinting patterns of isolates of C. dubliniensis strain CD514 exposed to 70 ng/ml of 
fluconazole in vitro. (A) Cd25 hybridisation patterns of C. dubliniensis isolate CD514 and derivatives 
(CDS 14*''“™) exposed to fluconazole in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C. 
dubliniensis parental isolate CDS 14; lanes 3-12, CDS 14'''“™ derivatives 1 to 10, respectively. Examples of 
polymorphisms in the profiles in lanes 4, 5, 6 and 10 are indicated by an arrow. The relative positions of 
molecular weight reference markers (in kilobases) are indicated to the left of the panel. (B) Cd24 
hybridisation patterns of C. dubliniensis isolate CDS 14 and derivatives (CDSH*"'"™) exposed to fluconazole 
in vitro. Lane 1, C. dubliniensis reference isolate CM6; lane 2, C  dubliniensis parental isolate CDS 14; lanes 
3-12, CDS 14'''“™ derivatives 1 to 10, respectively. The relative positions of molecular weight reference 
markers (in kilobases) are indicated to the left of the panel. (C) Karyotype patterns of C. dubliniensis 
isolate CDS 14 and derivatives (CDS 14'''“™) exposed to fluconazole in vitro. Lane 1, C. dubliniensis parental 
isolate CDS 14; lanes 2-14, CDS 14'''“™ derivatives 1 to 13. The relative positions of molecular weight 
reference markers (in megabases) are indicated to the left of the panel. Examples of polymorphisms are 
indicated by arrows.
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Figure 5.12. DNA fingerprinting patterns of isolates of C. dubliniensis strain CD514 and CD514™(control) 
derivatives repeatedly subcultured in the absence of fluconazole. (A) Cd25 hybridisation patterns of C. 
dubliniensis isolate CDS 14 and control derivatives. Lane 1, C. dubliniensis reference isolate CM6; lane 2, 
C  dubliniensis parental isolate CD514; lanes 3-12, CD514™(control) derivatives 1 to 10, respectively. The 
relative positions of molecular weight reference markers (in kilobases) are indicated to the left of the panel. 
(B) Cd24 hybridisation patterns of C. dubliniensis isolate CD514 and control derivatives. Lane 1, C. 
dubliniensis reference isolate CM6; lane 2, C. dubliniensis parental isolate CDS 14; lanes 3-12, 
CDS14’®(control) derivatives 1 to 10, respectively. The relative positions of molecular weight reference 
markers (in kilobases) are indicated to the left o f the panel. (C) Karyotype patterns of C  dubliniensis isolate 
CDS14 and control derivatives. Lane 1, C. dubliniensis parental isolate CD514; lanes 2-13, CDS14™ 
(control) derivatives 1 to 12. The relative positions of molecular size reference standards (in megabases) are 
indicated on the left of the panels.



note that when muUiple single colony isolates o f CDS 14 originally recovered from the 

same clinical specimen (and the identical strain CDS 19) were examined by Cd25, Cd24 

and Cdl fingerprinting and by karyotype analysis, no variation was detected.
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5.4 Discussion

5.4.1 Microevolution in vivo

Several previous studies with DNA fingerprinting probes demonstrated 

microevolution in clonal populations of C. tropicalis, C. parapsilosis, C. glabrata, C. 

albicans and C. neoformans (Lockhart et a i, 1995; Joly et al., 1996; Sullivan et al., 1996; 

Lockhart et al., 1997; Enger et al., 2001). In the present study, the genetic homogeneity of 

eight oral populations of C. dubliniensis isolates recovered from the same clinical 

specimen of eight separate patients was examined by fingerprint analysis using probes 

Cd25, Cd24 and Cdl and by karyotype analysis. Two of the isolate populations harboured 

two strains in each case (patients D and E, Table 5.1), the remaining six populations were 

clonal. Two o f the isolate populations examined (from patients B and C, Table 5.1) 

exhibited identical fingerprint patterns, in each case, with all three probes and by 

karyotype analysis. This suggests that these two patients harboured an identical genotype 

3 strain without any detectable fingerprint differences. O f the other six isolate 

populations, five exhibited fingerprint profile variation with the Cd25 fingerprinting probe, 

six exhibited variation with the probes Cd24 and Cdl and five o f them exhibited variation 

by karyotype analysis (Table 5.3). These results demonstrated that significant in vivo 

genetic variation, or microevolution occurred in these six isolate populations as the three 

fingerprinting probes hybridise to different regions of the genome (Joly et al., 1999) and 

karyotype analysis examines gross chromosomal organisation. It has been suggested 

previously that the ability of C. dubliniensis to exhibit microevolution can result in the 

generation of altered genotypes, some of which may have a selective advantage under 

rapidly changing environmental conditions (Moran et al., 1997).

The population of 17 clonal isolates from patient E (Table 5.1) was found to consist 

o f both fluconazole-susceptible isolates (13 isolates; MIC <1 /ig/ml) and isolates with 

reduced susceptibility to fluconazole (4 isolates; MIC 16 /xg/ml). The other six isolate 

populations from patients A-D and F-H (Table 5.1) were all found to be susceptible to 

fluconazole. Interestingly, the four isolates from patient E which exhibited reduced 

susceptibility to fluconazole all yielded variable fingerprint profiles with the Cd24 and
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Cdl probes and lacked a chromosome-sized band of approximately 0.85 Mb compared to 

the fluconazole-susceptible isolates. Only one o f the thirteen fluconazole-susceptible 

isolates from patient E showed variable Cd24 and Cdl fingerprints and a similar karyotype 

profile to the isolates with reduced susceptibility to fluconazole. Similar findings were 

reported by White et al. (1997) who used the Ca3 fingerprinting probe to analyse a 

collection of serial clonal isolates of C. albicans from a HIV-infected patient and observed 

microevolution that was associated with the acquisition of fluconazole resistance.

In the present study, clonal isolates o f C. dubliniensis recovered from serial 

samples from different anatomical locations, including blood, in two additional patients 

were also examined for microevolution by fingerprint analysis with the Cd25, Cd24 and 

Cdl probes and by karyotype analysis. In the case o f the first patient, minor 

polymorphisms indicative of microevolution were detected with all three probes and by 

karyotype analysis. In the case of the second patient, minor polymorphisms were detected 

with the Cd25 and Cdl probes and by karyotype analysis.

All o f these results confirmed that microevolution occurs frequently in clonal 

populations of C. dubliniensis in vivo, and that in some circumstances genetic variation 

may be associated with phenotypic changes such as susceptibility to fluconazole.

Candida dubliniensis is isolated from diverse host niches (Sullivan et al., 1995; 

Polacheck et al., 2000; Gee et al., 2002; This study). Microevolution may provide one 

means for adaption and survival within host niches. Other mechanisms of adaption may 

include the differential expression of environmentally regulated genes. De Bernardis et al. 

(1998) demonstrated in C. albicans, that the two pH-regulated genes, PHRl and PHR2, are 

expressed differentially in response to the pH of the host niche. PH Rl is exressed during 

systemic infection but not during vaginal infection and PHR2 has the inverse pattern of 

expression. This study, therefore, indicates that the pH of the host niche is a significant 

environmental signal in determining the biological response and survival of C. albicans 

during infection. Homologues of the C. albicans P H R l and PHR2  genes have been 

identified in C. dubliniensis suggesting the possibility that these genes are also 

differentially expressed in C. dubliniensis in response to environmental pH. It is possible 

that a variety of features such as microevolution and differential expression o f genes 

provide mechanisms by which C. dubliniensis can adapt and survive within diverse hosts.
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5.4.2 Microevolution in vitro

It has been shown previously that exposure o f C. dubliniensis isolates to 

fluconazole in vitro rapidly leads to the development o f decreased susceptibility to this 

drug (Moran et a i ,  1997). Furthermore, it has also been noted that in some cases the 

development o f fluconazole resistance is associated with minor changes in karyotype 

pattern (Moran et al., 1997). In the present study the effect o f fluconazole exposure on 

microevolution in the genotype 1 C. dubliniensis isolate CD36 and the genotype 3 isolate 

CDS 14 was investigated. One hundred colonies o f each strain were subcultured (i) on agar 

plates containing increasing concentrations of fluconazole in vitro and (ii) on control plates 

without drug. The colonies of CD36 readily developed resistance to fluconazole upon 

exposure, whereas the colonies o f CDS 14 grew very poorly on drug-containing media and 

did not develop resistance as easily. Derivatives o f all two strains grown on drug-free 

media and on media containing either SO and/or 70 |ig/ml o f fluconazole were 

fingerprinted with the probes Cd25, Cd24 and C d l, which were used as markers for 

independent genetic variation as they have no known relationship to drug resistance, and 

also by karyotype analysis. Derivatives of CDS 14 grown on media containing either SO or

70 |ig/ml of fluconazole (CDS 14^’“ ®̂ and CDS 14^’“^®, respectively,) did not develop 

resistance to fluconazole very readily; however, they showed a high level of variation with

the probe Cd2S (14/20 o f the CDS14^*“ ®̂ and 9/13 of the CDS14^*“^  ̂derivatives showed

variants), but very little with Cd24 (1 variant) or Cdl (no variants). The CD36*^*“ *̂̂ 

derivatives had decreased susceptibility to fluconazole but did not exhibit a significant 

degree of variation with the probe Cd2S (1 variant). It is interesting to speculate that the

variation observed in the Cd2S fingerprints of the CDS 14^’“ ®̂ and CDS 14^’“^  ̂derivatives 

occurred as a direct response o f the cells to the environmental stress of exposure to

fluconazole. However, despite this variation it would appear that, unlike the CD36^’“^  ̂

derivatives, derivatives of CDS 14 could not develop drug resistance as readily. With the 

exception o f one of the chromosomes, possibly the chromosome R, there was only 1 

chromosomal change detected in the karyotypes o f CD36 control derivatives not exposed 

to drug. In contrast, in 10/20 of the CD36^’“ ®̂ derivatives tested karyotype changes were 

observed. None of the CDS 14 control derivatives or the CDS 14^’“^  ̂derivatives and only 

one of the CDS 14^’“ *̂̂ derivatives showed karyotype variation (Table S.4).
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The results described above show that the response of C. dubliniensis to 

fluconazole exposure in vitro is accompanied by an increased frequency o f genomic 

variation, but that the extent and manifestation of this variation may be strain/genotype 

dependent. This variation is associated with changes in repetitive sequence elements 

(detected with repetitive sequence-containing probes) and in chromosomal rearrangements 

(detected by karyotype variation). It has been suggested that C. albicans cells undergoing 

changes at repetitive sequence loci at unusually high frequency may also be undergoing 

parallel high frequency changes at other genetic loci directly involved in drug 

susceptibility (Soil, 2000). Whether there is a direct link between the ability of C. 

dubliniensis to generate fluconazole-resistant derivatives and its ability to undergo 

genomic microevolution is not clear. However, the acquisition of phenotypic traits in 

tandem with chromosomal variation has been reported previously in C. albicans and C. 

glabrata. Chromosomal rearrangements and deletions have been associated with 

phenotypic switching in C. albicans (Ramsey et al., 1994). Moreover, the fluconazole 

resistance phenotype of a C  glabrata isolate has been linked to the duplication o f the 

chromosome carrying the ERG 11 gene encoding the fluconazole target enzyme (Marichal 

et al., 1997). This duplication resulted in the altered expression o f approximately 100 

proteins, including the overexpression of ERG 11 (Marichal et al., 1997). Furthermore, 

Perepnikhatka et al. (1999) demonstrated that exposure o f C. albicans to fluconazole 

resulted in the nondisjuntion of two specific chromosomes in drug-resistant mutants, each 

obtained by an independent mutational event. This finding establishes a role for 

chromosomal changes as a possible general response o f C. albicans cells in the 

development of drug resistance. In contrast, in the present study, the C. dubliniensis CD36 

derivatives obtained following exposure to fluconazole exhibited increased karyotype 

variability but this showed no consistent association with drug resistance. However, o f the 

15 clonal isolates of C. dubliniensis CD527A recovered from the same clinical specimen 

from patient E (Table 5.1), five lacked a chromosome-sized band o f approximately 0.85 

Mb, and four of these variants exhibited reduced susceptibility to fiuconazole. Cowen et 

al. (2000) also showed no consistent association between fluconazole resistance and 

alterations in DNA fingerprints and karyotype profiles in experimental populations of drug 

resistant C. albicans (Cowen et al., 2000).

Repetitive sequence (RPS)-containing elements have been implicated in the 

variability of the size and number of chromosomes in C. albicans (Iwaguchi et al., 1992;
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Chibana et a l, 1994; Chindamporn et al., 1995 and 1998). Candida dubliniensis contains 

sequences homologous to RPS dispersed throughout its genome (Joly et al., 1999) and it is 

possible that these elements may be responsible, at least in part, for the observed 

variability in the karyotypes of isolates, both in vivo and in vitro.
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Chapter 6

Use of the insect larval model Galleria mellonella to 

assess the virulence of Candida dubliniensis isolates
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6.1 Introduction

6.1.1 Candida dubliniensis virulence

Compared to C. albicans, very little is known about the pathogenesis of C. 

dubliniensis. The virulence potential of C. dubliniensis is much like that o f C. albicans 

due to their close genetic relatedness (Samaranayake & Samaranayake, 2001). The ability 

of C. dubliniensis to bind to mucin appears similar to that of C. albicans (De Repentigny et 

al., 2000). Peltroche-Llacsahuanga et al. (2000b) showed a similar level o f killing of C. 

dubliniensis and C. albicans by neutrophils (Peltroche-Llacsahuanga et al., 2000b). 

However, C. dubliniensis proved to be superior to C. albicans in a number of virulence 

traits, including adherence to buccal epithelial cells, secreted aspartic proteinase production 

and cell surface hydrophobicity (McCullough et ah, 1995; Gilfillan et al., 1998; Hazen et 

al., 2001). Candida dubliniensis also appears to more easily develop resistance to the 

antifungal drug fluconazole in vitro, which is commonly used to treat oropharyngeal 

candidosis (Moran et al., 1997 and 1998).

Despite studies showing C. dubliniensis has greater proteinase production and has 

greater adherence to buccal epithelial cells than C. albicans, in a limited study using four 

strains in a systemic mouse model C. dubliniensis was found to be less virulent than C. 

albicans (Gilfillan et al., 1998). Also, despite C. dubliniensis having a widespread 

geographic distribution it has been predominantly isolated from the oral cavity and has 

only been isolated from non-oral sites at a low frequency suggesting a lower virulence 

(Coleman et al., 1997a and 1997b; Sullivan et al., 1997 and 1999). As discussed in 

chapter 1, section 1.2.8.4, differences in the surface structure (e.g. the CSH-related protein 

and mannosylation features) of C. albicans and C. dubliniensis could partially explain why 

C. dubliniensis is less virulent than C. albicans and could contribute to its limited ability to 

cause disseminated infections (Hazen et al., 2001).

6.1.2 Galleria mellonella larval model

A variety o f animal models have been used to investigate the pathogenicity of 

various Candida species and strains, for examining the role o f the immune system in 

combating Candida infections and for understanding the interactions between Candida and 

host tissues (Byron et al., 1995; Cassone et al., 1995; Fidel et al., 1996; Londono et al..
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1998; Samaranayake and Samaranayake, 2001). As noted by Samaranayake and 

Samaranayake (2001) the use o f animal models in Candida  research has reduced 

significantly in the last decade. Mammalian models are time consuming, expensive and 

the politics o f vivisection have been postulated as some of the reasons for the reduction in 

use of animal models (Samaranayake and Samaranayake, 2001).

The larvae o f the wax moth Galleria mellonella has previously been used in 

virulence studies of various bacterial species, including Proteus mirabilis, Escherchia coli 

and Bacillus species (Walters & Ratcliffe, 1983; Salamitou et al., 2000). Larvae of G. 

mellonella  have been shown to be a good model system for identifying mammalian 

virulence factors of Pseudomonas aeruginosa (Jander et al., 2000). In one such study, a 

positive correlation between the virulence o f 32 P. aeruginosa strain PAM mutants was 

observed in mice and G. mellonella larvae (Jander et al., 2000). This model system was 

also used to examine the pathogenicity o f wild type and alternate sigma factor rpoN  

deficient mutants o f P. aeruginosa (Hendrickson et al., 2001). The pathogenicity of 

Bacillus thuringiensis and Bacillus cerus and plcR  regulon mutant derivatives have also 

been investigated in G. mellonella and in BALB/c mice (Salamitou et al., 2000). 

Equivalent data was obtained with both models. Galleria mellonella has also been used in 

studies on the pathogenicity of Asperigllus flavus, A. nidulans and A.fumigatus (St. Leger 

et ah, 2000).

As an alternative to animal models Cotter et al. (2000) developed the G. mellonella 

larval model for the pathogenicity testing o f yeasts. They demonstrated that G. mellonella 

larvae were useful in differentiating levels o f pathogenicity within various Candida 

species. A hierarchy was found among Candida species with respect to their ability to kill 

larvae o f G. mellonella', i.e. C. albicans > C. tropicalis > C. parapsilosis > C . 

pseudotropicalis > C. krusei > C. glabrata. These results reflect the hierarchy previously 

observed in the ability of these species to cause disease in a variety o f animal models and 

also in their predominance as human pathogens (Cotter et al., 2000). The G. mellonella 

model system provides primary information on the relative pathogenicity of a variety of 

yeast pathogens. It was suggested that this system could have applications for the 

pathogenicity testing of yeast mutants, where large numbers of strains must be screened or 

to minimise the need for routine animal testing (Cotter et al., 2000). The advantages of the 

G. mellonella model are that larvae o f G. mellonella are easy to culture and inoculate, a 

large number of larvae may be inoculated in a relatively short period o f time, results may
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be obtained within 48-72 h and they are inexpensive to purchase (Cotter et al., 2000).

As in the vertebrate immune system, the insect immune response can be subdivided 

into cellular and humoral components (Dunn, 1986). The cellular component comprises 

phagocytosis, nodule formation and cellular encapsulation of potential pathogens. The 

initial haemolymph (the fluid is like a combination of the blood and lymph fluids in 

vertebrates) response of insects to foreign particles is mediated by circulating haemocytes 

(blood cells). The most important subpopulations o f haemocytes involved in this role are 

granulocytes and plasmatocytes (Tojo et al., 2000). Insect haemocytes remove bacteria 

and fungi from the haemocoel (cavity filled with haemolymph in which most of the major 

organs o f the arthropod body are found) either by phagocytosis, nodule formation, or 

encapsulation (Dunn, 1986). During phagocytosis bacteria are taken into haemocytes in 

large vesicles and subsequently killed. Phagocytosis is effective as a primary defence 

mechanism against numbers of bacteria below a certain threshold, which varies between 

insect species. When this threshold is passed, phagocytosis is augmented by nodule 

formation, where both haemocytes and bacteria become entrapped in an extracellular 

matrix (Dunn, 1986). The resulting large cellular aggregates leave the circulation by 

adhering to tissues and become melanised. Encapsulation involves the formation of multi

layered cellular envelopes around foreign objects (including mature nodules) in the insect 

haemocoel. Melanin deposits then form in the irmer layers of the capsule near the surface 

of the foreign object. The formation o f this capsule initially restricts growth and spread of 

the offending organism and may result in death. Large particles such as nematode eggs, 

insect endoparasites, and inert materials are rapidly encapsulated (Dunn, 1986). Smaller 

particles such as bacteria are removed from the circulation by nodule formation and 

phagocytosis (Durm, 1986).

The humoral component is characterised by temporarily enhanced antimicrobial 

activity in the haemolymph. Injection o f viable non-pathogenic bacteria and of sublethal 

doses or vaccines of pathogenic bacteria into individuals of several insect species elicits an 

acquired humoral immunity to subsequent bacterial challenge that may persist for several 

days (depending on the species)(Dunn, 1986). The development of the acquired protected 

state corresponds temporally with the synthesis o f several proteins that appear in the 

haemolymph (Durm, 1986). This group of proteins includes the enzyme lysozyme (which 

hydrolyses the peptidoglycan in Gram positive bacterial cell walls), several families of 

bactericidal proteins that kill Gram-negative bacteria, and many additional proteins with
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unknown biological activities (Dunn, 1986). The synthesis of new haemolymph proteins 

in response to infection has been demonstrated in both larval and pupal stages of several 

species (Dunn, 1986).

In contrast to vertebrates, the insect immune system  lacks specific 

immunoglobulins and immunological long-term memory. Furthermore, there is no 

evidence for the existence of complement-like factors in insects (Niere et ah, 1999). 

Interleukin (IL)-l- and TNF-like molecules have been identified in the haemocytes of last 

instar larvae in G. mellonella (Wittwer et al., 1998).

Both the budding yeast cell form and the hyphal form of C. albicans can be present 

in human tissue infected with C. albicans (Odds, 1994). Cotter et al. (2000) showed that 

the dominant growth morphology o f C  albicans in G. mellonella haemolymph is the 

budding form although a small percentage of hyphal forms were observed. How the yeast 

isolates kill the insect larvae is not known, nor is the importance of specific virulence 

factors in overcoming the insect's immune response.

6.1.3 Fluconazole resistance and virulence

It is known that a difference in the pathogenicity and resistance patterns of various 

Candida species exists (Odds, 1988; White et al., 1998). For example, C. krusei is known 

to be less virulent than C. albicans and is intrinsically resistant to fluconazole, unlike C. 

albicans. This raises the question whether there is a correlation between the ability of an 

organism to cause infection and its resistance to antifungals. However, there is evidence 

that virulence is an intrinsic trait related to species-specific genetic determinants. Studies 

show that unlike C. albicans, C. krusei lacks virulence determinants (chapter 1). 

Therefore, virulence is not associated with resistance or susceptibility o f an organism per 

se. However, Graybill et al. (1998) used a murine model of systemic candidosis to assess 

the virulence of serial C. albicans strains from five patients for which the fluconazole 

MICs were increasing. The fluconazole MICs for these isolates exhibited at least an 

eightfold progressive increase from susceptible to resistant. The virulence of these isolates 

was tested in an animal model. In isolates from two o f the patients the development of 

resistance was not associated with a change in virulence of the isolates; the resistant 

isolates from both o f these patients exhibited overexpression o f the multidrug efflux 

transporter gene M D R l. In three of the patients the development o f resistance in serial 

isolates was associated with a reduction in virulence. These isolates did not overexpress
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the multidrug efflux transporter gene M DRl but resistant isolates from two o f these three 

patients overexpressed the ABC transporter gene CD Rl. There are a number of methods 

by which Candida isolates can attain fluconazole resistance (see chapter 1), including 

overexpression of the multi drug transporters genes CD Rl and M D Rl, and there is the 

suggestion from the Graybill et al. (1998) study that the mechanism of resistance may 

influence the virulence of the resistant organism. In a study of an experimentally induced 

fluconazole-resistant derivative of a C. tropicalis isolate, two efflux pump genes CtMDRl 

and CDRl were both shown to be upregulated and this fluconazole-resistant derivative was 

shown to be significantly reduced in virulence in a mouse model (Barchiesi et al., 2000). 

However, Fekete-Forgacs et al. (2000) induced fluconazole resistance in a C. albicans 

strain in vitro. The fluconazole-resistant derivative proved to be superior to the original 

strain in all the virulence traits tested, including germination, adherence, secreted aspartic 

proteinase production and extracellular phospholipase activity. The higher virulence of the 

fluconazole-resistant derivative was also supported by a mouse model infection study 

(Fekete-Forgacs et al., 2000). Therefore, there is a suggestion from these animal studies 

with Candida isolates that have attained resistance, that the presence of resistance can be 

correlated with diminished virulence, increased virulence or no change in virulence. The 

results of all of these studies indicate that the relationship of pathogen and host is complex.

6.1.4 Gene disruptants and virulence

Many studies have now been published in which C. albicans strains with specific 

disruptions of genes, encoding putative virulence factors, have been shown to be attenuated 

in terms o f lethality for mice by intravenous challenge (Becker et al., 1995; Lay et al., 

1998). Becker et al. (2000) disrupted the C aM D Rl gene in a C. albicans strain and 

compared the virulence of the parental isolate and the mutant. Three factors associated 

with virulence in C. albicans - growth rate, germ tube formation, and adherence- were not 

affected by disruption of CaMDRl. Disruption of M DRl in C. albicans resulted in mutant 

strains that colonised mouse kidneys to very high levels but were markedly reduced in 

their virulence. However, the same group later reported that the "ura-blaster" technique 

used to produce the gene disruption may itself have reduced the virulence o f the 

microorganism (Lay et al., 1998).

121



6.1.5 Aims

As relatively few studies have been undertaken on assessing the virulence of C. 

dubliniensis compared to other Candida species in animal models the first aim of this 

study was to use the G. mellonella larval system to compare the relative pathogenicity of 

C, dubliniensis with other medically important Candida species.

Different species of Candida differ in their pathogenicity in humans and recently 

different subgroups o f particular species have been identified (see chapter 3, section 3.1 

and chapter 4, section 4.1) (Lott et a i, 1993; Enger et al., 2001). Therefore, the second 

aim of this study was to determine if the different Cd25 groups or ITS genotypes of C. 

dubliniensis differ in their relative pathogenicity.

Development of fluconazole resistance in C. albicans isolates has been associated 

with a change in virulence. Candida dubliniensis isolates rapidly develop resistance to 

fluconazole in vitro and fluconazole-resistant isolates were observed in a number of studies 

in vivo (Moran et al., 1997; Quindos et a l, 2000). In this study, the relative pathogenicity 

of fluconazole-susceptible and resistant isolates of each of the species C. dubliniensis and 

C. albicans were assessed.

Cotter et al. (2000) suggested the use o f the G. mellonella larval model for 

assessing the virulence of Candida mutants, here the pathogenicity of Candida isolates and 

their matched mdr\ null mutants were assessed.

Secreted aspartic proteinase (SAP) production is a virulence trait of C. albicans and 

isolates of Candida with increased levels of SAP production were shown to have increased 

virulence in animal models (McCullough et al., 1995). Donnelly (2001) compared SAP 

production in a number of C. albicans and C. dubliniensis isolates and demonstrated 

increased levels of SAP production in C. dubliniensis. In the present study the relative 

pathogenicity of these C. albicans and C. dubliniensis isolates was assessed in the G. 

mellonella model.
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6.2 Materials and Methods

6.2.1 Insect larvae

Sixth instar larvae of G. mellonella were purchased from the Meal Worm Company 

(Sheffield, UK). Larvae were stored in wood shavings in the dark at 14°C prior to use. All 

larvae were used within two weeks of receipt.

6.2.2 Inoculation of larvae with Candida species

Candida strains and isolates used in this study are shown in Table 6.1. Candida 

cells were grown overnight in YPD broth at 30°C in an orbital incubator at 200 rpm. Yeast 

cells were harvested by centrifugation in a Sepatech Megafuge bench top centrifuge 

(Model 1.0) at 2,500 x g  for 5 min, washed three times in sterile phosphate buffered saline 

(PBS, 0.01 M, pH 7.4). Groups of 10 G. mellonella larvae were inoculated by injection 

into the haemocoel with 20 |il o f sterile PBS containing 1x10^ yeast cells through the last 

pro-leg. The syringe used for inoculation was a 25 jil Hamilton (Hamilton Company, 

Reno, NV, USA) microliter 700 series syringe.

Three controls were employed in all assays: the first uninfected control consisted of 

larvae that were not inoculated at all, but were maintained at the same temperature as the 

test larvae, the second (injected control) consisted of larvae whose proleg was pierced with 

the end of the inoculation needle but which were not inoculated with yeast or PBS while 

the third (PBS control) consisted of larvae that were inoculated with 20 |il sterile PBS 

through the last pro-leg. In all experiments either 29 or 30 out o f 30 o f the control larvae 

used were alive after 72 h. Larvae were placed in sterile 90 mm diameter petri dishes and 

incubated in the dark at 30°C in a Gallenkamp stationary incubator. Mortality rates were 

determined over a 72-h period. Larval death was assessed by the lack of movement of 

larvae and discolouration of the cuticle (Fig. 6.1).

Ten larvae were employed per experiment and experiments were performed on 

three independent occasions using separate batches o f larvae. Results represent the mean 

percentage survival of larvae following the combination of the data from all three separate 

experiments.

As this was a pilot study to determine if the Galleria mellonella model was suitable 

for assessing the virulence o f C. dubliniensis, the data were examined only by visual
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Table 6.1. The Candida isolates tested using the G. mellonella model system.

Candida

Isolates*^

HIV

status

Body Genotype^ 

site

Q
Fluconazole

Susceptibility

Reference

C. dubliniensis  

C M l + Oral 1 Fluconazole-susceptible Sullivan etal, 1995

CM 2 + Oral 1 Fluconazole-resistan t Sullivan et at., 1995

CdM 4 n/a n/a n/a F luconazole-susceptible W irsching e t al., 2001

Can 3 + Oral 2 F luconazole-susceptible Pinjon e ta l .,  1998

CBS2747 - Sputum 2 n/a M eis e ta l .,  1999

CB S8500 - Blood 1 Fluconazole-susceptible M eis et al., 1999

CBS8501 - Blood 1 Fluconazole-susceptible M eis e ta l .,  1999

CD36 + Oral 1 Fluconazole-susceptib le Sullivan et a!., 1995

C D 36"“™ n/a n/a n/a Fluconazole-resistan t T h is study

CD 506 A IDS Oral 2 F luconazole-susceptible Pinjon e ra /.,  1998

CD 57 - V agina 1 Fluconazole-susceptible M oran e ra / .,  1997

CD 57b n/a n/a n/a Fluconazole-resistan t M oran e ta l .,  1997

CD 507 AIDS Oral 1 Fluconazole-susceptible T his study

C D 507R n/a n/a n/a F luconazole-resistant T h is study

CDS 14 - Oral 3 F luconazole-susceptible T his study

C D S H ™ ” n/a n/a n/a Fluconazole-resistant T h is study

CDS 19 AIDS Oral 3 F luconazole-susceptible T his study

CDS24 - Oral 1 Fluconazole-susceptible T his study

CD 525 - Oral 1 Fluconazole-susceptible T his study

CD S26 + Oral 2 F luconazole-susceptible T his study

CD 527A AIDS Oral 1 FI uconazole-susceptible T his study

C D 527A R AIDS O ral 1 d
Flu dose dep susceptibility T his study

p6265 - Sputum 3 Fluconazole-susceptible T his study

p678S - Urine 3 F luconazole-susceptible T his study

p7276 Resp. tract 3 Fluconazole-susceptible This study

p7858 V agina 1 Fluconazole-susceptible Polacheck et al., 2000

p7890 Resp. tract 1 Fluconazole-susceptible Polacheck et al., 2000

p78S2 V agina 1 Fluconazole-susceptible Polacheck et al., 2000

p7507 Sputum 1 Fluconazole-susceptible Polacheck e ta l.,  2000

p7718 W ound 4 Fluconazole-susceptible T his study

CD 94764 + Oral 1 Fluconazole-susceptible Al M osaid e ta l.,  2000

C D 75089 n/d Oral 2 Fluconazole-susceptible Pinjon e r a / ,  1998

CD 75043 n/d Oral 2 Fluconazole-susceptible Pinjon e r a / ,  1998

CD 75004 n/d Oral 2 Fluconazole-susceptible Pinjon e r a / ,  1998

CD 538 - Stool 2 F luconazole-susceptible Pinjon  e ra /., 1998

CD S39 AIDS Oral 2 F luconazole-susceptible Pinjon e r a / ,  1998

C D 540 - Sputum 2 Fluconazole-susceptible Pinjon e r a / ,  1998

CD541 - Blood 2 Fluconazole-susceptible Pinjon e r a / ,  1998

iti26b - Oral 2 Fluconazole-susceptible Pinjon e r o / ,  1998

m 262b - Oral 2 Fluconazole-susceptible Pinjon e r a / ,  1998

m l9 6 cd - Oral I Fluconazole-susceptible Pinjon e r a / ,  1998

p0S07 n/d n/d n/a n/d T his study

p0S08 n/d n/d 1 n/d T h is study

Continued overleaf



Table 6.1 continued

Candida

Isolates^

HIV

status

Body

site

Genotype
Q

Fluconazole

Susceptibility

Reference

C. albicans

52.1 n/d Oral n/a n/d This study

132 A n/d n/d n/a Fluconazole-susceptible Gallagher e /a /., 1992

CA411 n/d Oral n/a n/d Donnelly, 2001

CA002 n/d Oral n/a n/d Donnelly, 2001

CM3 + Oral n/a n/d Sullivan e( a/., 1995

F2 AIDS Oral n/a Fluconazole-susceptible Franz a/., 1998

F5 (R) AIDS Oral n/a Fluconazole-resistant Franz era /., 1998

F5M432 n/a n/a n/a Fluconazole-susceptible Wirsching et a!., 2000

G2 AIDS Oral n/a Fluconazole-susceptible Franz e /a /., 1998

G5 AIDS Oral n/a Fluconazole-resistant Franz e /a /.,  1998

G5M432 n/a n/a n/a Fluconazole-susceptible Wirsching et at., 2000

C. tropicatis

Trop 1 n/d Oral n/a n/d This study

JM n/d Oral n/a n/d This study

717A n/d Oral n/a n/d This study

715A n/d Oral n/a n/d This study

958B n/d Oral n/a n/d This study

trop 2 n/d Oral n/a n/d This study

C. parapsUosis

SA197 n/d Oral n/a n/d Donnelly, 2001

HEM 20 n/d Blood n/a n/d Donnelly, 2001

HEM 21 n/d Blood n/a n/d Donnelly, 2001

Pari n/d Oral n/a n/d This study

SA342 n/d Oral n/a n/d Donnelly, 2001

SA383 n/d Oral n/a n/d Donnelly, 2001

C. krusei

Krusei 1 n/d Oral n/a n/d Haynes and Westemeng, 195

C. glabrata

GV5 n/d Oral n/a n/d This study

GV6 n/d Oral n/a n/d This study

1I088A n/d Oral n/a n/d Haynes and Westemeng, 199

" The isolates CM! and CM2 (Sullivan et al., 1995) were recovered from the same patient at separate 
clinical evaluations and are matched isolates as demonstrated by fingerprinting analysis with the C. 
dubliniensis probe Cd25 (Gee et al. (2002); this study). CdM4 {mdrlA::FRT/mdrlA::FRT) is a mdri null 
mutant of the fluconazole-resistant isolate CM2 (Wirsching et al., 2001). The isolates F2 and F5 were 
recovered from the same patient at separate clinical evaluations and are matched isolates as demonstrated 
by fingerprinting analysis with the C. albicans fingerprinting probe CARE-2 (Franz et al., 1998). F5M432 
{mdrIA:\FRT/mdrIA::FRT) is a m drl null mutant o f the fluconazole-resistant isolate F5 (Wirsching et al., 
2000). The isolates G2 and 0 5  were recovered from the same patient at separate clinical evaluations and 
are matched isolates as demonstrated by fingerprinting analysis with the C. albicans fingerprinting probe 
CARE-2 (Franz et al., 1998). G5M432 {mdrlAwFRTImdrlAwFRT) is a m d r l  null mutant o f the 
fluconazole-resistant isolate G5 (Wirsching et al., 2000). The C. dubliniensis type strain CD36 is lodged 
with the American Type Culture Collection (accession number MYA-646). Isolates CBS2747, CBS8500 
and CBS8501 are lodged with the Centraalbureau voor Schimmelcultures.
* C. dubliniensis is divided into four genotypes (1-4) based on sequence difference in the ITS region.



For the purposes o f  this study fluconazole susceptibility was defined as an M IC <8 ng/ml, fluconazole 
dose dependent susceptibility was defined as MIC 16 ng/m l and fluconazole resistance was defined as >16 
Hg/ml.

“̂ Flu dose dep susceptibility=Fluconazole dose dependent susceptibility, 

n/a; not applicable 

n/d; not determined



Figure 6.1. Galleria mellomlla larvae before and after inoculation with Candida. (A) Normal healthy G. 
mellonella larvae. (B) Galleria mellortella larvae after inoculation with Ix 10* cells of C. albicans isolate 
CM3 (Sullivan et al., 1995) after 72 h. The discolouration of the cuticle of the larvae in panel B is due to 
tnelanisation.



inspection of the graphs displaying the mean percentage survival of larvae and no further 

statistical analysis was carried out.

6.2.3. Generation of C. dubliniensis fluconazole-resistant derivatives

The fluconazole-resistant derivatives o f the C. dubliniensis isolates CD507, CDS 14 

and CD36 were generated in vitro as described in chapter 5, section 5.2.2. The 

fluconazole-resistant derivative of the C. dubliniensis isolate CDS7 was generated by 

Moran et al. (1997) as described in section S.2.2.
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6.3 Results

6.3.1 Comparison of the pathogenicity of selected Candida species using the G. 

mellonella larvae model system

Selected isolates of C. albicans, C. dubliniensis, C. tropicalis, C. parapsilosis, C. 

krusei and C. glabrata were chosen for study as these species are frequently associated 

with disease in humans (Table 6.1). The larval data obtained with these isolates (Figs. 6.2 

and 6.3) indicated the existence o f a virulence hierarchy among the Candida species tested, 

i.e. C. albicans > C. dubliniensis > C. tropicalislC. parapsilosis > C. krusei/C. glabrata. 

Following an incubation period of 72 h, mortality rates for larvae inoculated with C. 

albicans ranged between 37% and 100% while those for the other species ranged between 

0% to 100% for C. dubliniensis, 14% to 47% for C. tropicalis, 10% to 50% for C. 

parapsilosis, 0% for C. krusei and 0% for C. glabrata (Fig. 6.2)

The majority (5/7, 71%) of the C. albicans isolates tested were highly virulent 

(larvae mortality >70% after 72 h) (Fig. 6.2). Fifty-three percent (19/36) o f the C. 

dubliniensis isolates tested were highly virulent (larval mortality of >70% after 72 h) (Fig. 

6.3). However, after 72 h only 1/36 (2.8%) of the C  dubliniensis isolates had killed all 

larvae tested (Fig. 6.3) while 2/7 (29%) of the C. albicans isolates tested killed all larvae 

used after 72 h incubation (Fig. 6.2). Interestingly, there was a wide range of virulence 

observed among the C. dubliniensis isolates tested (range 0 to 100% mortality after 72 h) 

(Fig. 6.3). Only one C. dubliniensis isolate (CD9951) did not kill any larvae after 72 h 

(Fig. 6.3).

6.3.2 Comparison of the pathogenicity of C. dubliniensis isolates belonging to four 

distinct genotypes

Larvae of G. mellonella were inoculated with C. dubliniensis isolates belonging to 

each o f the four ITS genotypes described in chapter 3 (Fig. 6.3). Within the genotype 1 

(14 isolates) and genotype 2(12 isolates) isolates tested a range of virulence was observed 

(Fig. 6.3). The genotype 3 isolates (7 isolates) and the single genotype 4 isolate tested were 

not highly virulent (i.e. did not have >70% mortality after 72 h) (Fig. 6.3). However, it is
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Figure 6.2. Percentage survival of G. mellonella larvae (survival out of 30 larvae tested) following 
inoculation with a range of Candida species after 24 h (Panel A), 48 h (Panel B) and 72 h (Panel C) 
incubation. Larvae were inoculated with 1x10* cells and incubated at 30“C for 72 h. Values represent the 
mean ± standard deviation of data from three independent experiments. The origins of the isolates are shown 
in Table 6.1.
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Figure 6.3. Percentage survival of G. mellonella larvae (survival out o f 30 larvae tested) following 
inoculation with C. dubliniensis isolates from each of the four genotypes after 24 h (panel A), 48 h (panel 
B) and 72 h (panel C). The origins of the isolates are shown in Table 6.1. Larvae were inoculated with 1 
X 10* cells and incubated at 30“C for 72 h. Values represent the mean ± standard deviation of data from 
three independent experiments.



important to emphasis that fewer genotype 3 and genotype 4 were available for testing 

compared to genotypes 1 and 2. No apparent differences in the relative virulence of the 

four genotypes were observed with this model, although, statistical analysis was not 

carried out on this pilot data.

6.3.3 Comparison of the pathogenicity of oral and non-oral isolates of C. dubliniensis

Larvae of G. mellonella were inoculated with C. dubliniensis isolates recovered 

from oral and non-oral samples (including blood, urine, respiratory tract, sputum, faeces, 

wound and vagina) to determine whether differences in virulence could be detected. No 

apparent differences in the relative virulence of isolates from different body sites was 

detected (Fig. 6.4).

6.3.4 Virulence of fluconazole-susceptible and fluconazole-resistant clonal isolates of 

C. dubliniensis and C  albicans

The virulence of matched pairs of fluconazole-susceptible and fluconazole-resistant 

clonal isolates of C. albicans and C. dubliniensis were also assessed in the G. mellonella 

model system (Fig. 6.5). Candida dubliniensis isolates CMl (fluconazole MIC 0.5 |ag/ml) 

and CM2 (fluconazole MIC 64 ^g/ml) were recovered from the same patient at different 

clinical evaluations and had highly similar Cd25 fingerprint profiles (Table 6.1) (Moran et 

al., 1997; Gee et a l,  2002; chapter 3). No apparent difference in the virulence o f these 

isolates was observed using this model (Fig. 6.5). No apparent differences in the virulence 

o f the C. albicans fluconazole-susceptible isolate G2 (fluconazole MIC 0.39|ig/ml) and its 

matched fluconazole-resistant isolate 05  (fluconazole MIC >50 |ig/ml) were observed 

(Fig. 6.5; Table 6.1). G2 and G5 were recovered from the same patient at different clinical 

evaluations and were shown previously to belong to the same strain by DNA fingerprinting 

analysis with the C. albicans fingerprinting probe CARE2 probe (Franz e? a/., 1998). 

However, differences in virulence were observed with other matched pairs o f C. 

dubliniensis and C. albicans isolates. CD527A (fluconazole MIC 0.5 ng/ml) and 

CD527AR (fluconazole MIC 16 ^g/ml) are two C. dubliniensis isolates recovered from the 

same clinical sample from one patient and have identical Cd25 fingerprint profiles (Table 

6.1) (Gee et al., 2002; chapter 3). Following an incubation period o f 72 h, mortality rates 

for larvae inoculated with CD527A were 90% while the corresponding mortality rates for 

larvae inoculated with CD527AR were 34% (Fig. 6.5). F2 (MIC 6.25 ng/ml) and its
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matched fluconazole-resistant isolate F5 (MIC >50 |ig/ml) are two C. albicans isolates 

recovered from the same patient at different clinical evaluations and were shown 

previously to belong to the same strain using the C. albicans fingerprinting probe CARE2 

(Table 6.1) (Franz et al., 1998). Following an incubation period of 72 h mortality rates for 

larvae inoculated with F2 were 44 % while for larvae inoculated with F5 were 0% (Fig.

6.5).

6.3.5 Virulence of fluconazole-susceptible C. dubliniensis isolates and their in vitro- 

generated fluconazole-resistant derivatives

The relative virulence o f fluconazole-susceptible C. dubliniensis isolates and their 

in v/Yro-generated fluconazole-resistant derivatives were also assessed using the G. 

mellonella model system (Fig. 6.6; Table 6.1). Three different results were obtained for 

the fluconazole-resistant derivatives; some derivatives were less virulent than the parental 

susceptible isolates, some derivatives were more virulent and some had no change in 

virulence compared to the parental susceptible isolates. Following an incubation period of 

72 h, mortality rates for larvae inoculated with the C. dubliniensis genotype 1 isolate 

CD507 (fluconazole MIC 0.5 f^g/ml) and for larvae inoculated with its fluconazole- 

resistant derivative CD507R (fluconazole MIC 64 |ag/ml) were both 24% (Fig. 6.6). In 

contrast, following an incubation period of 72 h, mortality rates for larvae inoculated with 

the C. dubliniensis genotype 3 isolate CD514 (fluconazole MIC 0.5 ^g/ml) were 60% and 

for larvae inoculated with its in v/Yro-generated fluconazole-resistant derivative CDS 14*"’“̂ ® 

(fluconazole MIC 64 |ig/ml) were 94% (Fig. 6.6). Furthermore, the mortality rate for 

larvae inoculated with the C. dubliniensis genotype 1 isolate CD57 (MIC 0.5 |ig/ml) was 

64% following 72 h incubation compared to a mortality rate of 100 % for larvae inoculated 

with its in vzYro-generated fluconazole-resistant derivative CD57b (MIC 32 ng/ml) (Fig.

6.6). Thus, in the case o f both of these matched pairs of C. dubliniensis the fluconazole- 

resistant derivatives were more virulent than the fluconazole-susceptible parental isolates. 

The mortality rate for larvae inoculated with the C. dubliniensis genotype 1 isolate CD36 

(fluconazole MIC 0.5 |ag/ml) was 87% after 72 h incubation compared to 10% for larvae 

inoculated with the CD36'"'“ *̂̂ in v/7ro-generated fluconazole-resistant derivative 

(fluconazole MIC 64 fig/ml) (Fig. 6.6). Therefore, in this case the in v/Yro-generated 

fluconazole-resistant derivative was less virulent than its parent.
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6.3.6 Virulence of Candida M DRl null mutants

Overexpression of the multidrug transporter gene M DRl is involved in fluconazole 

resistance in C. albicans and C. dubliniensis (chapter 1 section 1.6.2.2). As mentioned in 

section 6.3.4, the C. dubliniensis fluconazole-susceptible isolate CMl and its matched 

fluconazole-resistant isolate CM2 were recovered from the same patient at different 

clinical evaluations (Moran et al., 1997). Similarly, the C. albicans fluconazole- 

susceptible isolate G2 and its matched fluconazole-resistant isolate G5 were recovered 

from the same patient at different clinical evaluations (Franz et ah, 1998). Also, the C. 

albicans fluconazole-susceptible isolate F2 and its matched fluconazole-resistant isolate F5 

were recovered from the same patient at different clinical evaluations (Franz et al., 1998). 

The C. dubliniensis m drl null mutant CdM4 and the C. albicans m drl null mutants 

G5M432 and F5M432 were generated from the parental fluconazole-resistant isolates 

CM2, 05  and F5, respectively (Table 6.1)(Wirsching et al., 2000 and 2001). The aim of 

this part of the present study was to investigate the relative pathogenicity of these three 

mdrl mutants compared to (1) their isogenic parental fluconazole-resistant isolates and (2) 

to their matched fluconazole-susceptible isolates. No apparent differences were observed 

between the relative virulence of the C. dubliniensis mdrl null mutant CdM4 and its 

isogenic fluconazole-resistant parental isolate CM2 (Fig. 6.7; Table 6.1). Furthermore, no 

apparent differences were observed between the relative virulence of the C. dubliniensis 

mdrl null mutant CdM4 and its matched fluconazole-susceptible isolate CMl (Fig. 6.7). 

Similarly, no apparent differences were observed between the C. albicans 05  m drl null 

mutant 05M 432 and its fluconazole-resistant parental isolate 0 5  or its matched 

fluconazole-susceptible isolate 02  (Fig. 6.7). Following an incubation period of 72 h, 

mortality rates for larvae inoculated with the C. albicans F5 mdrl null mutant F5M432 and 

for larvae inoculated with the parental fluconazole-resistant isolate F5 were 0% compared 

:o 44% for the matched fluconazole-susceptible isolate F2 (Fig. 6.7).

6.3.7 Virulence of Candida isolates previously analysed for proteinase production

Donnelly (2001) previously determined that the proteinase activity of the C. 

dubliniensis isolates CD36, CD57, CD57b, C M l, CM2, CBS2747 and CBS8500 was 

greater than the proteinase activity o f the C. albicans isolates 132A and CA411. In the 

present study, these isolates were examined to determine if there were any differences in 

ihe virulence of these isolates (Fig. 6.8). The majority of the C. dubliniensis isolates were
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Figure 6.7. Percentage survival o f G. mellonella  larvae (survival out o f 30 larvae tested) following 
inoculation with fluconazole-susceptible Candida isolates, their matched fluconazole-resistant isolates 
overexpressing the multidrug efflux gene M D R l and their mdrl null mutant derivatives. CMl is a C. 
dubliniensis fluconazole-susceptible isolate, CM2 is its matched fluconazole-resistant isolate and CdM4 is a 
m drl null mutant o f isolate CM2. G2 is a C. albicans fluconazole-susceptible isolate, G5 is its matched 
fluconazole-resistant isolate overexpressing the multidrug transporter gene M D Rl and G5M432 is a m d rl 
null mutant of 05 . F2 is a C, albicans fluconazole-susceptible isolate, F5 is its matched fluconazole-resistant 
isolate overexpressing the multidrug transporter gene M D Rl and F5M432 is a m drl null mutant of F5. The 
origins o f the isolates are shown in Table 6.1. Larvae were inoculated with 1 x 10* cells and incubated at 
30“C for 72 h. Values represent the mean ± standard deviation of data from three independent experiments.
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less virulent than the C. albicans isolates despite having greater specific proteinase activity 

(Fig. 6.8). However, after 72 h incubation the C. dubliniensis isolate CD57b appeared to 

be more virulent than the C. albicans isolates tested (Fig. 6.8).
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6.4 Discussion

Cotter et al. (2000) developed the G. mellonella insect larval model to assess the 

relative virulence of a variety o f Candida species and showed that G. mellonella larvae 

could be used to distinguish between pathogenic and non-pathogenic species. Indeed the 

virulence hierarchy obtained corresponded with the virulence hierarchy determined 

previously using various animal model systems. However, in their study Cotter et al. 

(2000) did not test any C. dubliniensis isolates. In the present study, the G. mellonella 

model was used to determine the virulence of the yeast C. dubliniensis relative to other 

medically important C andida  species and also to assess the virulence of specific 

subgroups, isolates and derivatives of C. dubliniensis.

6.4,1 The relative virulence of selected Candida species using the G. mellonella larvae 

model system

The results o f the present study confirm the virulence hierarchy reported by Cotter 

et al. (2000), but in addition, C. dubliniensis was found to be the second most virulent 

species tested i.e. C. albicans > C. dubliniensis > C. tropicalislC. parapsilosis > C . 

krusei/C. glabrata (Fig. 6.2). However, in this study no apparent differences were 

observed in the relative virulence of C. tropicalis and C. parapsilosis (Fig. 6.2). Cotter et 

al. (2000) reported that C. tropicalis had greater virulence than C. parapsilosis. However, 

Cotter et al. (2000) only tested one isolate each of C. tropicalis and C. parapsilosis 

whereas five isolates of each species were tested in the present study.

In a limited study, Gilfillan et al. (1998) using a systemic mouse model showed 

that C. dubliniensis isolates were less virulent than C. albicans. In contrast, Curfo et al. 

(2000) using a specific pathogen-free neutropenic mouse model showed that two C. 

dubliniensis isolates were more virulent than a C. albicans isolate. However, in a healthy 

mouse model the C. albicans isolate was more virulent than C. dubliniensis (Curfs et al., 

2000). In the present study using the G. mellonella insect model, it was found that C  

dubliniensis isolates have a wide range of virulence; some of the isolates were as virulent 

as the C. albicans isolates tested while one isolate was avirulent (0% mortality) using the 

G. mellonella system (Fig. 6.3).
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6.4.2 The relative virulence of C. dubliniensis isolates belonging to four distinct 

genotypes

Two distinct groups o f C. dubliniensis have been identified based on Cd25 

fingerprint analysis termed Cd25 groups I and II (Joly et al., 1999). As mentioned 

previously in chapter 3, isolates from Cd25 group I (genotype 1) are predominantly from 

the oral cavities of HIV-positive patients whereas isolates from Cd25 group II (genotypes 

2-4) are predominantly from the oral cavities o f HIV negative individuals. Further 

analysis demonstrated four distinct genotypes within the species C. dubliniensis based on 

ITS sequence analysis. Isolates from each of these genotypes were therefore assessed 

using the G. mellonella model to determine if the different genotypes or Cd25 groups 

differed in their relative virulence. No apparent differences in the relative virulence of the 

four C. dubliniensis genotypes were observed (Fig. 6.3). Within the genotype 1 isolates 

there was a range o f virulence (15 to 85% mortality) (Fig. 6.3). Similarly, within the 

genotype 2 isolates there was a range o f virulence (15 to 100% mortality) (Fig. 6.3). 

Within the C. dubliniensis genotype 3 isolates there were no isolates that were highly 

virulent (>70% mortality) (Fig. 6.3). However, not many genotype 3 isolates were 

available for testing in comparison to genotype 1 and 2. Therefore, using the G. mellonella 

larval model no apparent differences in virulence were observed between the two Cd25 

groups or between the four ITS genotypes.

6.4.3 The relative virulence of oral and non-oral isolates of C. dubliniensis

Isolates of C. dubliniensis are recovered predominantly from the oral cavity and are 

recovered at a much lower frequency from non-oral sites (Odds et al., 1998; Jabra-Rizk et 

al., 1999a and 2000; Kamei et al., 2000; Polacheck et al., 2000; Ponton et al., 2000; Boyle 

et al., 2002). This suggests that C. dubliniensis is better adapted to the oral cavity. While 

the G. mellonella model is not a model o f oral infection it was used here to investigate if 

any difference in the relative virulence of oral and non-oral isolates of C. dubliniensis 

could be observed. However, no apparent differences were observed between oral and 

non-oral isolates using this model of infection (Fig. 6.4). Curfs et al. (2000) showed that 

the C. dubliniensis blood isolate CBS8501 was more virulent than a C. dubliniensis oral 

isolate in both a neutropenic and non-neutropenic mouse model. Mice infected with the C. 

dubliniensis blood isolate died two days earlier compared to the other mice and higher
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counts were found in kidneys and brain o f mice infected with the blood isolate. In the 

present study, a range o f virulence was observed for oral and non-oral isolates however, 

overall, C. dubliniensis blood culture isolates (including CBS8501) were not found to be 

more virulent than C. dubliniensis oral isolates or isolates from any other body sites. 

Mortality rates o f >80% were observed for 55% (10/18) of the oral isolates and 50% (5/10) 

of blood culture isolates tested (Fig. 6.4).

6.4.4 The relative virulence of fluconazole-susceptible and fluconazole-resistant clonal 

isolates of C. dubliniensis and C. albicans

A number of different studies have been carried out in animal models comparing 

the virulence o f fluconazole-susceptible and matched fluconazole-resistant Candida  

isolates. These studies have shown varied results; fluconazole-resistant isolates can be 

more virulent, fluconazole-resistant isolates can be less virulent or have no change in 

virulence relative to their parental fluconazole-susceptible isolates (Graybill et al., 1998; 

Fekete-Forgacs et al., 2000). Fekete-Forgacs et al. (2000) induced fluconazole resistance 

in a C. albicans strain in vitro and demonstrated in a mouse model that the fluconazole- 

resistant derivative was more virulent. Graybill et al. (1998) used a murine model of 

systemic candidosis to assess the virulence of serial C. albicans strains for which 

fluconazole MICs were increasing. In two of the patients, the development of resistance 

was not associated with a change in virulence, the resistant isolates from both of these 

patients exhibited overexpression of M D Rl. In three o f the patients, the development of 

resistance was associated with a reduction in virulence. Resistant isolates from these three 

patients did not overexpress M D R l but resistant isolates from two of the patients did 

overexpress CDRl. These studies suggest the possibility that the different mechanisms of 

resistance found in different Candida  isolates have an effect on the virulence o f the 

fluconazole-resistant derivative.

In the present study the C. albicans fluconazole-resistant isolate G5 that 

overexpresses M DRl but not CDRl/2  (Franz et al., 1998) showed no apparent change in 

virulence when compared to its matched fluconazole-susceptible isolate G2 (Fig. 6.5). This 

finding is similar to that observed by Graybill et al. (1998) where two C. albicans 

fluconazole-resistant isolates that overexpressed M D R l but not C D R l showed no 

reduction in virulence compared to their matched fluconazole-susceptible isolates. 

However, in the present study the C. albicans fluconazole-susceptible isolate F2 was more
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virulent than its fluconazole-resistant matched isolate F5 which overexpresses M D R l 

(Franz et al., 1998) (Fig. 6.5). It is possible that other virulence factors were affected 

during the development of resistance or during exposure to fluconazole in this isolate. It 

has been observed that C. dubliniensis fluconazole-resistant derivatives have longer 

doubling times in comparison to their parental isolates in YPD broth in vitro, which may 

indicate that expression of the fluconazole-resistant phenotype places a burden upon the 

cells, which is reflected in the slower growth rates of the fluconazole-resistant organisms 

(Moran et al., 1997).

6.4.5 The relative virulence of C. dubliniensis fluconazole-susceptible isolates and in 

viVro-generated fluconazole-resistant derivatives

Candida dubliniensis fluconazole-resistant isolates were generated in vitro by 

exposing isolates to increasing concentrations of the drug (chapter 5; Moran et al., 1997). 

The virulence o f these fluconazole-resistant derivatives was compared to the virulence of 

their parental isolates using the G. mellonella larval model. In this study, the fluconazole- 

resistant derivative showed reduced virulence compared to the CD36 parental

isolate (Fig. 6.6). Interestingly, CD36 contains a nonsense mutation in the CDRl gene and 

produces a non-functional protein therefore CDRl is not involved in fluconazole resistance 

in this isolate, however, CD36*''“̂ ° does overexpress M DRl (Moran et al., 2002). These 

results contrast with the those of Graybill et al. (1998) where fluconazole-resistant C. 

albicans isolates overexpressing the M DRl gene but not C D Rl showed no change in 

virulence compared to their fluconazole-susceptible parental isolates. In the present study, 

the fluconazole-resistant derivative CD507R showed no apparent change in virulence 

compared to its fluconazole-susceptible isolate CD507 (Fig. 6.6). This finding agrees with 

the some of the findings of Graybill et al. (1998) who also observed no change in virulence 

o f some C. albicans fluconazole-resistant isolates. In the present study, the fluconazole- 

resistant isolates CD514R and CD57b showed increased virulence compared to their 

parental fluconazole-susceptible isolates (Fig. 6.6). It is possible these fluconazole- 

resistant derivatives could have enhanced expression of other virulence attributes. In this 

regard it is interesting to note that Fekete-Forgacs et al. (2000) induced fluconazole 

resistance in a C. albicans strain in vitro and demonstrated increased adherence, SAP 

production, extracellular phospholipase activity and increased virulence in a mouse model. 

All of these results agree with the findings of previous investigators using animal models

133



that the relationship between fluconazole resistance and virulence is complex (Graybill et 

al., 1998). The development o f resistance can occur by a number o f mechanisms (White et 

al., 1998). Some fluconazole-resistant derivatives can have slower doubling times in vitro 

compared to their fluconazole-susceptible parental isolates, while other isolates show 

increased production of a number of virulence factors including SAP production (Moran et 

al., 1997; Fekete-Forgacs et al., 2000). All of theses factors can affect the virulence of an 

isolate.

6.4.6 Virulence of Candida M DRl null mutants in the G. mellonella larvae model 

system

Cotter et al. (2000) suggested the use o f the G. mellonella model system for 

assessing the relative virulence o f Candida mutants. Many studies have now been 

published in which C. albicans strains with specific disruptions of genes encoding putative 

virulence factors have been shown to be attenuated in terms of lethality for mice by 

intravenous challenge (Becker et al., 1995; Hube et al., 1997; Lay et al., 1998). Becker et 

al. (1995) disrupted the C aM D Rl gene in C. albicans strain CAM and compared the 

virulence o f the parental isolate and the mutant derivative and showed that the mutant 

derivative was markedly reduced in its virulence compared to the parental isolate. Becker 

et al. (1995) generated the mdrl mutants by "ura-blasting" which as observed later by Lay 

et al. (1998) complicates studies on the virulence of the isolates. Lay et al. (1998) showed 

that URA3-cncoded orotidine 5'-monophosphate (OMP) decarboxylase enzyme activities 

of C. albicans strains with ura-blaster-mediated genetic disruptions were reduced. The 

URA3 gene of C. albicans has previously been identified as a virulence factor (Kirsch et 

al., 1991). The decreased virulence observed in strains constructed by "ura-blasting" 

cannot therefore accurately be attributed, in all cases, to the targeted genetic disruption 

(Lay et al., 1998). It is, therefore, possible that the reduction in virulence (as determined in 

a mouse model) of the mdrl null mutants generated by Becker et al. (1995) are due in part 

to disruption of the URA3 gene.

In the present study, the virulence o f G5M432 and F5M432, two homozygous 

m drl mutants of the fluconazole-resistant C. albicans isolates G5 and F5, respectively, and 

CdM4, a homozygous m dlr  mutant of the fluconazole-resistant C. dubliniensis isolate 

CM2 were compared to the virulence of their respective parental isolates using the G. 

mellonella  model system. Wirsching et al. (2000, 2001) generated these m drl mutants
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using FLP-mediated, site-specific recombination (MP^^-flipping). Interestingly, in the 

present study, the C. albicans G5M432 mdrl null mutant and the C. dubliniensis CdM4 

mdrl null mutant did not exhibit any apparent reduction in virulence in comparison to their 

parental isolates in the larval model (Fig. 6.7). The F5 fluconazole-resistant isolate and its 

mdrl mutant derivative F5M432 did not kill any larvae (0% mortality), therefore this 

model was not sensitive enough under the conditions employed to determine if the m drl 

null mutant was reduced in virulence compared to the parental isolate (Fig. 6.7). However, 

both the fluconazole-resistant isolate F5 and its mdrl mutant F5M432 were reduced in 

virulence when compared to the F5 matched fluconazole-susceptible isolate F2 (Fig. 6.7). 

The three m drl mutant isolates used in this study were generated from fluconazole- 

resistant parental isolates (Wirsching et al., 2000 and 2001). Perhaps the mdrl mutants did 

not show a reduction in virulence compared to their parental isolates because they express 

other transporter proteins or other virulence factors that compensate for the lack o f the 

transporter encoded by M D Rl. Alternatively, the G. mellonella model system may not be 

sufficiently sensitive to distinguish the difference in virulence of these isolates using the 

conditions employed in this study.

6.4.7 Virulence of C. albicans and C. dubliniensis isolates previously analysed for 

proteinase production

Secreted aspartic proteinase production is a virulence trait of C. albicans (Monod et 

al., 1994 and 1998; Schaller et al., 1999 and 2000). A number of studies have shown that 

C. dubliniensis produces greater levels o f proteinase in comparison to C. albicans isolates 

(McCullough et al., 1995; Gilfillan et al., 1998). Donnelly (2001) also examined a number 

of C. dubliniensis and C. albicans isolates for proteinase production and demonstrated that 

the C. dubliniensis isolates exhibit greater specific proteinase activity compared to the C. 

albicans isolates. In the present study, the relative virulence o f some of the C. albicans 

and C. dubliniensis isolates, previously examined for proteinase production by Donnelly 

(2001), were tested in the G. mellonella model. The C. albicans isolates were found to be 

more virulent than the C. dubliniensis isolates in the G. mellonella  model (Fig. 6.8). 

Gilfillan et al. (1998) previously tested a number o f C. dubliniensis isolates and observed 

they had greater expression o f proteinase than C. albicans isolates tested. Gilfillan et al. 

(1998) also tested a number of these isolates in a systemic mouse model and found the C. 

albicans isolates to be more pathogenic. Other virulence factors are, therefore, involved in
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the differences in virulence shown by these two species.

In conclusion, C. dubliniensis appears to be the second most virulent o f the 

medically important species after C. albicans. However, C. dubliniensis isolates exhibit a 

range of virulence with the larval model; some C. dubliniensis isolates are as virulent as C. 

albicans  isolates tested while others have similar virulence to C. tropicalis and C. 

parapsilosis. The C. dubliniensis isolates from patients with systemic candidosis do not 

appear more virulent than C. dubliniensis from other body sites including the oral cavity. 

The relationship between C. dubliniensis virulence and antifungal susceptibility appears to 

be complex and is probably affected by a wide range of factors including the types of 

efflux pumps overexpressed. Surprisingly, the m drl null mutants generated by FLP- 

mediated, site specific recombination, analysed in this study did not appear to be less 

virulent than their isogenic parental isolates. The G. mellonella model system may not be 

sufficiently sensitive to distinguish the difference in virulence of these isolates using the 

conditions employed in this study.
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Chapter 7 

General Discussion
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7.1 Molecular epidemiology of C. dubliniensis

Candida dubliniensis was first identified as a distinct species in 1995 (Sullivan et 

al., 1995). Since then C. dubliniensis has been identified in a large number o f laboratories 

and patient cohorts throughout the world, including Europe, Africa, North and South 

America, Australia and Asia (Sullivan et al., 1997; Pinjon et a l, 1998; Jabra-Rizk et al., 

1999a; Kamei et al., 2000; Polacheck et al., 2000; Quindos et al., 2000; Fisher et al., 

2001). Until this study very little was known about the molecular epidemiology o f C. 

dubliniensis. One of the aims o f the present study was to further investigate the genetic 

diversity o f C. dubliniensis by fingerprint analysis of a collection of isolates recovered 

from individuals in Europe, Australia, Asia and North and South America. The isolates 

were recovered from the oral cavity and from a variety o f body sites not previously 

examined by Cd25 fingerprint analysis including ascites, wound, respiratory tract, urine, 

lung and blood samples. A total of 98 isolates o f C. dubliniensis from 94 separate 

individuals were subjected to DNA fingerprinting analysis using the Cd25 fingerprinting 

probe and the complex hybridisation profiles were subjected to computer-assisted analysis 

with the fingerprint profile analysis software DENDRON. DENDRON was used to 

compute similarity coefficient ( S ab)  values for every possible pairwise combination of 

isolate patterns and these data were used to generate a dendrogram (Fig. 3.3). The 

dendrogram showed that the isolates separated into two populations termed Cd25 group 1 

and Cd25 group 11, corresponding to the two groups previously described by Joly et al. 

(1999).

In the present study, the Cd25 group 1 isolates were found to be very closely related 

with an average S a b  value o f 0.8±0.06. Cd25-group 11 isolates had an average S ab  o f 

0.57±0.20. As observed by Joly et al. (1999) it is evident that there is significantly greater 

diversity within the Cd25-group 11 population than within the Cd25-group 1 population. 

Joly et al. (1999) suggested that group 1 may represent a more recent, and therefore a more 

homogeneous subgroup of C. dubliniensis that has become predominant world-wide. In 

the strain collection examined in the present study, 48/71 (67.6%) o f the Cd25-group I 

isolates were recovered from HIV-infected patients while 19/27 (70.4%) o f the Cd25- 

group II isolates were recovered from HIV-negative individuals (p<0.001). It is interesting 

to speculate that the Cd25 group 1 isolates have become prevalent world-wide due to the

138



HIV-pandemic. A wide-ranging molecular epidemiological analysis of C. dubliniensis, 

involving more isolates from different patient cohorts from a variety o f body sites in 

different countries, needs to be carried out using the Cd25 fingerprinting probe to further 

analyse the genetic diversity of C. dubliniensis. It will be particularly interesting to see if 

in a larger study there is still an association between Cd25 group and HIV status, as was 

observed in this study. It would also be interesting to determine the prevalence o f the 

Cd25 groups o f C. dubliniensis in non-HIV-infected immunocompromised patient groups, 

in HIV-infected patients treated with highly active antiretroviral therapy, normal healthy 

individuals and also in diabetic patients as C. dubliniensis has been found at a higher 

frequency in diabetics than in normal healthy individuals (Willis et al., 2000).

The Cd25 DNA fingerprinting data obtained in this study confirm the findings of 

Joly et al. (1999) that there are distinct sub-populations present within the species C 

dubliniensis. In addition, when an S ab  threshold o f 0.60 was used to identify subgroups in 

the Cd25 dendrogram, the group I isolates remained as a single group, but the group II 

isolates separated into three distinct subgroups or clades (Fig. 3.3). This suggests that 

there are significant differences in the genomic organisation of these sub-populations. 

Sequencing o f the ITS region of isolates from each of these four subgroups revealed four 

genotypes termed ITS genotypes 1-4 (Fig. 3.5). These genotypes correspond to the four 

clusters observed in the Cd25 dendrogram at an S a b  value of 0.60. The separation of C. 

dubliniensis into four genotypes based on the ITS sequence data confirms the DNA 

fingerprinting data. The agreement of these two unrelated typing methods suggests that 

these are genuine subgroups and not computer generated (DENDRON, CLUSTAL W) 

artefacts.

No differences between the four C. dubliniensis ITS genotypes were observed 

based on nucleotide sequence analysis of the intron o f the peptide transporter gene 

CdPTRl or the variable region of the large ribosomal subunit gene. However, this is not 

surprising as the large ribosomal subunit gene is generally conserved within a species. In 

addition, the intron of the peptide transporter gene is likely to have functional restraints. 

No differences in the nucleotide sequence of the intron in the large ribosomal subunit gene 

were observed between the four C. dubliniensis genotypes. Candida albicans has been 

divided into four genotypes based on gross differences in the intron of the large ribosomal 

subunit gene. However, in a study of C. albicans genotype A isolates Boucher et al. 

(1996) observed very little variation in the nucleotide sequence in the intron. Therefore, it
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is not surprising C. dubliniensis isolates do not contain minor nucleotide differences in the 

large ribosomal subunit intron. However, comparative nucleotide sequence analysis of the 

variable region of the large ribosomal subunit gene, the intron of the large ribosomal 

subunit gene, the intron in the peptide transporter gene CdPTR2 and partial analysis o f the 

cytochrome b gene of these C. dubliniensis sequences with the corresponding regions in a 

number of other C andida  species confirmed the distinct taxanomic position o f C. 

dubliniensis within the genus Candida.

In the present study, to aid in the further epidemiological analysis o f  C. 

dubliniensis, a genotype specific PCR based on sequence differences in the ITS region was 

developed. Currently, the significance o f these genotypes is not clear. All Cd25 group I 

isolates belong to genotype 1 and as mentioned previously 67.6% of Cd25 group I isolates 

came from HIV positive individuals. Soli et a/. (1991) previously observed that in healthy 

individuals there is anatomical selection o f strains o f Candida species (Soil et al., 1991). 

In the present study, isolates of C. dubliniensis belonging to genotypes 1 and 2 were 

predominantly recovered from the oral cavity, with only 12.7% of genotype 1 isolates from 

non-oral sites and 19% of genotype 2 isolates from non-oral sites. In contrast, the single 

genotype 4 isolate is a non-oral isolate and 71% (5/7) o f the genotype 3 isolates (including 

the five genotype 3 isolates shown in the dendrogram in Fig. 3.3 and two additional 

genotype 3 isolates described in chapter 4) are from non-oral sites. Therefore, it is possible 

that there is anatomical selection of particular C. dubliniensis genotypes. Alternatively, as 

the majority of the genotype 3 and 4 isolates come from non-oral sites from patients in 

Israel, perhaps this actually reflects genetic diversity in C. dubliniensis isolates from Israel 

and not anatomical selection of isolates.

Major subgroups have also been identified within C. parapsilosis (Lin et ah, 1995; 

Roy et al., 1998; Enger et al., 2001). Recently Enger et al. (2001) developed a complex 

probe for fingerprinting C. parapsilosis and observed in a large collection o f C. 

parapsilosis isolates three major subgroups originally suggested on the basis of a number 

o f techniques including ITS sequencing (Lehman et al., 1992; Lott et al., 1993; Lin et al., 

1995; Roy et al., 1998). The three C. parapsilosis genotypes differ by approximately 23 

bp in the ITS I region. In contrast, in the present study the C. dubliniensis genotypes 

differed from one another by approximately 5 bp in the entire ITS region. It appears 

therefore that the C. parapsilosis groups are more diverged from one another than the 

genotypes of C. dubliniensis. The considerable genetic heterogeneity among the groups of

140



C. parapsilosis based on ITS sequence analysis and a variety other techniques has led to 

the suggestion that these groups are in fact distinct species (Roy et ah, 1998).

Pujol et al. (1997a) using the Ca3 probe, RAPD analysis and MEE observed three 

major clusters in a collection of 29 C. albicans isolates of unrelated origin from the United 

States. These clusters were later confirmed by Lott et al. (1999) using microsatellite 

sequence analysis and analysis of the intron o f the large ribosomal subunit gene, with some 

isolates in cluster 3 harbouring the intron and isolates in clusters 1 and 2 lacking the intron. 

More recently, C. albicans isolates from South Africa were fingerprinted with the Ca3 

probe and compared to the isolates examined by Pujol et al. (1997a) in which the three 

clusters or genetic groups (I, II and III) were previously observed. The isolates from South 

Africa included group I, II and III isolates but in addition, included a fourth group 

completely absent in the isolates from the US studied by Pujol et al. (1997a). This new 

South African cluster of isolates harboured the intron in the large ribosomal subunit gene. 

In addition, in a recent study of C. albicans isolates in Japan a fourth genotype based on 

differences in the intron of the large ribosomal subunit gene was observed (Tamura et al., 

2001). It is interesting to note that these C  albicans genotypes based on the large 

ribosomal subunit gene intron do not have sequence differences in the ITS region (Tamura 

et al., 2001). A larger study of C. dubliniensis isolates needs to be carried out with isolates 

from diverse geographic locations, not previously examined, such as South Africa, Japan, 

India, China, and the Middle East to further examine the genetic diversity o f C. 

dubliniensis and to determine if there are other genotypes of C. dubliniensis. In particular, 

it would be interesting to examine more Israeli C. dubliniensis isolates from non-oral sites. 

In total 10 non-oral Israeli isolates were included in the present study, four belonged to 

genotype 1, five belonged to genotype 3 and one belonged to genotype 4. It is possible 

that more genotypes would be observed in a larger collection of isolates from Israel. It 

would also be interesting to examine the geographic distribution of C. dubliniensis 

genotypes in a more wide-ranging study. Differences in the geographic distribution of C. 

albicans genotypes (based on the intron of the large ribosomal subunit gene) have been 

observed (McCullough et al., 1999b). Candida albicans isolates from Israel belong 

predominantly to genotype C, in contrast, isolates from the United States belong 

predominantly to genotypes A and B (McCullough et al., 1999b). No association between 

HIV status and genotype of C. albicans isolates has been observed (McCullough et al., 

1999b).
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As mentioned in chapter 1 section 1.3.6, MLST is a recently proposed method for 

typing C. albicans (Bougnoux et a l,  2002). When multilocus sequence types was applied 

to 42 C. albicans isolates it allowed the identification of 39 unique genotype combinations 

(Bougnoux et al., 2002). Similarly, MEE has been used frequently in the analysis of many 

Candida species (Lin et al., 1995; Pujol et al., 1997a). It would therefore be interesting to 

examine C. dubliniensis isolates by MLST and MEE to further examine the genetic 

diversity o f C. dubliniensis and, in addition, to determine if the four C. dubliniensis 

genotypes can be further distinguished using these methods.

Microevolution has previously been observed in C. albicans, C. tropicalis, C. 

glabrata and C. parapsilosis (Lockhart et al., 1995; Joly et al., 1996; Lockhart et al., 1997; 

E nger et al., 2001). The phenomenon o f microevolution in C. dubliniensis was 

investigated in the present study. The genetic homogeneity o f eight oral populations of C. 

dubliniensis isolates, recovered from the same clinical specimen from each of eight 

separate patients, was examined by fingerprint analysis using probes Cd25, Cd24 and Cdl 

and by karyotype analysis. Two of the patients harboured two genotype 1 isolates as 

demonstrated by fingerprinting with Cd25. Five of the clonal populations exhibited minor 

fingerprint profile variation with the Cd25 fingerprinting probe, six exhibited variation 

with the probes Cd24 and Cdl and five of them exhibited variation by karyotype analysis 

(Table 5.3). These results demonstrated that significant in vivo genetic variation, or 

microevolution, occurred in these six isolate populations as the three fingerprinting probes 

hybridise to different regions of the genome (Joly et al., 1999) and karyotype analysis 

examines gross chromosomal organisation. It is interesting to note that multiple isolates 

from three of the patient populations, two of whom had a genotype 3 isolate (Fig. 5.2D; 

Table 5.3) and one of whom had a genotype 2 isolate (Fig. 5.3C; Table 5.3), did not exhibit 

any karyotype variation while all six patient populations harbouring genotype 1 isolates 

demonstrated karyotype variability (Figs. 5.1, 5.4 and 5.5; Table 5.3). It has previously 

been observed in C. albicans that strains can be in either a high frequency or low 

frequency mode of chromosomal reorganisation (Ramsey et al., 1994). Perhaps a similar 

phenomenon occurs in C. dubliniensis. It would be interesting to investigate this further to 

determine if there is a difference in the frequency o f chromosomal reorganisation in 

isolates belonging to each of the four genotypes.

Moran et al. (1997) exposed fluconazole-susceptible isolates to fluconazole in vitro 

and recovered fluconazole-resistant derivatives, demonstrating that fluconazole-resistant C.
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dubliniensis can emerge from susceptible populations. Moran et al. (1997) also presented 

evidence to suggest that this scenario occurs in vivo. In the present study, 4/11 clonal 

isolates from one of the patients examined who had prior fluconazole therapy exhibited 

dose dependent susceptibility (MIC 16 ^g/ml) while the remaining isolates were 

susceptible to fluconazole (MIC 0.5 |ig/ml). This provides further evidence that 

fluconazole therapy may lead to the acquisition o f resistance in previously fluconazole- 

susceptible C. dubliniensis strains in vivo. These four isolates with reduced susceptibility 

to fluconazole and one isolate that was susceptible to fluconazole had variant Cd24, Cdl 

and karyotype profiles compared to the rest o f the susceptible isolates from the same clonal 

population (Fig. 5.5). It has been suggested previously that the ability of C. dubliniensis to 

exhibit microevolution can result in the generation o f altered genotypes, some of which 

may have a selective advantage under rapidly changing environmental conditions (Moran 

et al., 1997). Perhaps the variation observed in this strain allowed it to shed variants that 

developed resistance to fluconazole more readily. A number of other researchers have also 

observed variation in fluconazole susceptibility among clonal C. albicans isolates leading 

White et al. (1998) to hypothesise that antifungal drug resistance is not a constant in a 

population o f yeast cells but reflects genomic instability or variation within a strain.

In C. albicans, it has been demonstrated by fingerprinting with the complex Ca3 

probe that isolates from different body locations o f the same patient can be identical, 

highly similar but non-identical or completely unrelated (Soil et al., 1991). In the present 

study, serial isolates of C. dubliniensis from different body locations in two separate 

patients contained minor variations indicative of microevolution in vivo.

The results obtained from all o f these studies indicate that patients can be infected 

by one or more strains of C  dubliniensis, that minor genetic variation occurs frequently in 

clonal populations of C. dubliniensis in vivo, and that in some circumstances genetic 

variation may be associated with phenotypic changes such as susceptibility to fluconazole. 

It has been shown previously that the development o f fluconazole resistance in C. 

dubliniensis in vitro is sometimes associated with minor changes in karyotype pattern 

(Moran et al., 1997). In the present study, the effect o f fluconazole exposure on 

microevolution was investigated in the C. dubliniensis genotype 1 isolate CDS 6 and in the 

genotype 3 isolate CDS 14. One hundred colonies o f each o f these two isolates were 

subcultured on increasing concentrations of fluconazole and on drug-free media. The 

colonies of the genotype 1 isolate CDS 6 readily developed resistance to fluconazole upon
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exposure, whereas the colonies of the genotype 3 isolate CDS 14 did not develop resistance 

as easily. However, derivatives o f CDS 14 grown on media containing fluconazole showed 

a high level o f fingerprint profile variation with the Cd2S probe but very little with probes 

Cd24 or Cdl (Figs. S.10 and S.11; Table S.4). In contrast, all the CD36 fluconazole- 

exposed derivatives tested exhibited decreased susceptibility to fluconazole but did not 

exhibit a significant degree of fingerprint profile variation with the Cd2S probe (Fig. S.7; 

Table 5.4). Furthermore, variability was observed in a band at approximately 1.6S Mb in 

the karyotype profiles of both the fluconazole-resistant derivatives and control derivatives 

not exposed to fluconazole. Thus, variability in this band was not included in the analysis 

of variation. With the exception of this chromosomal band at approximately 1.6S Mb there 

was only one chromosomal change detected in the karyotypes o f the CD36 control 

derivatives not exposed to drug. In contrast, karyotype changes were observed in 10/20 

(S0%) o f the CD36 fluconazole-exposed derivatives tested (Fig. S.9; Table S.4). None of 

the CDS 14 control derivatives and only one of the CDS 14 fluconazole-exposed derivatives 

showed karyotype variation (Figs. S. 10 and S.l 1; Table 5.4). It would be informative to 

expose additional isolates from each o f the four genotypes to fluconazole in vitro to 

determine if  genotype 1 (Cd2S group I isolates) isolates undergo chromosomal 

rearrangements more frequently than other genotypes (Cd2S group II isolates). As 

mentioned previously, the repetitive sequence RPS is involved in chromosomal variation 

in C. albicans. It has been demonstrated that C. dubliniensis also contains the repetitive 

sequence RPS and it is dispersed throughout the C. dubliniensis genome at three times the 

C. albicans frequency (Joly et a l ,  1999; data submitted directly to GenBank database). 

This suggests that C. dubliniensis may have an increased capacity to undergo chromosomal 

rearrangement or to generate diversity. The C. dubliniensis probe Cdl does not contain 

RPS but does bind to a region adjacent to the RPS element (Joly et a l, 1999). In the 

present study, the multiple clonal isolates from the two separate patients harbouring the 

genotype 3 isolates CDS 14 and CDS 19 and the CDS 14 derivatives exposed to fluconazole 

did not exhibit any variation with the Cdl probe and only one derivative showed variation 

in its karyotype profile. In contrast, the fluconazole-resistant derivatives of the genotype 1 

isolate CD36 and the multiple clonal isolates from the five patients harbouring genotype 1 

isolates did exhibit Cdl and karyotype variation. Therefore, it is possible that the RPS 

repetitive sequence in the genotype 3 isolates CDS 14 and CDS 19 does not undergo 

rearrangements as frequently as in the genotype 1 isolates or that the RPS element is not

144



present at the same frequency in the genotype 3 isolates as in the genotype 1 isolates. It 

would be interesting to examine the RPS sequence in both genotype 1 and genotype 3 

isolates to determine if the RPS element is present at different frequencies in different 

genotypes/strains.

The acquisition o f phenotypic traits in tandem with chromosomal variation has 

previously been reported in C. albicans. Janbon et al. (1998) found an association 

between the loss or partial deletion of one o f the homologues of chromosome 5 and 

assimilation of sorbose. Perepnikhatka et al. (1999) showed a correlation between the loss 

of one of the homologues of chromosome 4 and resistance to fluconazole. The results of 

the present study show that the response of C. dubliniensis to fluconazole exposure in vitro 

is accompanied by an increased frequency of genomic variation as measured by changes in 

repetitive sequence elements and chromosomal rearrangements. The C. dubliniensis CD36 

derivatives obtained following exposure to fluconazole exhibited increased karyotype 

variability but this showed no consistent association with drug resistance. However, o f the 

15 clonal isolates of C. dubliniensis CD527A recovered from the same clinical specimen 

from patient E (Table 3.1), five lacked a chromosome-sized band of approximately 0.85 

Mb, and four o f these variants exhibited reduced susceptibility to fluconazole. Therefore, 

it is not clear if  there is a direct link between the ability of C. dubliniensis to generate 

fluconazole-resistant derivatives and its ability to undergo microevolution. However, it is 

possible that microevolution allows C. dubliniensis to generate genetic diversity and to 

adapt to specific niches or harsh envirormiental conditions.

7.2 Virulence of C. dubliniensis

Only a limited number of studies have been carried out on the virulence of C. 

dubliniensis relative to other Candida species, however, these studies yielded conflicting 

results. Two separate studies using a systemic mouse model and a healthy mouse model 

indicated that C. dubliniensis is less virulent than C. albicans and a study using a 

neutropenic mouse model indicated C. dubliniensis is more virulent (Gilfillan et al., 1998; 

Curfs et al., 2000). As C. dubliniensis is predominantly found in immunocompromised 

individuals it is interesting to note that C. dubliniensis is more virulent in a neutropenic 

mouse model than in a non-neutropenic mouse; perhaps it is better adapted to causing 

disease in immunocompromised hosts. The DNA fingerprinting and karyotype data 

described indicate that C. dubliniensis is genetically very diverse. Therefore, it was
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decided to investigate if  this diversity might reflect variation in virulence within the 

species. An alternative model, to the conventional mouse/rat models used for assessing the 

virulence of Candida isolates, was required that would facilitate the analysis of multiple 

strains. The relative virulence of isolates from a number of medically important Candida 

species in the G. mellonella larval model was previously demonstrated to reflect the 

hierarchy of virulence o f these species in conventional animal models (Cotter et ah, 2000). 

In the present study the relative virulence o f a selection of isolates, reflecting the genetic 

diversity o f C. dubliniensis, were investigated in the G. mellonella larval model and 

compared to the relative virulence o f other Candida species. A range o f virulence was 

observed among the C. dubliniensis isolates examined (Figs. 6.2 and 6.3), perhaps 

reflecting the considerable genetic diversity observed in C. dubliniensis. However, overall 

C. dubliniensis was found to be less virulent than C. albicans but appears to be more 

virulent than the other medically important species tested including C. tropicalis, C. 

parapsilosis and in particular C. glabrata and C. krusei (Fig. 6.2). The findings are in 

agreement with the fact that C. dubliniensis has consistently been isolated at a lower 

frequency than C. albicans from clinical specimens, suggesting a lower virulence. It is 

interesting to note that C. dubliniensis has been shown to have greater secreted aspartic 

proteinase activity (McCullough et al., 1995; Donnelly et al., 2002), greater adherence to 

buccal epithelial cells than C. albicans (Gilfillan et al., 1998), and to possess a number of 

other virulence traits present in C. albicans, yet despite this, C. dubliniensis is less virulent 

than C. albicans in this larval model. In contrast, C. glabrata has been shown to have very 

few virulence traits but in recent years has been increasingly isolated from cases of 

systemic infection. Candida dubliniensis and C. albicans are frequently co-isolated from 

patients, however, in vitro studies have shown the superior growth of C. albicans in growth 

competition experiments with C. dubliniensis (Kirkpatrick et al., 2000). It is possible that 

C. dubliniensis is also out-competed by C. albicans in vivo and is therefore isolated at a 

lower frequency from clinical specimens.

The G. mellonella model is an insect model and despite having a cell mediated 

immunity (phagocytic cells) this model may not accurately reflect the virulence of C. 

dubliniensis in mammalian animal models or in humans. Therefore, the relative virulence 

of C. dubliniensis compared to other Candida species should be thoroughly assessed in a 

variety of conventional animal models using a large number o f isolates from a diverse 

range o f body sites and reflecting the genetic diversity of C. dubliniensis. It will be
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interesting to see if the diversity in virulence o f C. dubliniensis isolates observed in the G. 

mellonella model is also observed in animal models.

In conclusion, this study has shown the considerable genetic diversity o f C  

dubliniensis. The majority (72%, 71/98) o f isolates included in this molecular 

epidemiological study belonged to genotype 1 (Cd25 group I) and these were isolated 

predominantly from HIV infected individuals, suggesting these isolates are better adapted 

to immunocompromised individuals. The genotype 2, genotype 3 and genotype 4 isolates 

appear to be less prevalent than the genotype 1 isolates. The Cd25 group I isolates 

(genotype 1) appear to undergo chromosomal reorganisation more frequently than 

genotype 2 or genotype 3 isolates; this may enable group I isolates to adapt more readily 

and may account for the world-wide spread o f the genotype 1 isolates. A comprehensive 

study is needed to establish the clinical importance of C. dubliniensis and to understand 

why it has recently emerged as an agent o f disease. Data shown in the present study has 

provided the groundwork and molecular tools to undertake such a study.
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